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Rodrigo Medeiros®, Frank M LaFerla®, Jose B Carvalheira®, Mario | Saad? Douglas P Munoz’,
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Abstract

Alzheimer’s disease (AD) is associated with peripheral metabolic
disorders. Clinical/epidemiological data indicate increased risk of
diabetes in AD patients. Here, we show that intracerebroventricu-
lar infusion of AD-associated Ap oligomers (ABOs) in mice triggered
peripheral glucose intolerance, a phenomenon further verified in
two transgenic mouse models of AD. Systemically injected ApOs
failed to induce glucose intolerance, suggesting ApOs target brain
regions involved in peripheral metabolic control. Accordingly, we
show that ABOs affected hypothalamic neurons in culture, induc-
ing eukaryotic translation initiation factor 2o phosphorylation
(elF2a-P). ABOs further induced elF2a-P and activated pro-
inflammatory IKKB/NF-kB signaling in the hypothalamus of mice
and macaques. ABOs failed to trigger peripheral glucose intoler-
ance in tumor necrosis factor-o (TNF-a) receptor 1 knockout mice.
Pharmacological inhibition of brain inflammation and endoplasmic
reticulum stress prevented glucose intolerance in mice, indicating
that ABOs act via a central route to affect peripheral glucose
homeostasis. While the hypothalamus has been largely ignored in
the AD field, our findings indicate that ApOs affect this brain region
and reveal novel shared molecular mechanisms between hypotha-
lamic dysfunction in metabolic disorders and AD.
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Introduction

Increasing evidence suggests an association between metabolic
disorders, notably type 2 diabetes (T2D), and Alzheimer’s disease
(AD) (Craft, 2007; De Felice, 2013). Clinical and epidemiological
studies indicate that diabetic patients have increased risk of devel-
oping AD (Ott et al, 1999; Sims-Robinson et al, 2010; Wang et al,
2012) and AD brains exhibit defective insulin signaling (Moloney
et al, 2010; Bomfim et al, 2012; Craft, 2012; Talbot et al, 2012).
Recent studies have shown that soluble amyloid-f3 peptide oligomers
(ABOs), toxins that build up in AD brains and have been proposed
to be major players in synapse failure in AD (reviewed in Ferreira
& Klein, 2011; Selkoe, 2011; Mucke & Selkoe, 2012), are linked to
impaired hippocampal insulin signaling. ABOs were found to cause
internalization and cellular redistribution of insulin receptors, to
block downstream hippocampal insulin signaling (De Felice et al,
2009; Ma et al, 2009; Bomfim et al, 2012) and to cause hippocampal
endoplasmic reticulum (ER) stress (Lourenco et al, 2013), establish-
ing molecular parallels between AD and T2D. Hyperinsulinemic/
hyperglycemic individuals and mice show increased plasma and
brain levels of AB (Ho et al, 2004; Takeda et al, 2010; Zhang et al,
2012), suggesting that altered peripheral metabolic homeostasis
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may increase A levels and influence AD development (De Felice,
2013; De Felice & Ferreira, 2014).

Intriguingly, AD has been associated with increased risk of T2D
development (Janson et al, 2004), suggesting that the connection
between AD and T2D may be a two-way road. Early studies demon-
strated peripheral glucose intolerance in AD patients (Craft et al,
1992). Recently, hyperglycemia and hyperinsulinemia, cardinal
features of T2D and other metabolic disorders, were found to posi-
tively correlate with the development of AD-like brain pathology in
humans (Matsuzaki et al, 2010). Obesity-induced insulin resistance
is exacerbated in transgenic mouse models of AD (Takeda et al,
2010; Jimenez-Palomares et al, 2012). However, the molecular
mechanisms underlying these observations are still largely
unknown.

We hypothesized that ABOs could impact brain regions responsi-
ble for metabolic control and therefore represent a key pathogenic
link between AD and deregulated peripheral glucose homeostasis.
The hypothalamus plays a central role in neuroendocrine interaction
between the central nervous system and the periphery (Schwartz &
Porte, 2005; Koch et al, 2008). Emerging evidence further indicates
that hypothalamic inflammation and ER stress are critical patho-
genic events in the establishment of peripheral insulin resistance in
metabolic disorders (Zhang et al, 2008; Milanski et al, 2009; Denis
et al, 2010; Arruda et al, 2011; Thaler et al, 2012). An interesting
recent study showed that hypothalamic inflammation accelerates
aging and shortens lifespan in mice (Zhang et al, 2013). In post-
mortem AD brains, early studies identified AR deposits in the hypo-
thalamus (Ogomori et al, 1989; Standaert et al, 1991). More
recently, voxel-based morphometry revealed reduced hypothalamic
volume in early AD compared to healthy controls (Loskutova et al,
2010), and a decrease in the number of hypothalamic orexin
neurons has been reported in AD brains (Fronczek et al, 2012). In
rats that received an intracerebroventricular injection of amyloid-
B,s_3s fibrils, Zussy et al, (2011) detected accumulation of fibrillar
aggregates in the hypothalamus for as long as 3 weeks after the
injection, as well as hypothalamic astrocytosis. In addition, oligo-
meric species of the amyloid-f peptide were recently shown to
induce oxidative stress in a hypothalamic cell line (Gomes et al,
2014). While the hypothalamus has been largely ignored in the AD
field, these studies indicate that this brain region could indeed be
affected in AD. If so, hypothalamic dysfunction may have important
consequences, predisposing AD patients to develop diabetes.

Several studies have established that APOs target hippocampal
neurons and induce synapse loss and neuronal dysfunction, eventu-
ally leading to memory impairment in AD (Ferreira & Klein, 2011;
Mucke & Selkoe, 2012; Selkoe, 2012). Intracerebroventricular
(i.c.v.) administration of ABOs has been shown to cause synapse
loss and behavioral alterations linked to AD in mice (Figueiredo
et al, 2013; Ledo et al, 2013) and AD-like pathology in non-human
primates (Forny-Germano et al, 2014), providing a suitable model
to investigate mechanisms germane to AD. Here, we show that
i.c.v.-injected APOs induce peripheral glucose intolerance and hall-
marks of insulin resistance, including adipose tissue inflammation
and impaired insulin-induced surface translocation of GLUT-4 in
skeletal muscle. Peripheral glucose intolerance appeared to be medi-
ated by a direct effect of ABOs in the central nervous system, and
not by leakage of oligomers to peripheral tissues, as peripherally
administered ABOs failed to induce glucose intolerance in mice.

© 2015 The Authors
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Glucose intolerance was further verified in two transgenic mouse
models of AD, namely 3xTg-AD (Oddo et al, 2003) and APP/PS1
(Jankowsky et al, 2001) mice. We show that ABOs target primary
hypothalamic neurons in vitro and accumulate in the hypothalamus
of cynomolgus macaques given i.c.v. infusions of APOs. APOs
further triggered aberrant generation of reactive oxygen species
(ROS) and phosphorylation of elF2o in cultured hypothalamic
neurons, as well as activation of IKKB/NF-«kB inflammatory signal-
ing in the hypothalamus of mice and macaques. The impact of ABOs
in the hypothalamus of mice preceded alterations in peripheral
glucose homeostasis. In TNF-a receptor 1 knockout mice (Romanatto
et al, 2009), ABOs failed to trigger hypothalamic IKK activation
and IRS-1 inhibition. APO-associated glucose intolerance was
prevented in TNFR1™/~ mice as well as in wild-type mice given
i.c.v. infusions of tauroursodeoxycholic acid (TUDCA), an ER stress
inhibitor. i.c.v treatment with infliximab, a TNF-a neutralizing anti-
body, further prevented glucose intolerance in ABO-injected mice
and in APP/PS1 mice. Collectively, results establish a novel patho-
genic mechanism by which ABOs impact the hypothalamus, causing
peripheral metabolic deregulation.

Results
Mouse models of AD exhibit impaired glucose tolerance

Alzheimer’s disease has been associated with increased risk of
T2D development. We hypothesized that brain accumulation of
ABOs could represent a key pathogenic link between AD and
deregulated peripheral glucose homeostasis. To test this hypothe-
sis, we initially performed a single injection of 10 pmol ABOs into
the right lateral cerebral ventricle of adult Swiss mice (Supplemen-
tary Fig S1; Figueiredo et al, 2013; Ledo et al, 2013). ABOs were
freshly prepared before each experiment and were routinely char-
acterized by size-exclusion chromatography, Western blots using
anti-oligomer monoclonal antibody NU4 (Lambert et al, 2007) and,
occasionally, by transmission electron microscopy, as previously
described (Jurgensen et al, 2011; Sebollela et al, 2012; Figueiredo
et al, 2013). Interestingly, mice that received an i.c.v. injection of
APOs exhibited impaired peripheral glucose tolerance and insulin
resistance 7 days after injection (Fig 1A and B). Control experi-
ments showed that peripheral glucose tolerance was unaffected by
i.c.v. injection of a preparation of scrambled AP peptide submitted
to the same oligomerization protocol used for regular ABO prepa-
rations (Supplementary Fig S2A). The impairment in glucose toler-
ance induced by i.c.v. APOs was comparable to that verified in
mice submitted to a high-fat diet for 7 days (Supplementary Fig
S2B). Impaired glucose tolerance could be detected as early as
36 h, but not 12 h after i.c.v. injection of ABOs (Supplementary
Fig S2D and C), and persisted for at least 14 days post-injection
(Supplementary Fig S2E). We further examined the possibility that
leakage of ABOs from the brain might explain the observed effects
on peripheral glucose metabolism. To this end, we injected 10
pmol ABOs (the same amount used in i.c.v. injections) directly
into the caudal vein or into the peritoneum of mice. In either case,
systemic administration of ABOs failed to impair glucose tolerance
(Fig 1C and D), ruling out a direct action of ABOs on peripheral
tissues in our conditions.

EMBO Molecular Medicine Vol 7 | No 2| 2015
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Figure 1. AD mouse models show peripheral glucose intolerance.

A

E, F

Adult Swiss mice (n = 11 Veh; 15 ABOs) received a single i.c.v. injection of vehicle or 10 pmol ABOs and were assessed in a glucose tolerance test (2 g glucose/kg
body weight, i.p.) 7 days after injection. Blood levels of glucose were measured at several time points following glucose administration. Bar graph represents areas
under the curves in the time course plot. Data are representative of three independent experiments with similar results. Left panel: ***P = 0.0006, two-way ANOVA
followed by Bonferroni post hoc test; right panel: *P = 0.0207, Student’s t-test.

Insulin tolerance test (1 IU insulin/kg body weight, i.p.) (n = 7 Veh; 8 ABOs). Blood levels of glucose were measured at several time points following insulin
administration. Bar graph represents the kinetic constants for glucose disappearance (Kitt) calculated from the time course plot. Data are representative of two
independent experiments with similar results. Left panel: *P = 0.0456 and ***P = 0.0007, two-way ANOVA followed by Bonferroni post hoc test; right panel:

**p = 0.0033, Student’s t-test.

Glucose tolerance test (2 g glucose/kg body weight, i.p.) in mice 7 days after a single intracaudal (C; n = 8 animals/group) or intraperitoneal (D; n = 13 animals/
group) injection of ABOs (10 pmol) or vehicle.

Glucose tolerance test (2 g glucose/kg body weight, i.p.) in 8- to 13-month-old APP/PS1 mice (E; n = 9 animals/group) or 6-month-old 3xTg-AD male mice

(F; n = 10 WT; 9 3xTg), or their corresponding wild-type littermates. Bar graph represents areas under the curves in the time course plots. In (E), left panel:

*P = 0.0466, two-way ANOVA followed by Bonferroni post hoc test; right panel: P = 0.072, Student’s t-test. In (F), left panel: *P = 0.0171 and #P = 0.0781,
two-way ANOVA followed by Bonferroni post hoc test; right panel: *P = 0.0101, Student’s t-test.

Data information: Data are expressed as means £+ SEM.

EMBO Molecular Medicine Vol 7 | No 2| 2015 © 2015 The Authors
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Significantly, altered peripheral glucose homeostasis was also
verified in 9- to 13-month-old APPSwePS1AE9 (APP/PS1) mice
compared to wild-type animals (Fig 1E). Those mice harbor trans-
genes for human amyloid precursor protein (APP) bearing the Swed-
ish mutation and a deletion mutant form of presenilin 1 (Shi et al,
2011a), and present increased Ap production and cognitive deficits
(Jankowsky et al, 2001). Similar results were obtained using the
triple-transgenic mouse model of AD (3xTg-AD), which presents
increased AP levels and develops tau and synaptic pathology, hall-
mark features of AD (Oddo et al, 2003). We found that 6-month-old
3xTg-AD mice show glucose intolerance compared to wild-type
littermates (Fig 1F). The fact that altered peripheral glucose homeo-
stasis was detected in both mouse models exhibiting progressive A
accumulation in the brain underscores the notion that our observa-
tions in the acute model consisting of brain infusion of ABOs are
relevant when compared to clinical observations in early AD
patients (Craft et al, 1992).

i.c.v. injection of ABOs induces metabolic changes in muscle and
adipose tissue and increases plasma noradrenaline levels

We next sought to analyze metabolic changes and insulin respon-
siveness in metabolically active tissues. We found increased CD68
immunoreactivity in adipose tissue of mice that received an i.c.v.
injection of ABOs (Fig 2A), indicating macrophage/myeloid cell
infiltration. Further, ABO-injected mice had higher amounts of
epididymal fat (Fig 2B) and increased expression of leptin and pro-
inflammatory cytokines, TNF-o0 and IL-6, in white adipose tissue
(Fig 2C-E). In obese mice, adipose-derived TNF-a is involved in
insulin resistance through the activation of JNK, leading to
increased inhibitory serine phosphorylation of insulin receptor
substrate-1 (IRS-1pSer) in muscle (Hotamisligil et al, 1996; Ozcan
et al, 2004). Therefore, we investigated whether this pathway was
affected in APO-injected mice. Indeed, skeletal muscle from mice
i.c.v. injected with ABOs showed increased levels of activated JNK
(Fig 2F) and IRS-1pSer®'? (Fig 2G). Physiologically, insulin signaling
in muscle induces translocation of glucose transporter-4 (GLUT-4)
from intracellular compartments to the plasma membrane (Huang &
Czech, 2007). In line with our finding of IRS-1 inhibition, insulin-
stimulated translocation of GLUT-4 to the plasma membrane was
severely impaired in skeletal muscle of mice that received an i.c.v.
injection of APOs (Fig 2H), while GLUT-4 expression and total
protein levels in muscle remained unaltered (Fig 2I and J).

