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Abstract
Parkinson's disease (PD) is a heterogeneous multi-systemic disorder unique to humans 
characterized by motor and non-motor symptoms. Preclinical experimental models of 
PD present limitations and inconsistent neurochemical, histological, and behavioral 
readouts. The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of 
PD is the most common in vivo screening platform for novel drug therapies; nonethe-
less, behavioral endpoints yielded amongst laboratories are often discordant and incon-
clusive. In this study, we characterized neurochemically, histologically, and behaviorally 
three different MPTP mouse models of PD to identify translational traits reminiscent of 
PD symptomatology. MPTP was intraperitoneally (i.p.) administered in three different 
regimens: (i) acute—four injections of 20 mg/kg of MPTP every 2 h; (ii) sub-acute—one 
daily injection of 30 mg/kg of MPTP for 5 consecutive days; and (iii) chronic—one daily 
injection of 4 mg/kg of MPTP for 28 consecutive days. A series of behavioral tests were 
conducted to assess motor and non-motor behavioral changes including anxiety, endur-
ance, gait, motor deficits, cognitive impairment, circadian rhythm and food consump-
tion. Impairments in balance and gait were confirmed in the chronic and acute models, 
respectively, with the latter showing significant correlation with lesion size. The sub-
acute model, by contrast, presented with generalized hyperactivity. Both, motor and 
non-motor changes were identified in the acute and sub-acute regime where habitua-
tion to a novel environment was significantly reduced. Moreover, we report increased 
water and food intake across all three models. Overall, the acute model displayed the 
most severe lesion size, while across the three models striatal dopamine content (DA) 
did not correlate with the behavioral performance. The present study demonstrates 
that detection of behavioral changes following MPTP exposure is challenging and does 
not correlate with the dopaminergic lesion extent.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of International Society for Neurochemistry.

Abbreviations: DA, Dopamine; DAT, dopamine transporter; ENS, enteric nervous system; HPLC, high performance liquid chromatography; LDB, light-dark box; L-DOPA, l-3,4-
dihydroxyphenylalanine; MAOB, monoamine oxidase B; MPP+, 1-methyl-4-phenylpiridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MS, motor symptoms; NMS, 
non-motor symptoms; PD, Parkinson Disease; RRID, Research Resource Identifier (see scicr​unch.org); SNpc, Substantia Nigra pars compacta; STR, Striatum.
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1  |  INTRODUC TION

Parkinson's disease (PD) manifests itself in an age-dependent manner 
due to spreading of Lewy bodies in the brain and progressive neurode-
generation. Modelling PD in rodents and primates has proven challeng-
ing despite the numerous pharmacological and genetic tools available. 
The general consensus about the ideal animal model of PD is that it 
should present the following characteristics: (1) a fully formed dopami-
nergic system at birth; (2) a gradual loss of neurons during adulthood 
that significantly affects the substantia nigra pars compacta (SNpc) re-
gion and other nuclei and traits; (3) motor symptoms (MS) arising from 
the loss of dopamine (DA) in the striatum (STR); and (4) pathological pro-
teinaceous inclusions that are positive to α-synuclein (α-syn). To date, 
there is no animal model that can fully recapitulate all the pathological 
hallmarks of PD. Currently, the model that most closely mimics PD is 
the pharmacological administration of 1-methyl-4-phenyl-1,2,3,6-tet
rahydropyridine (MPTP) to non-human primates (Cohen et al., 1984; 
Forno et al., 1986). A quick PubMed research for publications contain-
ing the acronym MPTP in the title showed that between 1997 and 2016 
the number of publications on PubMed rose steadily from about 62 to 
161 per year. Nonetheless, in mice the administration of MPTP pro-
duced many inconsistencies in terms of histology, neurochemistry and 
behavior depending on strain, age and sex (Antzoulatos et al., 2010; 
Pothakos et al., 2009; Quinn et al., 2007; Sedelis et al., 2000; Sedelis 
et al., 2001; Tillerson et al., 2002). Today's lack of behavioral guidelines 
on the MPTP mouse model of PD is due to the large number of dis-
cordant publications on one hand, and the nature of behavioral read-
outs characterized by high variability and poor reproducibility on the 
other (Luchtman et al., 2009; Pothakos et al., 2009; Rozas et al., 1998). 
Such inconsistencies prompted us to quantify the extent of the MPTP 
lesion at the nigrostriatal level and determine whether the behavioral 
performance is affected by the MPTP toxicity. Adding to this, the 
emergence of multiple MPTP administration regimens, administration 
routes, and the use of adjuvants (Irwin et al., 1987; Lau et al., 1990; 
Zuddas et al., 1989) make the picture even more convoluted. Caution 
must also be taken when assessing certain transitory behavioral traits 
occurring prior to the stabilization of the MPTP neurotoxic lesion. Such 
changes give rise to behavioral patterns not necessarily related to DA 
loss but instead might be the result of acute MPTP toxicity as well as 
transient compensatory mechanisms taking place in the basal ganglia 
(Huang et al., 2017). We have found four reports in total comparing be-
havioral anomalies among various MPTP regimens (Gibrat et al., 2009; 
Goldberg et al., 2011; Luchtman et al., 2009; Petroske et al., 2001). In 
2001 Petroske and colleagues compared the sub-acute (five intraper-
itoneal (i.p.) injections of 30 mg/kg MPTP/day) versus a chronic regi-
men (10 i.p. doses of 25 mg/kg every 3.5 days) combined with 250 mg/
kg of the adjuvant probenecid supposed to reduce renal excretion of 
MPTP. They reported fluctuating changes in DA content in the STR for 
the sub-acute regimen but opted for the chronic model claiming that 

variability is smaller in favor of a greater lesion extent, which led to the 
appearance of motor deficits using the Rotarod apparatus (Petroske 
et al., 2001). Lutchman and colleagues have carried out a more exten-
sive behavioral characterization using the same MPTP regimens in ad-
dition to a third acute MPTP model (four i.p. doses of 20 mg/kg 2 h a 
part). Despite remarkable differences noted across the three regimens 
in relation to the behavioral performance, they failed to identify PD 
relevant behavioral endpoints robust enough to discriminate between 
healthy controls and MPTP treated subjects. The only exception was 
the presence of an impaired RotaRod performance in the acute and 
chronic/probenecid models. Noteworthy, behavioral testing was car-
ried out only 2 days after the last MPTP injection, allowing no time for 
the establishment of a dopaminergic lesion and the dissipation of the 
acute toxic effects of the MPTP (Luchtman et al., 2009). A more am-
bitious study designed to investigate the cumulative effects of MPTP 
in C57BL/6J mice used a progressive MPTP regimen (28 incremental 
i.p. MPTP injections ranging from 4 mg/kg to 32 mg/kg per day). Once 
again, most of the behavioral testing was carried out during or only 
2 days after the last MPTP injection which resulted in failure to identify 
any reliable behavioral deficits in olfaction, rearing, and parallel rods. 
The only exception was the reduced number of rearings reported after 
a 3-week wash-out period (Goldberg et al., 2011). In synthesis, the re-
ports generated on MPTP are based on a large and variable number 
of MPTP dosages, experimental conditions, mouse strains, and behav-
ioral assessments making it extremely difficult to pinpoint the underly-
ing neuropathological mechanism responsible for the manifestation of 
certain behavioral deficits.

Today, PD is seen as a heterogeneous multi-systemic disorder with 
clinically distinct MS and non-motor symptoms (NMS) (Klingelhoefer 
& Reichmann, 2017) with the appearance of MS (Tremor, Rigidity, 
Akinesia and Postural instability/TRAP) allowing the clinical diag-
nosis of PD (Jankovic,  2003; Rodriguez-Oroz et al.,  2009). So far, 
several attempts to replicate the resting tremor in PD mouse models 
have failed with the exception of motor and gait alterations being 
well documented in the sub-acute MPTP regime (Wang et al., 2012). 
Symptoms such as akinesia, dyskinesia, and bradykinesia entail in-
ability to initiate voluntary movements, presence of uncontrollable 
involuntary movements, and slowness of movements, respectively. 
With this regard, a test that accounts for neuromuscular strength, 
coordination, and rigidity is the inverted grid/traction test for which 
we have previously developed an innovative analysis algorithm for 
the identification of movement patterns. Yet, even this highly sensi-
tive tool did only reveal a small impairment in coordination following 
acute MPTP intoxication (Niewiadomski et al., 2016b).

