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Abstract: Background. Dopamine is reduced in the brain of rats treated with fipronil, a broad-
spectrum insecticide. VGF (no acronym) is a neurotrophin-inducible protein expressed
as the 75kDa form (precursor or pro-VGF) or its truncated peptides. VGF
immunostaining has been revealed using an antibody against the C-terminal
nonapeptide of the rat pro-VGF in the nerve terminals of the rat substantia nigra, where
it was reduced after 6-hydroxydopamine treatment. It is unknown whether pro-VGF
and/or its shortened peptides are present in these neurons. Therefore, the aim of this
study was first to determine which types of VGF are expressed in the normal
substantia nigra (and striatum) and then to determine VGF modulations and whether
they occur in parallel with locomotor changes after fipronil injection. Methods. Rats
were divided into two groups that received a unilateral intranigral infusion of either
vehicle (i.e., dimethyl sulfoxide, DMSO) or fipronil (25 µg), and then were tested for
locomotor activity. An untreated group of rats (n=4) was used for identification of the
VGF fragments using high performance liquid chromatography-mass spectrometry and
western blot, while changes in treated groups (fipronil vs DMSO, each n=6) were
investigated by immunohistochemistry using an antibody against the rat pro-VGF C-
terminal nonapeptide in parallel with the anti-tyrosine hydroxylase antibody.  Results.
In untreated rats, the VGF C-terminal antibody identified mostly a 75kDa band in the
substantia nigra and striatum, supporting the finding of high-resolution mass
spectrometry, which revealed fragments covering the majority of the pro-VGF
sequence. Furthermore, several shortened VGF C-terminal forms (varying from 10 to
55 kDa) were also found by western blot, while high-resolution mass spectrometry
revealed a C-terminal peptide overlapping the immunogen used to create the VGF
antibody in both the substantia nigra and the striatum. In the substantia nigra of fipronil-
treated rats, immunostaining for tyrosine hydroxylase and VGF was reduced compared
to DMSO rat group, and this was related with significant changes in locomotor activity.
Fipronil has the ability to modulate the production of pro-VGF and/or its C-terminal
truncated peptides in the nigrostriatal system indicating its intimate interaction with the
dopaminergic mechanisms and implying a potential function in modulating locomotor
activity.
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COVER LETTER 
 
 
Dear Editor/s 

 

Please find attached the revised manuscript titled: 

 

VGF MODICATIONS RELATED TO DOPAMINERGIC NEURODEGENERATION 

INDUCED BY THE PESTICIDE FIPRONIL IN ADULT MALE RATS by the authors: 

 Elias Manca, Barbara Noli, Giulia Corda, Majda El-Hassani, Antonio Manai, Fabrizio Sanna, Antonio 

Argiolas, Maria Rosaria Melis, Barbara Manconi, Cristina Contini, and Cristina Cocco                    

 

The paper looking at the alterations of VGF proteins in rats treated with fipronil has been 

extensively changed in response to the referee's point-by-point requests. We hope that this 

version is greatly improved and ready for publishing in Annals of Anatomy in its current 

state.                                                                                      

 

Yours Faithfully 

 

Cristina Cocco, PhD 

  

NEF laboratory, Department of Biomedical Sciences, University of Cagliari 

Cittadella Universitaria, 09042 Monserrato (CA), Italy 

Phone  +39070 6754052;  Fax +39070 6754003;  e-mail: cristina.cocco@unica.it 

 

Cover Letter



Ms. Ref. No.: AANAT5497 
Title: VGF MODICATIONS RELATED TO DOPAMINERGIC NEURODEGENERATION INDUCED BY THE 
PESTICIDE FIPRONIL IN ADULT MALE RATS 
Annals of Anatomy 
 
Dear Dr. Cocco, 
 
The reviewers have commented on your above paper. They indicated that it is not acceptable for 
publication in its present form. 
 
However, if you feel that you can suitably address the reviewers' comments , I invite you to revise 
and resubmit your manuscript. 
 
Please carefully address the issues raised in the comments. 
 
If you are submitting a revised manuscript, please also: 
 
a) outline each change made (point by point) as raised in the reviewer comments 
 
 AND/OR 
 
b) provide a suitable rebuttal to each reviewer comment not addressed 
 
 
To submit your revision, please do the following: 
 
1. Go to: https://www.editorialmanager.com/aanat/ 
 
2. Enter your login details 
 
3. Click [Author Login] 
This takes you to the Author Main Menu. 
 
4. Click [Submissions Needing Revision] 
 
PLEASE NOTE: As an author, you are responsible for submitting your study in an understandable 
and well-written English. In such case that you are not a native-speaker, please would you be so 
kind and check with a native speaker or language editing service on the quality of your manuscript. 
You can also contact Elsevier language editing services at https://webshop.elsevier.com/language-
editing/ 
 
Yours sincerely, 
 
Friedrich Paulsen 
Editor-in-Chief 
Annals of Anatomy 
 

Detailed Response to Reviewers



Note: While submitting the revised manuscript, please double check the author names provided in 
the submission so that authorship related changes are made in the revision stage. If your 
manuscript is accepted, any authorship change will involve approval from co-authors and 
respective editor handling the submission and this may cause a significant delay in publishing your 
manuscript. 
 
Reviewers' comments: 
 
 
 
Reviewer #1: In the manuscript entitled VGF MODICATIONS RELATED TO DOPAMINERGIC 
NEURODEGENERATION INDUCED BY THE PESTICIDE FIPRONIL IN ADULT MALE RATS the authors 
investigated the consequences of unilateral intranigral fipronil on several molecular parameters in 
various brain regions (CPu, SN, hypothalamus, nucleus accumbens) and motor behavior. The aim of 
this study was (i) to determine which types of VGF are expressed in the normal substantia nigra 
(and striatum), and (ii) to determine various VGF modulations (including pro-VGF and/or its 
truncated forms) and (iii) if they occur in parallel with locomotor changes after fipronil. The main 
focus of the manuscript is on molecular science of the VGFs. The molecular findings are partly new. 
Main results are: Fipronil induced a decrease in immunostaining for both TH and VGF in the 
substantia nigra (but not in the striatum), in parallel with significant changes in spontaneous 
locomotor activity. It is concluded, that fipronil is able to afeect the release of pro-VGF and/or its C-
terminal truncated peptides, confirming its close association with the dopaminergic system and 
suggesting a possible role in altering locomotor activity. 
 
All in all, rather few animals (n=16) divided into 3 groups (completely untreated, DMSO unilateral 
intranigral, unilateral intranigral fipronil were used. The molecular results are interesting, the 
statistic of the very few samples (for me) are a bit questionable. 
 
Answer: We apologize for not making this point obvious in the paper. In total, 28 rats were used 
for the study. Four of them were untreated, i.e., they did not undergo any surgical (or other) 
treatments and were only utilized for VGF peptide characterization (WB and proteomic), while the 
other 24 were stereotaxically injected into the substantia nigra with DMSO or fipronil (n=12 each 
group) and used for the locomotor activity tests (see on this point the degrees of freedom of the 
ANOVA that were previously reported in the paragraph on the locomotor activity results of the first 
paper version). Of them, six rats from each of the two treatment groups (i.e., six DSMO-treated 
and six fipronil-treated rats) were selected and efeectively used for the IHC assays for the 
determination of TH and VGF immunostaining. The remaining rats were not chosen because they 
were either clearly not well perfused (brain still maintained red vassels, therefore IHC was not 
performed) or were only partially perfused, making it difficult to detect any positive labelling when 
doing IHC.   
This point has been made clearer in the Material and Methods section of the revised manuscript 
and throughout the MS whenever appropriate.  
As regards the number of rats used, we would point out that in the present study our primary aim 
was to investigate the potential involvement of VGF peptides in the intranigral lesion induced by 
fipronil. To this aim, we aimed at replicating the lesion model that was already extensively 
investigated by our group in previous work (Bharatiya et al., 2020; doi: 
10.1016/j.bbr.2020.112562), ensuring that the animals used here were comparable to that of our 
previous study in terms of motor alterations and TH expression in the SN.  



Hence, based on these considerations, and according to the 3Rs principles, we aim to minimize the 
number of animals used. To this scope, sample size calculations were performed to ensure 
adequate experimental group numbers to be used in the study. Accordingly, we found that a 
number of 6 rats/group would be sufficient to detect significant difeerences between groups in the 
IHC assays (t test, efeect size d = 2, power (1-β) = 0.80, α = 0.05), while a number of 12 rats would 
be sufficient to detect significant difeerences between groups in the locomotor activity tests (t test, 
efeect size d = 1.2, power (1-β) = 0.80, α = 0.05). These calculations have been based on prior 
studies using similar protocols (for instance, Angioni et al., 2016; doi: 
10.1016/j.yhbeh.2016.05.012; Sanna et al., 2021; doi: 10.1016/j.brainres.2021.147705; Bharatiya 
et al., 2020a; doi: 10.1016/j.bbr.2020.112562) and were carried out by using the software 
G*Power 3.1 (https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologieund-
arbeitspsychologie/gpower). 
This information has been added in the Statistics section of the Material and Methods of the 
revised MS. 
 
General: 
 
always say how many animals were used for each result. 
 
answer: The referee is correct; we have improved the animal number information throughout the 
new version of the manuscript. 
 
Please use correct anatomical terms (The rat has no caudate: it has a CPu - just look at the atlas 
from Paxinos) 
 
answer: the referee is correct, we have better described it  
 
You partly speak of dopamine, but did not investigate it after fipronil or DMSO? 
 
Answer: we did not do this in the present work, but it was extensively done in our previous work 
(Bharatiya et al., 2020a; doi: 10.1016/j.bbr.2020.112562) where we observed a significant decrease 
of dopamine tissue concentration in the striatum owing to fipronil injection at comparable doses 
and also in the SN and other brain areas after systemic intragastric chronic administration 
(Bharatiya et al., 2020b; doi: 10.3390/ijms21165711). 
Here TH immunostaining was investigated as an indirect index of dopamine function in the 
nigrostriatal pathway (both in the SN and CPu).  
 
You said: staining was found in a large number of SN neuron terminals containing both glutamic 
acid decarboxylase (GAD) and substance P- My question: are these terminals in the SN or in the 
projection areas of SN neurons (for example CPu)? 
 
Answer: in a previously published article (Cocco et al, 2020), we documented, using triple staining, 
the existence in the substantia nigra of neuron terminals expressing Substance P, GAD, and VGF. 
Therefore, in the present study we aimed to reveal CPu cell bodies containing the three (VGF, 
Substance P, and GAD) in order to identify the projection areas of SN neurons within the CPu.  In 
the latter area, the current study found VGF staining primarily in neuronal terminals distributed 
throughout the CPu but rarely in cell bodies, making it difficult to characterize a single location as 
the VGF side of SN projections (other techniques should be used to properly describe it).  



This sentence must put into M+M: The VGF forms were identified by high performance liquid 
chromatography-mass spectrometry and western blot (WB), while VGF changes were determined 
by immunohistochemistry (IHC). 
 
Answer: we have done it in the new version of the manuscript 
 
Say clearly, in which structures the VGF C-t peptides are described (end of page 2), and where do 
you analysed them. 
 
Answer: we have improved this part in the new version of the manuscript 
 
2.2: dimethyl sulfoxide (DMSO, 1 μL) - what is the rational of intranigral DMSO? For me it is not 
clear, what control rats are: completely untreated or DMSO-injected? Please be very clear in that 
point. 
 
Answer: In the present work, we used DMSO in continuity with our previous work (Bharatiya et al., 
2020; doi: 10.1016/j.bbr.2020.112562) in which this solvent was used for the intranigral 
administration of fipronil. This means that the control rats of the locomotor activity experiments 
are DMSO-treated rats. 
 
How long lasted the 1 microliter intranigral injection? 
 
Answer: The injection lasted 1 minute. This information has been added in para 2.3 of the revised 
MS, as follows: “Rats were positioned in a Stoelting stereotaxic apparatus under isoflurane 
anaesthesia (1.5-2.0%) and a unilateral microinjection of DMSO (1 μL) or fipronil (25 µg/1 μL; 
purchased from Sigma Aldrich, Düsseldorf, Germany) was performed at the SN coordinates (AP: -
5.3 mm; ML: -2.0 mm; DV: -8.0 mm) (Paxinos & Watson, 2004) over a period of 1 minute by using a 
10 µL Hamilton microsyringe mounted on the holder of the Stoelting stereotaxic apparatus.” 
 
Please give a graph with a time line, indicating the exact days before and after the injections (i.e., 
when was what done exactly ?) 
 
