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The sweet trail to neuroprotection 



The role of insulin receptor signaling in the brain

…there is evidence that insulin may play 
important roles in learning and memory



Glucagone Like Peptide (GLP-1) agonists- Exenatide, Liraglutide…

Can the stimulation of incretin signaling improve energetic 
metabolism and cognitive functions in preclinical models of 
neuronal dysfunction? 
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Jack et al., Lancet Neurology, 2013

Early intervention



Patient M.



Exenatide acts as cognitive enhancer in 
adult mice
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MICE ENROLLED
• 22 adult mice

Experimental Paradigm

WEEKLY:
Animals weight, 
food consumption 
fasting glycaemia

MONTHLY:
Serum sampling 
&
IPGTT

Assessment of 

COGNITIVE-

BEHAVIORAL

FUNCTIONS
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Exenatide improves long-term memory

Bomba et al., Neurobiology of Aging, 2018



BDNF SIGNALING AND COGNITION



BDNF SIGNALING AT 
NEURONAL SYNAPSES

Minichiello T., Nature Rev Neurosci, 2009



Exenatide activates survival- and 
plasticity-related pathways

Bomba et al., Neurobiology of Aging, 2018
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Exenatide decreases 
neuronal death-related  pathways 

Bomba et al., Neurobiology of Aging, 2018

http://images.google.it/imgres?imgurl=http://www.instablogsimages.com/images/2007/07/30/mice_5638.jpg&imgrefurl=http://sciencetimes.blog.dada.net/tag/lionsmating&usg=__BqE-ZBSa0Se9JAbrvBbHKqFD9hU=&h=296&w=415&sz=94&hl=it&start=2&um=1&tbnid=gC-v7z84-enoEM:&tbnh=89&tbnw=125&prev=/images?q=mice&um=1&hl=it
http://images.google.it/imgres?imgurl=http://www.instablogsimages.com/images/2007/07/30/mice_5638.jpg&imgrefurl=http://sciencetimes.blog.dada.net/tag/lionsmating&usg=__BqE-ZBSa0Se9JAbrvBbHKqFD9hU=&h=296&w=415&sz=94&hl=it&start=2&um=1&tbnid=gC-v7z84-enoEM:&tbnh=89&tbnw=125&prev=/images?q=mice&um=1&hl=it


Exenatide increases synaptic plasticity

Bomba et al., Neurobiology of Aging, 2018





Exenatide

3xTg-AD-HFD
pro-AD background

+ stressor metabolico



Effects of HFD and exenatide on systemic metabolism

Bomba et al., JAD 2019



Effects of HFD and exenatide on Aβ and tau pathology

Bomba et al., JAD 2019



Effects of HFD and exenatide on plasticity-related 

signaling

Bomba et al., JAD 2019



Effects of HFD and exenatide on pro-BDNF mediated 

neurotoxic signaling

Bomba et al., JAD 2019



Effects of HFD and exenatide on brain inflammation

Bomba et al., JAD 2019





Exenatide proposed mode of action









New targets 

for old pals 



Prevention: Cognitive Stimulation





AIM OF THE STUDY

To evaluate effects of a set of structured 
multimodal activities (combined training) 
on the cognitive and occupational 
performances and brain plasticity of a 
group of 30 healthy elderly subjects

END POINTS:

Neuropsychological testing
Occupational performances
fMRI (resting state)
Connectivity
Cortical thickness
Genotyping DOPA axis 



Towards Combinatorial Approaches for Preserving Cognitive Fitness in Aging

Brem & Sensi Trends in Neuroscience 2018

DMT2 
drugs

LSD-like 
drugs
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Modafinil stands out as a non-
amphetamine-like wake-promoting

drug:

• In preclinical settings, modafinil has 
been shown to promote hippocampal 
neurogenesis (Brandt et al., 2014) and 
synaptic plasticity (Tsanovetal., 2010)

• The compound shows lower risks of 
inducing addiction and a favorable 
side-effects profile (Malcolm et al., 
2002)

• Not much evidence is 
available on CED activities 
exerted on the aging brain

COGNITIVE ENHANCING DRUGS  and AGING





Network Analysis

To investigate changes in functional 
brain network organization induced by 
drug administration, we modeled resting 
state FC as a complex network (Caldarelli, 
2007):

• A functional connection between two 
brain areas was considered as an 
undirected and weighted graph link

• Eigenvector Centrality (EC) was 
chosen as a topological metric to 
disclose brain nodes that were 
functionally connected to other 
highly functionally connected nodes 
(Rubinov and Sporns, 2010)

• The analysis modeled the interaction 
of the effect of treatment, namely 
baseline pre-treatment (B) and end of 
treatment (E), and the effect of 
condition, namely D (drug) and P 
(placebo). The interaction is 
described by the contrast (ED–BD) –
(EP–BP)



Increased centrality occurred bilaterally in the BA17

CENTRALITY CHANGES INDUCED BY ACUTE 
ADMINISTRATION OF MODAFINIL



ROI-based FC analysis 
FC analysis revealed connectivity increase within the cerebellar Crus I, Crus II 

areas, and VIIIa lobule, the right inferior frontal sulcus (IFS), 
and the left middle frontal gyrus (MFG) 

