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bioenergetic and metabolism, which

occurs in mitochondriopathies, cancer,

or other metabolic diseases, such as

type 2 diabetes mellitus, obesity, or

nonalcoholic fatty liver disease.
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Spotlight

the olfactory bulb, respectively. It is

suggested that, once the pathology
Lots of Movement in
Gut and Parkinson’s
Research
Gabriela Mercado1

and Patrik Brundin1,*

A new mouse model of Parkinson’s dis-

ease (PD) demonstrates a-synuclein pa-

thology spreading from the gut to the

brain via the vagus nerve (Kim et al.,

Neuron, 2019). The pathology is asso-

ciated with motor and non-motor

behavioral deficits in wild-type mice.

These findings support the idea that

the gut could be a starting point for PD.
An important feature of PD is the pro-

gressive accumulation of intraneuronal

inclusions, termed Lewy pathology,

which are partly composed of mis-

folded a-synuclein fibrils. The notion

that Lewy pathology is first initiated in

peripheral tissues outside the brain,

for example in the enteric nervous sys-

tem, and then progressively spreads

to different interconnected brain areas

was proposed by Braak and collabora-

tors about 15 years ago. Based on the

analysis of post-mortem tissue from

PD patients, they suggested that Lewy

pathology is present in the enteric

nerves and the olfactory bulb, several

years before the appearance of motor

symptoms [1]. They also proposed
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that the anatomical distribution of

a-synuclein pathology can be catego-

rized into defined disease stages that

correlate with the progression of symp-

toms. Thus, autonomic (e.g., constipa-

tion) and olfactory disturbances are

frequently apparent in the prodromal

phase (in the absence of classical motor

deficits), and these disturbances are

associated with Lewy pathology in the

dorsal motor nucleus of the vagus and

reaches the midbrain, it is coupled

with degeneration of dopaminergic

neurons in the substantia nigra, result-

ing in the characteristic motor symp-

toms. In the latter stages of the disease,

emotional and cognitive disturbances

develop, concomitant with Lewy pa-

thology reaching the cerebral cortex

[1]. Around a decade ago, following

the observation of Lewy pathology in-

side fetal neurons transplanted into

PD patient brains, it was suggested

that the progression of Lewy pathology

in accordance with Braak’s model is due

to a-synuclein fibrils transferring be-

tween neurons, even between intercon-

nected brain regions, seeding further

aggregation of soluble a-synuclein [2].
Even though Braak’s work transformed

PD research, the ideas that the disease

can start in the periphery and that mis-

folded a-synuclein acts in a prion-like

fashion to cause pathology propaga-

tion are still widely debated. The

absence of tools that allow the imaging

of Lewy pathology longitudinally in

living people is a limitation, necessi-

tating the development of animal

models to test these ideas in vivo. Previ-

ous studies inoculating recombinant

preformed fibrils of a-synuclein into

the gut have demonstrated propaga-

tion of a-synuclein pathology to the

brain in rodents [3,4]. However, these

initial models failed to display further

spreading of pathology in the brain,
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Figure 1. Potential Topics for Future Studies Using the New Gut-to-Brain Model of a-Synuclein Transmission.

(A) Mechanism of a-synuclein pathology transmission between neurons, from the periphery to the brain, and between interconnected brain areas. (B)

Selective vulnerability of dopaminergic neurons and potential involvement of glial cells. (C) The role of the immune response and systemic inflammation

in pathology transmission and neurodegeneration. (D) Triggering factor(s) for a-synuclein misfolding and aggregation in the gut, such as gut microbiota

dysbiosis and infections. Figure created with BioRender.
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and they did not reveal degeneration of

nigral dopaminergic neurons. In a very

recent study, Kim and coworkers devel-

oped a new model of PD that provides

more compelling support for gut-to-

brain propagation of a-synuclein pa-

thology, and most importantly demon-

strated that the Lewy-like pathology

then spreads throughout the brain,

including into the substantia nigra [5].

