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ABSTRACT

The nigrostriatal dopaminergic system (NDS) comstroiotor activity and its impairment
during type 2 diabetes (T2D) progression couldaase Parkinson’s disease risk in diabetics.
If so, whether glycemia regulation prevents thipamnment needs to be addressed. We
investigated whether T2D impairs the NDS and whethpeptidyl peptidase-4 inhibition
(DPP-4i; a clinical strategy against T2D but algninoprotective in animal models) prevents
this effect, in middle-aged mice. Neither T2D (iodd by 12 months of high-fat diet) nor
aging (14 months) changed striatal dopamine cordasséssed by HPLC. However, T2D
reduced basal and amphetamine-stimulated striatithcellular dopamine, assessed by
microdialysis. Both the DPP-4i linagliptin and tkelfonylurea glimepiride (an antidiabetic
comparator unrelated to DPP-4i) counteracted tledferts. The functional T2D-induced
effects did not correlate with NDS neuronal/gliieeations. However, aging itself affected
striatal neurons/glia and the glia effects werentetacted mainly by DPP-4i. These findings
show NDS functional pathophysiology in T2D and ssjgthe preventive use of two
unrelated anti-T2D drugs. Moreover, DPP-4i courtie@ striatal age-related glial alterations

suggesting striatal rejuvenation properties.

Keywords

dipeptidyl peptidase-4 inhibitors, dopaminergicteys, obesity, oligodendrocytes, diabetes



1. Introduction

Recent data suggest that type 2 diabetes (T2Dpdidated in the pathogenesis of motor
system disorders, including Parkinson’s disease (Bidsa et al., 2018; Cereda et al., 2011;
Hu et al., 2007; Xu et al., 2011; Yue et al., 201&Jditionally, a recent study has shown
that, when present in PD patients, T2D induces eeraggressive PD phenotype (Pagano et
al., 2018). The close interplay between the nigiatst dopaminergic system (NDS) and
metabolic control has also been recently showrumadns (Ter Horst et al., 2018). It must be
underlined that the evidence in support of an asson between PD and T2D is not
conclusive, with studies also indicating no asdomia(Cereda et al., 2011; Savica et al.,
2012; Simon et al., 2007) or even an inverse aagoni (Miyake et al., 2010; Powers et al.,
2006). The pathophysiological mechanisms behinceased risk of PD in T2D patients are
still largely undetermined. Possible causes inclmiéochondrial dysfunction, impaired
insulin signaling, and metabolic inflammation (Sagb and Potashkin, 2014). Moreover,
hyperglycemia induced by streptozotocin in ratam@del of T1D) preferentially induces
degeneration of the NDS (Renaud et al., 2018).

Obesity is the number one risk factor for develgpii2D and, not surprisingly, animal
studies have investigated the role of obesity dmesiby-induced T2D on the NDS. These
studies have shown that insulin resistance andalyetes induced by only 3 months of high-
fat diet (HFD) in young rodents attenuate dopan(ib®) release and clearance (Morris et al.,
2011), and reduces DA content striatum (Nguyen et al., 2017). Other studies in young
rodents employing shorter HFD-feeding (sometimemnan absence of hyperglycemia) have
confirmed the deleterious role of obesity on thgrestriatal pathway (Barry et al., 2018;
Cone et al., 2013; Fritz et al., 2018; Jang et?8l17; Speed et al., 2011). However, like T2D
(CDC, 2017), PD is mainly a disease prevalent iopfee over the age of 60 (Collier et al.,

2017). Thus, it is important to determine if andvhavert T2D induced by a long-term intake



of an obesogenic diet during aging can impair tiESNvhen a head-to-head comparison is
made with age-matched controls in which such atfands also reduced. Indeed it has been
shown that aging-related changes in the DA systpproach the biological threshold for
parkinsonism, a so called “pre-parkinsonian sté@sllier et al., 2017).

Another essential question to address is whethertrgatment of T2D could prevent the
impairment of NDS and, by doing so, could redueeribk/incidence of PD in T2D. Indeed
studies have shown that several antidiabetic drogs counteract neurodegenerative
processes (also in non-diabetics) leading to aifgignt improvement in different clinical
settings (Patrone et al., 2014). Perhaps the mbstesting discovery in relation to PD in
T2D patients is a recent study showing that the eisglitazones (anti-diabetic drugs
specifically targeting insulin resistance) is asst@a with a decreased risk of PD incidence in
populations with diabetes (Brakedal et al., 2017).

Dipeptidyl-peptidase 4 inhibitors (DPP-4i, also remhgliptins) are oral antidiabetic drugs
used to treat T2D. DPP-4i mediate their anti-di@betfects primarily by inhibiting the
degradation of endogenous glucagon-like peptide GLP¢1) and glucose-dependent
insulinotropic peptide (GIP), resulting in prolotiga of postprandial insulin secretion and
insulin-sensitizing effects (Deacon and Holst, 20Rcent research has shown that DPP-4i
can also reduce stroke-induced brain damage inammodels in presence or absence of
diabetes [reviewed in (Darsalia et al., 2019; Diasat al., 2017)]. Furthermore, several
reports have shown that gliptins mediate positileopropic effects in animal models of
Alzheimer’s disease (AD) [reviewed in (Chalicherakf 2017)] and in diabetic patients with
AD (Isik et al., 2017). Interestingly, recent steslihave also shown that DPP-4 inhibition
protects the NDS system in PD model (Nassar et28l5) and, importantly, reduces PD
incidence in the clinical setting (Svenningssomlet2016). GLP-1 and GIP are regarded as

main DPP-4 substrates and drugs targeting the G.Bah counteract PD in animal models