Answer: Thank you for this insightful suggestion. A timeline describing the sequence of the 
experimental procedures related to the rats used for the behavioral testing has been added to the 
revised MS (new Figure 1, so the older version of the figures now change in the new manuscript) 
together with its caption, as follows:  
“Figure 1. Timeline of the experimental procedures performed with the cohort of rats dedicated to 
the behavioral testing of locomotor activity. After a period of ten days of acclimation and daily 
handling, each rat underwent one habituation session in the motility apparatus that lasted for two 
hours in order to prevent the influence of novelty factors linked to the experimental procedure and 
motility apparatus during the experimental sessions. Twenty-four hours later, the rats were tested 
in order to obtain basal values of locomotor activity and build the experimental groups. Then, the 
day after, DMSO or fipronil microinjection into the substantia nigra was performed. Finally, after a 
recovery period of 15 days, each rat was individually tested for locomotor activity in order to 
assess potential efeects of the fipronil intranigral microinjection and, thereafter, rats were 
perfused, and brains collected for the ex vivo IHC assays.”  
 



You said: … basal motor activity values, while 15 days after intranigral microinjection, each rat was 
tested for spontaneous locomotor activity …; what is the difeerence between basal motor activity 
and spontaneous locomotor activity? 
 
Answer: When performing the behavioral evaluation of locomotor activity in lesioned animals it is 
routinary procedure of our Lab to carry out a first assessment of rats before performing the lesion 
(see, for instance, Angioni et al., 2016, doi: 10.1016/j.yhbeh.2016.05.012; Bharatiya et al., 2020, 
doi: 10.1016/j.bbr.2020.112562; Sanna et al., 2021, doi: 10.1016/j.brainres.2021.147705) in order 
to obtain information about the basal levels of activity for each rat. Then, we build the 
experimental groups counterbalancing them for the level of basal locomotor activity (i.e., the 
average of basal levels of activity between the new formed experimental groups will be very 
similar and should not difeer statistically). This is done to avoid that the difeerences observed in the 
levels of locomotor activity after the lesioning procedure could be (in part) due to difeerences in 
basal activity of the rats that belong to the difeerent experimental groups. We have now added 
details on this point in the text in order to make clearer this part of the procedure and have also 
described the experimental timeline of the rats used for the behavioral testing in a dedicated 
Figure (see also above). 
As regards the expression “spontaneous locomotor activity”, we traditionally refer to the activity of 
rats put in the experimental apparatus without any contingent experimental manipulation 
(pharmacological or other). In our case, the rats are injected with fipronil or the vehicle 15 days 
before the behavioral test. In this occasion, they are simply transferred from their home-cage to 
the experimental apparatus for the determination of their activity without any experimental 
manipulation in proximity of the behavioral test. For this reason, we refer to “spontaneous 
locomotor activity”. However, we agree with the Referee that this point could be confounding for 
the reader and removed the term “spontaneous” throughout the revised MS. 
 
Please give the name of the apparatus and the producer for monitoring the motor activity.  
 
Answer: This information was already reported in the MS that describes the procedures and the 
apparatus for the determination of locomotor activity, that is a: “Digiscan Animal Activity Analyzer 
(Omnitech Electronics, Columbus, Ohio)”. 
 
By the way: as I remember, spontaneous motor activity has no prior habituation. 
 
Answer: In the present work, we were interested in evaluating the potential efeects of the 
intranigral injection of the pesticide fipronil on locomotor activity to: 1) ensure that our behavioral 
model of fipronil-induced motor alterations previously characterized (see above and Bharatiya et 
al., 2020, doi:10.1016/j.bbr.2020.112562) was reproduced in the present experimentation; 2) 
investigate the potential involvement of VGF in the efeects observed. Hence, we precisely adopted 
the same experimental conditions already used in our previous work for continuity (i.e., to make 
the present results directly comparable with the previous ones).  
However, as a general comment, it should be noted that we always run habituation sessions before 
the experimental sessions when we are interested in evaluating the motor consequences of an 
experimental manipulation (see, for instance, Angioni et al., 2016, doi: 
10.1016/j.yhbeh.2016.05.012; Bharatiya et al., 2020, doi:10.1016/j.bbr.2020.112562; Sanna et al., 
2021; doi: 10.1016/j.brainres.2021.147705). This is done to avoid the influence on animal motor 
behavior of novelty factors related to the experimental procedure and the locomotor apparatus 



during the experimental sessions and it is a commonly used procedure also by other Labs (see, for 
instance, Olmstead and Franklin, 1994, doi: 10.1016/0006-8993(94)90629-7).    
 
2.4. why do you say antidody, although you used several of them 
 
Answer: One is the antibody we generated and used for WB with untreated rats and for IHC 
through the rat groups, and it difeers from the other two antibodies we purchased and used only 
for IHC in untreated rats to investigated whether they produced the same labelling as our antibody. 
We realized that using the word antigens could have made it less apparent, thus we changed the 
wording to "antigen” and improve this point in the new version of the manuscript. 
 
You said: Both control and FPN-treated; what are control rats exactly? 
 
Answer: We regret for not making it clear in the paper. As a result, in the revised MS, we refer to 
both DMSO and fipronil rats as "treated" (that is, the DMSO-treated rats served as controls for the 
fipronil-treated rats, as explained above).  The remaining rats (n=4) will be referred to as 
"untreated rats" because they did not receive any surgical (or other) experimental procedures and 
were used only for VGF peptide characterization (WB and proteomic assays). 
 
You said: Brains were rapidly removed, washed overnight in PBS containing 7% sucrose and 0.01% 
NaN3, oriented in aluminium foil moulds in cryo-embedding medium (Cocco et al., 2003) and 
frozen in melting Freon (cooled with liquid nitrogen). Coronal cryosections (10 μm) encompassing 
the entire SN obtained from the midbrain (from the section with AP≈-6.5 to the section with AP≈-
4.5) and striatum were collected on poly-L-lysine-coated slides and stored in the vapour phase of a 
liquid nitrogen tank until use. After the fixation period, brains were embedded in the embedding 
medium described above and sectioned (at 10um) using a HM-560 cryomicrotome (Microm; 
Walldorf, Germany). My question: are there 2 difeerent procedures? 
 
Answer: we apologize for the error. We have deleted the sentence: “after the fixation period, 
brains were embedded in the embedding medium described above and sectioned (at 10um) using 
a HM-560 cryomicrotome (Microm; Walldorf, Germany)” 
  
You said: density values for TH and VGF - that is incorrect: it must be the density of the binding of 
the respective antibodies. 
 
Answer: we apologize for the error. We have changed the sentence in the new version of the 
manuscript.  
 
WB analysis: what are untreated rats, how did you dissect the hypothalamus (which is quite 
difficult, at least for me) - was that dissected in fresh material? That is not mentioned as yet in the 
ms. 
 
Answer To obtain samples, the technique described earlier (Noli et al, 2017) was followed. First, 
coronal slide samples were obtained from each FRESH brain (encompassing the areas of interest,) 
using a cooled rat brain matrix through razor blades, and then samples were obtained from the 
slides using punches of 3, 4, or 5 mm dimensions as appropriate, following the coordinates of the 
Paxinos Atlas of the rat brain (Paxinos and Watson, 2007). The hypothalamus was consistently 



punctured around the third ventricle, which served as a reference point. In the updated 
manuscript, this section has been enlarged. 
 
2.7. how many rats were used - at which time points? By the way, you must have used more than 
16 rats or the number of samples is much too small to make a reliable result in the various 
parameters. 
 
Answer As mentioned, Experiments with mass spectrometry were carried out on two distinct 
tissue extract pools of SN (from two rats) and CPu (from three rats) collected from the "untreated" 
control rat group. Because the goal of these investigations was to identify and characterize 
naturally occurring VGF peptides in SN and CPu, a qualitative top-down mass spectrometry 
technique was suited. The pooled tiny sample size is due to the use of qualitative rather than 
quantitative mass spectrometry analysis.  Furthermore, only the IHC and behavioral data from the 
fipronil- and DMSO-treated rats were statistically analyzed (see above)  
 
2.8. when you have results of 2 or 3 animals, how do you test for normality of the data 
distribution?  
 
Answer: the section on "Statistical analysis" in paragraph 2.8 refers to IHC and behavioral analyses 
on locomotor activity and, as reported above, only DMSO- vs. fipronil-treated rats were included. 
This point has been made clear throughout the revised MS whenever appropriate. 
Normal distribution of behavioral data has been checked by running the Shapiro-Wilk test. Normal 
distribution of ex vivo molecular assays has been checked by using the goodness-of-fit test. This 
information has been added in the revised version of the MS. 
 
 
You said: FPN into the SN induced significant changes in spontaneous locomotor activity in our 
rats, in particular an increase in horizontal activity accompanied by a decrease in vertical activity - 
My comment: this is unusual and must be intensively discussed.  
 
Answer We agree with the reviewer that usually horizontal and vertical activity changes follow the 
same direction after experimental manipulations (i.e., both parameters increase or decrease to 
some extent). However, there are examples in the literature in which this general trend is not 
observed under difeerent conditions (see, for instance, Johnson, 1972; doi: 10.1007/BF01931862; 
Buzas et al., 2019, doi: 10.1016/j.brainres.2018.10.028).  
There could be several reasons for the discrepancy between horizontal and vertical activity. One of 
them is that the two parameters quantify difeerent aspects of motor behavior that involve partially 
difeerent neural pathways. In fact, while horizontal activity (i.e., distance traveled in the horizontal 
plane) is usually considered an index of general motor activation and arousal and involves not only 
the activity of the dopaminergic nigrostriatal pathway but also that of the mesolimbic one (Sharp 
et al., 1987, doi: 10.1016/0006-8993(87)91416-8), vertical activity (usually expressed by the 
rearing behavior) is considered a more specific index of active exploration and has been specifically 
related to the nigrostriatal pathway and striatal dopamine function (see, for instance, Jicha and 
Salamone, 1991, doi: 10.1523/JNEUROSCI.11-12-03822.1991; Cousins et al., 1993, doi: 
10.1016/0091-3057(93)90226-j).  
Thus, it is possible that the lesion induced in our rats, inducing only a partial degeneration of the 
dopaminergic nigral neurons (approximately 40-50%), with a consequently relatively low decrease 
of dopamine in the striatum can lead to a decrease in vertical activity (more sensitive to partial 



nigrostriatal damage) and, at the same time, to an imbalance in the activity of the pathways 
involved in the horizontal component of locomotor activity that lead to an increase other than a 
decrease in horizontal activity.  
Support for this notion comes also from the observation that an increase in locomotor activity has 
been observed 6 days after treatment in rats with lesions of the nigrostriatal dopaminergic 
neurons induced by MPTP given at doses that produce a 50–60% decrease in striatal dopamine 
content (Ferro et al., 2005, doi: 10.1016/j.jneumeth.2005.04.005), although this difeerence was no 
more evident in the same rats after 18 days, pointing out the possibility that time-dependent 
alterations due to the time-course of the dopamine degeneration could be responsible of the 
difeerent behavioral efeects observed at difeerent time-points. To note, in the same study 6-OHDA 
was not able to induce significant decreases in horizontal activity at both timepoints, though a 
tendency to decrease rearing behavior was reported after 6 days. Noteworthy, the most part of the 
studies that observed reductions in locomotor activity after the lesion of the nigrostriatal pathway, 
were conducted inducing bilateral lesions able to provoke up to 80% dopamine decrease 
(Deumens et al., 2002, doi: 10.1006/exnr.2002.7891) and often injecting the lesioning agent at the 
level of the medial forebrain bundle (MFB), thus inducing also the lesion of the dopaminergic 
mesolimbic pathway. For this reason, this kind of lesions is usually considered as a model of end-
stage parkinsonism (see Yuan et al., 2005, doi: 10.1016/j.jneumeth.2004.10.004) and can difeer in 
several aspects from other models where the lesion is of lower entity, as in our case.  Further 
studies, in which the monitoring of rats injected with fipronil into the SN will last longer are 
needed to test this possibility. 
Moreover, it should be taken into account that at variance from other lesioning agents that are 
able to induce highly selective lesions of the dopamine system when injected into the SN or in the 
MFB (such as 6-OHDA), fipronil could also act on other neurotransmitter systems, inducing less 
selective lesions able to imbalance the activity of the basal ganglia at a more generalized level (see, 
for instance, Angioni et al., 2016; doi: 10.1016/j.yhbeh.2016.05.012).     
The Discussion of the revised version of the MS has been implemented accordingly.  
 
You said in the discussion: FPN injection induced not only a reduction in TH … but also in VGF 
staining, in parallel with spontaneous changes in locomotor activity - My question: is this 
comparable with the literature on changes in motor activity? Please discuss deeply the efeect of 
reduction of dopamine in the CPu and the changes on motor behavior. 
 