The incidence of NMS in PD patients ranges from 88% 
(Shulman et al., 2001) up to 98.6% (Barone et al., 2009). To date, 
the neuropathological bases of NMS are not fully understood, 
and in addition to the reduced DA content, altered levels of sero-
tonin (5-HT), norepinephrine and acetylcholine are likely to be the 

K E Y W O R D S
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, behavioral symptoms, dopamine, dopaminergic 
neurons, nigrostriatal lesion
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    |  123SANTORO et al.

underlying cause (Bohnen et al.,  2015; Grimbergen et al.,  2009; 
Lou et al., 2015; Olivola et al., 2014). Varying between epidemio-
logical studies, occurrence of depression ranges from 35% to 58% 
and anxiety, panic attacks, and other phobias appear in 40% of PD 
cases (Pontone et al., 2011; Richard, 2005). Attempts to detect de-
pression and psychosis in MPTP mouse models have met with little 
success (Okano et al., 2019, Li et al., 2018). Among the NMS, de-
mentia is one of the most disabling; with up to 80% of PD patients 
being affected during advanced stages of the disease (Aarsland 
et al.,  2003), while mild cognitive impairment occurs in 25% of 
non-demented PD patients at any time (Aarsland et al.,  2010). 
Cognitive impairments in the MPTP mouse model have been re-
ported using the water maze in a chronic MPTP/probenecid model 
(Carta et al.,  2013) but not after the sub-acute injection regime 
(Wang et al., 2021). Passive avoidance tests highlighted memory 
deficits only in the sub-acute model so far (Haga et al., 2019; Zhao 
et al.,  2017). Disorganized sleep and alterations in circadian and 
ultradian rhythms are very common in PD with prevalence rang-
ing from 70 to 90% (Claassen et al., 2010; Svensson et al., 2012). 
Nonetheless, such alterations have not been found in the acute 
and chronic mouse models of MPTP (Fifel et al.,  2013; Tanaka 
et al., 2012). For a more comprehensive review of the behavioral 
tests and paradigms reported on the MPTP mouse models see 
Kasahara et al. (2017) and Sedelis et al. (2001).

Here, we revisited the issue of multiple MPTP injection regimes 
and their effects on (a) behavioral testing and (b) biochemical and 
histological quantification of the lesion extent, followed by (c) a cor-
relation analyses between selected proxies. Behavioral testing was 
only carried out after full-blown establishment of the dopaminer-
gic lesions based on existing literature. From highest to lowest the 
lesion extent appeared in the following order acute>chronic>sub-
acute model combined with impairments in gait and non-associative 
habituation to a novel environment. Some issues with balance were 
identified for the chronic model while the sub-acute regimen in-
duced generalized hyperactivity. A novel finding for all models was 
the significant increase in food and water intake posing questions 
regarding the metabolic impairment and/or alteration of the gastro-
intestinal apparatus.

2  |  METHODS

2.1  |  Animals

Male C57BL/6 mice 8 weeks old were purchased from Charles River 
laboratories (RRID:IMSR_CRL:027). Mice between 8 and 10 weeks 
of age present highest expression levels of the monoamine oxidase 
B (MAOB) enzyme responsible for the reduction of MPTP to its toxic 
metabolite 1-methyl-4-phenylpiridinium (MPP+) (Jackson-Lewis & 
Przedborski, 2007). Unless otherwise specified, animals were group-
housed (four/five per cage) in environmentally controlled rooms 
(19.5–21.5°C, 60–65% relative humidity) with a 12-h light/dark 
cycle (lights on at 7 a.m.) and transition phases of 60 minutes (min) 

simulating dawn and dusk. Mice were held in open housing Macrolon 
type II cages (Techniplast, cat. n.: 1284 L) with corncob bedding and 
free access to water and food (CRM, Special Diets service, cat. n.: 
801151). Wood chippings, paper wool, and cardboard tubes were 
used as environment enrichment (1 cage change per week, handling 
by tail lift). All the procedures including animal housing and hold-
ing were performed in agreement with the United Kingdom Animal 
(Scientific Procedures) Act 1986, the EU directive 63/2010EC, the 
Federation of European Laboratory Animal Science Association 
(FELASA) guidelines (Guillen,  2012) and further approved by the 
local Ethics Review Committee.

2.2  |  MPTP regimens and cohorts

MPTP hydrochloride (MPTP·HCl) was purchased from Sigma Aldrich 
(Sigma, cat. n.: M0896). MPTP handling, and injections were car-
ried out following the guidelines and safety procedure described by 
Jackson-Lewis and Przedborski (Jackson-Lewis & Przedborski, 2007). 
Three different MPTP regimens were administered:

1.	 Acute - i.p. injection of 20 mg/kg of MPTP (free base) or 0.9% 
saline solution every 2 h for a total of four injections in 1 
day. MPTP n  =  10, saline n  =  12, Figure  1a (Przedborski & 
Vila,  2003). The attrition rate in the MPTP treated group was 
of 44% with a reduction of sample size from 18 to 10.

2.	 Sub-acute - i.p. injection of 30 mg/kg of MPTP (free base) or 0.9% 
saline once a day for five consecutive days. MPTP n = 17, saline 
n = 12, Figure 1b (Burns et al., 1983; Przedborski & Vila, 2003). 
The attrition rate in the MPTP treated group was of 5% with a 
reduction of sample size from 18 to 17.

3.	 Chronic - i.p. injection of 4 mg/kg MPTP (free base) or 0.9% saline 
once a day for 28 consecutive days. MPTP n = 11, saline n = 9, 
Figure 1c (Bezard et al., 1997b; Huang et al., 2017). The attrition 
rate in the MPTP treated group was of 5% with a reduction of 
sample size from 12 to 11.

Trained personnel performed the i.p. injections into the upper 
peritoneum to avoid bowel puncture. Cages were equipped with a 
heating pad that prevented loss of body heat following the MPTP in-
jections. None of the deceased mice due to the MPTP systemic toxic 
effects have been replaced. In addition, mushed food and hydrogel 
were temporary placed on the floor of the cages for 48 h following the 
last MPTP injections. No randomization was performed to allocate 
subjects in the study. Mice were arbitrarily allocated to the six groups.

2.3  |  Behavioral testing

The behavioral characterization of the three MPTP models (acute, 
sub-acute, and chronic; see Figure 1d) began 2 days after estab-
lishment of full-blown lesion at nigrostriatal level. The time win-
dow necessary for the establishment of the lesion extent is equal 
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to 7 days for the acute regime and 21 days for the sub-acute and 
chronic regimen following the last MPTP injection (see Figure 1a–c) 
(Bezard et al., 1997b; Burns et al., 1983; Przedborski & Vila, 2003). 
All behavioral experiments were performed on weekdays from 
9 a.m. to 4 p.m. except for the PhenoTyper measurements consist-
ing of seven consecutive days of uninterrupted home cage video 
recording. Behavioral apparatuses were cleaned with 70% ethanol 
between animal trials. All the behavioral testing and analyses were 
done with the operator being blind to the study treatments.

2.4  |  Tests for stamina, balance, and gait

2.4.1  |  Rotarod

We tested the stamina of the animals using an accelerating Rotarod 
(Model 47 700, Rat Rotarod) consisting of a furrowed drum with a 6 
centimeters (cm) diameter and four lanes each 8.6 cm wide. Subjects 
were tested at 4 and 21 days after the establishment of the lesion. 
Mice were placed on the Rotarod at an initial speed of two rotations 
per minute (rpm) accelerating to the maximum speed within the first 
30 seconds (sec) (8 rpm—first trial; 12 rpm—second trial). The trial 
was terminated when the animals either fell off the drum or when 
the cut-off time point of 600 sec was reached. Animals that fell off 
within the initial 30 s were reassessed a second time only. Latency to 
fall was recorded and considered as a proxy of physical endurance 
(Hull et al., 2020).

2.4.2  |  Balance beam test

The balance beam test is used to assess motor coordination and bal-
ance in rodents. In our study, mice were required to traverse three 

50 cm long circular beams with different cross-sectional diameter 
in the following order: 28, 11, and 5 millimeters (mm). Beams were 
placed at 30 cm from the ground and inclined at 30°. Beams were 
covered with surgical tape to offer sufficient grip and soft bedding 
was placed underneath the beams. Latency to traverse the beam and 
number of foot slips were recorded manually during one trial only. 
The test was ended either when the animal had completed the task 
or when the cut-off point of 30 sec was reached without completion 
of the task.

2.4.3  |  CatWalk

Gait assessment was performed using the CatWalk XT apparatus 
and the software CatWalk XT 10.0 (Noldus IT, Wageningen, The 
Netherlands). The operation principles of the CatWalk were de-
scribed elsewhere (Wang et al.,  2012). During the trial mice were 
allowed to walk freely across the glass platform (dimension: length 
40 cm, width 10 cm) in an unforced manner for three times. Runs 
across the walkway were considered successful only when the run 
duration was between 0.5 and 5 s. Only one run per trial was ana-
lyzed based on duration and continuity of the run. Table 1 lists the 
definitions of the different gait parameters used in this study based 
on previous literature (Wang et al., 2012).

2.5  |  Anxiety and anhedonia

2.5.1  |  Light–dark box (LDB)

The LDB apparatus consists of two Perspex® boxes: a bigger open 
white compartment lid (30 × 30 × 30 cm, 208 lux) and a smaller dark 
compartment (30 × 20 × 25 cm, 0.1 lux) (George et al.,  2008). The 

F I G U R E  1  Flow charts of the three MPTP regimens and behavioral tests. (a) Acute regimen: nigrostriatal lesions establish during 7 days 
post MPTP. (b) Sub-acute and (c) chronic MPTP administration regimens with 21 days for emergence of the full-lesion extent. (d) Series and 
sequence of behavioral tests applied with minimal invasive/aversive paradigms administered first.
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    |  125SANTORO et al.

two compartments were connected by a hemi-circular aperture at 
floor level with a diameter of 7.5 cm. Animals were placed in the light 
compartment and allowed to freely explore the apparatus for 10 min. 
Latency to first entry into the dark compartment and time spent 
in the light compartment were video recorded using the software 
Ethovision XT 6 (Noldus IT).