Seven months after multiple injections

of a-synuclein fibrils into the duodenum

and pyloric stomach of wild-type mice,

a-synuclein aggregates were observed

in several brain areas including the

midbrain, amygdala, hippocampus,

and striatum. Strikingly, the mice also

displayed significant loss of nigral

dopaminergic neurons and deficits in

several tests of motor function. Remark-

ably, these animals exhibited severe

impairment in a battery of cognitive

and psychological behavior tests. After

9–10 months, the mice also displayed
688 Trends in Endocrinology & Metabolism, Octob
olfactory dysfunction and a-synuclein

pathology in the olfactory bulb and pre-

frontal cortex. Notably, important con-

trol experiments were conducted in

a-synuclein knockout mice that showed

no propagation of a-synuclein pathol-

ogy following injection of fibrils into

the gut. Two other recent papers sup-

port similar gut-to-brain spreading of

a-synuclein pathology in rodents, but

both use transgenic animals that over-

express a-synuclein and behavioral

changes were not systematically ad-

dressed [6,7]. Thus, a growing body of

work supports gut-to-brain propaga-

tion of a-synuclein pathology in animal

models. Collectively, this body of work

indicates that the exact structural fea-

tures of the injected a-synuclein fibrils,

the precise location of injection site(s)

in the gut, the total amount of fibrils in-

jected, and the genetic background of

the host all greatly influence the result-

ing pathology and behavioral deficits.
er 2019, Vol. 30, No. 10
Although there are intrinsic limitations

to any animal model of disease, the

study by Kim et al. describes the first

model that features such a broad

constellation of PD-like motor and

non-motor deficits that are associated

with a-synuclein pathology transmis-

sion from the gut to the brain. Interest-

ingly, the development of multiple

PD-like features in these mice was pre-

vented by truncal vagotomy, a proced-

ure previously reported to be associ-

ated with reduced risk of developing

PD [8]. Another recent study has also

pinpointed a potential crucial role for

the vagus nerve in the propagation of

a-synuclein pathology, reporting that

oxidative stress can enhance a-synu-

clein pathology transmission in the va-

gus of mice [9]. The new PD model re-

ported by Kim et al. opens the

possibility to elucidate the molecular

mechanisms that underlie the propaga-

tion of a-synuclein pathology from the
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gut to the brain, as well as the selective

vulnerability of dopaminergic neurons,

including the involvement of the gut mi-

crobiota and the immune system (Fig-

ure 1). More research will be necessary

to address the triggering event(s) lead-

ing to the misfolding of a-synuclein in

the gut and how they interact with ge-

netic and other factors that can act as

facilitators of the disease (Figure 1)

[10]. In inflammatory bowel disease,

which is both epidemiologically and

genetically linked to elevated PD risk,

increased levels of a-synuclein have

been found in the gut [8]. In addition,

the normal human appendix, that is

rich in lymphatic tissue, contains an

abundance of a-synuclein, including

truncated forms similar to those found

in Lewy pathology in PD [8]. Possibly,

a-synuclein has a functional role in the

gut immune system, and under some

pathological conditions this goes

awry, leading to pathological forms of

a-synuclein escaping the gut and trav-

eling along the vagus nerve to the

brain. Other mechanisms might also

be at play (Figure 1). Mutations in

PINK1 cause rare early-onset PD, and

a new study showed that PINK1-defi-

cient mice develop PD-like motor

impairment after bacterial infections in

the gut [11]. Although this study sug-

gests that systemic inflammation and

autoimmunity are involved, with no

involvement of a-synuclein in the

process, it provides a further link

between the gut and PD-like neurode-

generation in the brain. Given a remark-

able number of studies linking the gut

and PD in different ways, these are

exciting times for research into the

causes and mechanisms of this elusive

disease. We envisage that the

continued development of relevant

and valid animal models of PD will allow

us to identify both triggers and facilita-

tors of the disease process, which

should enable the development of

novel therapies.
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Spotlight
Hypothalamic
Heuristics for
Survival
Denis Burdakov1,*
and Daria Peleg-Raibstein1

Hypothalamic neurons implicated in

energy homeostasis (Agrp, POMC,

orexin, MCH) display fast, nutrient-in-

dependent dynamics. They do not sim-

ply mirror the slowly changing internal

nutrient levels, but adapt rapidly to

diverse external cues. Moreover,

instead of eating, neonatal Agrp cells

stimulate mother-attracting vocalisa-

tions, illustrating heuristic energy con-

trol beyond nutrient sensing or dietary

self-control.

Two decades ago, our conceptual un-

derstanding of brain control of energy

balance seemed simple. Influential re-

views (e.g., [1]) summarised it as a basic

feedback scheme, where hypothalamic

neurons react to direct internal indica-

tors of body energy status and control

eating and energy expenditure accord-

ing to deviations of these indicators

from some set point (Figure 1A). This

reactive/feedback model of hypotha-

lamic function was thus conceptually

similar to models of peripheral organs

(e.g., the pancreas), which are usually
etabolism, October 2019, Vol. 30, No. 10 689
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