Answer: Please, refer to the point discussed above regarding the relation between nigrostriatal 
dopamine and changes in locomotor activity. 
As regards the potential involvement and role of VGF in the behavioral efeects observed after 
fipronil treatment, it should be noted that the present is an explorative study that aims at 
investigating the presence of changes in VGF expression after fipronil-related TH depletion into the 
SN (as an index of nigrostriatal dopamine depletion, already reported in Bharatiya et al., 2020; doi: 
10.1016/j.bbr.2020.112562) and in this view represents the first step of further investigations 
aimed at characterizing potential roles of the VGF fragments in the control of physiological and 
pathological motor behavior and exploration.  Indeed, given to the scarcity of studies on the 
subject, the involvement of VGF in nigrostriatal circuits is not yet obvious, and more focalized 
research is required. The Discussion of the amended version of the MS has been carried out as 
planned. 
 
Please work out the similarities and difeerences of your and the studies of Bharatiya´s group. 
 



Answer Both the increase in the horizontal locomotor activity observed in the present study and 
the entity of the lesion induced in the TH immunoreactivity in the SN (by about 50%) closely 
resemble the findings reported and extensively discussed in our previous study, confirming the 
reproducibility of the model used (Bharatiya et al., 2020; doi: 10.1016/j.bbr.2020.112562).  
At variance, we detected here a significant Time x Treatment interaction in the vertical activity 
data, indicating a slight, but significant, efeect of the lesion also on the vertical component of 
motor behavior, that was not observed in our previous study. However, this difeerence is not more 
significant when analyzing the total scores of the 30 min test leading to hypothesize that under the 
conditions used in this and our previous study this behavioral efeect can represent a borderline 
finding that deserves further attention in next investigations. 
The Discussion of the revised version of the MS has been implemented accordingly.  
 
You said: These results were also confirmed by the analyses of the total counts related to the 
whole 30 min test; accordingly, the t-test showed a significant difeerence between the two 
treatment groups for horizontal activity (p = 0.005) and a trend towards significance for vertical 
activity (p = 0.065). - My question: which parameters were changed in which way? Do you believe 
in trends? 
 
Answer As reported in the Results of locomotor activity we observed a significant difeerence for 
the factor Treatment of the two-way ANOVA in the horizontal activity and a significant Treatment X 
Time interaction in the vertical activity when analyzing the 5 minutes time fractions. This kind of 
analysis can be informative in order to detect time-dependent changes in locomotor activity during 
the test, and the results obtained indicate that the lesion induced significant modifications in these 
two parameters when we compare the DMSO- and fipronil-treated rats. At variance, no significant 
difeerences were observed in the center time. However, we also analyzed the total counts of the 30 
min experiment, that provides a global index of the level of activity for the whole test. In this case, 
we still detected a significant difeerence between the two groups in the horizontal activity but not 
the significance for vertical activity. For this reason, we initially reported the p value for vertical 
activity to show that it was very close to significance. However, we understand the issue raised by 
the Referee and removed this part from the revised version of the MS. 
Accordingly, this section of Results has been modified to make clearer which parameters 
significantly difeer between DMSO- and fipronil-treated rats. 
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Table S1_A: Position, sequence and monoisotopic monocharged values of the naturally occurring peptides 

characterized by Top-down High-resolution MS/MS analysis from substantia nigra. 

Position Sequence  

Monoisotopic 

monocharged values 

[M+H]+ 

[180-209] qQETAAAETETRTHTLTRVNLESPGPERVW 3390.66811 

[232-250] SQFQARMSENVPLPETHQF 2246.08745 

[238-282] MSENVPLPETHQFGEGVSSPKTHLGETLTPLSKAYQSLSAPFPKV 4836.47016 

[353-372] GLQETQQERENEREEEAEQE 2461.07004 

[398-412] AERARQNALLFAEEE 1746.86846 

[487-507] KKNAPPEPVPPPRAAPAPTHV 2171.21255 

[601-617] EQEELENYIEHVLLHRP 2148.07607 

N-terminal q in the sequence denotes pyro glutamic acid;  

 

Table S1_B.  MS/MS characterization of the naturally occurring peptides from substantia nigra. For each 

peptide three tables are reported: peptide summary, fragment matches and fragment spectrum. In the 

fragment matches table red and blue values refer to b- and y-ion series respectively found in the fragment 

spectrum. 
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Table S2_A: Position, sequence and monoisotopic monocharged values of the naturally occurring peptides 

characterized by Top-down High-resolution MS/MS analysis from striatum. 



Position Sequence 

Monoisotopic 

monocharged 

values [M+H]+ 

[24-60] APPGRSDVYPPPLGSEHNGQVAEDAVSRPKDDSVPEV 3868.88532 

[52-69] PKDDSVPEVRAARNSEPQ 1994.98747 

[88-103] LQALDRPASPPAVPAG 1559.85624 

[98-117] PAVPAGSQQGTPEEAAEALL 1934.97515 

[180-194] QQETAAAETETRTHT 1656.75732 

[180-209] QQETAAAETETRTHTLTRVNLESPGPERVW 3390.69130 

[183-211] TAAAETETRTHTLTRVNLESPGPERVWRA 3249.67617 

[238-282] MSENVPLPETHQFGEGVSSPKTHLGETLTPLSKAYQSLSAPFPKV 4836.46894 

[306-335] QVEAGRRQAEATRQAAAQEERLADLASDLL 3249.67617 

[306-361] QVEAGRRQAEATRQAAAQEERLADLASDLLLQYLLQGGARQRDLGGRGLQETQQER 6217.20312 

[353-372] GLQETQQERENEREEEAEQE 2461.07535 

[455-482] TIDSLIELSTKLHLPADDVVSIIEEVEE 3106.66445 

[487-507] KKNAPPEPVPPPRAAPAPTHV 2171.21474 

[502-515] PAPTHVRSPQPPPP 1477.78562 

[539-553] VFPPGPYHPFPNYIR 1800.91581 

[554-559] PRTLQP 710.43205 

[599-611] LQEQEELENYIEH 1973.75920 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2_B.  MS/MS characterization of the naturally occurring peptides from striatum. For each peptide 

three tables are reported: peptide summary, fragment matches and fragment spectrum. In the fragment 

matches table red and blue values refer to the b- and y-ion series respectively found in the fragment 

spectrum. 

 

 

 



 

 

  







 

 

 



 



 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 



 



 

 

 



 



 

 

 

 

 

 

 

 



 

 

 

 

 

 



Rats were handled once daily to avoid stress induced by the experimental procedures during the 

experimental session and to familiarize them with the experimental operators. All national and institutional 

guidelines for animal care and use were followed. The care and use of the animals was approved by the 

American Physiological Society and the EEC Council Directive of 24 November 1986 (86/609) and approved 

by the Ethical Committee for Animal Experimentation of the University of Cagliari (D.P.R. 116/92). 
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Abstract 

Background. Dopamine is reduced in the brain of rats treated with fipronil, a broad-spectrum 

insecticide. VGF (no acronym) is a neurotrophin-inducible protein expressed as the 75kDa 

form (precursor or pro-VGF) or its truncated peptides. VGF immunostaining has been 

revealed using an antibody against the C-terminal nonapeptide of the rat pro-VGF in the nerve 

terminals of the rat substantia nigra, where it was reduced after 6-hydroxydopamine 

treatment. It is unknown whether pro-VGF and/or its shortened peptides are present in these 

neurons. Therefore, the aim of this study was first to determine which types of VGF are 

expressed in the normal substantia nigra (and striatum) and then to determine VGF 

modulations and whether they occur in parallel with locomotor changes after fipronil 

injection. Methods. Rats were divided into two groups that received a unilateral intranigral 

infusion of either vehicle (i.e., dimethyl sulfoxide, DMSO) or fipronil (25 µg), and then were 

tested for locomotor activity. An untreated group of rats (n=4) was used for identification of 

the VGF fragments using high performance liquid chromatography-mass spectrometry and 

western blot, while changes in treated groups (fipronil vs DMSO, each n=6) were investigated 

by immunohistochemistry using an antibody against the rat pro-VGF C-terminal nonapeptide 

in parallel with the anti-tyrosine hydroxylase antibody.  Results. In untreated rats, the VGF C-

terminal antibody identified mostly a 75kDa band in the substantia nigra and striatum, 

supporting the finding of high-resolution mass spectrometry, which revealed fragments 

covering the majority of the pro-VGF sequence. Furthermore, several shortened VGF C-

terminal forms (varying from 10 to 55 kDa) were also found by western blot, while high-

resolution mass spectrometry revealed a C-terminal peptide overlapping the immunogen used 

to create the VGF antibody in both the substantia nigra and the striatum. In the substantia 

nigra of fipronil-treated rats, immunostaining for tyrosine hydroxylase and VGF was reduced 

compared to DMSO rat group, and this was related with significant changes in locomotor 
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activity. Fipronil has the ability to modulate the production of pro-VGF and/or its C-terminal 

truncated peptides in the nigrostriatal system indicating its intimate interaction with the 

dopaminergic mechanisms and implying a potential function in modulating locomotor 

activity. 

Key words 

Fipronil, Parkinson’s disease, VGF, degeneration, nigrostriatal mechanisms, dopamine 

1.INTRODUCTION 

Parkinson's disease (PD) is a neurological disorder characterized by progressive degeneration 

of dopaminergic neurons in the substantia nigra (SN), resulting in dopamine deficiency with 

deregulation of a variety of substances/neurotransmitters (Kalia and Lang, 2015). 

Environmental factors appear to play an important role in the development of PD. There is an 

association between PD and pesticides in different exposure settings (industrial, agricultural, 

residential: Freire and Koifman 2012; Islam et al., 2021; Anirudhan et al., 2023). The staining 

of tyrosine hydroxylase (TH), the enzyme responsible for dopamine synthesis, is reduced in 

the SN of rats microinjected with fipronil, a broad-spectrum insecticide also used in 

veterinary medicine (Park et al., 2016). This reduction paralleled changes in motor activity 

and nociception due to degeneration of nigrostriatal dopaminergic neurons (Bharatiya et al., 

2020a). In addition, chronic oral fipronil treatment for 21 days significantly reduced 

dopamine and its metabolites in most striatal areas, including the nucleus accumbens and SN 

(Bharatiya et al., 2020b). The VGF gene (not abbreviated), which is regulated by nerve 

growth factor (NGF) in PC12 cells and cultured cortical neurons (Salton et al., 1991), encodes 

a VGF precursor protein (or pro-VGF). Pro-VGF has a molecular weight (MW) of 75kDa and 

consists of 617/615 aa in rat/mouse and human, respectively, with >85% identity (minor 

sequence differences between rat/mouse and human) (Ferri et al., 2011). It can give rise to a 

variety of truncated peptides different in length and biological activity, expressed in rat and 

human brain (Noli et al, 2017; Cocco et al., 2010), but also in rat/mouse and human blood 

(Noli et al, 2017; D’Amato et al., 2015). Truncated peptides include the so-called TLQP 

family, which consists of pleiotropic neuropeptides possibly involved in various physiological 

processes (Noli et al., 2020; Corda et al, 2021, Lewis et al., 2017, Fairbanks et al., 2014, 

Skorput et al., 2018) and the NAPP-19, identified in human blood (D’Amato et al., 2015). In 

the SN, using an antibody against the nonapeptide at the C-terminal (C-t) of the rat pro-VGF, 

staining was found in a large number of neuron terminals, containing glutamic acid 

decarboxylase (GAD) and Substance P. Staining of VGF decreased in the SN of 6-
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hydroxydopamine-(6-OHDA) treated rats, but it was restored by levodopa (L-dopa) treatment. 

(Cocco et al., 2020). These results are consistent with those obtained in PD patients. Indeed, 

the levels of the VGF C-t peptides in PD patients were analyzed by a home-made competitive 

enzyme-linked immunosorbent assay using an antibody directed against the nonapeptide at 

the C-t of the human pro-VGF. Blood samples were collected from patients at the time of 

diagnosis (drug-free, n = 23) or after dopamine replacement (n = 40) and compared with age-

matched controls (n = 21) (Cocco et al., 2020). A strong decrease (>50%) was observed in 

drug-free patients, whereas long-term L-dopa treatment caused an increase in the VGF levels. 

VGF C-t levels were also correlated with disease duration, L-dopa equivalent dose and 

severity of the olfactory dysfunction. The VGF changes observed in the blood of PD patients 

have been verified in other body fluids, such as cerebrospinal fluid (CSF) and urine, using 

liquid chromatography-tandem mass spectrometry in data-independent acquisition mode 

(Rotunno et al., 2020; Virreira Winter et al., 2021). In CSF, downregulation was observed for 

peptides containing the C-t portion, whereas in urine downregulated peptides covered most of 

the VGF sequence (Karayel et al., 2022). Because it is unclear which VGF forms are 

expressed specifically in the nigrostriatal regions, the goal of this study was to first identify 

which types of VGF are present in the SN and CPu, and then to determine the possible VGF 

response to fipronil intranigral microinjection and whether it is associated with locomotor 

activity. 