2.5.2  |  Olfactory discrimination test

Rodents tend to spend more time on sawdust impregnated by their 
own body scent in comparison to fresh sawdust (Prediger et al., 2006). 
The apparatus used in the present test consisted of one Perspex® 
box divided into two compartments (43 cm length × 26 cm wide) 
by a Perspex® wall with a communicating aperture at floor level 
(10 × 10 cm) allowing the mouse to freely move between the two. One 
compartment contained fresh sawdust (non-familiar compartment), 
whereas the other compartment was filled with sawdust from the 
home cage of the tested mouse (familiar compartment). Mice were 
individually housed for ≥36 h prior to the test (Prediger et al., 2006). 
Animals were placed in the middle of the non-familiar compartment 
and allowed to freely explore the apparatus for 15 min. Time spent in 
each compartment, latency to first entry into familiar compartment 
and distance moved were measured using a video camera and re-
corded by Ethovision XT 6 software (Noldus IT).

2.5.3  |  Sucrose preference test

The test is based on the natural preference of rodents for sweet 
liquid solutions over water. The preference for the sucrose solu-
tion is related to the ability to feel pleasure and consequently to 
hedonic behavior. Animals were individually housed in wire-top 

shoe-box cages and tested over a period of 48 h. During the test 
two bottles were presented to the animals on top of the wire lid, 
one containing water, the other containing sucrose solution at 1% 
(sucrose Fisher scientific cat. n.: AAJ65148A1). Animals had free 
access to the two bottles and food. The bottles were swapped 
after a period of 24 h to avoid side preference bias. Water and su-
crose consumption were recorded manually at two different time 
points (24 and 48 h). Preference for the sucrose solution (SP) ex-
pressed as a percentage was determined by dividing the volume 
of sucrose consumed by the total volume of liquid drunk as per 
Equation 1 (Strekalova et al., 2006).

2.6  |  Home cage recording and habituation 
to novel environment

Mice were individually housed in PhenoTyper home cages sup-
ported by the multi-arena software Ethovision 3.1Pro (Noldus IT) as 
described previously (Bains et al., 2017; Robinson et al., 2013). Each 
PhenoTyper cage was 30 × 30 cm with an infrared-sensitive cam-
era and an infrared light source positioned at the top of each cage. 
Behavioral activity was tracked for 7 consecutive days with a sampling 
rate of 12.5 Hz. To measure habituation, we used locomotion as an 
indicator of the animal's response to the new environment measured 
during the first 3 h since housing in the PhenoTyper cages. Data were 
extracted in time bins of 10 min and tested against the one-phase 
exponential decay algorithm Y =

(
Y0 − Plateau

)
∙ e(−K∙t) + Plateau , 

where Y = distance covered at any given time t, K = decay constant, 
and Y0 = motor activity at time t = 0. The locomotor activity of indi-
vidually housed mice strongly correlates with the dark/light phases; 
therefore, in the present study locomotion was also used as a param-
eter to assess circadian rhythms over a period of 114 h, from day 3 
to day 7. During the habituation phase activity data were reported 
as distance in cm per 10-min time bins over a period of 3 h, while 
circadian rhythm data were reported in cm per 2-hour time bins for 
5 consecutive days. Consumption of food and water was measured 
manually by weighing the food hoppers at day 1 and daily from day 
4 to day 7.

2.7  |  Cognition

2.7.1  |  Barnes maze

Cognitive differences between MPTP and saline injected animals were 
sought using the Barnes maze apparatus (O'leary & Brown, 2012). The 
apparatus consists of a circular arena of grey color made of stainless 
steel (Ugo Basile, Gemonio, Italy) with a diameter of 120 cm elevated 
80 cm above the floor and containing sixteen holes (with a diameter of 
8 cm) equidistantly distributed along the perimeter of the arena 2.5 cm 
away from the edge. The platform was brightly illuminated using four 

(1)SP =
Volume of sucrose

Total liquid intake
× 100

TA B L E  1  Definition of parameters considered during the 
quantitative analysis of gait acquired with the CatWalk/CatWalk 
XT system

Gait parameter Definition

Average speed (cm/sec.) Speed of the animal

Cadence (step/sec.) Number of steps per second

Base of support (cm) Distance between either front or hind 
paws

Swing speed (cm/sec.) Speed of the paw during swing

Stride length (cm) Distance between two consecutive 
placements of the same paw

Stance (sec.) Contact duration of the paw with the 
glass platform

Step cycle (sec.) Time between two consecutive 
contacts of the same paw

Duty cycle (%) Stance reported as percentage of step 
cycle

Regularity index (%) Number of normal step sequence 
patterns relative to total number of 
paw placements
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126  |    SANTORO et al.

floodlights of 500 volts each to provide an aversive stimulus that will 
motivate the mice to locate the escape box. The escape box made of 
black Perspex was placed under the same hole (North hole) through-
out the trials. Various visual clues were placed in the environment 
surrounding the maze. Animals were released into the center of the 
arena and tested over a period of 5 days; on day 1 animals were habitu-
ated to the maze through free exploration of the apparatus for 5 min. 
During habituation (day 1), curtains were drawn around the maze and if 
animals failed to locate the escape box (within 120 s), they were gently 
guided towards it. During the acquisition phase (from day 2 to day 5) 
the curtains were removed, and animals were tested twice daily with 
an inter trial interval of 15–20 min, for four consecutive days. Released 
into the center of the arena, mice who failed to locate the escape 
box within 120 s were guided to the escape box by the experimenter. 
During the training phase, primary path length and speed were used as 
primary endpoints to measure the visuospatial learning ability of the 
mice. Software ANY-MAZE (Stoelting) was used for video-recording, 
data acquisition, and data extraction.

2.8  |  Assessment of MPTP-induced lesion extent

2.8.1  |  Tissue harvesting

For lesion quantification all animals in each group were sacrificed after 
completion of the behavioral battery (Figure 1). Animals were quickly 
decapitated, brains removed, striata isolated from one hemisphere and 
immediately snap frozen in liquid nitrogen for high-performance liquid 
chromatography (HPLC) analysis. The rest of the brains were post fixed 
for 24 h in 4% paraformaldehyde and cryopreserved in 0.1 M phos-
phate buffer (PB) containing 30% sucrose for histology assessment. 
Given that DA levels in the STR can fluctuate quite dramatically fol-
lowing environmental changes and stressors (Shimada,  1981; Shum 
et al.,  1982), it is important to adopt handling and culling methods 
that minimize stress, i.e. decapitation or cervical dislocation (Shum 
et al., 1982; Zaczek & Coyle, 1982). The operators were maintained 
blind to the study treatment during the assessment of lesion extent.

2.8.2  |  Stereological cell counting of nigral tyrosine 
hydroxylase (TH)-positive neurons

An average of 50 coronal brain sections 30 μm thick were obtained from 
ventral midbrain covering a brain portion of about 1.44 mm ranging 
between −3.88 and −2.46 from Bregma according to the Paxinos and 
Franklin's brain atlas (Paxinos & Franklin, 2019) using a Leica CM1850 
cryostat (Leica Microsystems). Every fourth coronal section was se-
lected for a total of 12 sections per brain. The free-floating staining 
procedure was carried out in 0.1 M phosphate buffer (PB). Following in-
hibition of endogenous peroxidases (10% Methanol and 3% hydrogen 
peroxide), unspecific binding sites were blocked with 5% normal goat 
serum (NGS, Vector Laboratories, UK, RRID:AB_2336615). Sections 
were then incubated with rabbit polyclonal anti-TH (1:1000 Millipore, 

UK, RRID:AB_390204) in 2% NGS, for 48 h at 4°C. After washing, sec-
tions were incubated with biotinylated goat polyclonal anti rabbit sec-
ondary antibody (1:200, Vector Laboratories, RRID:AB_2313606) in 
2% NGS, for 1 h at 21°C. Sections were then incubated with Vectastain 
ABC standard kit™ (Vector Laboratories, RRID:AB_2336818), as 
per manufacturer instructions. Revelation of TH positive cells was 
done using a solution containing 0.30 g of Trizma pre-set crystal™, 
(Millipore Sigma, UK, cat. n.: T0569) 12.5 mg of 3,3′-diaminobenzidine 
(DAB method, Sigma, UK, cat. n.: D8001), 10 mg of NH4Cl, 225 mg of 
Glucose oxidase (Sigma) and 50 mg of D-(+)-glucose (Sigma) in 25 ml 
of water. Sections were then counterstained with Lauth's violet (Nissl 
stain, thionin acetate, Sigma, Cat. n.: 88930), dehydrated and cover-
slipped with Entellan medium (VWR Chemicals, Cat. n.: 1.07961.0100). 
TH- and Nissl-positive neurons in the SNpc were stereologically 
counted in bright field via optical fractionation method using the 
Zeiss Axio Imager M1 microscope (Carl Zeiss) and the software Stereo 
Investigator Version 7 (MBF Bioscience). Endpoints are presented as 
total number of cells extrapolated based on the sample size. Size of the 
sampling grid covered 20% of the SNpc and area of each section and 
the thickness is defined, respectively, by Equations 2 and 3 (A = area, 
t−
Q−

= average section thickness, ti = section thickness at site I, Qi = par-
ticles counted, m = number of sections).