In order to provide a more comprehensive view of metabolic
deregulation in ABO-injected mice, we next measured serum levels
of leptin and insulin in mice 7 days after i.c.v. injection of ABOs. We
found no changes in serum levels of insulin or leptin under these
conditions (Fig 2K and L). As noted above, the impairment in
glucose tolerance induced by i.c.v. administration of ABOs is compa-
rable to that verified in mice submitted to a high-fat diet (HFD) for
7 days (Supplementary Fig S2B). In harmony with our results, previ-
ous studies have shown that plasma leptin and insulin levels are not
affected in mice (wild-type or ob/ob) submitted to a short-term
(4-7 days) high-fat diet (HFD), whereas glucose tolerance and insu-
lin sensitivity are clearly impaired under the same conditions (e.g.,
El-Haschimi et al, 2000; Ji et al, 2012; Le et al, 2014). Further, short-
term HFD induces increases in epididymal white adipose tissue
weight, adipocyte hypertrophy and increased transcript levels of

© 2015 The Authors
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TNF-o and IL-6 (e.g., Lee et al, 2011; Ji et al, 2012), similar to our
observations in mice i.c.v. injected with ABOs. Moreover, plasma
levels of cholesterol and triglycerides were comparable between
vehicle- and ABO-injected animals (Fig 2M and N). We further found
elevated plasma noradrenaline (NA) levels (Fig 20), indicating that
ABOs cause deregulation of peripheral sympathetic control.

ABOs bind to hypothalamic neurons in culture and induce
aberrant ROS generation and TNF-a-dependent increase
in elF2a-P

Since i.p. or i.v. administration of ABOs had no effect on peripheral
glucose homeostasis, we hypothesized that ABOs could target brain
regions involved in control of peripheral glucose homeostasis.
Because interference in the hypothalamus of mice has been
shown to be sufficient to induce peripheral metabolic deregulation
(Purkayastha et al, 2011), and early studies showed that AP
accumulates in the hypothalamus of AD patients, we next aimed to
determine whether this brain region was particularly affected in our
experimental models. Initially, highly differentiated primary hypo-
thalamic neuronal cultures were exposed to ABOs (500 nM) for 3 h
and ABO binding to neurons was investigated by double immunoflu-
orescence labeling using oligomer-sensitive antibody NU4 (Lambert
et al, 2007) and microtubule-associated protein 2 (MAP-2). Results
showed that ABOs bind to the soma and, especially, to dendrites of
selected hypothalamic neurons (Fig 3A), similar to previous results
demonstrating that oligomers bind to a specific subset of neurons in
hippocampal cultures, rather than to all neurons (Lacor et al, 2004;
Zhao et al, 2008; Bomfim et al, 2012; Lourenco et al, 2013). To
examine the possibility that ABOs could bind to astrocytes, we
further double-labeled cultures with anti-GFAP and NU4. Results
indicate that oligomers do not bind to astrocytes in culture (Fig 3B).
We further asked whether ABOs would instigate oxidative stress in
primary hypothalamic neurons in culture, as previously shown in
hippocampal neurons (De Felice et al, 2007) and in a hypothalamic
cell line (Gomes et al, 2014). We found that ABOs induce a robust
increase in reactive oxygen species (ROS) levels in cultured hypo-
thalamic neurons (Fig 3C). Under the same conditions, the lactate
dehydrogenase cytotoxicity assay provided no evidence of cell death
induced by exposure to ABOs in culture (Fig 3D).

Because phosphorylation of elF24-P, one of the branches of the
unfolded protein response (UPR) activated upon ER stress, was
recently shown to underlie ABO toxicity in the hippocampus (Costa
et al, 2012; Lourenco et al, 2013; Ma et al, 2013), and hypothalamic
ER stress has been proposed to play an important role in the patho-
genesis of metabolic disorders (Ozcan et al, 2004, 2006; Hotamisli-
gil, 2010), we asked whether ABOs might trigger el[F2a-P in mature
cultured hypothalamic neurons. We found increased elF2a-pSer51
(elF20-P) in neuronal dendrites and cell bodies after exposure of
neurons to APOs for 3 h (Fig 3E). Importantly, elevated elF2o-P
levels were found independent of whether or not neurons exhibited
oligomers bound to their dendrites (Fig 3F). This indicates that
elF20 phosphorylation is not triggered by direct binding of oligo-
mers to individual neurons, but rather is instigated by soluble
factors released to the medium upon exposure of cultures to ABOs.
In a recent study, we found that pro-inflammatory TNF-a signaling
induced elF2a-P in hippocampal neurons (Lourenco et al, 2013). To
determine whether TNF-o activation was involved in ABO-induced

EMBO Molecular Medicine Vol 7 | No 2| 2015
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Figure 2.

elF20-P in hypothalamic neurons, we treated cultures with inflix-
imab, a TNF-o neutralizing monoclonal antibody. Infliximab attenu-
ated elF2o-P triggered by APOs (Fig 3E). It is noteworthy that
infliximab did not block oligomer binding to neurons (Fig 3G),
substantiating the notion that activation of TNF-o/elF2a-P signaling
is independent of direct binding of ABOs to individual neurons and
is likely mediated by TNF-a secreted to the medium.

i.c.v. injection of ABOs induces increased hypothalamic
inflammation and elF2a-P in mice and macaques

We next asked whether i.c.v.-infused ABOs might trigger elF2o-P

in the mouse hypothalamus. We found a significant increase in
hypothalamic levels of elF2a-P 4 h after i.c.v. injection of ABOs

EMBO Molecular Medicine Vol 7 | No 2| 2015

(Fig 4A), but not 7 days after oligomer injection (Fig 4B). We next
investigated levels of other components of the UPR 4 h after i.c.v.
injection of APOs. Consistent with increased elF2a-P, levels of
ATF4, a downstream effector of elF2o, were increased in ABO-
injected mice (Fig 4C). Other ER stress markers analyzed remained
unaltered, including PERKpThr980, ATF6, IREla-pSer724, spliced
Xbp1l and Grp78 (Supplementary Fig S3A-G). We note that we have
examined ER stress markers at a single time point (4 h post-ABO
injection) and future studies aimed to analyze in more detail the
time course of changes in levels of ER stress markers may provide
additional insight into the mechanisms by which APOs instigate
hypothalamic deregulation.

In animal models of T2D and obesity, an inflammatory response
in the hypothalamus, notably via the activation of the IKKB/NF-xB

© 2015 The Authors
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Figure 2. i.c.v-injected ABOs induce adipose tissue inflammation and insulin resistance in muscle.

A CD68 immunoreactivity in white adipose tissue (scale bar = 25 um, images representative of one animal each from a total of four animals per experimental group).
Arrow points to a region stained with CD68 antibody. *P = 0.0109, Student’s t-test.

B Epididymal fat mass was analyzed in mice (n = 6 animals/group) 7 days after i.c.v. injection of vehicle or ABOs. Data are representative of three independent
experiments with similar results. *P = 0.0255.

C-E Relative expression of leptin (C), TNF-o (D) and IL-6 (E), respectively, in white adipose tissue of mice (n = 7 Veh; 9 ABOs) 7 days after i.c.v. injection of vehicle or
ABOs. In (C), *P = 0.0394; in (D), **P = 0.0038; in (E), *P = 0.0305; Student’s t-test.

F,G p-JNK (F; n = 5animals/group) and IRS-1pSer®*? (G; n = 6 animals/group) levels (normalized by total JNK and total IRS-1, respectively) in skeletal muscle of mice
7 days after i.cv. injection of vehicle or ABOs. In (F), *P = 0.0464; in (G), *P = 0.0081; Student’s t-test.

H Representative images of GLUT-4 immunofluorescence in insulin-stimulated skeletal muscle from mice that were i.c.v.-injected with vehicle (Veh) or 10 pmol ABOs.
Bar graphs show quantification of GLUT-4 surface immunoreactivity in skeletal muscle of mice that received intraperitoneal injections of PBS or insulin (1 IU/kg
body weight) 7 days after i.c.v. injection of vehicle or ABOs, as indicated (n = 5 animals/group). Scale bar = 25 pm. *P = 0.0144, one-way ANOVA followed by
Bonferroni post hoc test.

I,J  GLUT-4 mRNA (n = 4 animals/group) and total protein levels (normalized to actin levels; n = 5 Veh; 6 ABOs) were unchanged in skeletal muscle of Swiss mice
injected with vehicle (Veh) or 10 pmol ABOs.

K-O Plasma levels of insulin (K; n = 12 animals/group), leptin (L; n = 11 Veh; 12 ABOs), cholesterol (M; n = 8 Veh; 6 ABOs), triglycerides (N; n = 8 Veh; 6 ABOs) or

noradrenaline (O; n = 7 Veh; 8 ABOs) measured 7 days after i.c.v. injection of vehicle (Veh) or 10 pmol ABOs. In (O), *P = 0.0361, Student’s t-test.

Data information: Data are expressed as means + SEM, and data are representative of two independent experiments with similar results. To assess statistical

significance, ABO-injected mice were compared to vehicle-injected mice.
Source data are available online for this figure.

pathway, is an important part of the mechanism underlying patho-
genesis (Zhang et al, 2008; Thaler et al, 2012). Compared to vehicle-
injected mice, ABO-injected mice exhibited early activation of IKK(
in the hypothalamus (Fig 4D, 4 h after i.c.v. injection), which
persisted for 7 days after i.c.v. injection of ABOs (Fig 4E). Once acti-
vated, IKKB phosphorylates IxBo, which undergoes ubiquitination
and proteasomal degradation, allowing NF-kB phosphorylation and
nuclear translocation. Accordingly, we found decreased levels of
IkBa (Fig 4F), a trend of increase in cytoplasmic NF-kB phosphory-
lation (Fig 4G), and significantly increased levels of NF-kB in the
nucleus (Fig 4H) in the hypothalamus of ABO-injected mice. On the
other hand, no differences in activated JNK or PKR levels were
detected in the hypothalamus of ABO-injected mice compared with
vehicle-injected mice 4 h or 7 days after i.c.v. injection of oligomers
(Supplementary Fig S4G-J).

We further found that IRS-1pSer®®® levels were increased and
IRS-1pTyr*®® levels were decreased in the hypothalamus of mice
7 days after oligomer injection (Fig 4I and J), indicating that ABOs
impaired hypothalamic insulin signaling. To determine whether
ABO-induced insulin resistance in neuroendocrine brain regions
impaired the ability of the brain to respond to insulin signaling by
reducing food intake, mice were kept in metabolic cages for 7 days
following i.c.v. injection of ABOs (or vehicle) and food intake was
measured following an acute i.c.v. infusion of insulin (Schwartz
et al, 2000; Sanchez-Lasheras et al, 2010). Significantly, ABO-
injected mice failed to exhibit the expected suppression in acute
food intake upon i.c.v. administration of insulin, indicating central
insulin resistance (Fig 4K).

To determine the impact of ABOs in an animal model with
greater proximity to humans, we have recently developed a non-
human primate model of AD by delivering i.c.v. infusions of oligo-
mers in adult cynomolgus macaques (Forny-Germano et al, 2014).
Our previous studies showed that this macaque model of AD
presents hippocampal IRS-1 pathology and elevated hipocampal
elF20-P levels (Bomfim et al, 2012; Lourenco et al, 2013). Three
macaques received i.c.v. injections of APOs, while three sham-
operated animals were used as controls, and their hypothalami were
analyzed (Supplementary Fig S4). Strong ABO immunoreactivity
was found in the hypothalamus of oligomer-injected macaques, but

© 2015 The Authors

not in sham animals (Fig 5A). We next investigated whether similar
effects to those found in mice could be observed in ABO-injected
macaques. We found significantly elevated hypothalamic levels of
elF2a-P (Fig 5B) and pIKKp (Fig 5C), as well as a trend of decrease
in hypothalamic IxBa levels in APO-injected macaques (Fig 5D).
Results indicate that abnormal inflammatory signaling and ER stress
are triggered by ABOs in the primate hypothalamus.

ABOs induce increased expression of orexigenic peptides and
chow intake in mice

Intriguingly, APO-injected mice presented increased chow intake
(Fig 6A), even though no significant differences in body weight
(Fig 6B) were found between experimental groups. Consistent with
increased chow ingestion, elevated hypothalamic expression of orexi-
genic neuropeptides AgRP and NPY (but no alterations in anorexigenic
POMC mRNA levels) was detected in ABO-injected mice (Fig 6C-E).
To gain insight into how APOs cause the observed peripheral meta-
bolic alterations, we asked whether ABO injection might lead to death
of hypothalamic cells. We carried out Fluorojade staining in brain
tissue from vehicle- or APO-injected mice (7 days post-injection).
Results showed no evidence of cell degeneration in ABO-injected mice
compared to vehicle-injected animals (Fig 6F). We next performed
whole-cell patch-clamp recordings in brain slices from ABO-injected
mice to determine whether ABOs affected hypothalamic neuron elec-
trophysiology. We targeted cells from the arcuate nucleus, a region
enriched in NPY neurons (Allen Brain Atlas [http://mouse.brain-
map.org]; Hahn et al, 1998). No changes were detected in frequency
or amplitude of either excitatory or inhibitory post-synaptic currents,
or in resting membrane potential of the recorded neurons (Supplemen-
tary Fig SSA-E), suggesting that the mechanism by which ABOs induce
functional deregulation of hypothalamic neurons does not include
major alterations in their electrophysiological properties.