2. MATERIALS AND METHODS 

2.1. Animal care and use 

Adult male Sprague-Dawley rats (kindly provided by the Department of Neuroscience, 

University of Cagliari) weighing 250-300 g (at the beginning of the experiments) were used in 

this study. The animals were housed in groups of 4 per cage and maintained under standard 

conditions with a 12-h light/dark cycle at room temperature (22 ± 2°C, 60 ± 5% humidity). 

Standard pellet chow and tap water were provided ad libitum throughout the study. Rats were 

handled once daily for at least 10 days before starting the experiments to avoid stress induced by 

the experimental procedures and to familiarize them with the operators. All national and 

institutional guidelines for animal care and use were followed. The care and use of the animals 

was approved by the American Physiological Society and the EEC Council Directive of 24 

November 1986 (86/609) and approved by the Ethical Committee for Animal Experimentation 

of the University of Cagliari (D.P.R. 116/92). 

2.2 Experimental timeline of behavioral studies 
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The assessment of potential effects to locomotor behavior in rats that received an intranigral 

injection of either vehicle (i.e., DMSO) or fipronil was conducted with minor changes as already 

described (Angioni et al., 2016; Bharatiya et al., 2020a; Sanna et al., 2021). Briefly, rats were 

handled daily for 10 days prior to the start of the studies to avoid stress caused by manipulation 

during the experimental sessions. At the end of this period, each rat underwent one habituation 

session that lasted for two hours in order to prevent the influence of novelty factors linked to the 

experimental procedure and motility apparatus during the experimental sessions. Twenty-four 

hours later, the rats were tested in order to obtain basal values of motor activity and prepare the 

experimental groups, that was made by assigning each rat to the vehicle or fipronil group in a 

counterbalanced manner to avoid possible differences between groups in the level of basal 

activity of the rats. One group (n=12) received a unilateral intranigral infusion of DMSO, while 

the other group (n=12) was intranigrally injected with fipronil (see below). Finally, 15 days after 

the intranigral microinjection, each rat was tested for locomotor activity and, thereafter, rats were 

perfused, and brains collected for the ex vivo immunohistochemistry (IHC) assays (see Figure 1).  

2.3 Fipronil microinjections into the SN 

Rats (n=24) were positioned in a Stoelting stereotaxic apparatus under isoflurane anaesthesia 

(1.5-2.0%) and a unilateral microinjection of DMSO (1 μL) or fipronil (25 µg/1 μL; purchased 

from Sigma Aldrich, Düsseldorf, Germany) was performed at the SN coordinates (AP: -5.3 mm; 

ML: -2.0 mm; DV: -8.0 mm) (Paxinos & Watson, 2004) over a period of 1 minute by using a 10 

µL Hamilton microsyringe mounted on the holder of the Stoelting stereotaxic apparatus. The 

needle of the microsyringe was left in the injection site for a further 3 minutes to allow better 

diffusion of the injected solution, before being slowly withdrawn (Bharatiya et al., 2020a). To 

verify the injection site in the SN, selected brain slices at the level of the nigral area were stained 

with neutral red solution and examined by a contrast-phase microscope. Only rats in which the 

track of the microinjection needle was correctly positioned in the SN were included in the 

statistical analysis of the results. 

2.4 Locomotor activity 

Rats (n=24) were individually tested for motor activity under standardised environmental 

conditions in a soundproof room with a light level of 30 lux using a Digiscan Animal Activity 

Analyzer (Omnitech Electronics, Columbus, Ohio). Each cage (42 cm x 42 cm x 63 cm) had 

two sets of 16 photocells arranged at right angles to each other, projecting horizontal infrared 

beams 2.5 cm apart and 2 cm above the cage floor, and another set of 16 horizontal beams 

whose height was adapted to the size of the animals (20 cm). Horizontal and vertical activities 

were measured as the total number of consecutive infrared beam breaks (counts) in the 
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horizontal or vertical sensors, while central time was quantified as the number of seconds the 

animal spent in the central part of the arena during the experiment. Parameters were recorded 

every 5 minutes, beginning immediately after the animals were placed in the experimental 

cage, for a test period of 30 minutes. 

2.5 VGF C-t antibody  

The sequence His615-Arg616-Pro617 is located at the rat pro-VGF C-t. Therefore, we 

produced the VGF C-t antibody by immunization against the corresponding nonapeptide as 

antigen conjugated to bovine thyroglobulin via an additional D-tyrosine.  Our VGF C-t 

antibody, has been shown to recognize the pro-VGF in pancreas (Cocco et al., 2007), stomach 

(Brancia et al., 2010) and adrenal gland (D'Amato et al., 2008), and was affinity purified by 

overnight incubation (4°C) in a disposable polypropylene column (Thermo Scientific) 

containing the VGF C-t cysteine-octapeptide covalently immobilized on a sulfolink coupling 

resin (Thermo Fisher Scientific). After several rinses with phosphate buffer saline (PBS) 0.5 

M, the C-t antiserum was eluted in glycine-HCl 1M, pH 2.5 and validated by (i) absorption 

experiments performed by overnight incubation on normal SN sections with the rat 

nonapeptide used for immunization in a range of concentrations (0.01-100 mol/L, at 4°C) (ii) 

comparison with two purchased C-t antibodies raised against human C-t sequences 

overlapping our immunogen (# PA5-20523 and # PA5-63081), guaranteed for reactivity in 

human, rat and mouse, and both validated by western blot (WB) for their reactivity to pro-

VGF (the PA5-63081 was validated using a VGF knockout cell line generated by CRISPR-

Cas9) (iii) WB using a cell line derived from a rat adrenal medullary pheochromocytoma 

(PC12) grown with (PC12+) or without (PC12-) NGF in Roswell Park Memorial Institute 

(RPMI) medium containing 5% fetal bovine serum and 10% heat-inactivated horse serum, as 

previously described (Possenti et al. 1989; Greene and Tischler, 1976). If necessary, 100 

ng/mL NGF (PC12+) was added 24 hours before cell harvest. Cells were harvested in PBS 

and lysed in sustainable development solution (SDS) sample buffer. 

2.6 VGF peptide identification  

The VGF forms were identified using a group of untreated rats (n= 4), by high performance 

liquid chromatography-mass spectrometry and WB. 

2.6.1 WB analysis 

WB was performed on SN, CPu, accumbens and hypothalamus samples of untreated rats (n=4 

each) and either PC12+ or PC12-. From each fresh brain, coronal slide samples (encompassing 

the interested areas) were first obtained using a cooled rat brain matrix through razor blades, 

and then CPu, accumbens and hypothalamus samples were obtained from the slides using 
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punches of 3, 4 and 5 mm dimensions as appropriate, following, under microscopy, the 

coordinates of the Paxinos Atlas of the rat brain (Paxinos and Watson, 2007).  

Brain samples were placed in a 10 ml/g extraction solution (PBS plus 5 ul/mL protease 

inhibitor cocktail: Sigma P8340) and immediately homogenized with ultraturrax for one 

minute. Samples were kept on ice for 10 minutes, then samples were boiled for a further 10 

minutes, cooled and centrifuged at 3,000 rpm for 15 minutes at 4°C. The BCA protein assay 

kit (Thermo Scientific) was used to measure total protein concentration. Proteins were diluted 

in 2x SDS buffer (Origene) to load 20 micrograms of each sample, heated to 95°C for 5 

minutes and subjected to SDS-PAGE using a precast polyacrylamide gradient gel (NuPAGE 4 

to 12% Bis-Tris Mini protein Gel, Thermo Fisher Scientific) in a mini gel tank (Thermo 

Fisher Scientific) for 20 minutes at 200 volts. Internal MW standards (PageRuler Plus 

prestained protein ladder 10 to 250KDa, Thermo Scientific) were run in parallel. Proteins 

were transferred to a polyvinylidene difluoride membrane (Amersham Hybond-P, GE 

Healthcare) for 1 hour at 20 volts. Blots were blocked by immersion in 50 mM Tris-base and 

150 mM sodium chloride (TBS) containing 0.01% Tween-20 (TBS-T) and 5% bovine serum 

albumin for 1 hour at room temperature. Incubation with rabbit anti-VGF C-t primary 

antiserum (1:3,000 dilution in TBS containing 5% bovine serum albumin and 0.02% NaN3) 

was performed overnight at 4°C. The next day, the blots were rinsed four times with TBS-T 

and incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody 

(Jackson ImmunoResearch) diluted 1:10,000 in TBS-T for 1 hour at room temperature. After 

several washes with TBS-T, protein bands were developed using Thermo Scientific Pierce 

Enhanced Chemiluminescence WB Substrate. ImageQuant LAS-4000 was used for 

chemiluminescence detection. 

2.6.2 Nano-reversed phase high-performance liquid-chromatography (nano-RP-HPLC) 

- high-resolution Electron Spray Ionization-Mass Spectrometry (HR-ESI-MS) 

For top-down nano-RP-HPLC-high resolution ESI-MS/MS analysis and VGF peptide 

identification, all chemicals and reagents used were purchased from Sigma Aldrich (St. Louis, 

MO, USA). Analysis was performed on protein extracts from SN and CPu from the untreated 

rat group (2 for SN and 3 for CPu). Protein extraction was performed in PBS with protease 

inhibitor cocktail as previously described for WB. For each sample, the homogenised tissues 

were centrifuged and the clear supernatant containing proteins was quantified using the BCA 

protein assay kit (Thermo Scientific) prior to lyophilisation. The lyophilised samples were 

then resuspended in 0.1% formic acid (FA) to a final concentration of 0.1 µg/µL and 10 µL 

were analysed on an Ultimate 3000 Nano System HPLC (Thermo-Fisher Scientific, 
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Sunnyvale, CA) coupled to an LTQ Orbitrap XL (Thermo-Fisher Scientific, San Jose, CA, 

USA). The Easy Spray reverse phase nano-column (250 mm x 75 μm inner diameter, Thermo 

Fisher Scientific) was a C18 with 2 μm beads and elution was achieved with aqueous solvent 

A (0.1% FA) and aqueous solvent B (0.1% FA, 80% ACN v/v) in 90 min at a flow rate of 0.3 

μL/min with the following gradient: 0-3 min at 4%B, 3-10 min 4-20%B, 10-60 min 20-50%B, 

60-90 min 50-80%B. The mass spectrometer was operated at 1.5 kV in data dependent 

acquisition mode with the capillary temperature set at 275°C and the S-Lens RF level set at 

68%. Full MS experiments were performed in positive ion mode from 350 to 2000 m/z with a 

resolution of 120000 (at 400 m/z). The 5 most intense ions were subjected to the high 

collision dissociation (HCD) fragmentation with settings of 40% of normalised collision 

energy for 10 ms, isolation width of 2 m/z and activation q of 0.25.  Characterisation of 

naturally occurring intact peptides of VGF was performed using Proteome Discoverer (PD) 

software (version 1.4, Thermo-Fisher) with the SEQUEST HT cluster search engine 

(University of Washington, licensed to Thermo Electron Corporation, San Jose, CA) against 

the target rattus norvegicus VGF sequence obtained from the Uniprot KB database. The 

database search parameters were N-terminal pyroglutamic acid residue and C-terminal 

amidation as dynamic modifications. The peptide mass tolerance was set to 10 ppm and the 

fragment ion mass tolerance was set to 0.02 Da. Peptides were filtered for high confidence 

and a minimum length of 6 amino acids; FDR settings were 0.01 (strict) and 0.05 (relaxed). 