2.8.3  |  Quantification of striatal TH-positive fibers

Every eighth section (30 μm thick) was collected for an average of 
thirteen striatal sections per brain (−1.70 to +1.54 from Bregma). 
Striatal TH-positive fibers were stained as per TH-positive cells 
in SNpc using the Vectastain ABC Elite kit™ (Vector Laboratories, 
RRID:AB_2336826). Sections were then dehydrated and mounted 
on slides using Entellan medium (VWR Chemicals, Cat. n.: 
1.07961.0100). Optical density assessment of TH-immunoreactive 
striatal fibers was conducted on scanned images (Hewlett Packard 
Scanjet G3110, Bracknell) using Scion image software and the 
Equation 4 where “y” is the optical density, “x” is the grey value and 
“255” is the value attributed to the maximum intensity i.e. black 
(Version 4.0.3.2 Scion Corporation). Background values yielded by 
cortical regions were subtracted to the striatal values. Raw optical 
density values from each section were averaged per each brain.

2.8.4  |  HPLC analysis of neurochemicals

Striatal content of DA, serotonin (5-HT) and their metabolites 
3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 

(2)A =
1

2

(
x0yn − xny0

)
+

n−1∑
i=1

(
xi+1yi − xiyi+1

)

(3)t−
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and 5- hydroxyindoleacetic acid (5-HIAA) was quantified using the 
Thermo Fisher HPLC system consisting of a solvent rack SRD3400, 
isocratic pump ISO-3100A, autosampler WPS-3000 TSL analytical 
and computer interface UCI-50 (Dionex). The method was previ-
ously described (Nuber et al., 2011). Striata were sonicated in 1.5-
ml tubes using the Bandelin Sonoplus GM2070 sonicator (Germany) 
in 0.1 M perchloric acid aqueous solution (1:20 wt/vol). Samples 
were then centrifuged at 20 784 g (Mikro 200R Hettich). The mo-
bile phase used contained: 50 mM of sodium acetate, 35 mM of cit-
ric acid, 105 mg/L of sodium octane sulfonic acid (Fisher Scientific), 
48 mg/L of ethylenediaminetetraacetic acid (EDTA, VWR chemicals), 
and 10% methanol (Fisher Scientific). An isocratic flow of 0.2 ml/min 
and the analytical column Acclaim PA2, 3 μm, 2.1 × 150 mm (Dionex, 
Acclaim, Cat. n.: 063189) were used to separate the neurotransmit-
ters that were then detected with an electrochemical analytical cell 
ESA 5011A set at 650 mV connected to the ESA Coulochem II detec-
tor (guard cell ESA 5020). Data regarding the striatal content of DA, 
5-HT and their metabolites were gathered using the Chromeleon 
chromatography management system (Thermo Fisher, UK) and re-
ported as both nanograms (ng) or picograms (ρg) per milligrams (mg) 
of brain tissue.

2.9  |  Statistical analysis

Group size was empirically determined based on previous ob-
servations carried out in our laboratory, which have proven to be 
statistically robust with regard to the quantification of lesion size 
at nigrostriatal level (Santoro et al., 2016). Statistical power of the 
study was determined a posteriori using Equation 5 with α set at 0.05 
and β set at 0.2.

Equation 5 was developed based on previously published work (Levine 
& Ensom, 2001; Rosner, 2011) where n1 = samples size of the control 
saline group, n2 is the samples size of the MPTP group, Δ = is the ab-
solute difference between the two means, σ1 and σ2 variance of saline 
and MPTP mean, respectively, α probability of type I error, Z critical Z 
value for a given α, and Ф function converting the critical Z value to 
power. Power is reported in supplementary material (Table S1) for pair-
wise comparison of the following nigrostriatal lesion endpoints: striatal 
DA content, striatal dopamine fibers (TH immunoreactive) and SNpc 
TH-positive cells. Post-hoc power is mathematically expressed as the 
probability of type II error (β) and reported as percentage of 1-β. All the 
primary nigrostriatal lesion data sets had a statistical power between 
95.2 and 100% (Table S1). Prior to the implementation of any statistical 
comparison or correlation, the D'Agostino and Pearson omnibus test 
was applied to confirm normal distribution of all data sets; while Grubbs' 
test was used to detect significant mathematical deviations of single 
data points from the mean (outliers) (Grubbs, 1969; Stefansky, 1972). 

The true sample size per each group has been reported in each bar 
graph, line graph, or scatter plot after the removal of the outlier based 
on Grubbs' test only (α = 0.05). Any data point loss due to experimental 
reason is clearly stated in the figure caption along with the experimen-
tal group size prior to any outlier exclusion. No animals were excluded 
based on behavioral performance unless mice were not able to com-
plete the task. Such occurrences are clearly reported in the figure cap-
tions. Due to the different number of injections, duration, and timelines 
required for the stabilization of the MPTP neurotoxic lesion, each MPTP 
regimen constitutes an independent experiment. Hence, to evaluate 
significant changes induced by MPTP treatment in each cohort, the 
two-tailed student's t-tests was used, except for pairwise comparison 
of the lesion extent at nigrostriatal level where the one-tailed student's 
t-test was used to assess the scale of reduction of TH-positive fibers, 
cells, and striatal catecholamines. Comparisons to chance level was 
performed using the one-sample t-test for sucrose preference, LDB, 
and olfactory discrimination test, with the hypothetical chance level set 
at 50%. Correlation analyses using Pearson's test was conducted on all 
data sets to determine any relationship between lesion extent and be-
havioral performance. To compare the MPTP effects across the three 
regimens, data sets were normalized to their control groups and then 
compared using the parametric factorial analysis of variance including 
the saline control groups (one-way ANOVA). This approach accounts 
for inter-experiment variability by normalizing the data sets against the 
saline control groups allowing to seek a size effects induced by each 
MPTP regimen. More importantly, Bonferroni post-hoc analyses were 
applied to MPTP cohorts only to reveal significant differences across 
the treated cohorts. If data sets were characterized by two indepen-
dent variables, two-way ANOVA was used followed by applicable post-
hoc tests as described above. Alpha was always set at 5%. Statistical 
analyses were performed using Prism version 5.1 (GraphPad).

3  |  RESULTS

3.1  |  Quantification of the nigrostriatal lesion 
across the three MPTP models

The neurotoxic cell death induced by MPTP occurs in a rostro-caudal 
fashion spreading from striatal nerve terminals to the cell bod-
ies located into the SNpc (Chen et al.,  2008). The data presented 
in Figure 2 show the neurotoxic effects of MPTP on the following: 
(1) content of DA and its metabolites in the STR, (2) density of TH-
positive fibers in the STR, and (3) number of TH and Nissl-positive 
neurons in the SNpc. The data were normalized to each saline coun-
terpart, while the three saline groups have been condensed into 
a single bar with three different standard deviation (SD) bars, one 
per each saline group. The HPLC neurochemical quantification of 
DA content in the STR (see Table S2 for raw data and Table S3 for 
variability) revealed significantly lower levels across the three MPTP 
regimes (Figure 2a). The acute MPTP regimen induced the greatest 
reduction in DA content by approximately 68% (t = 4.53, df = 20, 
p  =  0.0001, one-tailed t-test), compared with the chronic regime 

(5)Power = Φ
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(43% t  =  4.24, df  =  17, p  =  0.0003) and the sub-acute dosage of 
MPTP (43.7% t = 4.3, df = 27, p < 0.0001). DA levels were equally 
lowered by the MPTP treatment across all three regimens (one-way 
ANOVA: F[5,64] = 11.81, p < 0.0001); with the post-hoc analysis re-
vealing no differences among the three MPTP treated groups.

The metabolite DOPAC (Figure 2b) was significantly reduced in 
both the acute and chronic model, but not in the sub-acute regimen 
(t = 1.202, df = 26, p = 0.24) suggesting perhaps an increased turn-
over of DA as compensatory mechanism, which was also reported 
elsewhere (Heikkila et al.,  1984). Striatal DOPAC was lowered by 