Blockade of brain ER stress or inflammation attenuates glucose
intolerance and normalizes plasma noradrenaline levels in mice

Recent observations indicate that transient hypothalamic ER stress
is sufficient to deregulate peripheral insulin signaling and upregulate
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Figure 3. APOs bind to and impact hypothalamic neurons.

A Representative immunocytochemistry images of mature hypothalamic neurons in culture exposed to vehicle (Veh) or ABOs (500 nM) for 3 h. Binding of ABOs was
detected using anti-oligomer monoclonal antibody NU4 (red). Neurons were double-labeled using MAP-2 antibody (green). Images represent typical results from
experiments with three independent hypothalamic cultures (three coverslips/experimental condition per independent experiment). Scale bar = 30 and 10 pm for
main panels and insets, respectively.

B Representative immunocytochemistry image of mature hypothalamic culture exposed to ABOs (500 nM) and immunolabeled with anti-GFAP (green) and NU4 (red)
antibodies. Insets show ABOs binding to neuronal dendrites, whereas no binding was detected to GFAP-positive cells.

C Representative DCF fluorescence images from hypothalamic neuronal cultures exposed to vehicle or ABOs (500 nM, 4 h). Insets show optical zoom images of the
indicated areas. Scale bars = 100 and 50 pm for main panels and insets, respectively. Graph shows integrated DCF fluorescence intensities (relative units; see
Materials and Methods) (n = 3 independent hypothalamic cultures; three wells/experimental condition per experiment; three images acquired per well). Bars
represent means = SEM. #P = 0.0604, one-sample t-test compared with a fixed value of 100 RUs.

D LDH activity (IU/l) in culture media of hypothalamic cultures exposed to vehicle or ABOs (500 nM, 3 h).

E Representative immunofluorescence images of elF2a-P in hypothalamic cultures exposed to vehicle or ABOs (500 nM, 3 h) in the absence or presence of infliximab
(1 pg/ml). Scale bar = 30 um. Graph represents integrated immunofluorescence intensities of elF2a-P levels from three independent hypothalamic cultures (three
coverslips/experimental condition per experiment, 20 images per coverslip). Bars represent means & SEM. *P = 0.0489, one-way ANOVA followed by Bonferroni post
hoc test comparing ABO-treated versus vehicle-treated cultures.

F  Representative images of hypothalamic cultures exposed to ABOs (500 nM, 3 h) and double-labeled with NU4 (oligomer-sensitive) and elF2a-P antibodies. Arrow
points to a neuron presenting high levels of elF2a-P in the absence of ABO binding. Nuclear staining (DAPI) is shown in blue. Scale bar = 30 um.

G Representative images of hypothalamic neurons labeled with NU4 antibody exposed to ABOs (500 nM, 3 h) in the absence or presence of infliximab (1 pg/ml). Similar
patterns of ABO binding were observed in both conditions. Scale bar = 20 um.
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peripheral sympathetic tonus (Purkayastha et al, 2011). Since we
found that ABOs induce transient hypothalamic elF2a-P (Fig 4A and
B) and increased plasma noradrenaline levels in mice (Fig 20), we
next investigated whether prevention of brain ER stress could atten-
uate ABO-induced defects in peripheral glucose homeostasis and in
plasma noradrenaline levels. We found that i.c.v. injections of
tauroursodeoxycholic acid (TUDCA), a chemical chaperone that
alleviates ER stress, prevented both the impairment in glucose toler-
ance and the increase in plasma noradrenaline levels induced by
i.c.v.-injected ABOs (Fig 7A and B). These results indicate that ABOs
use a central route to cause deregulation of peripheral glucose
homeostasis.

We recently reported that aberrant TNF-o signaling in the hippo-
campus mediates impaired neuronal insulin signaling, synapse dete-
rioration and memory loss in mice receiving i.c.v. infusions of ABOs
(Bomfim et al, 2012; Lourenco et al, 2013). In addition, pioneering
studies have established that activation of pro-inflammatory TNF-o
is a key mechanism leading to peripheral insulin resistance in diabe-
tes (Hotamisligil & Spiegelman, 1994; Hotamisligil et al, 1996;
Gregor & Hotamisligil, 2011) and that inhibition of hypothalamic
inflammation prevents peripheral insulin resistance (Milanski et al,
2012). Furthermore, our in vitro results indicated that TNF-o. medi-
ates ABO-induced elF20-P (Fig 3E). Thus, we hypothesized that the
TNF-o pathway might be involved in APO-induced deregulation of
glucose homeostasis in mice. To this end, we investigated the effects
of i.c.v.-injected ABOs in TNF-o receptor 1 knockout mice (Romanatto
et al, 2009). APOs failed to induce glucose intolerance in TNFR1 /™~
mice (Fig 7C). In metabolic disorders, ER stress has been linked to
insulin resistance and pro-inflammatory TNF-o signaling (Ozcan
et al, 2006; Steinberg et al, 2006). TNF-a signaling has further been
shown to activate intracellular stress kinases, including IKK(
(Hotamisligil et al, 1996; Cai et al, 2005). i.c.v.-injected APOs
triggered IKKB activation and IRS-1pSer®®® in the hypothalamus of
wild-type mice, but failed to do so in TNFR1~/~ mice (Fig 7D and
E). Because whole-body TNF-a signaling would be expected to be
affected in TNFR1™/~ mice, and to further investigate the specific
role of brain TNF-a signaling in deregulation of glucose metabolism,
we performed additional experiments in mice that were treated
i.c.v. with infliximab. We found that ABOs failed to trigger glucose
intolerance in mice that were previously treated with infliximab
(Supplementary Fig S6).

Our recent studies on the effects of oligomers in the hippocam-
pus indicate that, in addition to a direct effect on neurons, oligomers
also seem to impact microglial cells, the cellular components of the
innate immune system in the brain, to induce increased TNF-ua
levels and to deregulate hippocampal function (Lourenco et al,
2013). Therefore, we decided to test whether a similar indirect effect
of oligomers might lead to alterations in AgRP and NPY expressions
in the hypothalamus. To this end, we carried out experiments in
mice that had been treated intraperitoneally with minocycline, an
antibiotic known to prevent microglial activation and polarization
to an M1 proinflammatory profile. For reasons that are unclear to
us, minocycline treated-mice injected with vehicle showed increased
hypothalamic expression of AgRP and NPY (albeit not statistically
significant when compared to vehicle-injected mice) (Fig 7F and G).
Importantly, ABOs failed to induce increases in AgRP and NPY
levels in mice that had been treated with minocycline (Fig 7F and
G). This indicates that oligomers act on microglial cells, which likely

© 2015 The Authors
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secret soluble factors (including TNF-a) to increase neuronal AgRP
and NPY expressions. Results thus indicate that a crosstalk between
neuronal and microglial cells is key to the effects of ABOs in the
hypothalamus. Finally, we tested whether infliximab treatment
would alleviate glucose intolerance in APP/PS1 mice. To this end,
we performed i.c.v. injections of infliximab in APP/PS1 mice and
found that infliximab rescued glucose intolerance in transgenic mice
(Fig 7H).

Discussion

Diabetes and AD are chronic degenerative diseases increasing in
prevalence in aging populations worldwide. Although clinical and
epidemiological studies have linked AD to diabetes, with each
disease increasing the risk of developing the other, the mechanisms
of pathogenesis connecting them at the molecular and cellular levels
remain to be elucidated. In particular, why AD patients present
increased probability of developing diabetes is unknown. Here, we
show that ABOs, toxins that accumulate in the AD brain and have
been linked to neuronal dysfunction in brain areas related to learn-
ing and memory, impact the hypothalamus of mice and macaques.
Intriguingly, infusion of APOs in the brain triggers peripheral insulin
resistance in mice. Alterations in peripheral glucose homeostasis
were further detected in two transgenic mouse models of AD. These
results provide initial evidence implicating AP oligomers in the
biological mechanisms underlying the clinical observations linking
AD to diabetes.

Numerous studies have investigated the impact of ABOs in
memory centers, specially the hippocampus (Ferreira & Klein,
2011), known to be fundamentally involved in the acquisition,
consolidation and recollection of new memories. This is because AD
is classically recognized as a disease of memory, and indeed
memory-related brain regions have long been known to be affected
in the course of disease (Walsh et al, 2002; Chhatwal & Sperling,
2012). However, early studies indicated that other brain regions, not
necessarily involved in learning and memory, might also be affected
in AD. For example, postmortem analysis of AD brains identified Ap
deposits in the hypothalamus (Ogomori et al, 1989; Standaert et al,
1991), and evidence of peripheral glucose intolerance in AD patients
has been reported (Craft et al, 1992). More recently, voxel-based
morphometry analysis showed reduced hypothalamic volume and a
decreased number of orexin neurons in AD patients compared to
healthy controls (Loskutova et al, 2010; Fronczek et al, 2012).
Furthermore, hyperglycemia and hyperinsulinemia were shown to
positively correlate with the development of AD pathology (Matsuzaki
et al, 2010). In transgenic mouse models of AD, obesity-induced
insulin resistance is exacerbated (Takeda et al, 2010; Jimenez-
Palomares et al, 2012). Collectively, these observations raise the
intriguing possibility that the neuroendocrine axis, including the
hypothalamus, may be affected in AD. However, studies investigat-
ing the mechanisms underlying such clinical and postmortem obser-
vations are lacking. Using different experimental models, including
cell-based assays, mice and macaques that received i.c.v. injections
of ABOs, we now report that the hypothalamus is affected by ABOs.

In both mice and macaques, i.c.v. infusion of ABPOs induced
hypothalamic inflammation and elF2a-P, recently implicated as
important pathogenic events in the onset of peripheral insulin
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Figure 4. APBOs induce hypothalamic inflammation, elF2a phosphorylation and impaired insulin signaling.

A, B Western blot analysis of elF2a-P levels in the hypothalamus of mice 4 h (A; n = 4 animals/group) or 7 days (B; n = 6 Veh; 5 ABOs) after a single i.c.v. injection of
vehicle (Veh) or 10 pmol ABOs. Graphs show densitometric data normalized by total elF2a levels. *P = 0.0213.

C Western blot analysis of ATF4 levels in the hypothalamus of mice 4 h after i.c.v. injection of vehicle (Veh) or 10 pmol ABOs; graph shows densitometric data
normalized by B-actin (n = 7 Veh; 8 ABOs). #P = 0.0731; Student’s t-test.

D, E Western blot analysis of hypothalamic phospho-IKKp levels in the hypothalamus of mice 4 h (C; n = 6 animals/group) or 7 days (D; n = 4 Veh; 5 ABOs) after i.c.v.
injection of vehicle or 10 pmol ABOs. Graphs show densitometric data normalized by total IKKp levels. In (D), *P = 0.0437; in (E), *P = 0.0444; Student’s t-test.

F, G Western blot analysis of IxBa (F; n = 6 animals/group) and cytoplasmic phospho-p65-NF-kB (G; n = 4 Veh; 5 ABOs) in the hypothalamus of mice 4 h after i.c.v.
injection of vehicle or 10 pmol ABOs. Graphs show densitometric data normalized by actin (F) or total NF-xB levels (G). *P = 0.0207.

H Nuclear NF-xB levels in the hypothalamus 6 h after i.c.v. injection of vehicle or 10 pmol ABOs in mice. Graphs show NF-xB levels normalized by nuclear marker,
lamin B (n = 6 animals/group). **P = 0.0024; Student’s t-test.

I,)  IRS-1pSer®® (I; n = 4 animals/group) and pTyr*®® (; n = 6 Veh; 4 ABOs) levels in the hypothalamus 7 days after i.c.v. injection of vehicle or ABOs in mice. Graphs
show IRS-1pSer or IRS-1pTyr levels normalized by total IRS-1. In (1), *P = 0.0043; in (J), *P = 0.0275; Student’s t-test.

K Twelve-hour food intake after a single i.c.v. infusion of insulin (200 mU) in mice. Experiment was performed 7 days after i.c.v. injection of vehicle or ABOs (n = 5
PBS; 5 Veh + Insulin; 9 ABOs + Insulin), data are representative of two independent experiments with similar results. ***P < 0.0001, one-way ANOVA followed by
Bonferroni post hoc test comparing Veh-Insulin versus PBS groups.

Data information: Data are expressed as means + SEM. In (A-J), to assess statistical significance, ABO-injected mice were compared to vehicle-injected mice.
Source data are available online for this figure.
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Figure 5. APOs accumulate in the hypothalamus of macaques and induce inflammation and elF2« phosphorylation.

A Representative images of ABO immunoreactivity (detected using anti-oligomer monoclonal antibody NU4) in the hypothalamus of control, sham-operated adult
cynomolgus macaques (Sh; n = 3) or macaques that received i.c.v. injections of ABOs (n = 3; see Materials and Methods). Nuclear staining (DAPI) is shown in blue.
Insets show optical zoom images of the areas indicated by white dashed rectangles in the main panels. Scale bars = 100 and 20 pm for main panels and insets,

respectively.
B-D

Representative images showing elF2a-P (B), phospho-IKKp (C) and IkBa (D) immunoreactivities in the hypothalamus of cynomolgus macaques that received i.c.v.

injections of ABOs or control (sham-operated; Sh) macaques (n = 3 animals/group). Graphs show immunolabeling optical density analysis from three images
acquired in the hypothalamus of each macaque (three control versus three ABO-injected animals). In (B), *P = 0.0523; in (C) #P = 0.1123; unpaired Student’s t-test
with Welch’s correction for unequal variances; ABO-injected monkeys compared to sham-operated monkeys. Scale bars = 50 um

resistance in metabolic disorders (Zhang et al, 2008; Denis et al,
2010; Arruda et al, 2011; Thaler et al, 2012). Interestingly, while in
mice we found a transient increase in hypothalamic elF2a-P levels
following a single i.c.v. injection of oligomers, persistently elevated
elF20-P levels were found in macaques after a series of ABO injec-
tions. This suggests that persistently elevated oligomer levels in the
brain may induce prolonged effects in elF2a-P. ABOs further
induced IRS-1 inhibition (IRS-1pSer) in the hypothalamus of mice. It
is noteworthy that oligomers failed to trigger both hypothalamic
IKKP activation and IRS-1pSer in TNFR1~/~ mice. Results thus indi-
cate that ABO-induced TNF-0,/pIKK deregulation is directly linked to
disrupted insulin signaling in the hypothalamus.