[reviewed in (Athauda et al., 2017b; Holscher, 20838 well as reduce the severity of motor
symptoms in non-diabetic PD patients (Athauda et 2017a). However, DPP-4 cleaves
additional substrates and we have recently shovat the DPP4i linagliptin induces

neuroprotection independently from blood glucosgulation (Darsalia et al., 2013) and
GLP-1R (Chiazza et al., 2018; Darsalia et al., 20T6&erefore, the molecular mechanisms
underlying gliptin-mediated effects in the braie atill mostly undetermined.

The aim of this study was to determine whether ibp@sduced T2D in middle-aged mice

damages the NDS functionally and structurally, amoether linagliptin prevents these
effects. To address the potential specificity oé tbffects mediated by linagliptin, we

performed a head-to-head comparison to the sulpt@ay glimepiride (Khunti et al., 2018),

which induces direct insulin secretion and glycaemagulation bypassing the GLP-1/GIP

system.

2. Materialsand methods

2.1. Animal modelsand experimental design

Seventy-three, male C57/BL6j mice (Charles Rivebdratories, Germany) were used in
three studies. Mice were randomly assigned to éxgeertal groups. They were housed in
controlled conditions, in 12-hour light/dark cycheth free access to food and water. All
applicable international, national and/or insta@l guidelines for the care and use of
animals were followed. All procedures were in ademice with the ethical standards of the
Karolinska Instituet and Pronexus AB, where thedigtsi were conducted. The ethical
approval numbers are: S7-13 (Karolinska Instituaet) N96/13, N274/13, N27/14 (Pronexus

AB).

Sudy 1. To determine the effect of T2D and/or aging onasati tissue DA by HPLC and

basal and amphetamine-stimulated striatal extiaeellDA by microdialysis, we used 8-



months-old mice (n=5) and 14-months-old middle-agece (n=6) fed with normal chow i.e.
standard diet (SD-y and SD-m, respectively), anagnbfths-old middle-aged mice fed with
high-fat diet (ssniff E15126-34, 54% calories fréat, Germany) for 12 months (HFD-m)
(n=7). Additionally, to study the potential effeat antidiabetic treatments on DA levels,
middle-aged HFD-fed mice received either linaghpiin food leading to an average dose of
5-7 mg/kg b.w. per day; HFD-m-Lina) (n=7) or glimege (in food leading to an average
dose of 2-4 mg/kg b.w. per day; HFD-m-GIi) (n=6) ftbe last 3 months before killing. The

experimental design is shown in Fig.1S A.

Sudy 2. To determine potential T2D and/or aging-inducedrakalterations in the brain
areas of the dopaminergic systesabétantia nigra pars compacta andcor pus striatum), we

used 2-months-old mice (SD-y) (n=7) and 14-montldsrmiddle-aged mice (SD-m) (n=6)
fed with SD, and 14-months-old middle-aged mice wath HFD 4-12 months (HFD-m)

(n=6). The experimental design is presented inlSd.

Sudy 3. To determine potential effect of anti-T2D treatnseah neural alterations induced
by either T2D or aging in the NDS, we used 14-msstld mice fed with HFD for 12
months that received either linagliptin (in fooeadling to an average dose of 5-7 mg/kg b.w.
per day; HFD-m-Lina) (n=9) or glimepiride (in fodéading to an average dose of 2-4 mg/kg
b.w. per day; HFD-m Gli) (n=7) for the last 3 masthefore killing. Control mice received

HFD for 12 months (HFD-m) (n=9). The experimentasign is depicted in Fig.1S C.

2.2. Body weight, glycemic level, DPP-4i activity and GLP-1 levels
Blood glucose levels after overnight fasting andyoweight were measured in all animals.
In order to verify the bioactivity of linagliptiplasma DPP-4 activity and total active GLP-1

levels were determined in the plasma (blood cddléctn the fed state) by enzyme



immunoassay (EIA) and by ELISA, respectively (M&ale discovery, Gaithersburg, MD,

USA).

2.3. Microdialysisand HPLC

Microdialysis experiments were carried out on awdkeely moving mice following the
protocol described elsewhere (Kehr, 1999; Kehr,620DA was separated and measured by
ion-exchange narrow bore column liquid chromatolyyawith electrochemical detection as
described elsewhere (Kehr, 2006). Detailed mictgsiie and HPLC protocols are provided

in Supplementary material.

2.4. Immunohistochemistry (IHC)

In study 2 and 3, mice were deeply anesthetizeld satlium pentobarbital and transcardially
perfused with saline followed by 4% paraformaldehy@FA). After explant, brains were
post-fixed overnight in 4% PFA and then placed DP2sucrose solution for 3 days.
Afterwards, brains were cut using sliding microto(heica, Germany). Briefly: brains were
attached to the specimen platform using OCT andefrowith dry ice. During cutting,
freezing was maintained by powdered dry ice inghecimen tray. The brains were cut at 40
micrometre-thick sections and collected in a crgtgetive solution for storage at -20 °C.
The primary antibodies used for IHC (Tablel) andaifisd protocols are provided in

Supplementary material.