F I G U R E  2  Lesion extent quantification across the three MPTP models. Post-mortem histopathological and neurochemical assessment 
of the MPTP neurotoxic lesion at nigrostriatal level. Quantitative data are normalized to the respective saline control groups for direct 
comparison. Data are expressed as mean, SD (a) dopamine (DA), (b) 3,4-dihydroxyphenylacetic acid (DOPAC) and (c) homovanillic acid (HVA) 
levels measured in the striatum by HPLC. (d) 3,3′-diaminobenzidine (DAB) immunostained coronal brain sections for tyrosine hydroxylase 
(TH)-positive neurons in the substantia nigra pars compacta (SNpc) (scale bar = 0.5 mm) and (e) TH-positive fibers at striatal level (scale 
bar = 1 mm). (f) Number of stereologically counted TH-positive neurons in the SNpc and (g) Striatal TH-positive fibers quantified via 
optical density analysis. (h) Number of Nissl-positive neurons in the SNpc. Comparison between relative saline control groups and each 
MPTP regimen cohort was performed using two-tailed student t-test with confidence of interval at 95% *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. All the cohorts pertaining to the MPTP models were compared using one-way ANOVA followed by Bonferroni post-hoc tests 
where applicable to seek for differences among MPTP cohorts only #p < 0.05, ##p < 0.01. A = acute, saline n = 12, MPTP n = 10; S = Sub-
acute, saline n = 12, MPTP n = 17; C = chronic, saline n = 9, MPTP n = 11. n = number of mice. For the Nissl− + and TH − + − cells data set the 
acute saline group and the sub-acute MPTP group have one missing datapoint due to low quality of the tissue. For striatal TH − + fibers the 
chronic saline group has one missing data point due to low quality of the tissue. Actual sample size after outliers exclusion is stated on top of 
each bar chart.
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57% and 58% following the acute (t = 3.25, df = 19, p = 0.0042) and 
chronic regimen, respectively, (t = 3.59, df = 18, p = 0.0021) with 
the one-way ANOVA revealing a significant difference (F[5,63] = 6.66, 
p < 0.0001) (Figure 2b). Likewise, the levels of the downstream me-
tabolite HVA (Figure 2c) were significantly reduced after the acute 
and chronic MPTP treatment (acute: t = 2.66, df = 20, p = 0.015; 
chronic: t = 3.28, df = 18, p = 0.0042) with a significant MPTP effect 
(F[5,65] = 4.10, p < 0.0027). The ratios of DOPAC/DA and HVA/DA 
shown in the Table S2 are indicators of DA catabolism and therefore 
DA turnover. A significant increase in DA turnover was observed in 
the sub-acute model as per increased ratios of DOPAC/DA (t = 4.62, 
df = 26, p < 0.0001) and HVA/DA (t = 9.66, df = 26, p < 0.0001). By 
contrast, weaker effects were observed in the acute and chronic 
treatment with significant changes observed only for HVA/DA and 
DOPAC/DA ratios, respectively (Table S2). Striatal levels of 5-HT and 
5-HIAA remained unchanged as well as the turnover of the serotonin 
across the three different models (Table S2). The reduction of DA is 
undoubtedly the consequence of the MPTP toxicity upon dopami-
nergic fibers and TH-positive cells in striatal and nigral regions, re-
spectively (Figure 2d–h). A significant reduction in TH-positive cells 
was observed consistently for all treatments (acute: > 60%, t = 7.7, 
df = 19, p < 0.0001; sub-acute: >50%, t = 12.29, df = 25, p < 0.0001 
and chronic: >40%, t  =  4.25, df  =  18, p  =  0.0002 - Figure  2d–f) 
with the greatest lowering evoked by the acute MPTP administra-
tion. One-way ANOVA revealed an overall significant main effect 
of treatment (F[5,62]  =  34.62, p < 0.0001) with the post-hoc analy-
sis yielding a significant difference between the acute and chronic 
model (t = 3.33, p < 0.01). Likewise, all MPTP regimes reduced TH-
fibers (Figure 2e–g). Compared with chronic and sub-acute adminis-
tration, a severe loss of TH-positive cells in the acute treatment was 
not mirrored by the reduction in TH-positive fibers. In fact, in the 
acute model the loss of TH-positive cells was only ≈ 35% (t = 3.551, 
df = 20, p = 0.001 compared with saline) and was the lowest of all 
the MPTP models. Likewise, the severe lowering of TH-fibers in the 
chronic model (>50%, t = 4.345, df = 17, p = 0.0002) was accompa-
nied by a weaker reduction in TH-positive somata (≈38%, t = 4.248, 
df  =  18, p  =  0.0002). On the other hand, the sub-acute dosing 
lowered TH-positive fibers and cells equally (TH-(+) fibers: > 50%, 
t = 5.883, df = 27, p < 0.0001; TH-(+) cells: > 50%, t = 12.29, df = 25, 
p < 0.0001). One-way ANOVA confirmed an overall treatment effect 
for both TH-positive fibers (F[5,64]  =  14.09, p < 0.0001) and Nissl-
positive cells (F[5,63] = 16.50, p < 0.0001), but only nuanced differ-
ences between the MPTP-treated cohorts (Figure 2g,h). Overall, the 
order of potency for histopathological endpoints was acute>sub-
acute>chronic MPTP administration.

3.2  |  Motor coordination, balance, and gait 
across the three MPTP models

Motor coordination and stamina were assessed with the Rotarod, 
but there was no difference between controls and any of the MPTP 
models (Figure  S1). The balance beam test yielded contrasting 

results for sub-acute and chronic MPTP regimens (Figure 3b,c and 
e,f). For instance, two-way ANOVA revealed that mice in the sub-
acute group were significantly faster at traversing the three different 
beams (main treatment effect: F[1,80] = 7.341; p = 0.0082) (Figure 3b) 
relative to saline. By contrast, chronic MPTP treatment impaired 
motor coordination by increasing the latency independently of beam 
size (F[1,52] = 5.555; p = 0.0222) (Figure 3c). No significant changes 
were produced by acute MPTP administration on latency to climb 
to the top (F[1,58]  =  3.23; p  =  0.0777) or the number of foot slips 
(F[1,60] = 1.643; p = 0.2049) (Figure 3a,d). Although not perturbed by 
the MPTP treatment, the number of foot slips did increase with the 
reduction of beam size confirming that mice find the smaller beams 
more challenging than the wider beams (See Figure S1 for normal-
ized data). Only the quantitative assessment of gait performed 
27 days post-acute MPTP treatment using the CatWalk revealed im-
paired run (normalized to the saline controls) and paw parameters 
(Figure  4). The chronic MPTP treatment increased running speed 
compared to control mice, whereas no effects were induced by the 
sub-acute MPTP regimen. One-way ANOVA of the average speed 
yielded an overall treatment effect (F[5,65] = 5.327, p = 0.0004) with 
post-hoc test confirming the acute MPTP cohort being significantly 
different from the sub-acute (p < 0.01) and chronic (p < 0.0001) 
cohorts, while no overall changes were seen for the base of sup-
port (see Table 1, F[5,65] = 2.296, p = 0.0553). In contrast, the acute 
MPTP regimen alone affected several parameters, including a sig-
nificant lowering of the running speed (t = 2.614, df = 20, p = 0.016), 
and increased the base of support (see Table 1, t = 2.356, df = 20, 
p  =  0.029 - Figure  4a,b). In depth analysis of paw parameters for 
the acutely treated cohort showed that swing speed (F[1,80] = 12.66, 
p  =  0.0006), stride length (F[1,80]  =  9.751, p  =  0.0025), stance 
(F[1,80] = 6.23, p = 0.014), step cycle (F[1,80] = 5.63, p = 0.02), and 
duty cycle (F[1,80] = 12.48, p = 0.0007) were consistently impaired 
(Figure 4c–g). These data are in line with the strongest lowering of 
DA content observed in the acute model. None of these parameters 
were affected by sub-acute or chronic MPTP regimes.

3.3  |  Habituation to novel environment and total 
ambulatory activity in the home cage

The habituation locomotor curves pertaining to the three models fit 
a one-phase non-linear decay function with significant differences 
attained for the acute and sub-acute model. By contrast, the chronic 
model did not reveal any substantial differences in the habituation to 
novel environment (Figure 5 and Table 2). We next asked whether the 
habituation behavior (reduction of ambulatory activity) was different 
for the three MPTP models compared with their respective controls. 
A significant difference was confirmed for both acute and sub-acute 
MPTP cohorts, but not in the chronic model (Figure 5a,d,g; Table 2). 
Circadian and ultradian rhythmicity was evaluated in the PhenoTyper 
home cages by recording ambulation over 4 days/nights from record-
ing day 3 (Monday) until day 7 (Thursday) (Figure 5b,e,f). Overall, lo-
comotor activity binned over 2 h showed the typical circadian rhythm 
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with strongly increased horizontal activity during the night versus light 
hours. All groups showed multi-phasic activity patterns with activity 
peaks early and late during darkness (de Visser et al., 2007). Only the 
sub-acute MPTP treated mice showed a significant increase in locomo-
tor activity (F[11431] = 16.50; p < 0.0001) (Figure 5e), which was most 
prevalent during darkness hours (i.e. active phase). Independent of lo-
comotor activity, enhanced water consumption and food intake were 
consistently observed for all three MPTP models over the 7 days of 
recording (Figure 5e,f,i; all F's > 3.9, p's < 0.05).

3.4  |  Anhedonia, anxiety-like behavior, and 
cognition in MPTP models of Parkinson's disease

The use of the LDB apparatus developed by Crawley and Goodwin 
(Crawley & Goodwin,  1980) revealed a significant reduction in 
the latency to first enter the dark compartment (Figure  6a) solely 
in the sub-acute model (t = 3.676, df = 27, p = 0.001) likely to re-
sult from generalized hyperactivity (distance covered t  =  1.968, 
df  =  27, p  =  0.0297, data not shown, average speed was un-
changed). Furthermore, time spent in the light compartment was 
altered (F[5,70] = 2.67; p < 0.0297) with a significant reduction in the 

sub-acute (saline, p = 0.007; MPTP, p = 0.045) and chronic cohorts 
(saline, p = 0.0081; MPTP, p = 0.0044) relative to the 50% chance 
level (Figure 6b). The sucrose preference test yielded a significantly 
higher consumption of sucrose compared with the 50% chance level 
in all MPTP treated cohorts (acute, p = 0.0012; sub-acute, p = 0.022; 
chronic, p < 0.0001); however, significant differences against control 
groups were not observed (Figure 6c). The olfactory discrimination 
test was implemented to seek anxiety like behavior based on two 
assumptions: (i) MPTP does not induce olfactory alteration in mice 
(Kurtenbach et al., 2013); (ii) healthy mice tend to spend significantly 
more time in the familiar compartment due to their natural aver-
sion toward a novel environment (Kurtenbach et al., 2013; Prediger 
et al., 2006). Nonetheless, the latter assumption was not met based 
on the distribution of the saline cohorts (Figure 6d). The sub-acute 
(p < 0.0001) and chronic MPTP treated mice (p = 0.0216) were the 
sole cohorts spending significantly more time in the familiar zone 
compared with the 50% chance level (Figure  6d). A significant 
MPTP effect was observed on total distance moved (F[5,70] = 10.36; 
p < 0.0001) with post-hoc analyses revealing significant differences 
among the three MPTP treated cohorts. Moreover, pairwise com-
parison revealed a significant increase in activity in the sub-acute 
MPTP cohort compared with the control group (t = 3.842, df = 27, 