2.7 Brain staining 

Rats were deeply anaesthetized with chloral hydrate (400 mg/kg i.p.) and transcardially 

perfused-fixed with 4% paraformaldehyde in 0.1 M PBS, pH 7.2–7.4. Brains were rapidly 

removed, washed overnight in PBS containing 7% sucrose and 0.01% NaN3, oriented in 

aluminium foil moulds in cryo-embedding medium (Cocco et al., 2003) and frozen in melting 

freon (cooled with liquid nitrogen). Coronal cryosections (10 μm) encompassing the entire 

SN and/or CPu obtained from the midbrain (from the section with AP≈-6.5 to the section with 

AP≈-4.5) were collected on poly-L-lysine-coated slides and stored in the vapour phase of a 

liquid nitrogen tank until use. IHC investigations were performed on 12 treated rats, with 6 

animals from each group (fipronil and DMSO) chosen. The remaining rats (out of a total of 

24 treated rats) were not chosen because their brains were clearly not properly perfused 

(brains still showed red vassels, thus IHC was not conducted) or were only partially perfused, 

making it difficult to detect positive labelling when performing IHC.  IHC was carried out 

using our rabbit anti-VGF C-t antibody, (1:500), the sheep anti- TH (1:600;) and the two 

commercial VGF C-t antibodies, (# PA5-20523; against 17 aa at the C-t and PA5-63081 
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against 100 aa at the C-t); all diluted in PBS containing 30 ml/L normal donkey serum, 30 

ml/L normal rat serum and 0.02 g/L NaN3. Sections were incubated overnight in a humidity 

chamber with the primary antibodies, while the appropriate species-specific donkey 

secondary antibodies conjugated with either Cy3 or Cy2 were used to detect primary antibody 

reactivity. Slides were coverslipped with PBS-glycerol (40%), observed and photographed 

using BX41 and BX51 fluorescence microscopes (Olympus, Milan, Italy) equipped with 

FujiS3 Pro digital cameras (Fujifilm, Milan, Italy). Routine controls included sequential 

substitution of each antibody with PBS, use of pre-immune or non-immune sera, and testing 

of each secondary antibody with its respective non-relevant primary antibody. For semi-

quantitative determination of TH and VGF immunofluorescence signal, the FIJI image 

processing package based on ImageJ (NIH) was used. Briefly, 4 sections/animal/group/areas 

(SN or striatum) were selected, images were taken under standard exposure conditions with 

the S3 Pro digital camera (magnification: 4x) to cover the entire SN, including the pars 

compacta and reticulata. The RGB TIFF images were first converted to 8-bit greyscale, then 

the boundaries of the SN were manually traced by the user, and finally the background 

fluorescent signal was removed by a manual thresholding process. The mean SD of the 

optical density (OD) of binding of each TH and VGF antibody was then calculated and used 

for statistical analysis for each group of animals. 

2.8 Statistical analysis 

According to the 3Rs principles, we aim to minimize the number of animals used. To this scope, 

sample size calculations were performed before starting the experiments to ensure adequate 

experimental group numbers to be used in the study. Based on these calculations, it was expected 

that a number of 12 rats would be sufficient to detect significant differences between groups in 

the locomotor activity tests (t test, effect size d = 1.2, power (1-β) = 0.80, α = 0.05), while a 

number of 6 rats/group would be sufficient to detect significant differences between groups in 

the IHC assays (t test, effect size d = 2, power (1-β) = 0.80, α = 0.05). These calculations have 

been done based on prior studies using similar protocols (see for instance, Angioni et al., 2016; 

Bharatiya et al., 2020a,b; Sanna et al., 2021) and were carried out by using the software 

G*Power 3.1 (https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologieund-

arbeitspsychologie/gpower). Behavioral data were expressed as mean ± SEM and analyzed by 

Student's t-test (in case of the analyses of 30 minutes total counts) or repeated measures two-way 

ANOVA (in case of the analyses of fractional 5 minutes counts) with the Treatment as a 

between-subject factor and the 5 minutes Time fractions as a within-subject repeated measure. 

When ANOVA detected significant effects of main factors or interactions post-hoc comparisons 
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were performed using Bonferroni's corrected pairwise contrasts. Before running the tests, normal 

distribution of data was ascertained by the Shapiro-Wilk test and homogeneity of variances was 

verified by the Bartlett test. The analyses were carried out with PRISM, Graph Pad 8 Software 

(San Diego, USA) with the significance level set at p < 0.05.  

The OD collected from IHC experiments was statistically analyzed using Microsoft Excel 

StatistiXL software. For each experimental set, the normality of the data distribution was 

preliminarily checked using the goodness-of-fit test. The resulting p-values were > 0.05 in all 

cases; therefore, the following parametric tests were applied. Sample variances were remeasured 

using the F-test for equality of variance; therefore, individual or pooled variances were used for 

the two-tailed Student's t-test. P values < 0.05 were considered significant. 

3. RESULTS 

3.1 VGF fragments in the SN and striatum of untreated rats 

Our VGF antibody detected a 75kDa band compatible with the pro-VGF using WB performed 

with brain samples (SN, CPu, accumbens and hypothalamus) each from 4 untreated rats (Fig. 

2). The same band was also labelled using PC12+, but not with PC12-. These results are 

consistent with the top-down nano-RP-HPLC-high resolution ESI-MS/MS analysis done 

using untreated rats (n=2 of SN and 3 of CPu), which identified intact peptides (numbering 

seven in the SN and seventeen in the striatum), largely covering the VGF sequence. 

Importantly, among the fragments containing the C-t portion, one of 13 aa was characterized 

in the CPu (LQEQEELENYIEH peptide: VGF 599-611), whereas a longer peptide of 17 aa with 

the highest overlap with the immunogen used to generate our anti-VGF antibody 

(EQEELENYIEHVLLHRP: VGF601-617) was identified in the SN. Although other bands 

smaller than pro-VGF (55, 35, 15 and 10 kDa) were also detected by WB (probably because 

they contain the C-t portion), these forms were not the same as those identified by HPLC 

analysis because of the different detection limits of the techniques. The complete list of 

peptides identified in both tissues is shown in Fig. 3 and reported in detail in the supplemental 

material (Tables S1 and S2). Comparing the two brain areas, the majority of peptides 

expressed in the SN are also found in the CPu, including the NAPP, whereas the CPu contains 

peptides that are exclusively expressed in this area, including the TLQP. 

3.2 Immunostaining in treated rats 

Immnuofluorescence was performed in DMS- and fipronil-treated rats and semi-quantitative 

statistical changes were investigated (n=6 each; Fig.4 a–l). Using SN sections of DMSO 

treated rats, in both injected and uninjected sides, TH staining was observed as expected, and 

our home-made VGF antibody labeled axon terminals possibly containing GAD and 
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Substance P, as previously reported (Cocco et al., 2020), but did not label dopaminergic 

perikarya. Using the SN sections for absorption experiments, almost complete prevention of 

labelling of our home-made VGF antibody was found at the high peptide concentration, while 

some brightness intensity was shown at the other peptide concentrations. The same labelling 

was also observed using the two commercial anti-VGF C-t antibodies raised against two C-t 

peptides partially overlapping our immunogen (Fig. 5). Using SN from unilaterally fipronil 

treated rats, the uninjected sides were comparable to both the DMSO -injected (Fig. 4 a, d) 

and -uninjected sides, with the TH antibody labeling cell bodies and dendrites as expected 

(Fig. 4, a), and our VGF C-t antibody staining neuronal terminals (but not cell bodies) within 

both the pars compacta and reticulata (Fig. 4, d). Instead, in the SN of the fipronil treated rats 

the injected sides (Fig. 4 b, e) revealed a decrease in TH immunostaining with fewer positive 

cell bodies and dendrites compared to the DMSO-injected (Fig. 4, b vs a), DMSO-uninjected 

and fipronil-uninjected sides. The decrease in TH immunostaining was more pronounced 

around the injection side, but remained reduced throughout the different sections examined. 

Correspondingly, both the intensity and brightness of the VGF C-t staining was reduced on 

the fipronil injected sides compared to DMSO -injected (Fig. 4 e vs. d, respectively) DMSO-

uninjected and fipronil-uninjected sides and the reduction was more pronounced around the 

injection, but, as observed for TH, it remained reduced throughout the different sections 

examined. In the striatum of DMSO treated rats, in both sides VGF staining was observed in 

many areas of the brain, including the CPu, accumbens, and the cortex where cell bodies were 

labelled within the different layers, as well as the hippocampus and hypothalamus. Because 

neurons in the SN containing both GAD and substance P are known to be CPu projections, we 

focused on VGF labeling inside CPu. However, in DMSO treated rats (both sides), fipronil-

injected and fipronil-uninjected sides, both VGF (Fig. 4 g and h, DMSO and fipronil injected 

sides, respectively) and TH (Fig. 4 j and k, DMSO and fipronil injected sides, respectively) 

staining were almost identical. VGF staining was distributed throughout the entire CPu and 

identified primarily in neuronal terminals and rarely in cell bodies, making it difficult to 

characterize a single location as the side of SN projections (other techniques should be used to 

properly describe it). To determine semi-quantitative alterations in immunofluorescence 

signals, we examined the OD for TH and VGF in both SN and CPu, comparing the fipronil to 

DMSO -injected sides.  In the SN, OD for TH- (Fig. 4, c) and for VGF C-t- labelling (Fig. 4, 

f showed a significant reduction after fipronil treatment (p<0.05). Instead, in the CPu, the TH 

(Fig. 4, i) and VGF (Fig. 4, l) staining did not differ when the entire CPu was selected in 

ImageJ to see if the overall OD changed in fipronil compared to DMSO -injected sides. 
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3.3 Locomotor activity after FPN injection into the SN 

As reported in Fig. 6, rats unilaterally injected into the SN with a dose of 25 μg of fipronil 

displayed significant differences in locomotor activity 15 days after the injection compared to 

vehicle (i.e., DMSO) treated rats. In particular, fipronil-treated rats displayed a significant 

increase in horizontal activity; accordingly, two-way ANOVA of the counts referred to the 5 

min fractions revealed a significant effect of treatment [F(1, 22) = 9.48, p = 0.005] (Fig. 6, a) 

and this difference was also confirmed by the t test performed on the 30 minutes total counts 

(p = 0.005) (Fig. 6, b). At variance, in the case of vertical activity, two-way ANOVA detected 

a significant treatment x time interaction [F(5, 110) = 4.42, p = 0.001] (Fig. 6, c) indicating 

slightly lower values in FPN-treated rats when compared to vehicle-treated ones. However, 

this difference was not more detectable when analyzing the 30 minutes total counts by the t 

test (Fig. 6, d).  Finally, no significant differences between groups were observed in the center 

time, nor by the ANOVA on 5 minutes fractions neither by the t test on total counts (Fig.6, e, 

f).   

4. DISCUSSION 

The results of our studies showed that fipronil injection induced not only a reduction in TH, 

as previously reported (Park et al., 2016; Bharatiya et al., 2020a), but also in VGF staining, in 

parallel with changes in locomotor activity, that were detectable 15 days after the intranigral 

injection of the pesticide. As for our anti-VGF antibody, it has previously been used in SN 

(Cocco et al., 2020), but here we made a further effort to better characterise it using affinity 

purification, WB analysis (also using PC12 cells), and commercial antibodies against C-t 

sequences partially overlapping our immunogen and validated for their reactivity against pro-

VGF. WB analysis confirmed that our VGF antibody recognised pro-VGF in the SN and 

striatum. These data are consistent with HPLC-MS which, although unable to recognise the 

75kDa pro-VGF form, detected several fragments covering a large part of the VGF sequence. 

Among the VGF peptides, those containing C-t sequences partially overlapping with the 

immunogen used to generate our VGF antibody were identified in the striatum and SN. To the 

best of our knowledge, this is the first report of the identification of multiple naturally 

occurring VGF fragments in the SN using HPLC-MS, while some VGF fragments were 

previous found in the rat striatum (Karlsson et al., 2013) and striatum secretome (Bernay et 

al., 2009). Thanks to this finding, specific VGF peptides could be used to explore 

experimental approaches with specific therapeutic purposes using animal models. 

Furthermore, HPLC-MS, which is independent of antibody reactivity, confirmed the results 
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obtained by IHC and led to the hypothesis that the VGF changes in the SN under fipronil 

treatment are related to pro-VGF and/or its C-t truncated peptides.  

In our previous investigation (Bharatiya et al., 2020a) we observed that the microinjection of 

25 μg FPN into the SN induced 15 days later a decrease of about 40-50% in dopamine and 

3,4-dihydroxyphenylacetic acid (DOPAC) tissue levels in the striatum, that was paralleled by 

a decrease to a similar extent of TH immunoreactivity in the SN. Here, although we confirm 

the changes observed in TH immunoreactivity in the SN, we were unable to detect significant 

TH immunoreactivity changes in the striatum. These contrasting results may be due to 

differences in the methods used; in particular, in our previous study we used high pressure 

liquid chromatography coupled to electrochemical detection (HPLC-ECD) that is more 

sensitive than the IHC used in the present investigation (on this regard, see also Yuan et al., 

2005).  

More surprising is the fact that VGF decreased in the SN but not in the striatum. In fact, VGF 

nerve terminals in the SN are probably projections from the striatum (Bolam and Smith, 1990; 

Cocco et al., 2020). However, striatal VGF is not only released in the SN but can also be 

transported into several afferent and efferent fibres, making it difficult to see differences if the 

change is confined to a small area. Furthermore, the mechanisms by which VGF is involved 

are not known, so a decrease in VGF within the nigrostriatal pathways could be associated 

with an increase in other(s) striatal pathways. Importantly, the present findings not only 

confirm, as in our previous study (Bharatiya et al., 2020a), that direct injection of FPN into 

the SN induces changes in locomotor activity (i.e., an increase in horizontal activity paralleled 

by a decrease in vertical activity) associated with dopaminergic degeneration, but also show 

that these changes can be associated with a decrease in VGF immunoreactivity within the SN. 