2.5. Quantitative microscopy
The DARPP-32-, GAD67-, GFAP-, Iba-1-, PV-, and Tbklive cells were quantified using
a computerized stereology toolbox equipped withidgkarm v. 4.2.1.0 software for digital

image analysis (NewCast, Denmark), connected tomPlg BX51 epifluorescent/light



microscope (Olympus, Japan). Olig2-, GPR17-, PCN#d GST-positive cells were
guantified using an inverted fluorescence microsc(@90M; Zeiss, Milan, Italy) connected
to a PC computer equipped with Axiovision softwéfeiss). Instriatum, positive cells were
counted on three coronal sectiges animal (1.50, 0.00 and -1.00 mm distance to Brggma
Quantification of TH+ cells irsubstantia nigra pars compacta was done on three sagittal
sectiongper animal (1.40, 2.10 and 2.60 mm distance to Bregifta cell density per 1 nfm
for all the IHC markers was determined. Mean volyingint) of Iba-1+ and PV+ cells was
measured, using nucleator technique (Gundersen.,el388), by Visiopharm software.
Experiments were performed by persons blinded toumrassignment and outcome

assessment.

2.6. Statistical analysis

In study 1, data from microdialysis experimentsevaist checked for sphericity to determine
the appropriate statistical approach. Data did pads the sphericity test, thus the mixed-
effects model (REML) with Geisser-Greenhouse ctimacvas used to study overall diet and
treatment effects on amphetamine-induced DA relaasefollowed by the Tukey’s multiple
comparison test to determine the differences betveg@erimental groups on amphetamine-
induced DA release. Additionally, to show the effe€ T2D and drug treatment on evoked
DA release, the incremental area under the cungecamputed for each sample (mouse) and
the groups were analyzed for outliers using ROUThind (Motulsky and Brown, 2006). One
outlier was identified (HFD-m group) and excludedni further analyses. The differences
between the groups were analyzed using Welch’'s AN®@ast followed by unpairetttest
with Welch’s correction where differences betweeltofving pairs of experimental groups
were compared: SD-y vs. SD-m; SD-m vs. HFD-m; HFDrn HFD-m-Lina; HFD-m vs.

HFD-m-Gli; HFD-m-Lina vs. HFD-m-Gli. Data from HPL@xperiments were analyzed



using ordinary One-way ANOVA. In study 2 and 3,amalyze cell density and mean cell
volume, one-way ANOVA followed by either Tukey's Bunnett's multiple comparisons

tests was performed (see Figure captions). Morernmédtion regarding choice of statistical
tests used in the studies is available in Suppl¢éangmaterial.

All data were analyzed using Graphpad Prism 8 aedpaesented as line or bar graphs
showing means + SEMifferences between the groups were consideredfisignt whenp

values were less than 0.05 (*p<0.05; **p<0.01, *p001, ****p<0.0001).

3. Results

Twelve months of high-fat diet induce obesity andcgse intolerance (Fig. 2S A-B).

Linagliptin and glimepiride reduce hyperglycemia bave no effect on body weight (Fig. 3S
C-D). In linagliptin-treated mice (HFD-m-Lina), giaa DPP-4 activity and GLP-1 levels
were significantly decreased (Fig. 3S A) and inseel(Fig. 3S B), respectively, as expected
based on the drug mechanism of action. See Supptargematerial for more detailed

information.

3.1. Diabetes impairs basal and amphetamine-stimulated DA release. This effect is
counteracted by linagliptin and glimepiride

To determine the effects of HFD on DA release aft@phetamine challenge, we measured
extracellular DA levels using microdialysis. Result Figures 1 Al and A2 show that the
overall treatment (diet and drugs) effect on DAeasle was not statistically significant
(p<0.1002), however there was a statistically sigaiiic (p=0.0015) interaction between
treatment and DA release over the course of ampine¢achallenge, which imply that the
effect of DA over time differed between the group®llow-up analyses, to determine

differences between the groups using the Tukey'#ipteu comparisons test, showed a



statistically significant reduction of DA releasemiddle-aged diabetic mice (HFD-m) (Fig.1
A3). This effect was completely abolished by bathagliptin and glimepiride treatments
(HFD-m-Lina and HFD-m-Gli, respectively). No agdated changes were observed in non-
diabetic mice (SD-y vs. SD-m) (Fig.1 A3). Data wduether analyzed by computing the
incremental area under the curve (evoked DA re)eaffer amphetamine challenge and by
analyzing the differences between selected parmifs). Similarly, this analysis confirmed
the prior observation of abolished DA release inldte-aged diabetic mice (p=0.03) and of
the reversing effect of linagliptin (p=0.02) andnggpiride (p=0.02) treatments, without
detecting any significant effect of aging in SD-fedce (Fig.1 B). We also compared
extracellular DA levels before amphetamine chakefigean DA for times -40, -20 and O
min) and the results showed a significant loweefigct in HFD-m mice (see the square in

Fig.1 Al).