Activated JNK and PKR were recently implicated in ABO-induced
defective hippocampal insulin signaling (Bomfim et al, 2012; Lourenco
et al, 2013). However, at the time points investigated (4 h or 7 days
post-ABO injection), no differences in pJNK and pPKR levels were
detected in the hypothalamus of APBO-injected mice compared to
vehicle-injected mice. Further, no changes were detected in other
markers of ER stress (4 h post-ABO injection), including phospho-
PERK, IREla-pSer724, ATF6 and Grp78. We note that future studies
aimed to analyze in more detail the time course of changes in levels
of ER stress markers may provide additional insight into the mecha-
nisms by which ABOs instigate hypothalamic deregulation.

© 2015 The Authors

Transient hypothalamic ER stress has been shown to induce
increased plasma levels of noradrenaline in mice, and this was
reported to be sufficient to induce peripheral glucose intolerance in
mice (Purkayastha et al, 2011). Consistent with that interesting
study, we found that prevention of brain ER stress by i.c.v. adminis-
tration of TUDCA normalized plasma noradrenaline levels and
blocked APO-induced peripheral glucose intolerance. Moreover,
ABOs failed to induce glucose intolerance, hypothalamic IKKf
activation and IRS-1 inhibition in TNFR1™/~ mice, or glucose
intolerance in mice treated i.c.v. with infliximab. These results
suggest that brain ER stress and inflammation underlie alterations in
peripheral glucose homeostasis induced by ABOs, and indicate that
APOs hijack key signaling pathways in the CNS to deregulate
peripheral glucose handling.

We recently demonstrated that i.c.v.-injected ABOs disrupt insu-
lin signaling and induce inflammation in the hippocampus of mice
and macaques (Bomfim et al, 2012; Ledo et al, 2013; Lourenco
et al, 2013). ABO-induced abnormal hippocampal TNF-o signaling
was found to be directly linked to synapse deterioration and cogni-
tive impairment (Lourenco et al, 2013). It is thus possible that, in
the AD brain, progressive accumulation of A oligomers (due to
elevated AP production or reduced clearance) brings about different
functional outcomes in different brain regions. While the impact of

EMBO Molecular Medicine Vol 7 | No 2| 2015
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i.c.v.-injected ABOs induce increased food intake, hypothalamic expression of orexigenic neuropeptides but no hypothalamic cell degeneration.

A Accumulated chow intake (normalized by body weight) measured during 7 days following a single i.c.v. injection of vehicle or 10 pmol ABOs in mice (n = 13 Veh;
10 ABOs; data are representative of two independent experiments with similar results). ***P < 0.0001; Student’s t-test.
B Daily body weight measured during 7 days after i.c.v. injection of vehicle or ABOs (n = 7 animals/group; data are representative of two independent experiments

with similar results).

Adult Swiss mice received a single i.c.v. injection of vehicle or 10 pmol ABOs, and hypothalamic levels of mRNA for AgRP (C; n = 6 Veh; 5 ABOs), NPY (D; n = 6 Veh;

5 ABOs) and POMC (E; n = 7 animals/group) were analyzed 7 days after injection. In (C), *P = 0.0191; in (D), *P = 0.0115; Student’s t-test.

F Swiss mice received a single i.c.v. injection of vehicle (Veh) or 10 pmol ABOs, and their brains were analyzed by Fluorojade staining of degenerating cells 7 days
after the injection. Representative images of Fluorojade staining in the hypothalamus of vehicle- or ABO-injected mice (n = 4/group). Scale bar = 100 um in left
panels (top and bottom) and 20 um in right panels (top and bottom). Positive control (bottom left panel) was the hippocampus of a mouse that received one i.c.v.

injection of quinolinic acid (36.8 nmol) and was analyzed 24 h after.

Data information: Data are expressed as means + SEM. To assess statistical significance, ABO-injected mice were compared to vehicle-injected mice.

ABOs in the hippocampus involves inflammation, ER stress and
synapse deterioration, leading to memory deficits, ABO-induced
inflammation and elF2a-P in the hypothalamus may be especially
relevant in terms of disrupting hypothalamic insulin signaling. The
hypothalamus is well known for its ability to respond to changes in
circulating insulin levels by regulating food ingestion (Sanchez-
Lasheras et al, 2010). We found that an acute i.c.v. injection of insu-
lin failed to suppress short-term food ingestion in ABO-injected
mice, suggesting that ABOs rendered the hypothalamus resistant to
insulin. Remarkably, activation of a hypothalamic inflammatory
pathway similar to the pathway we report in our model has been
implicated as a central mechanism regulating energy imbalance in
obese mice, and its suppression has been proposed to represent a

EMBO Molecular Medicine Vol 7 | No 2| 2015

potential strategy to combat obesity-related diseases (Zhang et al,
2008). These findings further indicate that APO- and obesity-
induced hypothalamic inflammation share common pathogenic
pathways.

Current findings indicate that AgRP and NPY levels remained
unaltered in APO-injected mice that had been treated with minocy-
cline, suggesting that oligomers impact microglial cells, the cellular
components of the innate immune system in the brain, likely induc-
ing secretion of soluble factors (including TNF-a) to increase neuro-
nal AgRP and NPY expressions. Furthermore, it is noteworthy that
elF20-P does not depend on direct binding of oligomers to individ-
ual neurons, as elevated elF2a-P levels were detected in neurons
regardless of whether or not they had oligomers bound to their

© 2015 The Authors
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Figure 7. ApO-induced peripheral glucose intolerance and hypothalamic insulin resistance are mediated by TNF-a signaling and hypothalamic ER stress.

A

F, G

Glucose tolerance test (2 g glucose/kg body weight, i.p.) in mice that received i.c.v. injections of vehicle, vehicle + TUDCA, ABOs or ABOs + TUDCA (when used,
TUDCA was administered in 5 i.c.v. injections of 5 ug TUDCA each, before and after oligomer injection; see Materials and Methods. Control groups received injections
of saline). Glucose tolerance test (GTT) was performed 7 days after i.c.v. injection of vehicle or ABOs. Bar graph represents areas under the curves (AUC) in the time
course plots (n = 15 Veh; 15 ABOs; 10 Veh + TUDCA; 16 ABOs + TUDCA). Data are representative of two independent experiments with similar results. Left panel:
**p = 0.0048, **P = 0.003, two-way ANOVA followed by Bonferroni post hoc test; right panel: *P = 0.0384, one-way ANOVA followed by Bonferroni post hoc test.
Plasma noradrenaline (NA) levels measured 7 days after i.c.v. injection of vehicle, vehicle + TUDCA, ABOs or ABOs + TUDCA in mice (n = 7 animals/group). Data are
representative of two independent experiments with similar results. *P = 0.0071, one-way ANOVA followed by Bonferroni post hoc test.

Glucose tolerance test (2 g glucose/kg body weight, i.p.) in TNFR1 ™~ mice or wild-type littermates performed 7 days after i.c.v. injection of vehicle or ABOs. Bar
graph represents areas under the curves (AUC) in the time course plots (n = 8 WT + Veh; 7 WT + ABOs; 7 TNFR /= 4 Veh; 8 TNFR™/~ + ABOs). Left panel:

**p = 0.0049, ***P < 0.0001, two-way ANOVA followed by Bonferroni post hoc test; right panel: *P = 0.0001, one-way ANOVA followed by Bonferroni post hoc test.
Western blot analysis of phospho-IKKp (D; n = 6 WT + Veh; 6 WT + ABOs; 4 TNFR™/~ + Veh; 6 TNFR™~ + ABOs) and IRS-1pSer®® levels (E; n = 6 WT + Veh; 5

WT + ABOs; 6 TNFR™/~ + Veh; 5 TNFR™/~ + ABOs) in the hypothalamus of wild-type (WT) or TNFR1 ™/~ mice 10 days after i.c.v. injection of vehicle or ABOs.
Representative images from Western blot experiments were always run on the same gels but represent noncontiguous lanes. In (D), *P = 0.0088, Student’s t-test;
in (E), *P = 0.0428, one-way ANOVA followed by Bonferroni post hoc test.

Adult Swiss mice pre-treated with minocycline or PBS received a single i.c.v. injection of vehicle or 10 pmol ABOs, and hypothalamic levels of mRNA for AgRP

(F; n = 5Veh; 6 ABOs; 5 Veh + Mino; 4 ABOs + Mino) and NPY (G; n = 14 Veh; 13 ABOs; 8 Veh + Mino; 9 ABOs + Mino) were analyzed 7 days after injection. In (F),
*P = 0.0097, one-way ANOVA followed by Bonferroni post hoc test; in (G), *P = 0.0219, one-way ANOVA followed by Bonferroni post hoc test.

Glucose tolerance test (GTT) in APP/PS1 mice before and after i.c.v. injection of infliximab (0.2 pg daily for 4 days). Bar graph represents areas under the curves
(AUQ) in the time course plots (n = 9 animals/group). Left panel: *P = 0.0177, two-way ANOVA followed by Bonferroni post hoc test; right panel: *P = 0.0327, paired
t-test.

Data information: Data are expressed as means + SEM. To assess statistical significance, ABO-injected mice were compared to vehicle-injected mice.
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Source data are available online for this figure.
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dendrites. Therefore, ABOs do not seem to act directly on neurons
to induce phosphorylation of elF2a. Rather, it is likely that a cros-
stalk between neurons and microglia leads to elevated levels of
TNF-o0, causing activation of neuronal TNF-o/elF2a signaling to
deregulate hypothalamic function. We note that similar observa-
tions were made in studies of the effects of ABOs on hippocampal
cells (Lourenco et al, 2013).

We showed that no alterations in peripheral glucose homeostasis
were detected 12 h after an i.c.v. injection of ABOs (Supplementary
Fig S2C), but markers of hypothalamic inflammation were found to
be elevated as soon as 4 h after ABO infusion. This supports the
notion that hypothalamic inflammation precedes and may lead to
peripheral metabolic alterations, a possibility that deserves further
investigation. In this regard, an interesting recent study reported
that, unlike inflammation in peripheral tissues, which develops as a
consequence of obesity, hypothalamic inflammatory signaling is
evident in rats within 1 to 3 days of feeding on a high-fat diet, prior
to substantial weight gain (Thaler et al, 2012) and implicating
hypothalamic inflammation in obesity pathogenesis (Thaler et al,
2013). We further note that ABO-induced deregulation of peripheral
glucose homeostasis is similar in magnitude to the deregulation
induced by a short period (7 days) of high-fat diet. Extending the
findings of a recent study using APP/PS1 mice (Zhang et al, 2012),
we found altered peripheral glucose homeostasis both in APP/PS1
mice and in 3xTg-AD mice, two different experimental models of AD.

Importantly, we further demonstrated that i.c.v. injections of
infliximab rescued glucose tolerance in APP/PS1 mice, establishing
that brain inflammation triggers alterations in peripheral glucose
homeostasis in ABO-injected mice and in the APP/PS1 mouse model
of AD. Intracerebroventricular infusion of infliximab in AD trans-
genic mice has been reported to reduce the number of amyloid
plaques and phospho-tau levels (Shi et al, 2011a). Intrathecal
administration of infliximab was further reported to improve cogni-
tion in one patient with AD (Shi et al, 2011b), and clinical trials are
currently investigating the efficacy of infliximab in a wide range of
pathologies, including major depression, obesity-associated insulin
resistance and diabetic complications, among others (US National
Institute of Health; http://clinicaltrials.gov/). However, infliximab
does not cross the blood-brain barrier, and so far, it is important to
note that anti-TNF-a strategies for AD require invasive forms of
central administration, making this a difficult strategy to treat AD.
Nevertheless, our results suggest that pharmacological or other
approaches to prevent neuroendocrine dysfunction may provide
novel therapeutics for metabolic deregulation in AD.

Our results demonstrate that brain accumulation of ABOs affects
the hypothalamus and impacts peripheral metabolism by mecha-
nisms similar to those underlying peripheral insulin resistance in
type 2 diabetes and other metabolic diseases. Similar to what has
been described in metabolic disorders (Rossmeisl et al, 2003; Thaler
et al, 2013), i.c.v.-injected ABOs induce adipose tissue inflammation
and impaired insulin-induced surface translocation of GLUT-4 in
muscle cells. A previous study reported that a very high concentra-
tion of AP (10 uM) induced hepatic insulin resistance in vitro
through a direct effect on hepatocytes (Zhang et al, 2012). However,
in our experimental conditions, ABOs failed to cause alterations in
peripheral glucose homeostasis when delivered via the caudal vein
or by intraperitoneal injection in mice, ruling out a direct effect of
ABOs on peripheral tissues. It is important to note that, besides the

EMBO Molecular Medicine Vol 7 | No 2| 2015

APBOs trigger peripheral metabolic deregulation  Julia R Clarke et al

hypothalamus, other brain regions involved in neuroendocrine
control might be also affected by ABOs. Whether ABOs indeed affect
other brain regions responsible for the control of peripheral glucose
homeostasis warrants further exploration.