Although further studies are needed to elucidate the putative involvement and role of VGF in 

regulating pathways with a crucial role in locomotor activity and movement, our results are 

consistent with previous investigations linking VGF, dopamine and neurodegeneration. 

Indeed, a similar decrease in VGF was observed in rats treated with 6-hydroxydopamine, 

which was reversed by L-dopa administration (Cocco et al., 2010).  Since the present work 

shows that environmental factors such as pesticides like fipronil can induce degeneration of 

dopaminergic neurons but also reduced release of VGF protein, it appears that VGF signalling 

can be directly regulated by dopamine function and is affected by low dopamine levels 

independently of the specific pathological processes involved in neurodegeneration, 

confirming its close relationship with dopaminergic neurotransmission, at least at the level of 

the nigrostriatal pathways.  
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However, given to the scarcity of studies on the subject, the involvement of VGF in 

nigrostriatal circuits is not yet obvious, and more focalized studies are required.  

The behavioral alterations in locomotor activity induced by the fipronil microinjection in the 

SN deserve some additional comment. As recalled above, an increase in horizontal activity 

together with a slight decrease in the vertical one has been observed after fipronil treatment. 

There could be several reasons for this discrepancy in the direction of effects between 

horizontal and vertical activity. One of them relates to the fact that the two parameters 

quantify different aspects of motor behavior that involve partially different neural pathways. 

In fact, while horizontal activity (i.e., distance travelled in the horizontal plane) is usually 

considered an index of general motor activation and arousal and involves not only the activity 

of the dopaminergic nigrostriatal pathway but also that of the mesolimbic one (see for 

instance Sharp et al., 1987), vertical activity (expressed by the rearing behavior) is considered 

a more specific index of active exploration and has been specifically related to the 

nigrostriatal pathway and striatal dopamine function (see, for instance, Jicha and Salamone, 

1991; Cousins et al., 1993). Thus, it is possible that the lesion induced in our rats, inducing a 

degeneration of the dopaminergic nigral neurons of approximately 60%, with a consequently 

relatively partial decrease of dopamine in the striatum can lead to a decrease in vertical 

activity (more sensitive to partial nigrostriatal damage) and, at the same time, to an imbalance 

in the activity of the pathways involved in the horizontal component of locomotor activity 

(nigrostriatal and mesolimbic pathways) that lead to an increase other than a decrease in 

horizontal activity.  Support for this notion comes also from the observation that an increase 

in locomotor activity has been observed 6 days after treatment in rats with lesions of the 

nigrostriatal dopaminergic neurons induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

given at doses that produce a 50–60% decrease in striatal dopamine content (Ferro et al., 

2005), although this difference was no more evident in the same rats after 18 days, pointing 

out the possibility that time-dependent alterations due to the time-course of the dopamine 

degeneration could be responsible of the different behavioral effects observed at different 

time-points in locomotor activity. To note, in the same study 6-OHDA did not induce any 

significant decreases in horizontal activity at both time-points, though a tendency to decrease 

rearing behavior was reported after 6 days. Noteworthy, the most part of the studies that 

observed significant reductions in locomotor activity after the lesion of the nigrostriatal 

pathway, were conducted inducing bilateral lesions able to provoke up to 80% (or more) 

dopamine decrease (Deumens et al., 2002) and often injecting the lesioning agent at the level 

of the medial forebrain bundle (MFB), thus also inducing the lesion of the dopaminergic 
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mesolimbic pathway. For this reason, this kind of lesions is usually considered as a model of 

end-stage parkinsonism (see Yuan et al., 2005) and can differ in several aspects from other 

models where the lesion is of lower entity, as in our case, and that could represent a model of 

early-stage parkinsonism. Further studies, in which the neurochemical and behavioral 

monitoring of rats injected with fipronil into the SN will last longer are needed to deeply 

investigate this possibility. Moreover, it should be also taken into account that at variance 

from other lesioning agents that are able to induce highly selective lesions of the dopamine 

system when injected into the SN or in the MFB (such as 6-OHDA), fipronil could also act on 

other neurotransmitter systems, inducing less selective lesions able to imbalance the activity 

of the basal ganglia at a more generalized level (see, for instance, Angioni et al., 2016).    

Finally, both the increase in the horizontal locomotor activity observed in the present study 

and the entity of the lesion induced in the TH immunoreactivity in the SN (by about 50%) 

closely resemble the findings reported and extensively discussed in our previous study 

(Bharatiya et al., 2020a), confirming the reproducibility of the model used. However, at 

variance from our previous study (Bharatiya et al., 2020a), we detected here a significant time 

x treatment interaction in the vertical activity data, indicating a slight, though significant, 

decrease in the vertical component of motor behavior, that did not reach significance 

(although present) in our previous study. However, this difference was not more significant 

when analysing the total scores of the 30 minutes test that leads to hypothesize that under the 

conditions used in this and our previous study this behavioral effect can represent a borderline 

finding that deserves further attention in next investigations. 

5. CONCLUSION 

Overall, further studies are needed to better understand the role of the pesticide fipronil as a 

predisposing agent for the development of PD or other neurodegenerative disorders. The fact 

that significant impairments in brain monoamine neurochemistry can be observed not only 

after direct injection of the pesticide into the SN (Bharatiya et al., 2020a), but also after 

chronic systemic exposure (Bharatiya et al., 2020b), deserves particular attention for the 

regulation and prevention of those environmental factors that in exposed humans may act as 

predisposing agents for the development of various neurodegenerative disorders, including 

PD.   

Notably, fipronil can affect not only dopamine secretion but also the generation of pro-VGF 

and/or specifically VGF C-t truncated peptides in the nigrostriatal system, revealing a 

potential role in influencing locomotor activity. This could be valuable not only for 
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diagnostics, as previously proposed (Cocco et al., 2020), but also for experimental treatment 

methods based on the detected biological peptides. 

 

FIGURE LEGENDS 

Fig. 1 Timeline of the experimental procedures 

Timeline of the experimental procedures was performed with the cohort of rats dedicated to the 

behavioral testing of locomotor activity. After a period of ten days of acclimation and daily 

handling, each rat underwent one habituation session in the motility apparatus that lasted for two 

hours in order to prevent the influence of novelty factors linked to the experimental procedure 

and motility apparatus during the experimental sessions. Twenty-four hours later, the rats were 

tested in order to obtain basal values of locomotor activity and build the experimental groups. 

Then, the day after, DMSO or fipronil microinjection into the SN was performed. Finally, after a 

recovery period of 15 days, each rat was individually tested for locomotor activity in order to 

assess potential effects of the fipronil intranigral microinjection and, thereafter, rats were 

perfused, and brains collected for the ex vivo IHC assays. 

Fig. 2 The molecular weight forms recognised by the VGF antibody 

A band of approximately 70 kDa, compatible with pro-VGF, was recognised by our anti-VGF 

C-t antibody in samples of hypothalamus, substantia nigra, caudate-putamen (CPu), nucleus 

accumbens (n=4 each) and PC12+, but not in PC12- (used as negative control); our antibody 

also recognised other smaller bands compatible with high cleavage of the pro-VGF at its C-

terminus. PC12: pheochromocytoma cells, grown up with or without the nerve growth factor 

(PC12+ or PC12-, respectively). 

Fig. 3 High-resolution MS/MS analysis 

Naturally occurring peptides identified by high-resolution MS/MS analysis within the rat pro-

VGF sequence in substantia nigra (from 2 untreated rats) and caudate-putamen (from 3 

untreated rats). The blue and green arrows indicate peptides from the substantia nigra and 

caudate-putamen, respectively. 

Fig. 4 Changes in treated rats 

The TH and VGF antibodies were studied in DMSO-treated (unlesioned) rats versus the 

fipronil-(lesioned) rats (n=6 each group). In the subtantia nigra (a–f), the anti-TH antibody (a) 

labelled, as expected, several cell bodies and dendrites in the DMSO-treated (unlesioned) 

side, whereas in the fipronil-(lesioned) side (b) there was a significant reduction in the 

number of labelled neurons confirmed by a statistically significant decrease in optical density 

(OD) values (c, OD: 13.5 3.3 vs. 47.4 mean SEM; fipronil vs. DMSO sides). Our 
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anti-VGF antibody labelled axon terminals in the DMSO- treated (unlesioned) side (d), while 

in the fipronil-(lesioned) side (e) there was a significant decrease in brightness, confirmed by 

a statistically significant difference in OD values between the two sides (f, OD: 23.7 vs 

60.1mean SD, fipronil vs. DMSO sides). In the caudate-putamen (g–l), no 

differences were found for TH- or VGF- staining between the DMSO-treated (unlesioned) 

and fipronil-(lesioned) side (g and j vs. h and k, respectively), confirmed by the OD analysis 

(i, OD for TH:1331249 and 1192194 in the DMSO and fipronil lesioned sides, 

respectively; mean SD and l, OD for VGF: 2211±585 and 2005±283 in the DMSO and 

fipronil lesioned sides, respectively; mean SD). TH: tyrosine hydroxylase; scale bars: 50 um 

(a,b,d,e); 500 um (g,h,j,k). 

Fig. 5 VGF Sequences  

Sequences of the VGF immunogens used to generate the two commercial antibodies, 

composed of 100 and 17 aa (Ab1 and Ab2: # PA5-63081and PA5-20523, respectively), and 

our antibody (Ab3); Ab=antibody; aa=ammino acids.  

Fig. 6 Locomotor activity 

Horizontal (a and b), vertical (c and d) and centre (e and f) spontaneous locomotor activity of the 

fipronil- (FPN, 25μg) and dimethyl sulfoxide- (DMSO,1 μL) treated rats. Rats were individually 

placed inside the apparatus and locomotor activity was recorded for 30 min (6 consecutive 

fractions of 5 min). On the left (a, c, e) are reported the values related to the individual 5 min 

recording fractions while on the right (b, d, f) are reported those related to the whole 30 min test. 

Values are mean ± SEM (n = 12 rats/group; t-test or two-way ANOVA followed by Bonferroni’s 

corrected pairwise comparisons). 
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Abstract 

Background. Dopamine is reduced in the brain of rats treated with fipronil, a broad-spectrum 

insecticide. VGF (no acronym) is a neurotrophin-inducible protein expressed as the 75kDa 

form (precursor or pro-VGF) or its truncated peptides. VGF immunostaining has been 

revealed using an antibody against the C-terminal nonapeptide of the rat pro-VGF in the nerve 

terminals of the rat substantia nigra, where it was reduced after 6-hydroxydopamine 

treatment. It is unknown whether pro-VGF and/or its shortened peptides are present in these 

neurons. Therefore, the aim of this study was first to determine which types of VGF are 

expressed in the normal substantia nigra (and striatum) and then to determine VGF 

modulations and whether they occur in parallel with locomotor changes after fipronil 

injection. Methods. Rats were divided into two groups that received a unilateral intranigral 

infusion of either vehicle (i.e., dimethyl sulfoxide, DMSO) or fipronil (25 µg), and then were 

tested for locomotor activity. An untreated group of rats (n=4) was used for identification of 

the VGF fragments using high performance liquid chromatography-mass spectrometry and 

western blot, while changes in treated groups (fipronil vs DMSO, each n=6) were investigated 

by immunohistochemistry using an antibody against the rat pro-VGF C-terminal nonapeptide 

in parallel with the anti-tyrosine hydroxylase antibody.  Results. In untreated rats, the VGF C-

terminal antibody identified mostly a 75kDa band in the substantia nigra and striatum, 

supporting the finding of high-resolution mass spectrometry, which revealed fragments 

covering the majority of the pro-VGF sequence. Furthermore, several shortened VGF C-

terminal forms (varying from 10 to 55 kDa) were also found by western blot, while high-

resolution mass spectrometry revealed a C-terminal peptide overlapping the immunogen used 

to create the VGF antibody in both the substantia nigra and the striatum. In the substantia 

nigra of fipronil-treated rats, immunostaining for tyrosine hydroxylase and VGF was reduced 

compared to DMSO rat group, and this was related with significant changes in locomotor 
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activity. Fipronil has the ability to modulate the production of pro-VGF and/or its C-terminal 

truncated peptides in the nigrostriatal system indicating its intimate interaction with the 

dopaminergic mechanisms and implying a potential function in modulating locomotor 

activity. 

Key words 

Fipronil, Parkinson’s disease, VGF, degeneration, nigrostriatal mechanisms, dopamine 

1.INTRODUCTION 

Parkinson's disease (PD) is a neurological disorder characterized by progressive degeneration 

of dopaminergic neurons in the substantia nigra (SN), resulting in dopamine deficiency with 

deregulation of a variety of substances/neurotransmitters (Kalia and Lang, 2015). 