3.2. Diabetes, linagliptin and glimepiride do not affect total intra-striatal DA levels

To further investigate whether reduced extracellld#® release was caused by overall
decrease of DA content siriatum, we performed HPLC analyses of striatal tissuaths.
Results show that neither diabetes nor aging has@nificant effect on the overall content
of DA in this brain region (Fig.1 C). The levelstbfs neurotransmitter igtriatum were also

unaffected by linagliptin or glimepiride treatmefisg.1 C).

3.3.  Neither diabetes nor aging affect dopaminergic neuronsin substantia nigra, as

well as medium spiny neurons and GADG67-positive interneuronsin striatum

We quantified neurons igsubstantia nigra pars compacta (SNpc) andstriatum. The results
show that aging or diabetes had no effect eithed@maminergic neurons in SNpc and in

DARPP-32+medium spiny neurons or GAD67+ internesrimrstriatum. The results of the
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guantitative analysis and representative picturesexplained in detail on page 7 of the
Supplementary material and shown in Fig. 4S. Adddlly, the results showed no neuronal
injury in striatum of obese/T2D mice compared to control, based qn76/32 assessment

(Fig. 5S).

3.4. Aging, but not diabetes, affects parvalbumin-positive interneurons in striatum.
This effect isnot counteracted by linagliptin or glimepiride

Results of the quantification of subpopulation &E&ergic interneurons show age-induced
decrease in density of the parvalbumin (PV)+ irgarons instriatum (Fig.2 A, E;
70.78+£6.29 vs. 52.48+2.49 in SD-y and SD-m groeppectively; p=0.0213 and 70.78+6.29
vs. 48.75+2.4 in SD-y and HFD-m group, respectiyvpi0.0038). This aging effect was also
observed for the mean cell body volume of PV+ meerons (Fig.2 B; 910.7+27.49 vs.
816.1+19.08 in SD-y and SD-m group, respectively0.0274 and 910.7+27.49 vs.
796.1+23.87 in SD-y and HFD-m group, respectivgdy0.006). We did not record any
further effect induced by diabetes on both parame{€ig.2 A-B and E). Linagliptin
treatment had effect neither on PV+ cell density m@an cell volume. After glimepiride
treatment, a further decrease in volume of PV+ri@erons was observed sriatum of
middle-aged mice (796.6£23.98 vs. 696.1+18.03 inDHfF and HFD-m-Gli group,

respectively; p=0.013) (Fig.2 D and F).

3.5. Aging, but not diabetes, increases neuroinflammation in striatum. Linagliptin,
but not glimepiride, partially counteracts this effect

To assess potential T2D -induced neuroinflammatiorstriatum, we quantified lba-1+
positive microglia and reactive GFAP+ astrocytessijts show an aging-induced increase in

the density of Iba-1+ microglia (Fig.3 A, E; 12217453 vs. 371.3£35.70 in SD-y and SD-m
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groups, respectively; p<0.0001 and 122.7+17.53 325.1+14.89 in SD-y and HFD-m

groups, respectively; p<0.0001). We also observeadge-induced effect on the mean cell
body volume of these cells (Fig.3 B, E; 174.1+12\85 274.3+12.79 in SD-y and SD-m
groups, respectively; p<0.0001, and 174.1+12.6244.2+8.95 in SD-y and HFD-m groups,

respectively; p=0.0002). No additional effect ddilaketes was observed (Fig.3 A-B, E).

Chronic DPP-4 inhibition by linagliptin did not afft the density of microglia (Fig.3 C, F),
but decreased the cell body volume of Iba-1+ cellsthe striatum of diabetic mice
(207.8+6.08 vs. 186.8£3.79 in HFD-m and HFD-m-Ligaup, respectively; p=0.0126),

while glimepiride did not (HFD-m vs. HFD-m-Gli, p=®8) (Fig.3 D, F).

Similar changes as for microglia were observed dtiratal GFAP+ astrocytes, with a
significant age-induced increase in the densitBAP+ cells (78.25+6.25 vs. 166.6+12.52
in SD-y and SD-m groups, respectively; p=0.00021 38.25+6.25 vs. 146.5£11.23 in SD-y
and HFD-m groups, respectively; p=0.0004) (Fig.4@, which was inhibited by chronic
linagliptin (239.4+19.06 vs. 184.5+7.66 in HFD-mdaklFD-m-Lina group, respectively;

p=0.033), but not glimepiride treatment (p=0.21y(# B, D).

3.6. Aging, but not type 2 diabetes, impairs oligodendr ocytes maturation. Linagliptin
partially counteractsthis effect

To investigate the potential effects of T2D on tigodendrocyte lineage, we first quantified
the number of cells expressing the transcriptioctofa Olig2, i.e. cells at any stage of
oligodendrocyte maturation (Barateiro and Fernang@$4), instriatum. Aging significantly
reduced the density of Olig2+ cells, with no adufiil effect induced by diabetes (Fig.5 A,
C) (number of Olig2+ cells/mm 351.21+9.17 vs 214.9449.19 vs. 236.98+17.45 inySD
SD-m, and HFD-m, respectively; p<0.0001), thusceating an overall depletion of cells in

the oligodendrocyte lineage. Additionally, aginglweed by half the fraction of Olig2+ cells