F I G U R E  3  Balance across the three different MPTP models. (a–c) Latency to traverse 50 cm long balance beams of three diameters, 05, 
11, and 28 mm in the three MPTP regimens differed considerably. (a) Acute dosing had no effect of balance beam performance. (b) Mice 
treated with the sub-acute MPTP performed significantly better with no effect on number of foot slips. (c) Chronic MPTP significantly 
impaired the ability to traverse the beams but had no effect on number of foot slips. (d–f) The number of foot slips was not affected by the 
MPTP treatments but increased with smaller beam diameter. Balance beam test data were reported as mean, SD and treatment effects were 
analyzed by two-way ANOVA with treatment as between and beam size as within subject factors, followed by two-tailed student t-tests. 
*p < 0.05, **p < 0.01. Acute model, saline n = 12, MPTP n = 10; sub-acute model, saline n = 12, MPTP n = 17; chronic model, saline n = 9, 
MPTP n = 11. n = number of mice. The data set pertaining to the sub-acute regimen for diameter five present one missing data point in both 
the saline and MPTP group, respectively, due to the animal not being able to complete the task. Actual sample size after outliers exclusion is 
stated on top of each bar chart.
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p = 0.0007) and a decrease in the chronic MPTP cohort (t = 2.595, 
df = 18, p = 0.0183) (Figure 6e). The 16-hole Barnes maze did not 
reveal any learning or memory impairments across the three models 
(Figure 6f–h). The path length proxy was not altered in the sub-acute 
cohorts confirming the transitory nature of the hyperactivity pheno-
type observed in behavioral tests administered at earlier time points 
(Figures 1d and 6g). In addition, the test duration for sub-acute MPTP 
cohort was significantly increased (two-way ANOVA: F[1216] = 10.49, 
p < 0.0014, data not shown) suggesting freezing behavior with re-
spect to the augmented velocity Figure 6g. No meaningful changes 

were observed for path length, velocity and test duration for the 
acute and chronic model (Figure 6f,h).

3.5  |  Correlations of nigrostriatal lesion endpoints 
across the models and gait: correlations in the acute 
model only

To validate the accuracy of the nigrostriatal lesion assessment, cor-
relations were probed across the three lesion endpoints (Figure 7). 

F I G U R E  4  Quantitative assessment of gait changes. (a) The overall running speed was reduced by the acute MPTP administration compared 
with the control; chronic MPTP injections increased speed. (b) Base of support defined as average distance between the hind paws expressed in 
centimeters (cm). Acute MPTP increased base of support. Speed and base of support data were reported as mean, SD and normalized to saline 
groups. Saline groups were condensed in one bar chart with individual SD bars (A = acute, saline n = 12, MPTP n = 10; S = sub-acute, saline 
n = 12, MPTP n = 17; C = chronic, saline n = 9, MPTP n = 11. n = number of mice). Differences between MPTP groups were assessed with one-
way ANOVA. (c–g) Gait analysis in the acute model suggests a severe impairment in multiple dynamic and static gait parameters. Stance is the 
time in seconds (s) a paw is in contact with the ground. Step cycle pertains to the time between two consecutive contacts of the same paw with 
the ground. The duty cycle expresses the stance as percentage of the step cycle. The swing speed in the speed at which a paw moves between 
two consecutive contacts with the glass platform while stride length is the distance between two consecutive contact of the same paw with the 
glass platform. Gait measurements from acute MPTP treatment are presented for each individual paw as mean, SD and analyzed with a two-
way ANOVA under null hypothesis that treatment affected gait (RF = right front, LF = left front, RH = right hind, LH = left hind) were equally 
affected by acute MPTP, but no other administration regime followed by Bonferroni post-hoc test *p < 0.05, **p < 0.01, ***p < 0.001. MPTP 
cohorts were compared using one-way ANOVA followed by Bonferroni post-hoc tests where applicable to seek for differences among MPTP 
cohorts only ##p < 0.01 ####p < 0.0001. Actual sample size after outliers exclusion is stated in each bar chart.
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F I G U R E  5  Habituation to novel environment and circadian locomotor activity recorded in PhenoTyper home cages. The locomotor 
readouts obtained within the first 3 h from the acute (a), sub-acute (d) and chronic (g) cohorts revealed a decay fitting the one phase non-
linear regression function described as Y =

(
Y0 − Plateau

)
∙ e(−K∙X) + Plateau. The sub-acute (e) MPTP treatment significantly affected the 

locomotor activity over a period of 4 days (p < 0.0001) highlighting the presence of hyperactivity. No changes in gross locomotor activity 
were observed in acute and chronic regimen (b, h). Circadian and ultradian rhythms were normal in all MPTP cohorts. Water and food intake 
recorded over a period of 7 days across the three models (c, f and i). Data are presented as mean (b, e and h) or mean, SD Data were analyzed 
using repeated measure two-way ANOVA followed by Bonferroni post hoc test for single data point differences; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. Acute model, saline n = 12, MPTP n = 10; sub-acute model, saline n = 12, MPTP n = 17; chronic model, saline 
n = 9, MPTP n = 11. n = number of mice.

TA B L E  2  Summary of the statistical analysis for the habituation to novel environment implemented across the MPTP models

Non-linear fit, exponential one-phase decay function Two-way ANOVA

Treatment groups Y0 Plateau K Tau F (DFn, DFd); p Treatment effect

Acute 4.057 (3386); 
0.0074

F(l,360) = 9.583;
p = 0.0021
Int: n.s.

Saline (n = 12) 2624 ± 140.1 −257.9 ± 345.3 0.009 ± 0.002 108.1

MPTP (n = 10) 2894 ± 204.6 454.2 ± 187.0 0.014 ± 0.004 66.93

Sub-acute 10.80 (1479); 
0.0011

F(1,486) = 35.83;
p < 0.0001
Int: n.s.

Saline (n = 12) 2131 ± 413.7 1269 ± 57.19 0.046 ± 0.028 21.45

MPTP (n = 17) 2428 ± 314.6 1570 ± 58.13 0.038 ± 0.019 26.49

Chronic 0.28 (3352); 
0.8393

F(1,324) = 0.6764;
p = 0.4114
Int: n.s.

Saline (n = 9) 2543 −3766 0.002 489.5

MPTP (n = 11) 2418 −9455 0.001 1073

Note: The habituation to novel environment generated readouts fitting the non-linear exponential one-phase decay function (see Figure 5 legend 
for details). Parameters and constants are reported in the table. Data were generated during the first 3 h of home cage observation and represent 
horizontal locomotor activity averaged into 10-min time bins. Significant differences were sought by comparison of the fits and by two-way analysis 
of variance. Values are reported as mean, S.E. Int. = interaction, n.s. = non significant. n = number of animals.
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    |  133SANTORO et al.

F I G U R E  6  Light–dark box (LDB) test, sucrose preference test, olfactory discrimination test and Barnes maze. (a) Latency to first enter 
the dark compartment of the LDB apparatus and (b) time spend in the light compartment reported as percentage of the total test duration, 
*p < 0.05, **p < 0.01. (c) Sucrose preference measured over a period of 48 h and expressed as percentage of total fluid consumption, 
@p < 0.05, @@p < 0.01, @@@@p < 0.0001. (d, e) Time in familiar zone expressed as percentage of total test duration and overall locomotor 
activity; values were normalized to saline and saline groups condensed in one bar chart. Visuospatial memory test revealed no treatment 
effect. Graphs f–h show the average distance covered by the mice prior entering the target hole as well as the average speed as indicator of 
motor function over a period of 4 days. Differences between saline and MPTP-treated groups were sought using repeated measures two-
way ANOVA. Data presented are expressed as mean, SD (A = acute, saline n = 12, MPTP n = 10; S = Sub-acute, saline n = 12, MPTP n = 17; 
C = chronic, saline n = 9, MPTP n = 11. n = number of mice). MPTP cohorts were compared using one-way ANOVA followed by Bonferroni 
post-hoc tests where applicable to seek for differences among MPTP cohorts only ##p < 0.01 ####p < 0.0001. Actual sample size after 
outliers exclusion is stated on top of each bar chart and line graph.
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All correlations across the three MPTP model (9 in total) were posi-
tive and yielded statistically significant p values with histological 
endpoints being highly interdependent across the three models, 
(acute: r2 = 0.3767, p = 0.0031; sub-acute: r2 = 0.5398, p < 0.0001; 
chronic: 0.4237, p < 0.0026. Figure  7g–i). Being the acute model 
most severely affected, striatal DA content correlated well with 
TH-positive fibers and TH-positive cells in the SNpc (Figure  7 A 
r2 = 0.5079, p = 0.0002 and D r2 = 0.3554, p = 0.0043) but less so 
for sub-acute and chronic models.