Environmental factors appear to play an important role in the development of PD. There is an 

association between PD and pesticides in different exposure settings (industrial, agricultural, 

residential: Freire and Koifman 2012; Islam et al., 2021; Anirudhan et al., 2023). The staining 

of tyrosine hydroxylase (TH), the enzyme responsible for dopamine synthesis, is reduced in 

the SN of rats microinjected with fipronil, a broad-spectrum insecticide also used in 

veterinary medicine (Park et al., 2016). This reduction paralleled changes in motor activity 

and nociception due to degeneration of nigrostriatal dopaminergic neurons (Bharatiya et al., 

2020a). In addition, chronic oral fipronil treatment for 21 days significantly reduced 

dopamine and its metabolites in most striatal areas, including the nucleus accumbens and SN 

(Bharatiya et al., 2020b). The VGF gene (not abbreviated), which is regulated by nerve 

growth factor (NGF) in PC12 cells and cultured cortical neurons (Salton et al., 1991), encodes 

a VGF precursor protein (or pro-VGF). Pro-VGF has a molecular weight (MW) of 75kDa and 

consists of 617/615 aa in rat/mouse and human, respectively, with >85% identity (minor 

sequence differences between rat/mouse and human) (Ferri et al., 2011). It can give rise to a 

variety of truncated peptides different in length and biological activity, expressed in rat and 

human brain (Noli et al, 2017; Cocco et al., 2010), but also in rat/mouse and human blood 

(Noli et al, 2017; D’Amato et al., 2015). Truncated peptides include the so-called TLQP 

family, which consists of pleiotropic neuropeptides possibly involved in various physiological 

processes (Noli et al., 2020; Corda et al, 2021, Lewis et al., 2017, Fairbanks et al., 2014, 

Skorput et al., 2018) and the NAPP-19, identified in human blood (D’Amato et al., 2015). In 

the SN, using an antibody against the nonapeptide at the C-terminal (C-t) of the rat pro-VGF, 

staining was found in a large number of neuron terminals, containing glutamic acid 

decarboxylase (GAD) and Substance P. Staining of VGF decreased in the SN of 6-
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hydroxydopamine-(6-OHDA) treated rats, but it was restored by levodopa (L-dopa) treatment. 

(Cocco et al., 2020). These results are consistent with those obtained in PD patients. Indeed, 

the levels of the VGF C-t peptides in PD patients were analyzed by a home-made competitive 

enzyme-linked immunosorbent assay using an antibody directed against the nonapeptide at 

the C-t of the human pro-VGF. Blood samples were collected from patients at the time of 

diagnosis (drug-free, n = 23) or after dopamine replacement (n = 40) and compared with age-

matched controls (n = 21) (Cocco et al., 2020). A strong decrease (>50%) was observed in 

drug-free patients, whereas long-term L-dopa treatment caused an increase in the VGF levels. 

VGF C-t levels were also correlated with disease duration, L-dopa equivalent dose and 

severity of the olfactory dysfunction. The VGF changes observed in the blood of PD patients 

have been verified in other body fluids, such as cerebrospinal fluid (CSF) and urine, using 

liquid chromatography-tandem mass spectrometry in data-independent acquisition mode 

(Rotunno et al., 2020; Virreira Winter et al., 2021). In CSF, downregulation was observed for 

peptides containing the C-t portion, whereas in urine downregulated peptides covered most of 

the VGF sequence (Karayel et al., 2022). Because it is unclear which VGF forms are 

expressed specifically in the nigrostriatal regions, the goal of this study was to first identify 

which types of VGF are present in the SN and CPu, and then to determine the possible VGF 

response to fipronil intranigral microinjection and whether it is associated with locomotor 

activity. 

2. MATERIALS AND METHODS 

2.1. Animal care and use 

Adult male Sprague-Dawley rats (kindly provided by the Department of Neuroscience, 

University of Cagliari) weighing 250-300 g (at the beginning of the experiments) were used in 

this study. The animals were housed in groups of 4 per cage and maintained under standard 

conditions with a 12-h light/dark cycle at room temperature (22 ± 2°C, 60 ± 5% humidity). 

Standard pellet chow and tap water were provided ad libitum throughout the study. Rats were 

handled once daily for at least 10 days before starting the experiments to avoid stress induced by 

the experimental procedures and to familiarize them with the operators. All national and 

institutional guidelines for animal care and use were followed. The care and use of the animals 

was approved by the American Physiological Society and the EEC Council Directive of 24 

November 1986 (86/609) and approved by the Ethical Committee for Animal Experimentation 

of the University of Cagliari (D.P.R. 116/92). 

2.2 Experimental timeline of behavioral studies 
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The assessment of potential effects to locomotor behavior in rats that received an intranigral 

injection of either vehicle (i.e., DMSO) or fipronil was conducted with minor changes as already 

described (Angioni et al., 2016; Bharatiya et al., 2020a; Sanna et al., 2021). Briefly, rats were 

handled daily for 10 days prior to the start of the studies to avoid stress caused by manipulation 

during the experimental sessions. At the end of this period, each rat underwent one habituation 

session that lasted for two hours in order to prevent the influence of novelty factors linked to the 

experimental procedure and motility apparatus during the experimental sessions. Twenty-four 

hours later, the rats were tested in order to obtain basal values of motor activity and prepare the 

experimental groups, that was made by assigning each rat to the vehicle or fipronil group in a 

counterbalanced manner to avoid possible differences between groups in the level of basal 

activity of the rats. One group (n=12) received a unilateral intranigral infusion of DMSO, while 

the other group (n=12) was intranigrally injected with fipronil (see below). Finally, 15 days after 

the intranigral microinjection, each rat was tested for locomotor activity and, thereafter, rats were 

perfused, and brains collected for the ex vivo immunohistochemistry (IHC) assays (see Figure 1).  

2.3 Fipronil microinjections into the SN 

Rats (n=24) were positioned in a Stoelting stereotaxic apparatus under isoflurane anaesthesia 

(1.5-2.0%) and a unilateral microinjection of DMSO (1 μL) or fipronil (25 µg/1 μL; purchased 

from Sigma Aldrich, Düsseldorf, Germany) was performed at the SN coordinates (AP: -5.3 mm; 

ML: -2.0 mm; DV: -8.0 mm) (Paxinos & Watson, 2004) over a period of 1 minute by using a 10 

µL Hamilton microsyringe mounted on the holder of the Stoelting stereotaxic apparatus. The 

needle of the microsyringe was left in the injection site for a further 3 minutes to allow better 

diffusion of the injected solution, before being slowly withdrawn (Bharatiya et al., 2020a). To 

verify the injection site in the SN, selected brain slices at the level of the nigral area were stained 

with neutral red solution and examined by a contrast-phase microscope. Only rats in which the 

track of the microinjection needle was correctly positioned in the SN were included in the 

statistical analysis of the results. 

2.4 Locomotor activity 

Rats (n=24) were individually tested for motor activity under standardised environmental 

conditions in a soundproof room with a light level of 30 lux using a Digiscan Animal Activity 

Analyzer (Omnitech Electronics, Columbus, Ohio). Each cage (42 cm x 42 cm x 63 cm) had 

two sets of 16 photocells arranged at right angles to each other, projecting horizontal infrared 

beams 2.5 cm apart and 2 cm above the cage floor, and another set of 16 horizontal beams 

whose height was adapted to the size of the animals (20 cm). Horizontal and vertical activities 

were measured as the total number of consecutive infrared beam breaks (counts) in the 
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horizontal or vertical sensors, while central time was quantified as the number of seconds the 

animal spent in the central part of the arena during the experiment. Parameters were recorded 

every 5 minutes, beginning immediately after the animals were placed in the experimental 

cage, for a test period of 30 minutes. 

2.5 VGF C-t antibody  

The sequence His615-Arg616-Pro617 is located at the rat pro-VGF C-t. Therefore, we 

produced the VGF C-t antibody by immunization against the corresponding nonapeptide as 

antigen conjugated to bovine thyroglobulin via an additional D-tyrosine.  Our VGF C-t 

antibody, has been shown to recognize the pro-VGF in pancreas (Cocco et al., 2007), stomach 

(Brancia et al., 2010) and adrenal gland (D'Amato et al., 2008), and was affinity purified by 

overnight incubation (4°C) in a disposable polypropylene column (Thermo Scientific) 

containing the VGF C-t cysteine-octapeptide covalently immobilized on a sulfolink coupling 

resin (Thermo Fisher Scientific). After several rinses with phosphate buffer saline (PBS) 0.5 

M, the C-t antiserum was eluted in glycine-HCl 1M, pH 2.5 and validated by (i) absorption 

experiments performed by overnight incubation on normal SN sections with the rat 

nonapeptide used for immunization in a range of concentrations (0.01-100 mol/L, at 4°C) (ii) 

comparison with two purchased C-t antibodies raised against human C-t sequences 

overlapping our immunogen (# PA5-20523 and # PA5-63081), guaranteed for reactivity in 

human, rat and mouse, and both validated by western blot (WB) for their reactivity to pro-

VGF (the PA5-63081 was validated using a VGF knockout cell line generated by CRISPR-

Cas9) (iii) WB using a cell line derived from a rat adrenal medullary pheochromocytoma 

(PC12) grown with (PC12+) or without (PC12-) NGF in Roswell Park Memorial Institute 

(RPMI) medium containing 5% fetal bovine serum and 10% heat-inactivated horse serum, as 

previously described (Possenti et al. 1989; Greene and Tischler, 1976). If necessary, 100 

ng/mL NGF (PC12+) was added 24 hours before cell harvest. Cells were harvested in PBS 

and lysed in sustainable development solution (SDS) sample buffer. 

2.6 VGF peptide identification  

The VGF forms were identified using a group of untreated rats (n= 4), by high performance 

liquid chromatography-mass spectrometry and WB. 

2.6.1 WB analysis 

WB was performed on SN, CPu, accumbens and hypothalamus samples of untreated rats (n=4 

each) and either PC12+ or PC12-. From each fresh brain, coronal slide samples (encompassing 

the interested areas) were first obtained using a cooled rat brain matrix through razor blades, 

and then CPu, accumbens and hypothalamus samples were obtained from the slides using 
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punches of 3, 4 and 5 mm dimensions as appropriate, following, under microscopy, the 

coordinates of the Paxinos Atlas of the rat brain (Paxinos and Watson, 2007).  

Brain samples were placed in a 10 ml/g extraction solution (PBS plus 5 ul/mL protease 

inhibitor cocktail: Sigma P8340) and immediately homogenized with ultraturrax for one 

minute. Samples were kept on ice for 10 minutes, then samples were boiled for a further 10 

minutes, cooled and centrifuged at 3,000 rpm for 15 minutes at 4°C. The BCA protein assay 

kit (Thermo Scientific) was used to measure total protein concentration. Proteins were diluted 

in 2x SDS buffer (Origene) to load 20 micrograms of each sample, heated to 95°C for 5 

minutes and subjected to SDS-PAGE using a precast polyacrylamide gradient gel (NuPAGE 4 

to 12% Bis-Tris Mini protein Gel, Thermo Fisher Scientific) in a mini gel tank (Thermo 

Fisher Scientific) for 20 minutes at 200 volts. Internal MW standards (PageRuler Plus 

prestained protein ladder 10 to 250KDa, Thermo Scientific) were run in parallel. Proteins 

were transferred to a polyvinylidene difluoride membrane (Amersham Hybond-P, GE 

Healthcare) for 1 hour at 20 volts. Blots were blocked by immersion in 50 mM Tris-base and 

150 mM sodium chloride (TBS) containing 0.01% Tween-20 (TBS-T) and 5% bovine serum 

albumin for 1 hour at room temperature. Incubation with rabbit anti-VGF C-t primary 

antiserum (1:3,000 dilution in TBS containing 5% bovine serum albumin and 0.02% NaN3) 

was performed overnight at 4°C. The next day, the blots were rinsed four times with TBS-T 

and incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody 

(Jackson ImmunoResearch) diluted 1:10,000 in TBS-T for 1 hour at room temperature. After 

several washes with TBS-T, protein bands were developed using Thermo Scientific Pierce 

Enhanced Chemiluminescence WB Substrate. ImageQuant LAS-4000 was used for 

chemiluminescence detection. 