12



co-expressing the marker of proliferation PCNA otee total Olig2+ cell population in
striatum, once again with no additional effect of diabgte8.41+1.45 vs 8.23+1.35 in SD-y
and SD-m, respectively, p=0.0065; 7.68+1.28 in HRPp=0.0038 vs SD-y; Fig.5 B-C).
Interestingly, despite a lack of effect on the ltotamber of Olig2+ cells (Fig.5 D, F) (HFD-
m vs. HFD-m-Lina group, p=0.095), linagliptin si§oantly enhanced the fraction of
PCNA+/Olig2+ cells (6.62+0.89 vs 9.29+0.66 in HFDand HFD-m-Lina, respectively,
p=0.0476; Fig.5 E-F), suggesting that DPP-4 inkdhitcan partially restore the proliferation
of this cell lineage. Glimepiride promoted a pdrtiecovery of the total number of Olig2+
cells (Fig.5 D, F) (193.23+8.78 vs 277.40£10.85 H#D-m and HFD-m-GIli group,
respectively; p<0.0001), but only a tendency albeit statistically significant to increase in
the percentage of proliferating cells (p=0.425%;.%IE-F) was observed.

We next evaluated the density of immature oligodecytes expressing the GPR17 receptor
and of more differentiated oligodendrocytes gmiatum expressing the GSI marker.
Quantification of GPR17+ cells (i.e. oligodendraeg/tprecursor cells up to the stage of
immature oligodendrocytes) (Fumagalli et al., 2049w that the density of these cells was
significantly decreased in tigriatum of middle-aged mice (20.8+0.83 vs 9.71+1.04 in\D-
and SD-m, respectively, p=0.0002) (Fig.6 A-B). Htds seemed to, at least partially, inhibit
this effect (14.85+£1.80 in HFD-m, p=0.036 vs SD-®imilarly, quantification of the density
of GSTn+ cells, i.e. more mature cells of the oligodengtedineage, shows a significant
decrease with age (134.9+9.77 vs 72.44+13.71 iny@Ded SD-m, respectively, p=0.0136;
Fig.6 E-F). No effect of diabetes was observed (HfFDs. SD-m, p=0.7048). Interestingly,
linagliptin induced an increase in both GPR17+ 17192.73 vs 33.9+2.17 in HFD-m, and
HFD-m-Lina, respectively, p=0.0017; Fig.6 C-D) amdmature GS%+ oligodendrocytes

(74.81+9.17 vs 112.7+13.04 in HFD-m and HFD-m-Linespectively, p=0.0478; Fig.6 G-
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H). Glimepiride induced a non-statistically sigo#nt trend towards increase, but only in the

latter cell population (p=0.3740).

4. Discussion

We show that 12 months of HFD did not affect stli@dA content but reduced extracellular
DA release instriatum under basal conditions and, more importantly, raft@phetamine
challenge. This functional effect was not assodiatath neuronal/glial alterations in
substantia nigra or striatum. We also show that linagliptin, but also the glyoe comparator
glimepiride (not acting via DPP-4 inhibition), cduhormalize the T2D-induced effect on
both basal and amphetamine-induced extracellular [R&els. Finally, along the
characterization of potential structural alterasionduced by T2D irstriatum we show that
aging, irrespectively from T2D, induced neuronald aglial alterations. These aging-
dependent effects did not correlate with functiactanges in basal or amphetamine-induced
extracellular DA levels and could be partially ctaracted by both drugs, with a more potent
and overall effect induced by linagliptin.

To our knowledge this is the first study showingttbbesity/T2D dramatically impairs the
function of the NDS in the middle-aged mouse. THeas#ings might be clinically relevant,
since T2D has been associated to motor dysfunet@hPD (see Introduction). Moreover,
motor dysfunction disorders are strongly associatgl aging (Bennett et al., 1996; Collier
et al., 2017) and so is T2D (CDC, 2017). Neverttslditerature addressing PD and T2D
modeling during aging is very limited, possibly leeting difficulties in obtaining aged
animals. Previous studies have shown that obesogkeis administered to young rodents
from only 2 weeks (Barry et al., 2018) till up-tordonths (Cone et al., 2013; Fritz et al.,
2018; Jang et al., 2017; Morris et al., 2011; Nguge al., 2017; Speed et al., 2011) can

already negatively affect the NDS. These obsermatamuld not be extrapolated to overt T2D
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since: 1) the mice employed in these studies weanlgn insulin-resistant and “early
diabetics/prediabetics”; 2) aging itself decreasteéiatal DA content and can impair the NDS
(Collier et al., 2007). Thus, a head-to-head comsparbetween middle-aged SD and HFD-
fed mice was performed in our study. The molecatachanisms (see Introduction) at the
basis of the recorded effects were out of the sodplis study but they obviously represent
the next step of this work. It will also be impartdao determine whether the effects recorded
after amphetamine challenge are specific to thehatapnine mechanism of evoked DA
release (Sulzer et al., 2016), implicating a aitiole of VMAT2 and possible presynaptic
silencing of DA vesicles (Pereira et al., 2016).eTtact that there was no significant
difference in striatal DA content between contnadl &FD-treated mice suggests that chronic
HFD led to aberrant exocytosis of vesicular DA, @sserved by blunted response of
extracellular DA to amphetamine challenge. The raadms behind the effects of chronic
HFD on impaired DA signaling in the moustiatum are not known at present. It will also
be important to understand whether impaired DAasgerelies on the direct impairment of
DA neurons or also local striatal interneurons ieexed in (Berke, 2018)) are involved in the
reported impairment. The answer to these questmlhde necessary to develop strategies
aimed at reducing the risk of T2D patients to depehotor disorders.