Table  4 summarizes the significant behavioral changes across 
the three different regimens providing a rationale for the correlation 
analyses summarized in Table 3. Reduced DA content in the STR is 
the result of a dysfunctional nigrostriatal system where DA neurons 
succumbed to the MPTP toxicity. Consequently, Pearson's correla-
tion analysis was used to seek out potential relationships between 
a dysfunctional nigrostriatal system and behavioral endpoints. 
Overall, the striatal DA content poorly correlates with behavioral 
performance. Sub-acute MPTP treatment revealed an association 
between DA levels and only four behavioral parameters: latency to 

enter the dark compartment (in the LDB, p = 0.0041), latency to tra-
verse the 11 mm balance beam (p = 0.0023), distance moved in the 
olfactory test (p = 0.0373), and duty cycle pertaining to the front 
paws generated from gait analysis (p = 0.0463) (Table 3). Two of the 
worsened gait parameters observed in the acute model correlated 
positively with the level TH-positive fibers; speed (p = 0.0407) and 
stride length (front p = 0.04701 and hind p = 0.0493). Equally, posi-
tive correlation with TH cell count in the SNpc was observed (speed: 
p = 0.0002, stride length: front p = 0.0669 and hind p = 0.0457). 
By contrast, for the paw parameters stance (p = 0.0281), duty cycle 
(p  =  0.0095), and step cycle (p  =  0.0445) a negatively correlation 
with the TH cells count is highlighted in Table 3. Latency to traverse 
the 11 mm balance beam also correlated with striatal DA content in 
the acute cohort (Table 3, p = 0.0059). In chronically treated MPTP 
animals, the balance beam performance did not correlate with either 
DA striatal content or with density of TH striatal fibers and cells in 
the SNpc (Table 3). On the other hand, in sub-acute MPTP treated 
animals, the lesion size measured correlated consistently with the 
motor phenotype observed in the LDB test (distance covered versus 

F I G U R E  7  Graphical display of the relationship between biochemical and histological endpoints at striatal and nigral (SNpc) level. 
Pearson's correlation analyses revealed a significant link between striatal DA level and histological endpoints in acute regimen at striatal (a) 
and SNpc level (d). Number of TH-positive cells and fibers also robustly correlated with DA content in sub-acute animal model (b and e). The 
chronic model showed only a weakly significant correlation between the two variables (c and f). (g–i) A stronger significant correlation was 
highlighted by Pearson's correlation analysis between the two histological endpoints in the striatum and SNpc, respectively. Total sample size 
is stated in each scatter plot after outliers removal. n = number of mice
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TH fibers, p = 0.0448 and versus TH cells, p = 0.0271), and in the 
olfactory discrimination test (distance covered versus TH fibers, 
p = 0.0076 and versus TH cells, p = 0.002). Similarly, the latency to 

first enter the familiar zone and the distance covered in the olfactory 
discrimination test correlated with TH fibers (latency p  =  0.0405, 
distance p = 0.0448) and TH cell numbers (latency p = 0.0331, dis-
tance p = 0.0271). Taken together our results suggest that the acute 
model seems to generate the most reliable nigrostriatal damage re-
sulting in gate changes proportional to the lesion extent. Balance 
impairment was observed in the chronic model while the sub-acute 
mouse model displayed a behavioral phenotype poorly translatable 
in MS and NMS affecting PD patients. In relation to non-motor para-
digms, habituation to a novel environment seems to be slowed down 
in the acute and chronic model while water and food consumption 
seems to be increased by each MPTP regimen.

4  |  DISCUSSION

Here, we assessed in a direct side-by-side comparison the validity 
of three frequently used pharmacological MPTP mouse models of 
PD both in terms of core pathology of the nigrostriatal system and 
the movement impairments. Our data reveal significant differences 
in terms of size and severity of pathological lesions and behavioral 
outcomes (Tables  3 and 4). Quantitative indicators showed consist-
ent gait deficits in the acute mouse model while balance and motor 
coordination were altered in MPTP chronically treated mice. On the 
other hand, habituation to a novel environment was different with 
significant alterations attained in the acute and sub-acute models 
only. Besides, we report for the first time an overall increase in water 
and/or food intake across all three MPTP models. Correlation analy-
sis highlighted a poor relationship between the levels of striatal DA 
and the behavioral performance for MS and NMS in any MPTP mod-
els. Nevertheless, a positive correlation confirmed that the acutely 
MPTP-induced gait deficits were associated with dopaminergic lesion 
of the nigrostriatal system, but both sub-acute and chronic adminis-
trations failed to yield such phenotypes. Significant reductions in DA 
content were observed across the three different MPTP models with 
the greatest reduction of ≈ 68% in the acute model against a lowering 
of ≈ 44–50% attained in the sub-acute and chronic regimens. These 
findings are in line with MPTP mouse model guidelines released by 
Jackson-Lewis and Przedborski where striatal levels of DA are shown 
to be depleted by 40–50% in the acute and sub-acute model (Jackson-
Lewis and Przedborski, 2007). On the other hand, the lesion extent 
observed in the chronic model is not entirely aligned with the lit-
erature; in fact, Bezard and colleagues reported a reduction of 70% 
of TH-positive neurons in the SNpc versus our observation of 41% 
(Bezard et al., 1997a; Bezard et al., 1997b). In light of these discrepan-
cies, it is important to bear in mind that several mouse strains present 
different sensitivity to MPTP yielding therefore inconsistent results in 
relation to the lesion size. For instance, C57BL/6J strain is the most 
sensitive while BALB/c mice are less vulnerable to the MPTP neuro-
toxicity (Filipov et al.,  2009). For instance, the differences between 
our findings in the chronic model and the results reported in literature 
could be due to the OF1 mouse strain used by Bezard and colleagues 
(Bezard et al., 1997a; Bezard et al., 1997b).

TA B L E  4  Summary of behavioral changes induced by MPTP 
regimens sorted by paradigm

Behavioral test/parameter 
considered

MPTP regimens

Acute Sub-acute Chronic

Light–dark box

Time in light 
compartment—%

n.s. n.s. n.s.

Latency to dark 
compartment—sec.

n.s. **↓ n.s.

Distance covered in light 
compartment—m

n.s. *↑ n.s.

Rotarod

Latency to fall—sec. n.s. n.s. n.s.

Balance beam test

Latency to traverse—sec. n.s. *↓ **↑

PhenoTyper

Habituation to novel 
environment – m

**↑ ****↑ n.s.

Activity—m n.s. ****↑ n.s.

Food intake—gr. n.s. **↑ *↑

Water intake—ml. ****↑ n.s. ***↑

Sucrose preference test % n.s. n.s. n.s.

Olfactory discrimination test

Time in familiar zone – % n.s. n.s. n.s.

Distance covered—cm n.s. ***↑ *↓

Latency to first entry—sec. n.s. ****↓ n.s.

Total transitions—n n.s. n.s. n.s.

CatWalk

Speed—cm/sec. *↓ n.s. *↑

Cadence—steps/sec. n.s. n.s. n.s.

Base of support hind—cm *↑ n.s. n.s.

Overall swing speed—cm/
sec.

***↓ *↑ **↑

Overall stride length—cm **↓ n.s. n.s.

Overall stance—sec. *↑ n.s. **↓

Overall duty cycle—% ***↑ n.s. n.s.

Step cycle—sec. *↑ *↓ ****↓

Barnes maze

Path length—m n.s. n.s. n.s.

Speed—m/sec n.s. n.s. n.s.

Note: Statistical comparison to healthy control animals was made 
using the two-tailed student t-test. n.s. = non-significant; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001; ↑ = increased readout compared 
with saline control mice, ↓ = decreased readouts compared with saline 
control mice. m = meter, cm = centimeter, gr = gram, ml = milliliter, 
sec = second, n = number. Number of animals in each group. Acute, 
saline n = 12, MPTP n = 10; sub-acute, saline n = 12, MPTP n = 17; 
chronic, saline n = 9, MPTP n = 11.
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Reduced striatal content of the DA metabolites DOPAC and HVA 
is the functional result of a lesioned nigrostriatal system while the 
ratio of DOPAC/DA and HVA/DA highlight changes in the turnover 
of DA which was consistently increased in the sub-acute model, 
partially increased in the acute model but not altered in the chronic 
model. These data could suggest that the depletion of DA in both 
acute and sub-acute models was severe enough to induce catabolic 
changes. By contrast, the reduction of DA in the chronic model was 
less severe and unlikely to influence the metabolic turnover of DA. 
Theory holds that levels of DOPAC are directly affected by the MPTP 
toxicity since the membrane bound catechol-o-methyl-transferase 
(COMT) is located within dopaminergic neurons, while HVA levels 
are indirectly affected since the MAOB enzyme (which metabo-
lizes DOPAC) is more abundant in glial cells (Chen et al., 2011; Tong 
et al., 2013). This, however, was not reproduced in our investigation, 
since correlation analyses of DOPAC versus DA and HVA versus DA 
content showed similar coefficients (data not shown) in all models.