FUNCTIONAL NETWORK CHANGES INDUCED 
BY ACUTE ADMINISTRATION OF MODAFINIL 



 It contains around 70% of the brain neurons
 Long considered as a motor structure
 Ignored by most neuroimaging study
 Largely neglected by AD and brain aging-related studies
 It is an emerging region for the control of a wide range of cognitive 

functions (Stoodley & Schmahmann, 2010; Buckner, 2013; 
Schmahmann, 2018)

Cerebellum in cognition: beyond coordination in the CNS

• Cerebrocerebellar connections 
confer functional topography 
on cerebellar organization

• Cognition is subserved by 
the cerebellar posterior lobe

• Cerebellum contributes to 
higher-level cognition

Bernard and Mittal, 2014 Front. Psychiatry



• Early studies of the histopathology of Alzheimer’s disease in humans focused on the 
cerebrum, and amyloid plaques were only occasionally detected in the cerebellum. This 
likely reflected limitations of classical staining techniques. Numerous studies over the 
past three decades, using more sensitive staining techniques, reveal that b-amyloid 
deposits in the cerebellum are a frequent finding in early-onset Alzheimer’s disease 

• The cerebellum receives modulatory input from the inferior olivary nuclei and
The locus coeruleus, which contribute to sensorimotor and memory functions 
and has been postulated to be the initial site of tau pathology, 

• Noradrenalin, a neuromodulator produced in the locus coeruleus, has been suggested to 
have a central role in modulating cerebellar learning



Towards Combinatorial Approaches for Preserving Cognitive Fitness in Aging

Brem & Sensi Trends in Neuroscience 2018

DMT2 
drugs

LSD-like 
drugs



CT positively affects neuropsychological and occupational performances 

1) (A) global prose memory test and (B) delayed recall subtest. 

2) OT- Evaluation: C) OTE Processing skills and D) OTE Time

Pieramico et al., 2012 PloSONE

Combination Training increases cognitive and functional performances in 
healty aging individuals



To further investigate these modafinil-driven centrality changes, ROI-based FC analysis was performed using 
BA17 as resulted from the group statistics of EC maps. FC analysis revealed connectivity increase within the 
cerebellar Crus I, Crus II areas, and VIIIa lobule, the right inferior frontal sulcus (IFS), and the left middle 
frontal gyrus (MFG). 

FUNCTIONAL NETWORK CHANGES INDUCED 
BY ACUTE ADMINISTRATION OF MODAFINIL 



Panel (A) DAN Panel (B) shows t-maps obtained by extrapolating the T6-T0 difference for the 

trained group. (C) means ± SEM of z-scores of lFEF.                                                               

Pieramico et al., 2012 PloSONE

CT improves neuronal connectivity: 

effects on the Dorsal Attention Network (DAN)



TMS



Panel (A) DMN (B) t-maps obtained by extrapolating the T6–T0 difference for the trained group. 

significant changes in the Precuneus (PrC,), the Right Angular Gyrus (rAg), and the Posterior 

Cingulate Cortex (PCC,). Graphs (C) show means ± SEM of z-scores of specific DMN areas (PrC, 

rAg and PCC). Pieramico et al., 2012 PloSONE

CT improves neuronal connectivity: effects on the

Default Mode Network (DMN)



In the right hemisphere: the 
middle temporal, rostral 
anterior cingulated, pars 
orbitalis, superior frontal, 
supramarginal, lateral occipital, 
isthmus cingulate, superior 
temporal, and lateral 
orbitofrontal. 

In the left hemisphere: the 
inferior parietal, precuneus, 
inferior temporal, superior 
frontal, caudal middle frontal, 
middle temporal, 
supramarginal, insula, lateral 
occipital, pars orbitalis, and 
inferior parietal. 

CT positively affects cortical thickness

Combination Training increases cognitive and functional performances in 
healty aging individuals







Prevention: Exercise







• Study participants received a single-
dose of modafinil (n = 12) or a placebo 
pill identical to the drug pill (n = 12). 

• All subjects then underwent two 3 T rs-
fMRI scans, performed before and 3 h 
after drug (or placebo) administration, 
to achieve a plateau phase in drug 
levels in line with the compound 
pharmacokinetic profile (Robertson and 
Hellriegel, 2003).

• Subjects were asked to relax and fix a 
central point in the middle of a 
background screen. Upon rs-fMRI 
acquisitions, participants were 
instructed to stay still, keep their eyes 
open on a fixation cross.