In the second part of the study, we showed thah lio&gliptin and glimepiride could
counteract the identified functional effect of T2ih the NDS. Neuroprotective effects
induced by GLP-1R agonists on the NDS system, iadeéently from glycemia regulation,
have been shown in the past decade (Bertilssoh,e2088; Li et al., 2009; Zhang et al.,
2019) and reviewed in (Athauda et al., 2017b; Hosc2018). This made us hypothesizing
that linagliptin (but not glimepiride) could protethe NDS independently by glycemia
regulation and likely via GLP-1. Our findings disge our hypothesis about the specific

restorative effects of DPP-4i on the impairmenttlé dopaminergic system by T2D,
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irrespectively of GLP-1 and/or their anti-diabepcoperties. However, they are not less
interesting since they suggest the possibility thfferent anti-diabetic treatments targeting
glycemia regulation could be efficacious to couaterT2D-induced motor dysfunction,
despite their differential mechanisms of actione Tgeripheral effects mediated by gliptins
are mainly due to the inhibition of the degradatidrGLP-1, leading to an increased insulin-
to-glucagon ratio and consequent reduction of HbADeacon and Holst, 2013). The
additional effects of DPP-4i in the brain are mypsthdetermined, although they may be
related to the inhibition of other peptides (Avagand Fadini, 2018) (Chiazza et al., 2018).
Recent studies have also shown that DPP-4i areopeiective (Darsalia et al., 2015) and
can improve brain function via attenuating mitoatiioal dysfunction, insulin resistance,
inflammation, and apoptosis (Gault et al., 20151téha et al., 2013; Sa-Nguanmoo et al.,
2017). Sulfonylureas such as glimepiride are aukatjy prescribed anti-T2D medication
due to their low cost and effectiveness, despiteni@l hypoglycemic risks (Costello and
Shivkumar, 2018). These drugs bind to sulfonyluszaeptors to allow insulin secretion from
pancreatic beta cells (Khunti et al., 2018). Oupdtiiesis relied on the neurotrophic rather
than the glycemic properties of DPP-4i, thus theilte showing the efficacy of glimepiride
to normalize DA release were unexpected. It wowdriteresting to determine if linagliptin
or glimepiride could increase the DA release in-d@betic mice and, therefore, the lack of
these two groups could be viewed as a weakneski®fstudy. However, since healthy
animals do not exhibit DA release impairments, segperiment would have a limited
clinical value. Moreover, since both drugs showmilar effects on DA release, one could
speculate that this effect is related to insulitiagcor glycaemia regulation, which would not
take place in non-diabetic mice linagliptin-treatadd could lead to hypoglycemia after
glimepiride treatment, thus complicating the intetption of the results. It would be

plausible to think that the common effects medidtgdthe anti-T2D drugs on the NDS,
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showed in our study, could be mediated by incregseghheral insulin levels, due to the lack
of reported additional shared mechanisms of adigtween gliptins and sulfonylureas in the
brain. The normalization of fasting blood gluco$¢amed by both drugs indicate that insulin
was up-regulated by the treatments. However, dineeefficacy of glimepiride on the NDS
system was unexpected, we did not measure perighstdin levels after fasting (the blood
was collected in fed state to quantify the incr&ioP-1 effect). This represents a limitation
of this study and, therefore, more studies thorbugivestigating the efficacy of both drugs
on insulin after fasting and to also improve ingusiensitivity directly in thestriatum are
warranted.

A variety of brain cell types have been shown todoee compromised during aging, thus
contributing to disease progression (Palmer andnfans 2018). In an initial effort to
determine whether T2D led to major cellular alteratn the NDS, we quantified relevant
neuronal cell types related to this system, i.e.dbpaminergic neurons sabstantia nigra,
DARPP-32 positive cells (the major cell typestnatum), GAD67+ interneurons istriatum
(GAD 67 is the rate limiting enzyme for the fornuati of GABA) and striatal PV+
interneurons. Around 95% of the latter cell popolatproduce the glial cell line-derived
neurotrophic factor which is required for the sualiof dopaminergic neurons in response to
injury (Hidalgo-Figueroa et al., 2012). T2D hadeftect on any of these neuronal cell types.
However, we showed an effect of aging in decrea&iNg interneurons number and cell
body volume. Although speculative, these data cousldggest decreased striatal
neuroplasticity during aging, in line with a recetidy showing atrophy of PV+ interneurons
in striatum of Huntington’s disease patients (Reiner et al13). Both linagliptin and

glimepiride showed no effect on these cells.