In conclusion, our findings establish that i.c.v.-injected ABOs
trigger inflammation in the hypothalamus and cause peripheral
glucose intolerance and insulin resistance. Results support the
emerging notion that pathological hypothalamic inflammation/ER
stress leads to impaired peripheral glucose homeostasis. We propose
that the impact of ABOs on the hypothalamus comprises a key novel
pathological mechanism that disrupts metabolic homeostasis and
leads to insulin resistance, revealing an important crosstalk between
central and peripheral pathogenic mechanisms in AD. Our discovery
that ABOs instigate hypothalamic deregulation draws attention to a
brain structure that has been largely ignored to date in the study of
AD pathogenesis, and highlights the importance of recognizing AD
as a disease of both the brain and the periphery. As peripheral insu-
lin resistance has been implicated in the development of AD (Janson
et al, 2004; De Felice, 2013), current results suggest the existence of
a vicious cycle, instigated by brain accumulation of ABOs, contribut-
ing to the development of both AD and metabolic disorders, includ-
ing type 2 diabetes.

Materials and Methods
Preparation of Ap oligomers

Oligomers were prepared from synthetic AB; 4, peptide (American
Peptide, Sunnyvale, CA) as originally described Lambert et al
(1998). The peptide was solubilized in hexafluoroisopropanol
(HFIP) and the solvent was evaporated to produce dried films,
which were subsequently dissolved in sterile anhydrous dimethyl-
sulfoxide to make a 5 mM solution. This solution was diluted to
100 puM in ice-cold PBS and incubated overnight at 4°C. The prepa-
ration was centrifuged at 14,000 g for 10 min at 4°C to remove
insoluble aggregates (protofibrils and fibrils), and the supernatants
containing soluble AP oligomers were stored at 4°C. Protein concen-
tration was determined using the BCA kit (Pierce, Deerfield, IL).
Routine characterization of preparations was performed by size-
exclusion chromatography and Western blotting using anti-Af} 6E10
(Abcam, Cambridge, MA) or anti-Ap oligomer NU1 (Lambert et al,
2007) monoclonal antibodies and, occasionally, by transmission
electron microscopy, as previously described (Jurgensen et al, 2011;
Sebollela et al, 2012; Figueiredo et al, 2013). Oligomers were used
within 48 h of preparation.

Mature hypothalamic neuronal cultures, immunocytochemistry,
ROS and LDH release assays

Primary hypothalamic neuronal cultures were prepared from rat
embryos (E16) according to the procedures established for hippo-
campal neuronal cultures (De Felice et al, 2007, 2009). Cultures
were plated at a density of 70,000 cells/cm? on poly-L-lysine-coated
coverslips and were maintained in neurobasal medium with B27
supplement and L-glutamine (0.5 mM). After 14 days in vitro,
cultures were incubated with vehicle or 500 nM ABOs for 3 h at
37°C. Infliximab was added 30 min prior to ABOs. For experiments
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designed to determine reactive oxygen species (ROS) formation,
20,000 cells/cm?* were plated directly on poly-L-lysine-coated wells
of 96-well plates. After 18-21 days in vitro, cultures were incubated
for 4 h at 37°C with vehicle or 500 nM ABOs. ROS formation was
assessed using 2 uM of the fluorescent probe CM-H,DCFDA (Invitro-
gen, Carlsbad, CA), as previously described in De Felice et al (2007).
CM-H,DCFDA is sensitive to the formation of various types of ROS,
including peroxide, hydroxyl radical, peroxyl radicals and peroxyni-
trite. After 30 min of loading with the fluorescent probe, neurons
were rinsed three times with warm PBS and two times with neuro-
basal medium without phenol red. Cells were immediately imaged
on a Nikon Eclipse TE 300-U fluorescence microscope. At least three
experiments with independent neuronal cultures were performed,
each with triplicate well per experimental condition. Three images
were acquired from randomly selected fields per well. Results
obtained in independent experiments were combined to allow quan-
titative estimates of changes in neuronal ROS levels. Quantitative
analysis of immunofluorescence data was carried using ImageJ
(Windows version) using appropriate thresholding to eliminate
background signal before histogram analysis, as described by De
Felice et al (2007).

Immunocytochemistry was performed as previously described by
De Felice et al (2009). Briefly, hypothalamic cultures were treated
for 3 h at 37°C with 500 nM ABOs or equivalent volumes of vehicle
and were fixed for 10 min with 4% paraformaldehyde containing
4% sucrose in PBS. Cells were blocked for 1 h with 10% normal
goat serum in PBS and incubated at 4°C with monoclonal ABO-
selective NU4 antibody (1:2,000; (Lambert et al, 2007)) overnight.
Neurons were rinsed three times with PBS, permeabilized with
0.1% Triton X-100 for 5 min and incubated overnight at 4°C
with anti-MAP2 (Santa Cruz Biotechnology, Santa Cruz, CA;
1:200, Cat#sc20172), anti-GFAP (DAKO, Carpinteria, CA; 1:200,
Cat#Z-0334) or anti-phospho-elF2a. (Enzo Life Sciences, Farming-
dale, NY; 1:200, Cat#BML-SA405) antibodies. After rinsing, neurons
were incubated for 2 h at room temperature with Alexa Fluor-555
anti-mouse IgG and Alexa Fluor-488 anti-rabbit IgG (1:2,000). After
washing, cells were mounted on coverslips using Prolong Gold
Antifade with DAPI (Invitrogen) and were imaged on a Zeiss Axio
Observer Z1 Microscope equipped with an Apotome module.

Measurement of lactate dehydrogenase (LDH) released to the
medium was assessed as a cell death indicator. LDH was assayed by
a commercial kit (Doles, Goiania, Brazil) according to manufac-
turer’s instructions. Briefly, culture medium was collected after
exposure to ABOs (or vehicle) and LDH activity was measured.
Absorbance was measured at 510 nm.

Animals and intracerebroventricular (i.c.v.) injections

Male Swiss mice obtained from our own animal facility were 2.5-3
months old at the beginning of experiments. TNFR1~/~ female mice
in a C57/BL6 background and wild-type littermates were obtained
from the University of Campinas Breeding Centre (CEMIB).
Six-month-old triple-transgenic (3xTg-AD) male mice and wild-type
littermates were obtained from University of California Irvine (Xu
et al, 2003). Nine- to thirteen-month-old APP/PS1 (seven males and
two females) and littermate wild-type mice (six males and three
females) were obtained from our own breeding facilities. Animals
were housed in groups of five in each cage with free access to food
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and water, under a 12-h light/dark cycle, with controlled room
temperature and humidity. Animals were randomly assigned to
different experimental groups, and researchers conducting the
experiments were blind to experimental condition. All procedures
were performed in the light phase and followed the ‘Principles of
Laboratory Animal Care’ (US National Institutes of Health) and were
approved by the Institutional Animal Care and Use Committee of
the Federal University of Rio de Janeiro (protocol IBqM 072-05/16)
and UCI Institutional Animal Care and Use Committee. For i.c.v.
injection of ABOs, animals were anesthetized for 7 min with 2.5%
isoflurane (Cristalia, Sao Paulo, Brazil) using a vaporizer system
(Norwell, MA) and were gently restrained only during the injection
procedure itself, as recently described in Figueiredo et al (2013). A
2.5-mm-long needle was unilaterally inserted 1 mm to the right of
the midline point equidistant from each eye and 1 mm posterior to a
line drawn through the anterior base of the eye (Laursen & Belknap,
1986; Figueiredo et al, 2011, 2013); see Supplementary Fig S1). Ten
pmol of ABOs (concentration expressed in terms of A monomers)
or vehicle was injected in 30 s, in a total volume of 3 ul for Swiss
mice. When C57/BL6 mice were used, 100 pmol of ABOs or vehicle
was injected in 30 s in a total volume of 1 pl. Injection of 3 ul of a
blue dye into the lateral ventricle of Swiss mice was performed to
verify diffusion along the CSF circulation so as to reach the whole
brain (Supplementary Fig S1). At the end of experiments, injection
of blue dye in the same injection site used for ABOs or vehicle was
employed to verify the accuracy of injection into the lateral ventri-
cle. Mice showing any signs of misplaced injections or brain hemor-
rhage (~5% of animals throughout our study) were excluded from
further analysis.

In experiments using macaques, six female cynomolgus maca-
ques (Macaca fascicularis; body weights 4.7-7.0 kg) were used.
Macaques were maintained at the Centre for Neuroscience at
Queen’s University (Kingston, Canada) under the close supervision
of a laboratory animal technician and the Institute veterinarian. All
animals had a cannula implanted in the lateral ventricle by aseptic
surgery. Anesthesia was induced by ketamine (10 mg/kg, intramus-
cular). During surgery, glycopyrrolate (0.013 mg/kg) and isoflurane
(1-3%) were also used. Correct placement of the cannula was
assessed by MRI. After a recovery period, three macaques received
intracerebroventricular injections of 100 pug of ABOs (one injection
per day every 3 days for 24 days). Three sham-operated macaques
were used as controls. Upon completion of the experimental
protocol, macaques were sedated with intramuscular ketamine
(10 mg/kg) plus buprenorphine (0.01 mg/kg) for analgesia, followed
by intravenous sodium pentobarbital (25 mg/kg), perfused with
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde
in PBS; 4% paraformaldehyde in PBS containing 2.5% glycerol;
PBS + 5% glycerol; and PBS + 10% glycerol. All procedures were
approved by the Queen’s University Animal Care Committee and
were in full compliance with the Canada Council on Animal Care
(Animal Care Protocol Original Munoz-2011-039-Or).

Immunohistochemistry in macaque brain sections
Immunohistochemistry was performed using free-floating serial 40-
um-thick coronal sections in PBS containing 1% Triton X-100 incu-

bated with 0.1 M citrate buffer, pH 6, at 60°C for 5 min. Endogenous
peroxidase was inactivated by incubation of sections with 3%
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hydrogen peroxide in methanol for 2 h. Sections were then blocked
with 5% bovine serum albumin (BSA) and 5% normal goat serum
(NGS) in 1% Triton X-100 for 3 h at room temperature. Primary anti-
bodies against phospho-elF2a (Enzo Life Sciences; 1:200, Cat#BML-
SA405), phospho-IKKp (Abcam; 1:200, Cat#ab59195) and IxBa (Cell
Signaling; 1:200, Cat#9242) were diluted in blocking solution, and
sections were incubated at 4°C for 16 h, followed by incubation with
biotinylated secondary antibody for 2 h at room temperature, and
then processed using the Vectastain Elite ABC reagent (Vector Labo-
ratories) according to manufacturer’s instructions. The sections were
washed in PBS and developed using DAB in chromogen solution,
and counterstained with Harris’ hematoxylin. Slides were mounted
with Entellan (Merck) and imaged on a Zeiss Axio Observer Z1
microscope. Omission of primary antibody was routinely used to
certify the absence of nonspecific labeling (data not shown). For
immunofluorescence analysis, tissue autofluorescence was
quenched by incubation with 0.06% potassium permanganate for
10 min at room temperature. Sections were blocked in 5% bovine
serum albumin (BSA) and 5% normal goat serum (NGS) in 1%
Triton X-100 for 3 h at room temperature. Primary antibody against
ABOs (NU4; 1:300; (Lambert et al, 2007)) was diluted in blocking
solution, and sections were incubated at 4°C for 16 h, followed by
incubation with Alexa-555-conjugated anti-mouse secondary anti-
body (1:1,500) for 2 h at room temperature. Slides were mounted
with Prolong Gold Antifade with DAPI (Invitrogen) and imaged on a
Zeiss Axio Observer Z1 microscope equipped with an Apotome
module to minimize out-of-focus light.

Immunohistochemistry in mouse tissues

For GLUT-4 immunohistochemistry, mice received one i.c.v. injec-
tion of vehicle or 10 pmol ABOs. Seven days later, mice received
one i.p. injection of either PBS or insulin (1 IU/kg body weight)
and were Kkilled by decapitation 15 min later. The soleus muscle
was dissected and fixed in 4% paraformaldehyde. After 48 h,
tissues were cryoprotected in sucrose (20-30%) and 20 um
sections were obtained in a cryostat (Leica CM1850). Sections
were fixed with acetone for 30 min, washed twice with PBS and
incubated for 1 h with rabbit polyclonal anti-GLUT-4 antibody
(Abcam; 1:500, ab-654). Sections were then incubated with Alexa-
555-conjugated anti-rabbit antibody (1:1,000; Invitrogen) for 1 h
and mounted in Prolong Gold Antifade with DAPI (Invitrogen).
Sections were imaged on a Zeiss Axio Observer Z1 microscope
equipped with an Apotome module. Eight images were acquired
per section, and integrated immunofluorescence intensity was
determined using ImageJ software (Windows version). For adipose
tissue immunohistochemistry, mice i.c.v. injected with vehicle or
ABOs were Kkilled 7 days after injection and samples of epididymal
adipose tissue were removed and fixed in 4% paraformaldehyde.
After 48 h, tissues were included into paraffin blocks, and 3 pm
sections were obtained using a microtome and mounted in slides.
For immunohistochemistry, slides were immersed in xylene for
10 min, sequentially rehydrated in absolute, 95 and 70% ethanol
in water, and incubated with 3% H,0, in methanol for inactiva-
tion of endogenous peroxidase. Antigens were reactivated by the
treatment with 0.01 M citrate buffer for 40 min at 95°C. Slides
were washed in PBS and incubated with CD68 antibody (Abcam;
1:200, Cat#ab125212) for 12-16 h at 2-8°C. After washing with
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PBS, slides were incubated with biotinylated secondary antibody
for 1 h, washed twice with PBS and incubated with streptavidin-
biotin peroxidase for 30 min. Slides were then covered with 3,3’
diaminobenzidine solution (0.06% DAB in PBS containing 2%
DMSO and 0.018% H,0,) for 1 to 5 min or until a brown precipi-
tate could be observed. Identical conditions and reaction times
were used for slides from different animals to allow comparison
between immunoreactivity densities. Reaction was stopped by
immersion of slides in distilled water. Counterstaining was
performed with Harris’ hematoxylin. Four images were randomly
acquired for each animal using a Zeiss Axio Observer Z1 micro-
scope. An optical density threshold that best discriminated staining
from background was obtained using NIH ImageJ 1.36b imaging
software (NIH, Bethesda, MD).