Motor deficits were most consistently registered using the 
Catwalk and the balance beam apparatus. Such observations re-
vealed that gait features of acutely treated mice correlated with both 
density of TH-positive fibers and with the number of TH-positive 
cells. By contrast, the balance impairment observed in the chronic 
model was not supported by a significant correlation with the striatal 
content of DA. Disruption in balance and coordination might arise 
from the widespread MPTP toxicity which in turn causes a serious 
lowering in proprioceptive responsiveness at the peripheral level in 
monkeys with consequent impairment of CNS feedback circuitry 
in the cortical motor area and in the thalamus (Escola et al., 2002; 
Pessiglione et al., 2005; Ribeiro et al., 2011). Similarly affected by 
the MPTP is the vestibular system, which is involved in balance 
and movement control (Wu et al.,  2016) while MPTP effects on 
the proprioceptive systems remain to be examined given that pre-
vious work has reported deficits in balance only for the sub-acute, 
but not the acute model (Anandhan et al., 2010; Prema et al., 2015). 
In this specific case, authors have used male C57BL/6 mice but did 
not report the age of the mice at the time of the MPTP administra-
tion and behavioral testing was carried out only 7 days post MPTP 
administration.

As for impairments of gait related proxies, Wang and colleagues 
(Wang et al., 2012) were the first to provide a detailed analysis of 
quantitative gait parameters in the sub-acute MPTP mouse model 
using the catwalk. They showed gait deficits correlating with lesion 
extent at nigral level, detected at 7 and 21 days post-MPTP admin-
istration. Our findings contrast with their data in that hardly any pa-
rameter of gait was abnormal in our sub-acute cohort, even though 
similar reductions in TH-positive cell counts were reported in both 
experiments. Method differences between studies including bigger 
cohort sizes and, in our case, a longer time window for the establish-
ment of the lesion might explain the variation in outcome. Moreover, 
the effectiveness of our behavioral protocol was confirmed by in-
clusion of the acute MPTP model, which caused not only greater 
lesion sizes but also stronger effects on gait. This is among the most 
robust correlations found in this study and in line with the number 

of foot slips observed in the balanced beam test (see Figure 3 and 
Figure S1). Overall, we consider the acute MPTP model a suitable 
platform for the screening of neuroprotective compounds since it 
allows to asses gain of function at gait level and lesion extent of the 
nigrostriatal pathway. Nonetheless, experimenters must take into 
account the acute insult induced by MPTP and the short time course 
of the nigrostriatal lesion, which often require pre-medication with 
the test compound. Such shortcoming undermines the translational 
relevance of such a model in light of the slow and progressive na-
ture of PD. Intuitively, the chronic model might provide the best 
kinetics in terms of dopaminergic lesion of the nigrostriatal path-
way, allowing a large margin for therapeutic interventions and the 
yield of a more translatable outcome. Among the three regimens, 
the sub-acute model is the mostly used in spite of its behavioral in-
consistencies. The model was characterized by increased locomotor 
activity and generalized hyperactivity observed in various tests such 
as a novel environment, the home cage monitoring, the LDB, and 
the olfactory discrimination test. Interestingly, such conditions are 
both prodromal to and a co-morbidity of PD with a high prevalence 
(Curtin et al., 2018; Yang et al., 2018). Only one report has so far 
highlighted hyperactivity in C57BL6/J mice following MPTP treat-
ment (Wang et al.,  2013), and it is surmised due to the lower DA 
levels in the cortex and neocortex (Luchtman et al., 2009) or altered 
mesocortical norepinephrine levels (Espejo & Miñano, 2001).

Signs of hyperactivity as reported by Wang and colleagues 
showed amelioration following electrostimulation of the limbs (Wang 
et al., 2013) while Zhang's laboratory reported improved motor per-
formance on the rotarod test associated with hyperactivity (Zhang 
et al., 2017). Hyperactivity may be a compensatory response follow-
ing nigrostriatal lesions (Zhang et al., 2017) although the underlying 
mechanism remains elusive. In the present study, we hypothesize 
that hyperactivity has a major impact on the overall single-phase 
decay habituation functions to the novel environment and overall 
activity (Phenotyper) making it difficult to draw conclusions on the 
presence of associative learning deficits. While the origin is unclear, 
this hyperactivity is parsimoniously explained by an overflow of DA 
and persistent activation of hypersensitized receptors. The pheno-
type is somewhat reminiscent to treatment of mice with amphet-
amine/apomorphine and indicative of a heightening (not lowering) 
of dopaminergic tone potentially explaining the reported higher DA 
turnover in the sub-acute model (Bagga et al., 2015). A contending 
hypothesis would suggest that this hyperactivity is unrelated to do-
paminergic changes since both acute and chronic MPTP regimes also 
cause severe loss of TH in the nigra cells and in STR but were with-
out gross changes in activity (Figure 2; Table 4 and Table S2). Other 
studies suggest that the increased locomotion could be orchestrated 
by the noradrenergic neurons in the mesocortical regions (Espejo & 
Miñano, 2001).

Despite robust signs of short-term memory deficits in some PD 
patients (Fallon et al., 2019; Zokaei et al., 2020), previous attempts 
to back-translate this finding have also met with inconsistent results 
(Volkow et al., 2011). Short term memory deficits in negatively rein-
forced avoidance tasks were however consistently reported in mice 
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infused with an intranasal dose of MPTP (Anderson et al.,  2007; 
Matheus et al., 2012) and various systemic administration regimes 
(Han et al., 2021; Kim et al., 2021; Sampaio et al., 2018). Interestingly, 
impaired habituation has been observed in dopamine transporter 
(DAT) knock out mice (Zhuang et al., 2001) while faster habituation 
in DAT overexpressors (Spielewoy et al., 2000) suggesting that DAT 
function could have been altered in the acute and sub-acute model 
which presented with altered habituation to a novel environment. 
Conversely, the use of the Barnes maze apparatus did not reveal any 
significant changes regarding the visuo-spatial learning and work-
ing memory functions. Throughout the last two decades, the de-
tection of memory deficits in the MPTP mouse model has proven 
challenging and studies using elevated plus-maze and Morris water 
maze (Zhang et al., 2018) have reported contrasting results. Zhang 
and colleagues have used a slightly modified sub-acute regimen ex-
tended from 5 to 7 days while mice were of the same strain, sex and 
age (Zhang et al., 2018).

The circadian rhythm was also not disrupted in any of the 
three mouse models, and this is consistent with previous work (Liu 
et al., 2020). Increased water and food intake observed in the acute, 
sub-acute, and chronic models has not been reported before. However, 
given the crucial role of DA in reward sensitivity and in the regula-
tion of food intake (Thanarajah et al., 2019) this result is counterin-
tuitive and might arise from compensatory mechanism taking place 
in the mesocortical dopaminergic pathway (Luchtman et al.,  2009). 
Furthermore, a prudent explanation for the sub-acute model is the 
observed hyperactivity (for a discussion of this phenotype, see above) 
and subsequent increase in energy expenditure, which may drive the 
increase in food intake. However, such an interpretation does not 
apply to acute and chronic MPTP regimen, in which we do not report 
any change in activity levels, yet water consumption was increased. 
Furthermore, body weights were monitored across the three differ-
ent models and revealed no differences between MPTP and control 
groups (see Figure S2). Consistently, MPTP does not impact the mouse 
body weight (Zhang et al., 2015, 2017); therefore, the misalignment 
between food intake and macronutrients absorption in the gut could 
explain the lack of change in body weight. This could be due to per-
turbed gut microbiota impinging on the concentration of short fatty 
acids which are known to affect the metabolism (Zhou et al., 2019). In 
addition, Liu et al. (2021) have reported reduced expression of tight-
junctions, villus height and mucosal thickness as signs of intestinal in-
flammation following sub-acute MPTP intoxication (Liu et al., 2021). 
Such findings may potentially explain the enhanced food intake but 
lack of weight gain observed in our models.

Up until now, studies exploring anxiety-like traits in MPTP mouse 
models have been inconclusive (Shin et al., 2014) or requiring a chal-
lenge such as emotional stressors (confrontational housing (Mitsumoto 
et al., 2019) or chronic mild stress (Janakiraman et al., 2016)). The LDB, 
as reported elsewhere for the elevated plus maze (Sedelis et al., 2000), 
did not reveal any anxiety-like phenotype in any model, (Vučković 
et al.,  2008); similarly, the sucrose preference test did not disclose 
any anhedonic behavior in MPTP treated mice compared with con-
trol groups. In previous work, the sub-acute MPTP regimen induced 

anhedonia in only 66% of subjects (Zhang et al., 2015) while Schamne 
and colleagues have highlighted increased susceptibility to anhedonic- 
and depressive-like symptoms in female C57BL/6 mice treated with 
MPTP intranasally (Schamne et al., 2018). We take this as evidence 
that the reduction of DA in the brain after MPTP exposure (about 
65%) was not sufficient to affect emotional and depression related 
phenotypes or that brain regions other than SNpc or STR exert control 
of depressive symptoms (Tye et al., 2013).

Overall, the pathology among the models showed significant dif-
ferences, but the behavioral proxies were not aligned with the lesion 
extend. The most robust outcome was the hyperactivity induced 
by sub-acute treatment, which was observed in multiple behavioral 
tests. By contrast, the acute model showed the most significant al-
terations in gait parameters followed by balance impairment in the 
chronic model. These data suggest that despite great lesion sizes 
among the models, extra-nigrostriatal degeneration such as the ven-
tral tegmental area and the locus coeruleus should be taken into ac-
count in future experiments for a more in-depth characterization of 
these models. In addition, to shed light on the relationship between 
dopaminergic lesion and behavioral changes identified in the present 
study L-DOPA challenge across the three regimes will be paramount. 
Moreover, a similar approach might be required in stratified human 
cohorts were certain predominant forms of PD could be associated 
to specific neurodegenerative and histopathological patterns.
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