When investigating Iba-1+ microglia and GFAP+ aglieo in striatum, our data show no

effect induced by T2D. However, we showed that ggimduced a dramatic increase in
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microglial cells and in their activation (as measliby increased cellular volume) and in
GFAP+ astrocytes. In Study 1 and 2 we did not ofesdre same number of GFAP+ cells in
middle-aged mice fed with HFD, possibly due to eliént batches of antibodies and/or
fixation procedures and this could represent a wesk of the study. However, each study
had its own control group to compensate such diffees. Regardless, linagliptin could
normalize the effect of aging on both GFAP and 1bacells, while glimepiride induced only
a trend in the same direction on Iba-1+cells. Tingent view is that aging can promote the
development of a mild, albeit chronic, inflammatasigte in CNS reflected in the activation
of both microglia and astroglia (Palmer and Ousmal8). This increased basal
inflammation may be a risk factor for the developimef motor and cognitive impairment,
depression and age-related neurodegenerative disorsduch as AD, PD, and ALS
(Ransohoff, 2016; Spittau, 2017). Our study fullypgorts this view. Although speculative,
our data also suggest that DPP-4i can exert amgagffects by decreasing such a mild
inflammatory state irstriatum. Whether these effects can be reflected in imgtavetor
function, it is an interesting hypothesis to bell@mged by the use of specific animal models

where motor function is impaired by aging.

Concerning oligodendrocytes, our data in the agedhtum show not only an overall
reduction in Olig2+ cells but, even more relevamtheir proliferation rate. This could reflect
a reduced ability of oligodendrocyte precursor <éDPCs) to promptly react to harmful
events in an attempt to replace dead or malfunictiproligodendrocytes and promote
regeneration (Neumann and Kazanis, 2016)vitro evidence also suggests that under
specific conditions Olig2+ cells can generate nenrans (Boccazzi et al., 2016; Nunes et
al., 2003), althougln vivo data remain controversial (Guo et al., 2010; Kahgl., 2010).
Additionally, OPCs and more mature oligodendrocydes also known to foster neuronal

communication, and to exert neuroprotective trogfiects. Our data show an aging-induced
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decrease in the density of GPR17+ cells, namely siR@ature oligodendrocytes whose
terminal differentiation is triggered by GPR17 dewmegulation (Fumagalli et al., 2017). The
concomitant reduction in the number of G&Tmature oligodendrocytes in the aged brain
suggests defective OPC maturation, and confirmsvarall depletion of cells of this lineage,
likely as a consequence of the increased neurainflation observed in our and other studies
(Palmer and Ousman, 2018). Loss of myelin-produckglits has been observed in aging and
age-related pathologies, such as AD and PD, anmégepts one of the long-term functional
consequences of stroke (Shen et al., 2008). Tredtmih linagliptin exerted an overall
protective role against age-induced effects orsaelithe oligodendrocyte lineage. Based on
the number of signaling pathways activated by DPde above), we can speculate anti-
aging properties for this class of drugs which dobk exploited in neurodegenerative
disorders.

The paradoxical increase in the density of GPREIs observed in T2D with respect to SD-
m mice could be explained by considering that ofiethe many transcription factors
controlling receptor expression is FOXO1 (Ren et 2012). Although direct evidence is
lacking, hyperglycemia and/or decreased insulimaigg/insulin resistance in T2D could
promote aberrantly persistent GPR17 expressionligpaendrocytes by maintaining high
levels of active FOXOL1, thus preventing GPR17 deegulation and blocking cells at
immature stages. Additionally, a recent study hamahstrated that whole-body metabolism
is controlled by GPR17 expressed by oligodendragydad that GPR17-deficient mice show
decreased body weight in respect to WT animals afido 26 week HFD feeding (Ou et al.,
2019). Although the role of GPR17 in promoting fdathke is still a matter of debate, it is
tempting to speculate a contribution of altered GPRexpression in promoting the
pathological consequences of T2D on body weightraathbolism. High-fat diet is likely to

promote food intake by disrupting hypothalamic imswand leptin signalling by inducing
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hypothalamic inflammation and lipotoxicity also @oncert with advanced glycation end
products as direct result of chronic hyperglycaemlavertheless, in parallel with all its
beneficial effects (see above), linagliptin alsemotes a full recovery of the number of
GPR17 cells to values similar to SD-y animals, suggestimat this receptor contributes to

the drug’s rejuvenation activities.

In conclusion, in a preclinical setting of cliniceélevance we showed that T2D/obesity
decreases extracellular DA #riatum and severely impairs extracellular striatal DAeesle
after amphetamine challenge. This suggests a deitahrole of T2D in the regulation of
motor function. Whether the reported effects corddresent an early pathophysiological
mechanism induced by T2D on the NDS is a relevymotinesis to be tested in future
studies. Importantly, we also show that glycemigutation, similarly achieved by both
linagliptin and glimepiride could normalize the iampnent of DA release induced by T2D.
Although additional studies need to support thisadéhese results suggest that increased
insulin productionper se and/or consequent decreased glucotoxicity in Taepts may be
beneficial to prevent and/or delay motor disordev®lving the NDS. Finally, we identified
neuronal and glial alterations #triatum that were induced by aging but were not associated
with T2D or with striatal DA changes. The glial @fts could be counteracted by linagliptin
and, to a lesser extent, also by glimepiride. Catacupport the accepted view in the field
that aging has a detrimental role on neuroplagticih myelin and nerve fibers, and that it
increases neuroinflammation. Importantly, our ressauggest that DPP-4i can normalize the
identified glial alterations and, by doing so, tleeyld exert rejuvenation properties. Whether
these effects are mediated by incretins remaihe tstudied. These effects could be exploited

for the treatment of motor disorders related wigng.
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FIGURE CAPTIONS