STUDY DESIGN

Randomized, Double-Blind, Placebo-Controlled Study









Methods
Combination 

Training

• Activities of the last 3 months were of increased complexity

• “fun recreation project” : 

• Card games

• Cognitive stimulating software

• Structured group  activities

• Music Training: “supermind compilation” (Vivaldi, Chopin, Debussy, Mozart, Wagner, The 

Queen, Presley, Rolling Stones)

Combination Training increases cognitive and functional performances in 
healty aging individuals



Epigenetics



Network Analysis

To investigate changes in functional brain network 
organization induced by drug administration, we modeled 
resting state FC as a complex network (Caldarelli, 2007):

• A functional connection between two brain areas was 
considered as an undirected and weighted graph link. 
The applied threshold is very conservative (s= 2)

• Eigenvector Centrality (EC) was chosen as a 
topological metric to disclose brain nodes that were 
functionally connected to other highly functionally 
connected nodes (Rubinov and Sporns, 2010)

• The analysis modeled the interaction of the effect of 
treatment, namely baseline pre-treatment (B) and 
end of treatment (E), and the effect of condition, 
namely D (drug) and P (placebo). The interaction is 
described by the contrast (ED–BD) – (EP–BP)









Combination Training increases cognitive and functional performances in 
healty aging individuals



DOPA-related polymorphisms affect CT responses

Combination Training increases cognitive and functional performances in 
healty aging individuals



CONCLUSIONS

• Our study indicates that the human brain, even when aging, 
maintains important levels of neuronal plasticity. This plasticity 
is positively modulated by the Combination Training

• The Combination training (CT) is effective in preserving cognitive 
performances and promoting enhanced memory skills.

• CT positively affects the brain resting state.

• CT- driven cognitive improvements resulted in higher 
performance in daily living tasks as assessed by the OT-
Evaluation test.

• Our results are in line with recent reports indicating that 
cognitive enrichment can counteract cognitive and behavioral 
decline as well as the brain atrophy found in neurodegenerative 
diseases like AD and PD





Several pathogenic mechanisms have been 
postulated

Inflammation and Aβ Clearance









BACK TO 
SQUARE ONE





Brain. 2013;136(12):3738-3752. doi:10.1093/brain/awt273



INSULIN AND  DEMENTIA











Alzheimer's & Dementia: The Journal of the Alzheimer's Association 2019 15, 158-167DOI: (10.1016/j.jalz.2018.07.222) 

Copyright © 2018 the Alzheimer's Association Terms and Conditions

http://www.elsevier.com/termsandconditions


Paired t-tests were performed across the study group [(ED-BD) > (EP-BP)], in the modafinil group, 
in the post-drug period, we found an increase of centrality that occurred bilaterally in the BA17, 
thereby suggesting an increase of the FC of the visual cortex with other brain regions due to drug 
action. 

CENTRALITY CHANGES INDUCED BY ACUTE ADMINISTRATION OF 
MODAFINIL



Bomba et al., Cell Death and Disease, 2013
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Discussion and Conclusions

Present findings support that:

 Acute administration of modafinil induces greater centrality in the bilateral primary visual

cortex in elderly subjects;

 Modafinil-driven increased functional connectivity occurs between the V1 and prefrontal

(IFS and MFG) and cerebellar (Crus I/II and VIIIa) areas;

 The drug can be employed to modulate cortico-cerebellar connectivity in the aging brain

 Potential therapeutic implication of modafinil use in aging- or Alzheimer’s disease-dependent
cognitive deficits. Upon brain aging, cognitive deficiency can result from failure of inhibitory
processes and the dysfunctional interplay between the WM and the attentional systems (Luis et
al., 2015).





Exenatide reverts the high-fat-diet-induced impairment of BDNF 
signaling and inflammatory response in an animal model of 

Alzheimer’s disease

Bomba et al., bioRxiv 487629; doi: https://doi.org/10.1101/487629



• mitochondrial and cation 
deregulation 

• amyloid- and tau-dependent
pathology

• cognitive decline



Evaluations of  patterns of neuropathologic
comorbidity and quantification of the 

contribution of 9 age-related

neuropathologies to pathologic cognitive 

loss at a person-specific level. 

AD

Macroscopic
Infarcts

Cerebral Amyloid Angiopathy TDP-43 Atherosclerosis Arteriolosclerosis

Microinfarcts Lewy Bodies Hippocampal Sclerosis

Subjects were 1,079 older persons, who
completed at least 2 cognitive evaluations, 

died, and underwent uniform

neuropathologic examinations.

Participants were followed annually for up to 

22 years.



 The neuropathology was ubiquitous 
(with nearly all participants having 
at least 1 neuropathology, more 
than three-quarters having 2 or 
more, more than one-half having 3 
or more, and more than one-third 
having 4 or more)

 AD was the most frequent 
neuropathology but rarely 
occurred in isolation (>230 
combinations of neuropathology 
were observed)

 AD was the most virulent 
neuropathology, accounting for an 
average of >50% of the cognitive 
loss observed, but its relative 
contribution varied widely at a 
person-specific level, ranging from 
about 20% to 100% depending on 
the other neuropathologies present

 These findings suggest that there is 
considerably greater heterogeneity 
in both the comorbidity and 
relative impact of age-related 
neuropathologies than currently 
recognized. These findings highlight 
an urgent need for novel 
approaches that embrace the 
heterogeneity of disease