Fluorojade (FJ) histochemistry was used as indicative of neuro-
nal degeneration. The paraffin-embedded brain tissue sections
were immersed into 100% ethanol for 3 min, then into 70% ethanol
for 1 min and distilled water for 1 min. Slices were then immersed
into 0.06% potassium permanganate solution for 10 min to
suppress endogenous background signal, and slices were washed
with distilled water for 1 min. Fluorojade B staining solution (10 ml
of 0.01% Fluorojade B aqueous solution added to 90 ml of 0.1%
acetic acid in distilled water) was added and slices were stained for
30 min. After staining, sections were rinsed three times with
distilled water. Excess water was drained off, and the slides were
cover-slipped with dibutylphthalate in xylene (D.P.X.) mounting
media (Aldrich Chem. Co., Milwaukee, WI). Sections comprising
the arcuate nucleus (Arc) and ventromedial hypothalamus (VMH)
were examined on epifluorescence microscopes (Olympus Bx41 or
Nikon Eclipse 50i). Positive staining controls consisted of sections
from the hippocampus of a mouse i.c.v. injected with 36.8 nmol
quinolinic acid and killed 24 h thereafter.

Intraperitoneal glucose tolerance test (GTT)

Mice were fasted for 12 h and blood samples were collected from a
tail incision. After collection of a baseline sample, mice received an
i.p. injection of glucose (2 g/kg body weight). Blood glucose
measurements were repeated at 15, 30, 45, 60 and 120 min after
glucose injection, using a One-Touch Ultra Glucose Meter and strips
(Johnson & Johnson). An additional measurement of blood glucose
levels (180 min after glucose injection) was performed in experi-
ments using 3xTg-AD mice. Mice with fasting glucose levels lower
than 50 mg/dl or higher than 100 mg/dl, or whose plasma glucose
levels did not increase at any time point after glucose injection were
excluded from the study.

Intraperitoneal insulin tolerance test (ITT)

Mice were fasted for 5 h and blood samples were collected from a
tail incision. After collection of a baseline sample, mice received an
i.p. injection of insulin (1 IU/kg body weight). Blood glucose
measurements were repeated at 15, 30, 45 and 60 min after insulin
injection, using a One-Touch Ultra Glucose Meter and strips (Johnson
& Johnson). If blood glucose levels fell below 20 mg/dl, mice were
immediately given an i.p. injection of glucose and were excluded
from the experiment. Kitt was calculated as described by Ropelle
et al (2010).
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Plasma insulin and leptin measurements

Mice were i.c.v.-injected with vehicle or ABOs and 7 days later were
fasted for 3 h before being deeply anesthetized with 100 mg/kg
ketamine and 10 mg/kg xylazine. After complete loss of reflex,
blood samples were collected in EDTA-containing tubes and kept on
ice until plasma separation (centrifugation at 3,000 g for 10 min at
4°C). Samples were kept at 4°C, and insulin detection and leptin
detection were performed using the Ultra Sensitive Mouse Insulin
ELISA kit and Mouse Leptin ELISA kit (both from Crystal Chem Inc,
Downers Grove, IL).

High-fat diet

Mice were maintained for 7 days on normal chow or a high-fat diet
containing 55% of energy derived from fat, 29% from carbohy-
drates and 16% from protein, prepared as described (Romanatto
et al, 2009; Ropelle et al, 2010).

Treatment with tauroursodeoxycholic acid (TUDCA)

Mice received 5 pg TUDCA i.c.v. per injection. Injections were
carried out 20 min prior to ABO injection, and at 2, 24 and 96 h
thereafter. An extra TUDCA injection was given 12 h before the
GTT, which was performed 7 days after ABO administration.
Twenty-four hours after the GTT, mice were deeply anesthetized
with 100 mg/kg ketamine and 10 mg/kg xylazine, and blood
samples were collected by cardiac puncture in heparinized tubes.
Plasma was separated by centrifugation at 3,000 g at 4°C for
10 min, and samples were used for noradrenaline quantification (as
described below).

Treatment with infliximab

Swiss mice were given a single i.c.v. injection of 2 pl of a 0.1 pg/ul
solution of Infliximab 20 min prior to AfOs. In APP/PS1 mice, daily
i.c.v. injections of 1 pl of a 0.2 pg/ul solution of Infliximab were
administered for 4 days. The last injection was performed 12 h prior
to the glucose tolerance test.

Minocycline treatment

Swiss mice received daily i.p. injections of minocycline (25 mg/kg)
for 3 days prior to i.c.v. injection of ABOs. Control mice received
i.p. injections of PBS.

Intracaudal injections

Animals were anesthetized with halothane and aseptically injected
via the tail vein with 10 pmol ABOs or Dulbecco’s PBS, in a final

injection volume of 100 pl.

Determination of accumulated food intake and
intracerebroventricular insulin injection

Swiss mice were submitted to stereotaxic surgery for implantation

of a cannula directed to the third ventricle, as described in Ropelle
et al (2010). Mice were allowed to recover from surgery in their
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home cages for 4 days before being placed in individual metabolic
cages. Animals then received i.c.v. injections of vehicle or ABOs,
and food intake was measured every day at the same time for
7 days. Mice then received an i.c.v. injection of PBS or insulin
(200 mU) at the beginning of the dark cycle, and food intake was
determined by the difference between chow given to mice immedi-
ately after injection and the weight of remaining chow 12 h after.

Noradrenaline extraction and quantification

Norepinephrine levels in plasma were measured by HPLC separa-
tion coupled with electrochemical detection (HPLC-ED). Perchloric
acid was added to the plasma samples to a final concentration of
0.1 M. Samples were centrifuged (10,000 g) to remove precipitated
proteins, and supernatants were used for automated injection into
the HPLC. Fast isocratic separation was obtained using a reverse-
phase LC-18 column (4.6 x 250 mm; Supelco) with the following
mobile phase: 20 mM sodium dibasic phosphate, 20 mM citric acid,
pH 2.64, containing 10% methanol, 0.12 mM Na,EDTA and
566 mg/] heptanesulfonic acid.

Western blots

Four hours, 6 h or 7 days after i.c.v. injection of ABOs (as indicated in
‘Results’), mice were euthanized by decapitation and the hypothala-
mus and gastrocnemius muscle were rapidly dissected and frozen in
liquid nitrogen. For total protein extraction, samples were thawed and
homogenized in buffer containing 25 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1% NP-40 (Invitrogen), 1% sodium deoxycholate, 0.1% SDS,
5 mM EDTA, 1% Triton X-100 and phosphatase and protease inhibi-
tor cocktail (Pierce-Thermo Scientific, Rockford, IL). Protein concen-
tration was determined using the BCA kit. Aliquots containing 30 pg
protein were resolved by SDS-PAGE in 4-20% polyacrylamide gels
(Invitrogen) and were electrotransferred to nitrocellulose or PVDF
membranes for 1 h at 300 mA. Blots were blocked for 1 h with 5%
non-fat dry milk in Tween-Tris buffer solution at room temperature or
with Odyssey blocking buffer (Licor, Lincoln, NE; 1:2 dilution in
Tween-Tris Buffer) and were incubated overnight at 2°C with primary
antibodies diluted in blocking buffer. Molecular weight markers were
run in one lane in every gel (Benchmark pre-stained protein ladder;
Life Technologies). Primary antibodies used were IRS-1pSer®*® (Santa
Cruz; 1:200, Cat. #sc-33957), IRS—lpSer312 (Invitrogen; 1:200,
Cat#44814-G and Cell Signaling; 1:1,000, Cat#2381), IRS-1pTyr*®
(Santa Cruz; 1:200, Cat#sc-17194), total IRS-1 (Santa Cruz; 1:200.
Cat#sc-559), pJNK (Thr'®/Tyr'®) monoclonal antibody (Cell Signal-
ing; 1:1,000, Cat#9255S), JNK polyclonal antibody (Cell Signaling;
1:1,000, Cat#9252S), phospho-elF2a (Enzo Life Sciences; 1:1,000,
Cat#BML-SA405 and Cell Signaling; 1:1,000, Cat#9721), total elF2a
(Abcam; 1:1,000, Cat#ab5369 and Cell Signaling; 1:1,000, Cat#9722),
pIKKB (Abcam; 1:1,000; Cat#ab59195), total IKKf (Abcam; 1:1,000,
Cat#ab55404), IkBo (Cell Signaling; 1:1,000, Cat#9242), pNF-xB p65
(Ser®®®; Cell Signaling; 1:1,000, Cat#3031), total NF-kB p65 (Santa
Cruz; 1:250, Cat#sc-372), p-PKR (Santa Cruz; 1:200, Cat#sc-101784),
total PKR (Santa Cruz; 1:250, Cat#sc-366778), ATF6 (Abcam; 1:1,000,
Cat#ab11909), GLUT-4 (Abcam; 1:500, Cat#ab654), PERKpThr981
(Santa Cruz; 1:500, Cat#sc-32577), total PERK (Abcam; 1:500,
Cat#ab65142), GRP78 (Abcam; 1:500, Cat#ab53068), ATF4 (Sigma;
1:500, Cat#WHO0000468M1), spliced and unspliced Xbpl (Abcam;
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1:500, Cat#ab37152), phospho-IRE-1 (Novus Biological; 1:1,000,
Cat#NB100-2323), total IRE-1 (Novus Biological; 1:1,000, Cat#NB100-
2324), PB-tubulin III (Sigma-Aldrich, St. Louis, MO; 1:10,000,
Cat#T8660) and B-actin (Cell Signaling; 1:10,000, Cat#12262). After
overnight incubation with primary antibodies, membranes were
incubated with horseradish peroxidase-conjugated secondary anti-
body (1:30-50,000), IRDye800CW- or IRDye680RD-conjugated
secondary antibodies (Licor; 1:10,000) at room temperature for 2 h.
Chemiluminescence was developed using SuperSignal West Femto
(Thermo Fisher Scientific). Alternatively, fluorescence intensities were
quantified in an Odyssey CLx apparatus (Licor).

Nuclear-enriched fractions

For the preparation of nuclear extracts, hypothalamus of vehicle- or
ABO-injected mice was homogenized in 0.1 ml hypotonic lysis
buffer (10 mM Hepes, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
dithiothreitol plus a phosphatase and protease inhibitor cocktail) for
15 min at 4°C. Cells were then lysed by adding 0.5% Nonidet P-40.
The homogenate was centrifuged (13,000 g for 5 min at 4°C), and
supernatants containing the cytoplasmic extracts were stored
at —80°C. The nuclear pellet was resuspended in 75 pl ice-cold
hypertonic extraction buffer (20 mM Hepes, pH 7.9, 300 mM NaCl,
1.5 mM MgCl,, 0.25 mM EDTA, 25% glycerol, 0.5 mM dithiothrei-
tol plus phosphatase and protease inhibitors). After 40 min of inter-
mittent mixing, extracts were centrifuged (13,000 g for 20 min at
4°C), and supernatants containing nuclear proteins were saved.
Total protein concentration was determined using the BCA Kkit.
Aliquots containing 20 pg protein were resolved by SDS-PAGE in
4-20% polyacrylamide gels (Invitrogen) and were electrotransferred
to nitrocellulose membranes for 1 h at 300 mA. Blots were
processed and incubated with antibodies as described above.

Whole-cell recording

Whole-cell patch-clamp recordings were performed in neurons of
the Arc in brain slices of male Swiss mice (2-3 months old). During
the recordings, neurons were maintained in hypothalamic slice
preparations and data analyses were performed as previously
described Frazao et al (2013). Mice were decapitated and the entire
brain was removed. After removal, brains were immediately
submerged in ice-cold, carbogen-saturated (95% O, and 5% CO,)
artificial cerebrospinal fluid (aCSF; 126 mM NaCl, 2.8 mM KCl,
1.2 mM MgCl,, 2.5 mM CaCl,, 1.25 mM NaH,PO,4, 26 mM NaHCO;
and 5 mM glucose). Coronal sections from a hypothalamic block
(250 uM thick) were cut on a Leica VT1000S vibratome and incu-
bated in oxygenated aCSF at room temperature for at least 1 h
before recording. Slices were transferred to the recording chamber
and allowed to equilibrate for 10-20 min before recording. The
slices were bathed in oxygenated aCSF (32-34°C) at a flow rate of
~2 ml/min. The pipette solution for whole-cell recording was modi-
fied to include an intracellular dye (Alexa Fluor 488): 120 mM
K-gluconate, 10 mM KCl, 10 mM HEPES, 5 mM EGTA, 1 mM CaCl,,
1 mM MgCl,, 2 mM (Mg)-ATP and 0.03 mM Alexa Fluor 488 hydra-
zide dye, pH 7.3. Infrared differential interference contrast was used
to target and obtain the whole-cell recording of neurons at the Arc
(Leica DM6000 FS equipped with a fixed stage and a Leica DFC360
FX high-speed monochrome digital camera). Electrophysiological
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signals were recorded using an Axopatch 700B amplifier (Molecular
Devices), low-pass-filtered at 2-5 kHz and analyzed offline on a PC
with pCLAMP programs (Molecular Devices). Recording electrodes
had resistances of 2.5-5 MQ when filled with the K-gluconate inter-
nal solution. Input resistance was assessed by measuring voltage
deflection at the end of the response to a hyperpolarizing rectangu-
lar current pulse (500 ms of —10 to —50 pA). Membrane potential
values were compensated to account for junction potential
(—8 mV). Solutions containing insulin (50 nM) were typically
perfused for 5 min as previously described by Hill et al (2010). The
recorded cells were randomly chosen. Alexa Fluor 488 hydrazide
dye was used to verify the position of the recorded cells related to
the third ventricle. Only cells located laterally to the third ventricle
at a maximal distance of up to 100 micrometers were recorded.