Fig.1 Effects of high-fat diet, linagliptin and glimepiride on basal and amphetamine-
stimulated dopamine levels in striatum and on total intra-striatal DA levels. Dopamine
(DA) release after amphetamine challenge (initiaetime 0) instriatum of young-adult and
middle-aged mice (SD-y and SD-m, respectively), amddle-aged mice fed with high-fat
diet (HFD-m), untreated or receiving either linggh (HFD-m-Lina) or glimepiride (HFD-
m-Gli) for 3 months A). Extracellular DA levels before amphetamine airadie A1 square).
Results from the Mixed-effects model (REMIAZ) and Tukey’'s multiple comparisons tests
(A3). Incremental area under the curve of DA reledisg amphetamine challengB)( Total
striatal tissue levels of dopamine by HPLC analysighe five experimental group£).
Welch ANOVA test followed by unpairetdtest with Welch’s correction where differences
between following pairs of experimental groups weoenpared: SD-y vs. SD-m; SD-m vs.
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HFD-m; HFD-m vs. HFD-m-Lina; HFD-m vs. HFD-m-Gli;fHD-m-Lina vs. HFD-m-Gli. ns
— not significant. Histograms show means + SEM,¥08§, **p<0.01, ****p<0.0001, n=4-7

Fig.2 Effects of diabetes, aging and anti-diabetic treatments on parvalbumin (PV)+
interneurons in striatum. Density @), mean volume B) and representative
microphotographsK) of PV+ interneurons in thariatum of SD-y, SD-m, and HFD-m mice.
Density C), mean volumel§) and representative microphotograph} ¢f PV+ interneurons
in striatum of HFD-m mice and HFD-m mice that received eitheagliptin (HFD-m-Lina)

or glimepiride (HFD-m-Gli) for 3 months. One-way AN/A followed either by Tukey’s (A-
B) or Dunnett’'s (C-D) multiple comparisons teststdgrams show means + SEM, *p<0.05,
*+p<0.01, N=5-7

Fig.3 Effects of diabetes, aging and anti-diabetic treatments on Iba-1+ microglia in
striatum. Density @A) and mean volumeB( of Iba-1+ microglial cells, and representative
microphotographs of the staining)(in striatum of SD-y, SD-m, and HFD-m mice. Density
(C) and mean volumeD|) of Iba-1+ microglial cells, and representativecraphotographs of
the staining If) in striatum of HFD-m mice and HFD-m mice that received eitleagliptin
(HFD-m-Lina) or glimepiride (HFD-m-Gli) for 3 monsh One-way ANOVA followed either
by Tukey’s (A-B) or Dunnett’'s (C-D) multiple compsons test. Histograms show means *
SEM, *p<0.05, **p<0.001, **p<0.0001, n=6-7

Fig.4 Effects of diabetes, aging and anti-diabetic treatments on GFAP+ astrocytes in
striatum. Density of GFAP+ astrocytesA] and representative microphotographs of the
staining C) in striatum of SD-y, SD-m, and HFD-m mice. Density of GFAPtrasytes B)
and representative microphotographs of the staifid)gin striatum of HFD-m mice and
HFD-m mice treated either with linagliptin (HFD-nmiAa) or glimepiride (HFD-m-Gli) for 3
months. One-way ANOVA followed either by Tukey's )(Ar Dunnett's (B) multiple
comparisons test. Histograms show means + SEM, .§%0**p<0.001, n=6-7

Fig.5 Effects of diabetes, aging and anti-diabetic treatments on the fraction of
proliferating oligodendrocytes in striatum. Density of Olig2+ cellsA), percent of double
stained PCNA/Olig-2+ cells over total number of ¢2li cells 8) and representative
microphotographs of the staininG)(in striatum of SD-y, SD-m, and HFD-m mice. Density
of Olig2+ cells D), percent of double stained PCNA/Olig-2+ cells rotaal number of
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Olig2® cells E) and representative microphotographs of the stgif) in striatum of HFD-

m mice and HFD-m mice treated either with linaghdHFD-m-Lina) or glimepiride (HFD-
m-Gli) for 3 months. One-way ANOVA followed eithby Tukey's (A-B) or Dunnett’'s (D-
E) multiple comparisons test. Histograms show mean$SEM, *p<0.05, **p<0.01,
****n<0.0001, n=5-9

Fig.6 Effects of diabetes, aging and anti-diabetic treatments on GPR17+ and GST-n+
mature oligodendrocytes in striatum. Density of GPR17+ A) and GSTr+ cells, and
representative microphotograph® &nd F, respectively) instriatum of SD-y, SD-m and
HFD-m mice. Density of GPR17+CJ and GSTr+ (G) cells, and representative
microphotographsX and H, respectively) instriatum of HFD-m mice and HFD-m mice
treated either with linagliptin (HFD-m-Lina) or giepiride (HFD-m-Gli) for 3 months. One-
way ANOVA followed by either Tukey’'s (A, E) or Duett’s (C, G) multiple comparisons
test. Histograms show means = SEM, *p<0.05, **p400*p<0.001, n=5-9
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Highlights

e Type 2 diabetes (T2D) impairs the release of dopamine in striatum during aging
» The DPP-4 inhibitor linagliptin and sulfonylurea glimepiride prevent this effect
* Aging but not T2D induces neuronal and glial alterations in striatum

» Theeffectson gliaare partialy but more selectively reduced by DPP-4 inhibition