RNA extraction and quantitative real-time PCR analysis

Hypothalamus and adipose tissue from vehicle- or ABO-injected
mice were homogenized in 500 or 1,000 ul Trizol (Invitrogen),
respectively, and RNA extraction was performed according to manu-
facturer’s instructions. Purity and integrity of RNA were determined
by the 260/280 nm absorbance ratio and by agarose gel electropho-
resis. Only preparations with ratios >1.8 and no signs of RNA degra-
dation were used. In adipose tissue samples, a 30-min-long
incubation at 30°C was performed, the lipid layer was removed and
discarded, and RNA extraction was performed in the water soluble
phase. One ug RNA was used for cDNA synthesis using the Super-
Strand III Reverse Transcriptase kit (Invitrogen). Expression of
genes of interest was analyzed by qPCR on an Applied Biosystems
7500 RT-PCR system using the Power SYBR kit (Applied Biosys-
tems). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or
actin was used as endogenous control. Primer pairs used are shown
in Supplementary Table S1. Cycle threshold (C;) values were used to
calculate fold changes in gene expression using the 2-2% method. In
all cases, reactions were performed in 15 ul reaction volumes.

Statistical analysis

No previous statistical calculation was employed to determine sample
size. Instead, sample size in our experiments was chosen based on
usual procedures and best practices in the field. Gaussian distribution
of data was assessed using the D’Agostino-Pearson normality test.
Sample variances were assessed using the F test, when comparing two
independent groups, and using Bartletts’ test and Brown-Forsythe
test, when comparing three or more groups. Variances were equal
between groups, except when stated otherwise. Glucose tolerance test
curves were analyzed by two-way ANOVA followed by Bonferroni
post hoc test. Two-tailed Student’s t-test was performed when
comparing two groups with comparable variances. All data in
macaques shown unequal variances, and therefore, unpaired t-test
with Welch’s correction was applied. For experiments using APP/PS1
mice, a paired t-test was performed to compare groups before and
after treatment with infliximab, since the same animals were assessed
before and after drug administration. In Western blot experiments, a
few lanes (indicated by a red ‘X’ symbol in the source data) were
excluded from final analysis due to (i) excessive background, (ii) faint
or undetectable bands in either phospho- or total proteins or (iii)
fitting the mathematical definition of outliers.
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The paper explained

Problem

Diabetes and Alzheimers disease (AD) are chronic degenerative
diseases increasing in prevalence in aging populations worldwide.
Although clinical and epidemiological studies have linked AD to diabe-
tes, with each disease increasing the risk of developing the other, why
AD patients present increased probability of developing diabetes is
unknown.

Results

We demonstrate that ABOs, toxins that accumulate in the AD brain
and have been linked to neuronal dysfunction in brain areas related
to learning and memory, impact the hypothalamus of mice and
macaques. The hypothalamus is a brain region that regulates glucose
homeostasis in the body. Intriguingly, infusion of ABOs in the brain
triggers glucose intolerance, insulin resistance and other manifesta-
tions of diabetes in mice. Similar alterations were observed in two
transgenic mouse models of AD.

Impact

Our discovery that ABOs instigate hypothalamic deregulation and
glucose intolerance draws attention to a brain structure that has been
largely ignored to date in the study of Alzheimer’s pathogenesis. Since
there is evidence that Alzheimer’s patients present glucose intoler-
ance, our results highlight the importance of recognizing Alzheimer’s
as a disease of both the brain and the periphery.

Supplementary information for this article is available online:
http://embomolmed.embopress.org

Acknowledgements

This study is dedicated to the memory of Prof. Leopoldo de Meis (1938-2014),
founder of the Institute of Medical Biochemistry of the Federal University of
Rio de Janeiro. This work was supported by grants from Human Frontiers
Science Program (HFSP) (to FGF), National Institute for Translational Neurosci-
ence (INNT/Brazil) (to STF), the Brazilian funding agencies Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq) (to STF, FGF, CPF and JRC),
Fundagdo de Amparo a Pesquisa do Estado do Rio de Janeiro (FAPER]) (to STF,
FGF, CPF and JRC), Fundacao de Amparo a Pesquisa do Estado de Sdo Paulo
(FAPESP2012/12202-4 to RF), Canadian Institutes for Health Research (CIHR)
and Canada Research Chair Program (to DPM). MAS, JRC, NMLS, RLF, JHL, DB,
FCR, TRB and FSN received fellowships from Brazilian agencies CAPES or CNPq.
We thank Drs. Matthias Gralle and Jordano Brito-Moreira for performing ABO
injections in macaques, Drs. Brito-Moreira and Adriano Sebollela for chromato-
graphic characterization of oligomer preparations, Dr. Leonardo M. Saraiva for
help with hypothalamic neuronal cultures and ROS assays, Mafra S. Oliveira,
Mariangela M. Viana, Sandra Bambrilla and Dioze Guadagnini for technical
support, Prof. Carla Tasca (Federal University of Santa Catarina) for the hippo-
campal sections used as positive controls in Fluorojade staining experiments
and Ana Claudia Rangel for secretarial and accounting support.

Author contributions

JRC, NML, CPF, RLF, RM, TRB, CKK, DR, BMC, FCR, FSN, JHL and DB performed
the experiments. JRC, NML, CPF, RLF, TRB, LAV, STF and FDF analyzed and
discussed the data. DPM and FDF designed the experiments in macaques, and
DPM performed the experiments in macaques. JRC, MAS and RF performed
and analyzed the electrophysiological experiments. WLK, MJS, |BC, FML, DPM
and LAV contributed animals, reagents, materials and analysis tools. JRC, NML,

© 2015 The Authors

EMBO Molecular Medicine

STF and FDF analyzed and discussed the results. FDF supervised the project.
FDF, STF, JRC and NML wrote the manuscript.

Conflict of interest

WLK is a cofounder of Acumen Pharmaceuticals, which has been licensed by
Northwestern University to develop ADDL technology for Alzheimer’s thera-
peutics and diagnostics.

References

Arruda AP, Milanski M, Coope A, Torsoni AS, Ropelle E, Carvalho DP,
Carvalheira JB, Velloso LA (2011) Low-grade hypothalamic inflammation
leads to defective thermogenesis, insulin resistance, and impaired insulin
secretion. Endocrinology 152: 13141326

Bomfim TR, Forny-Germano L, Sathler LB, Brito-Moreira ], Houzel |C, Decker
H, Silverman MA, Kazi H, Melo HM, McClean PL et al (2012) An
anti-diabetes agent protects the mouse brain from defective insulin
signaling caused by Alzheimer’s disease- associated Abeta oligomers. J Clin
Invest 122: 13391353

Cai D, Yuan M, Frantz DF, Melendez PA, Hansen L, Lee J, Shoelson SE (2005)
Local and systemic insulin resistance resulting from hepatic activation of
IKK-beta and NF-kappaB. Nat Med 11: 183-190

Chhatwal JP, Sperling RA (2012) Functional MRI of mnemonic networks
across the spectrum of normal aging, mild cognitive impairment, and
Alzheimer’s disease. | Alzheimers Dis 31(Suppl 3): S155—S167

Costa RO, Lacor PN, Ferreira IL, Resende R, Auberson YP, Klein WL, Oliveira
CR, Rego AC, Pereira CM (2012) Endoplasmic reticulum stress occurs
downstream of GIuN2B subunit of N-methyl-d-aspartate receptor in
mature hippocampal cultures treated with amyloid-beta oligomers. Aging
Cell 11: 823833

Craft S, Zallen G, Baker LD (1992) Glucose and memory in mild senile
dementia of the Alzheimer type. J Clin Exp Neuropsychol 14: 253—267

Craft S (2007) Insulin resistance and Alzheimer’s disease pathogenesis:
potential mechanisms and implications for treatment. Curr Alzheimer Res
4:147-152

Craft S (2012) Alzheimer disease: insulin resistance and AD—extending the
translational path. Nat Rev Neurol 8: 360 —362

De Felice FG (2013) Alzheimer’s disease and insulin resistance: translating
basic science into clinical applications. J Clin Invest 123: 531 539

De Felice FG, Ferreira ST (2014) Inflammation, defective insulin signaling, and
mitochondrial dysfunction as common molecular denominators
connecting type 2 diabetes to Alzheimer disease. Diabetes 63: 2262 —2272

De Felice FG, Velasco PT, Lambert MP, Viola K, Fernandez SJ, Ferreira ST, Klein
WL (2007) Abeta oligomers induce neuronal oxidative stress through an
N-methyl-D-aspartate receptor-dependent mechanism that is blocked by
the Alzheimer drug memantine. J Biol Chem 282: 11590 -11601

De Felice FG, Vieira MN, Bomfim TR, Decker H, Velasco PT, Lambert MP, Viola
KL, Zhao WQ, Ferreira ST, Klein WL (2009) Protection of synapses against
Alzheimer’s-linked toxins: insulin signaling prevents the pathogenic
binding of Abeta oligomers. Proc Natl Acad Sci USA 106: 19711976

Denis RG, Arruda AP, Romanatto T, Milanski M, Coope A, Solon C, Razolli DS,
Velloso LA (2010) TNF-alpha transiently induces endoplasmic reticulum
stress and an incomplete unfolded protein response in the hypothalamus.
Neuroscience 170: 10351044

El-Haschimi K, Pierroz DD, Hileman SM, Bjorbaek C, Flier JS (2000) Two
defects contribute to hypothalamic leptin resistance in mice with
diet-induced obesity. / Clin Invest 105: 1827 —1832

EMBO Molecular Medicine Vol 7 | No 2| 2015

207



208

EMBO Molecular Medicine

Ferreira ST, Klein WL (2011) The Abeta oligomer hypothesis for synapse
failure and memory loss in Alzheimer’s disease. Neurobiol Learn Mem 96:
529-543

Figueiredo CP, Bicca MA, Latini A, Prediger RD, Medeiros R, Calixto JB (2011)
Folic acid plus alpha-tocopherol mitigates amyloid-beta-induced
neurotoxicity through modulation of mitochondrial complexes activity. J
Alzheimers Dis 24: 61—75

Figueiredo CP, Clarke JR, Ledo JH, Ribeiro FC, Costa CV, Melo HM, Mota-Sales
AP, Saraiva LM, Klein WL, Sebollela A et al (2013) Memantine rescues
transient cognitive impairment caused by high-molecular-weight abeta
oligomers but not the persistent impairment induced by
low-molecular-weight oligomers. / Neurosci 33: 9626 —9634

Forny-Germano L, Lyra E, Silva NM, Batista AF, Brito-Moreira J, Gralle M,
Boehnke SE, Coe BC, Lablans A, Marques SA et al (2014) Alzheimer’s
Disease-Like Pathology Induced by Amyloid-beta Oligomers in Nonhuman
Primates. / Neurosci 34: 1362913643

Frazao R, Cravo RM, Donato | Jr, Ratra DV, Clegg DJ, ElImquist JK, Zigman JM,
Williams KW, Elias CF (2013) Shift in Kiss1 cell activity requires estrogen
receptor alpha. J Neurosci 33: 2807 — 2820

Fronczek R, van GS, Frolich M, Overeem S, Roelandse FW, Lammers GJ, Swaab
DF (2012) Hypocretin (orexin) loss in Alzheimer’s disease. Neurobiol Aging
33: 16421650

Gomes S, Martins I, Fonseca AC, Oliveira CR, Resende R, Pereira CM (2014)
Protective effect of leptin and ghrelin against toxicity induced by
amyloid-beta oligomers in a hypothalamic cell line. /| Neuroendocrinol 26:
176-185

Gregor MF, Hotamisligil GS (2011) Inflammatory mechanisms in obesity. Annu
Rev Immunol 29: 415—445

Hahn TM, Breininger JF, Baskin DG, Schwartz MW (1998) Coexpression of
Agrp and NPY in fasting-activated hypothalamic neurons. Nat Neurosci 1:
271-272

Hill JW, Elias CF, Fukuda M, Williams KW, Berglund ED, Holland WL, Cho YR,
Chuang JC, Xu Y, Choi M et al (2010) Direct insulin and leptin action on
pro-opiomelanocortin neurons is required for normal glucose homeostasis
and fertility. Cell Metab 11: 286297

Ho L, Qin W, Pompl PN, Xiang Z, Wang J, Zhao Z, Peng Y, Cambareri G,
Rocher A, Mobbs CV et al (2004) Diet-induced insulin resistance promotes
amyloidosis in a transgenic mouse model of Alzheimer’s disease. FASEB |
18: 902 -904

Hotamisligil GS, Spiegelman BM (1994) Tumor necrosis factor alpha: a key
component of the obesity-diabetes link. Diabetes 43: 12711278

Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White MF, Spiegelman BM
(1996) IRS-1-mediated inhibition of insulin receptor tyrosine kinase
activity in TNF-alpha- and obesity-induced insulin resistance. Science 271:
665—668

Hotamisligil GS (2010) Endoplasmic reticulum stress and the inflammatory
basis of metabolic disease. Cell 140: 900—917

Huang S, Czech MP (2007) The GLUT4 glucose transporter. Cell Metab 5:
237-252

Jankowsky JL, Slunt HH, Ratovitski T, Jenkins NA, Copeland NG, Borchelt DR
(2001) Co-expression of multiple transgenes in mouse CNS: a comparison
of strategies. Biomol Eng 17: 157 —165

Janson J, Laedtke T, Parisi JE, O'Brien P, Petersen RC, Butler PC (2004)
Increased risk of type 2 diabetes in Alzheimer disease. Diabetes 53:
474 - 481

JiY,Sun S, Xia S, Yang L, Li X, Qi L (2012) Short term high fat diet challenge
promotes alternative macrophage polarization in adipose tissue via
natural killer T cells and interleukin-4. / Biol Chem 287: 24378 —24386

EMBO Molecular Medicine Vol 7 | No 2| 2015

APBOs trigger peripheral metabolic deregulation  Julia R Clarke et al

Jimenez-Palomares M, Ramos-Rodriguez ||, Lopez-Acosta JF, Pacheco-Herrero
M, Lechuga-Sancho AM, Perdomo G, Garcia-Alloza M, Cozar-Castellano |
(2012) Increased Abeta production prompts the onset of glucose
intolerance and insulin resistance. Am J Physiol Endocrinol Metab 302:
E1373-E1380

Jurgensen S, Antonio LL, Mussi GE, Brito-Moreira J, Bomfim TR, De Felice FG,
Garrido-Sanabria ER, Cavalheiro EA, Ferreira ST (2011) Activation of D1/D5
dopamine receptors protects neurons from synapse dysfunction induced
by amyloid-beta oligomers. J Biol Chem 286: 32703276

Koch L, Wunderlich FT, Seibler J, Konner AC, Hampel B, Irlenbusch S, Brabant
G, Kahn CR, Schwenk F, Bruning JC (2008) Central insulin action regulates
peripheral glucose and fat metabolism in mice. J Clin Invest 118:
2132-2147

Lacor PN, Buniel MC, Chang L, Fernandez SJ, Gong Y, Viola KL, Lambert MP,
Velasco PT, Bigio EH, Finch CE et al (2004) Synaptic targeting by
Alzheimer’s-related amyloid beta oligomers. / Neurosci 24: 1019110200

Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M, Morgan
TE, Rozovsky I, Trommer B, Viola KL et al (1998) Diffusible, nonfibrillar
ligands derived from Abetal-42 are potent central nervous system
neurotoxins. Proc Natl Acad Sci USA 95: 6448 —6453

Lambert MP, Velasco PT, Chang L, Viola KL, Fernandez S, Lacor PN, Khuon D,
Gong Y, Bigio EH, Shaw P et al (2007) Monoclonal antibodies that target
pathological assemblies of Abeta. /] Neurochem 100: 2335

Laursen SE, Belknap JK (1986) Intracerebroventricular injections in mice.
Some methodological refinements. /| Pharmacol Methods 16: 355—357

Le BJ, Pelletier AL, Arapis K, Hourseau M, Cluzeaud F, Descatoire V, Ducroc R,
Aparicio T, Joly F, Couvelard A et al (2014) Overexpression of gastric leptin
precedes adipocyte leptin during high-fat diet and is linked to
SHT-containing enterochromaffin cells. Int | Obes (Lond) 38:

1357-1364

Ledo JH, Azevedo EP, Clarke JR, Ribeiro FC, Figueiredo CP, Foguel D, De Felice
FG, Ferreira ST (2013) Amyloid-beta oligomers link depressive-like behavior
and cognitive deficits in mice. Mol Psychiatry 18: 1053 —1054

Lee YS, Li P, Huh JY, Hwang 1], Lu M, Kim JI, Ham M, Talukdar S, Chen A, Lu
W]J et al (2011) Inflammation is necessary for long-term but not
short-term high-fat diet-induced insulin resistance. Diabetes 60:

2474 -2483

Loskutova N, Honea RA, Brooks WM, Burns JM (2010) Reduced limbic and
hypothalamic volumes correlate with bone density in early Alzheimer’s
disease. | Alzheimers Dis 20: 313322

Lourenco MV, Clarke JR, Frozza RL, Bomfim TR, Forny-Germano L, Batista AF,
Sathler LB, Brito-Moreira J, Amaral OB, Silva CA et al (2013) TNF-alpha
mediates PKR-dependent memory impairment and brain IRS-1 inhibition
induced by Alzheimer’s beta-amyloid oligomers in mice and monkeys. Cell
Metab 18: 831843

Ma QL, Yang F, Rosario ER, Ubeda O}, Beech W, Gant DJ, Chen PP, Hudspeth
B, Chen C, Zhao Y et al (2009) Beta-amyloid oligomers induce
phosphorylation of tau and inactivation of insulin receptor substrate via
c-Jun N-terminal kinase signaling: suppression by omega-3 fatty acids and
curcumin. J Neurosci 29: 9078 —9089

Ma T, Trinh MA, Wexler A}, Bourbon C, Gatti E, Pierre P, Cavener DR, Klann E
(2013) Suppression of elF2alpha kinases alleviates Alzheimer’s
disease-related plasticity and memory deficits. Nat Neurosci 16:
1299-1305

Matsuzaki T, Sasaki K, Tanizaki Y, Hata J, Fujimi K, Matsui Y, Sekita A, Suzuki
SO, Kanba S, Kiyohara Y et al (2010) Insulin resistance is associated with
the pathology of Alzheimer disease: the Hisayama study. Neurology 75:
764—-770

© 2015 The Authors



Julia R Clarke et al ~ APOs trigger peripheral metabolic deregulation

Milanski M, Degasperi G, Coope A, Morari ], Denis R, Cintra DE, Tsukumo DM,
Anhe G, Amaral ME, Takahashi HK et al (2009) Saturated fatty acids
produce an inflammatory response predominantly through the activation
of TLR4 signaling in hypothalamus: implications for the pathogenesis of
obesity. / Neurosci 29: 359370

Milanski M, Arruda AP, Coope A, Ignacio-Souza LM, Nunez CE, Roman EA,
Romanatto T, Pascoal LB, Caricilli AM, Torsoni MA et al (2012) Inhibition
of hypothalamic inflammation reverses diet-induced insulin resistance in
the liver. Diabetes 61: 1455—1462

Moloney AM, Griffin R}, Timmons S, O’Connor R, Ravid R, O’'Neill C (2010)
Defects in IGF-1 receptor, insulin receptor and IRS-1/2 in Alzheimer’s
disease indicate possible resistance to IGF-1 and insulin signalling.
Neurobiol Aging 31: 224 —243

Mucke L, Selkoe DJ (2012) Neurotoxicity of amyloid beta-protein: synaptic
and network dysfunction. Cold Spring Harb Perspect Med 2: a006338

Oddo S, Caccamo A, Shepherd |D, Murphy MP, Golde TE, Kayed R, Metherate
R, Mattson MP, Akbari Y, LaFerla FM (2003) Triple-transgenic model of
Alzheimer’s disease with plaques and tangles: intracellular Abeta and
synaptic dysfunction. Neuron 39: 409421

Ogomori K, Kitamoto T, Tateishi ], Sato Y, Suetsugu M, Abe M (1989)
Beta-protein amyloid is widely distributed in the central nervous
system of patients with Alzheimer’s disease. Am J Pathol 134:

243-251

Ott A, Stolk RP, van HF, Pols HA, Hofman A, Breteler MM (1999) Diabetes
mellitus and the risk of dementia: the Rotterdam Study. Neurology 53:
1937-1942

Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G,
Gorgun C, Glimcher LH, Hotamisligil GS (2004) Endoplasmic reticulum
stress links obesity, insulin action, and type 2 diabetes. Science 306:

457 —461

Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, Gorgun
CZ, Hotamisligil GS (2006) Chemical chaperones reduce ER stress and
restore glucose homeostasis in a mouse model of type 2 diabetes. Science
313: 1137-1140

Purkayastha S, Zhang H, Zhang G, Ahmed Z, Wang Y, Cai D (2011) Neural
dysregulation of peripheral insulin action and blood pressure by
brain endoplasmic reticulum stress. Proc Natl Acad Sci USA 108:
2939-2944

Romanatto T, Roman EA, Arruda AP, Denis RG, Solon C, Milanski M, Moraes
JC, Bonfleur ML, Degasperi GR, Picardi PK et al (2009) Deletion of tumor
necrosis factor-alpha receptor 1 (TNFR1) protects against diet-induced
obesity by means of increased thermogenesis. J Biol Chem 284:
3621336222

Ropelle ER, Flores MB, Cintra DE, Rocha GZ, Pauli JR, Morari J, de Souza CT,
Moraes JC, Prada PO, Guadagnini D et al (2010) IL-6 and IL-10
anti-inflammatory activity links exercise to hypothalamic insulin and
leptin sensitivity through IKKbeta and ER stress inhibition. PLoS Biol 8:
€1000465

Rossmeisl M, Rim ]S, Koza RA, Kozak LP (2003) Variation in type 2 diabetes—
related traits in mouse strains susceptible to diet-induced obesity.
Diabetes 52: 1958 —1966

Sanchez-Lasheras C, Konner AC, Bruning JC (2010) Integrative neurobiology of
energy homeostasis-neurocircuits, signals and mediators. Front
Neuroendocrinol 31: 4—15

Schwartz MW, Woods SC, Porte D Jr, Seeley RJ, Baskin DG (2000) Central
nervous system control of food intake. Nature 404: 661 671

Schwartz MW, Porte D Jr (2005) Diabetes, obesity, and the brain. Science 307:
375-379

© 2015 The Authors

EMBO Molecular Medicine

Sebollela A, Freitas-Correa L, Oliveira FF, Paula-Lima AC, Saraiva LM, Martins
SM, Mota LD, Torres C, Alves-Leon S, de Souza JM et al (2012)
Amyloid-beta oligomers induce differential gene expression in adult
human brain slices. J Biol Chem 287: 7436 —7445

Selkoe DJ (2011) Resolving controversies on the path to Alzheimer’s
therapeutics. Nat Med 17: 1060 —1065

Selkoe DJ (2012) Preventing Alzheimer’s disease. Science 337: 1488 —1492

Shi JQ, Shen W, Chen J, Wang BR, Zhong LL, Zhu YW, Zhu HQ, Zhang QQ,
Zhang YD, Xu ] (2011a) Anti-TNF-alpha reduces amyloid plaques and tau
phosphorylation and induces CD11c-positive dendritic-like cell in the APP/
PS1 transgenic mouse brains. Brain Res 1368: 239247

Shi JQ, Wang BR, Jiang WW, Chen |, Zhu YW, Zhong LL, Zhang YD, Xu J (2011b)
Cognitive improvement with intrathecal administration of infliximab in a
woman with Alzheimer’s disease. ] Am Geriatr Soc 59: 1142 —1144

Sims-Robinson C, Kim B, Rosko A, Feldman EL (2010) How does diabetes
accelerate Alzheimer disease pathology? Nat Rev Neurol 6: 551 —559

Standaert DG, Lee VM, Greenberg BD, Lowery DE, Trojanowski JQ (1991)
Molecular features of hypothalamic plaques in Alzheimer’s disease. Am |
Pathol 139: 681 —691

Steinberg GR, Michell BJ, van Denderen BJ, Watt M|, Carey AL, Fam BC,
Andrikopoulos S, Proietto J, Gorgun CZ, Carling D et al (2006) Tumor
necrosis factor alpha-induced skeletal muscle insulin resistance
involves suppression of AMP-kinase signaling. Cell Metab 4:

465—-474

Takeda S, Sato N, Uchio-Yamada K, Sawada K, Kunieda T, Takeuchi D,
Kurinami H, Shinohara M, Rakugi H, Morishita R (2010)
Diabetes-accelerated memory dysfunction via cerebrovascular
inflammation and Abeta deposition in an Alzheimer mouse model with
diabetes. Proc Natl Acad Sci USA 107: 7036 —7041

Talbot K, Wang HY, Kazi H, Han LY, Bakshi KP, Stucky A, Fuino RL, Kawaguchi KR,
Samoyedny AJ, Wilson RS et al (2012) Demonstrated brain insulin
resistance in Alzheimer’s disease patients is associated with IGF-1
resistance, IRS-1 dysregulation, and cognitive decline. J Clin Invest 122:
1316-1338

Thaler JP, Yi CX, Schur EA, Guyenet S), Hwang BH, Dietrich MO, Zhao X,
Sarruf DA, Izgur V, Maravilla KR et al (2012) Obesity is associated with
hypothalamic injury in rodents and humans. J Clin Invest 122:

153-162

Thaler JP, Guyenet S, Dorfman MD, Wisse BE, Schwartz MW (2013)
Hypothalamic inflammation: marker or mechanism of obesity
pathogenesis? Diabetes 62: 26292634

Walsh DM, Klyubin I, Fadeeva ]V, Cullen WK, Anwyl R, Wolfe MS, Rowan M],
Selkoe DJ (2002) Naturally secreted oligomers of amyloid beta protein
potently inhibit hippocampal long-term potentiation in vivo. Nature 416:
535-539

Wang KC, Woung LC, Tsai MT, Liu CC, Su YH, Li CY (2012) Risk of Alzheimer’s
disease in relation to diabetes: a population-based cohort study.
Neuroepidemiology 38: 237 —244

Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou (], Sole J, Nichols A, Ross |S,
Tartaglia LA et al (2003) Chronic inflammation in fat plays a crucial role
in the development of obesity-related insulin resistance. J Clin Invest 112:
1821-1830

Zhang G, Li J, Purkayastha S, Tang Y, Zhang H, Yin Y, Li B, Liu G, Cai D (2013)
Hypothalamic programming of systemic ageing involving IKK-beta,
NF-kappaB and GnRH. Nature 497: 211216

Zhang X, Zhang G, Zhang H, Karin M, Bai H, Cai D (2008) Hypothalamic
IKKbeta/NF-kappaB and ER stress link overnutrition to energy imbalance
and obesity. Cell 135: 61-73

EMBO Molecular Medicine Vol 7 | No 2| 2015



EMBO Molecular Medicine

Zhang Y, Zhou B, Zhang F, Wu J, Hu Y, Liu Y, Zhai Q (2012) Amyloid-beta
induces hepatic insulin resistance by activating JAK2/STAT3/SOCS-1
signaling pathway. Diabetes 61: 1434 —1443

Zhao WQ, De Felice FG, Fernandez S, Chen H, Lambert MP, Quon M), Krafft
GA, Klein WL (2008) Amyloid beta oligomers induce impairment of
neuronal insulin receptors. FASEB | 22: 246 —260

Zussy C, Brureau A, Delair B, Marchal S, Keller E, Ixart G, Naert G, Meunier |,
Chevallier N, Maurice T et al (2011) Time-course and regional analyses of

210  EMBO Molecular Medicine Vol 7| No 2 | 2015

APBOs trigger peripheral metabolic deregulation  Julia R Clarke et al

the physiopathological changes induced after cerebral injection of an
amyloid B fragment in rats. Am J Pathol 179: 315334

License: This is an open access article under the
terms of the Creative Commons Attribution 4.0
License, which permits use, distribution and reproduc-
tion in any medium, provided the original work is
properly cited.

© 2015 The Authors