2.6.2 Nano-reversed phase high-performance liquid-chromatography (nano-RP-HPLC) 

- high-resolution Electron Spray Ionization-Mass Spectrometry (HR-ESI-MS) 

For top-down nano-RP-HPLC-high resolution ESI-MS/MS analysis and VGF peptide 

identification, all chemicals and reagents used were purchased from Sigma Aldrich (St. Louis, 

MO, USA). Analysis was performed on protein extracts from SN and CPu from the untreated 

rat group (2 for SN and 3 for CPu). Protein extraction was performed in PBS with protease 

inhibitor cocktail as previously described for WB. For each sample, the homogenised tissues 

were centrifuged and the clear supernatant containing proteins was quantified using the BCA 

protein assay kit (Thermo Scientific) prior to lyophilisation. The lyophilised samples were 

then resuspended in 0.1% formic acid (FA) to a final concentration of 0.1 µg/µL and 10 µL 

were analysed on an Ultimate 3000 Nano System HPLC (Thermo-Fisher Scientific, 
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Sunnyvale, CA) coupled to an LTQ Orbitrap XL (Thermo-Fisher Scientific, San Jose, CA, 

USA). The Easy Spray reverse phase nano-column (250 mm x 75 μm inner diameter, Thermo 

Fisher Scientific) was a C18 with 2 μm beads and elution was achieved with aqueous solvent 

A (0.1% FA) and aqueous solvent B (0.1% FA, 80% ACN v/v) in 90 min at a flow rate of 0.3 

μL/min with the following gradient: 0-3 min at 4%B, 3-10 min 4-20%B, 10-60 min 20-50%B, 

60-90 min 50-80%B. The mass spectrometer was operated at 1.5 kV in data dependent 

acquisition mode with the capillary temperature set at 275°C and the S-Lens RF level set at 

68%. Full MS experiments were performed in positive ion mode from 350 to 2000 m/z with a 

resolution of 120000 (at 400 m/z). The 5 most intense ions were subjected to the high 

collision dissociation (HCD) fragmentation with settings of 40% of normalised collision 

energy for 10 ms, isolation width of 2 m/z and activation q of 0.25.  Characterisation of 

naturally occurring intact peptides of VGF was performed using Proteome Discoverer (PD) 

software (version 1.4, Thermo-Fisher) with the SEQUEST HT cluster search engine 

(University of Washington, licensed to Thermo Electron Corporation, San Jose, CA) against 

the target rattus norvegicus VGF sequence obtained from the Uniprot KB database. The 

database search parameters were N-terminal pyroglutamic acid residue and C-terminal 

amidation as dynamic modifications. The peptide mass tolerance was set to 10 ppm and the 

fragment ion mass tolerance was set to 0.02 Da. Peptides were filtered for high confidence 

and a minimum length of 6 amino acids; FDR settings were 0.01 (strict) and 0.05 (relaxed). 

2.7 Brain staining 

Rats were deeply anaesthetized with chloral hydrate (400 mg/kg i.p.) and transcardially 

perfused-fixed with 4% paraformaldehyde in 0.1 M PBS, pH 7.2–7.4. Brains were rapidly 

removed, washed overnight in PBS containing 7% sucrose and 0.01% NaN3, oriented in 

aluminium foil moulds in cryo-embedding medium (Cocco et al., 2003) and frozen in melting 

freon (cooled with liquid nitrogen). Coronal cryosections (10 μm) encompassing the entire 

SN and/or CPu obtained from the midbrain (from the section with AP≈-6.5 to the section with 

AP≈-4.5) were collected on poly-L-lysine-coated slides and stored in the vapour phase of a 

liquid nitrogen tank until use. IHC investigations were performed on 12 treated rats, with 6 

animals from each group (fipronil and DMSO) chosen. The remaining rats (out of a total of 

24 treated rats) were not chosen because their brains were clearly not properly perfused 

(brains still showed red vassels, thus IHC was not conducted) or were only partially perfused, 

making it difficult to detect positive labelling when performing IHC.  IHC was carried out 

using our rabbit anti-VGF C-t antibody, (1:500), the sheep anti- TH (1:600;) and the two 

commercial VGF C-t antibodies, (# PA5-20523; against 17 aa at the C-t and PA5-63081 
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against 100 aa at the C-t); all diluted in PBS containing 30 ml/L normal donkey serum, 30 

ml/L normal rat serum and 0.02 g/L NaN3. Sections were incubated overnight in a humidity 

chamber with the primary antibodies, while the appropriate species-specific donkey 

secondary antibodies conjugated with either Cy3 or Cy2 were used to detect primary antibody 

reactivity. Slides were coverslipped with PBS-glycerol (40%), observed and photographed 

using BX41 and BX51 fluorescence microscopes (Olympus, Milan, Italy) equipped with 

FujiS3 Pro digital cameras (Fujifilm, Milan, Italy). Routine controls included sequential 

substitution of each antibody with PBS, use of pre-immune or non-immune sera, and testing 

of each secondary antibody with its respective non-relevant primary antibody. For semi-

quantitative determination of TH and VGF immunofluorescence signal, the FIJI image 

processing package based on ImageJ (NIH) was used. Briefly, 4 sections/animal/group/areas 

(SN or striatum) were selected, images were taken under standard exposure conditions with 

the S3 Pro digital camera (magnification: 4x) to cover the entire SN, including the pars 

compacta and reticulata. The RGB TIFF images were first converted to 8-bit greyscale, then 

the boundaries of the SN were manually traced by the user, and finally the background 

fluorescent signal was removed by a manual thresholding process. The mean SD of the 

optical density (OD) of binding of each TH and VGF antibody was then calculated and used 

for statistical analysis for each group of animals. 

2.8 Statistical analysis 

According to the 3Rs principles, we aim to minimize the number of animals used. To this scope, 

sample size calculations were performed before starting the experiments to ensure adequate 

experimental group numbers to be used in the study. Based on these calculations, it was expected 

that a number of 12 rats would be sufficient to detect significant differences between groups in 

the locomotor activity tests (t test, effect size d = 1.2, power (1-β) = 0.80, α = 0.05), while a 

number of 6 rats/group would be sufficient to detect significant differences between groups in 

the IHC assays (t test, effect size d = 2, power (1-β) = 0.80, α = 0.05). These calculations have 

been done based on prior studies using similar protocols (see for instance, Angioni et al., 2016; 

Bharatiya et al., 2020a,b; Sanna et al., 2021) and were carried out by using the software 

G*Power 3.1 (https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologieund-

arbeitspsychologie/gpower). Behavioral data were expressed as mean ± SEM and analyzed by 

Student's t-test (in case of the analyses of 30 minutes total counts) or repeated measures two-way 

ANOVA (in case of the analyses of fractional 5 minutes counts) with the Treatment as a 

between-subject factor and the 5 minutes Time fractions as a within-subject repeated measure. 

When ANOVA detected significant effects of main factors or interactions post-hoc comparisons 
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were performed using Bonferroni's corrected pairwise contrasts. Before running the tests, normal 

distribution of data was ascertained by the Shapiro-Wilk test and homogeneity of variances was 

verified by the Bartlett test. The analyses were carried out with PRISM, Graph Pad 8 Software 

(San Diego, USA) with the significance level set at p < 0.05.  

The OD collected from IHC experiments was statistically analyzed using Microsoft Excel 

StatistiXL software. For each experimental set, the normality of the data distribution was 

preliminarily checked using the goodness-of-fit test. The resulting p-values were > 0.05 in all 

cases; therefore, the following parametric tests were applied. Sample variances were remeasured 

using the F-test for equality of variance; therefore, individual or pooled variances were used for 

the two-tailed Student's t-test. P values < 0.05 were considered significant. 

3. RESULTS 

3.1 VGF fragments in the SN and striatum of untreated rats 

Our VGF antibody detected a 75kDa band compatible with the pro-VGF using WB performed 

with brain samples (SN, CPu, accumbens and hypothalamus) each from 4 untreated rats (Fig. 

2). The same band was also labelled using PC12+, but not with PC12-. These results are 

consistent with the top-down nano-RP-HPLC-high resolution ESI-MS/MS analysis done 

using untreated rats (n=2 of SN and 3 of CPu), which identified intact peptides (numbering 

seven in the SN and seventeen in the striatum), largely covering the VGF sequence. 

Importantly, among the fragments containing the C-t portion, one of 13 aa was characterized 

in the CPu (LQEQEELENYIEH peptide: VGF 599-611), whereas a longer peptide of 17 aa with 

the highest overlap with the immunogen used to generate our anti-VGF antibody 

(EQEELENYIEHVLLHRP: VGF601-617) was identified in the SN. Although other bands 

smaller than pro-VGF (55, 35, 15 and 10 kDa) were also detected by WB (probably because 

they contain the C-t portion), these forms were not the same as those identified by HPLC 

analysis because of the different detection limits of the techniques. The complete list of 

peptides identified in both tissues is shown in Fig. 3 and reported in detail in the supplemental 

material (Tables S1 and S2). Comparing the two brain areas, the majority of peptides 

expressed in the SN are also found in the CPu, including the NAPP, whereas the CPu contains 

peptides that are exclusively expressed in this area, including the TLQP. 

3.2 Immunostaining in treated rats 

Immnuofluorescence was performed in DMS- and fipronil-treated rats and semi-quantitative 

statistical changes were investigated (n=6 each; Fig.4 a–l). Using SN sections of DMSO 

treated rats, in both injected and uninjected sides, TH staining was observed as expected, and 

our home-made VGF antibody labeled axon terminals possibly containing GAD and 
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Substance P, as previously reported (Cocco et al., 2020), but did not label dopaminergic 

perikarya. Using the SN sections for absorption experiments, almost complete prevention of 

labelling of our home-made VGF antibody was found at the high peptide concentration, while 

some brightness intensity was shown at the other peptide concentrations. The same labelling 

was also observed using the two commercial anti-VGF C-t antibodies raised against two C-t 

peptides partially overlapping our immunogen (Fig. 5). Using SN from unilaterally fipronil 

treated rats, the uninjected sides were comparable to both the DMSO -injected (Fig. 4 a, d) 

and -uninjected sides, with the TH antibody labeling cell bodies and dendrites as expected 

(Fig. 4, a), and our VGF C-t antibody staining neuronal terminals (but not cell bodies) within 

both the pars compacta and reticulata (Fig. 4, d). Instead, in the SN of the fipronil treated rats 

the injected sides (Fig. 4 b, e) revealed a decrease in TH immunostaining with fewer positive 

cell bodies and dendrites compared to the DMSO-injected (Fig. 4, b vs a), DMSO-uninjected 

and fipronil-uninjected sides. The decrease in TH immunostaining was more pronounced 

around the injection side, but remained reduced throughout the different sections examined. 

Correspondingly, both the intensity and brightness of the VGF C-t staining was reduced on 

the fipronil injected sides compared to DMSO -injected (Fig. 4 e vs. d, respectively) DMSO-

uninjected and fipronil-uninjected sides and the reduction was more pronounced around the 

injection, but, as observed for TH, it remained reduced throughout the different sections 

examined. In the striatum of DMSO treated rats, in both sides VGF staining was observed in 

many areas of the brain, including the CPu, accumbens, and the cortex where cell bodies were 

labelled within the different layers, as well as the hippocampus and hypothalamus. Because 

neurons in the SN containing both GAD and substance P are known to be CPu projections, we 

focused on VGF labeling inside CPu. However, in DMSO treated rats (both sides), fipronil-

injected and fipronil-uninjected sides, both VGF (Fig. 4 g and h, DMSO and fipronil injected 

sides, respectively) and TH (Fig. 4 j and k, DMSO and fipronil injected sides, respectively) 

staining were almost identical. VGF staining was distributed throughout the entire CPu and 

identified primarily in neuronal terminals and rarely in cell bodies, making it difficult to 

characterize a single location as the side of SN projections (other techniques should be used to 

properly describe it). To determine semi-quantitative alterations in immunofluorescence 

signals, we examined the OD for TH and VGF in both SN and CPu, comparing the fipronil to 

DMSO -injected sides.  In the SN, OD for TH- (Fig. 4, c) and for VGF C-t- labelling (Fig. 4, 

f showed a significant reduction after fipronil treatment (p<0.05). Instead, in the CPu, the TH 

(Fig. 4, i) and VGF (Fig. 4, l) staining did not differ when the entire CPu was selected in 

ImageJ to see if the overall OD changed in fipronil compared to DMSO -injected sides. 
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3.3 Locomotor activity after FPN injection into the SN 

As reported in Fig. 6, rats unilaterally injected into the SN with a dose of 25 μg of fipronil 

displayed significant differences in locomotor activity 15 days after the injection compared to 

vehicle (i.e., DMSO) treated rats. In particular, fipronil-treated rats displayed a significant 

increase in horizontal activity; accordingly, two-way ANOVA of the counts referred to the 5 

min fractions revealed a significant effect of treatment [F(1, 22) = 9.48, p = 0.005] (Fig. 6, a) 

and this difference was also confirmed by the t test performed on the 30 minutes total counts 

(p = 0.005) (Fig. 6, b). At variance, in the case of vertical activity, two-way ANOVA detected 

a significant treatment x time interaction [F(5, 110) = 4.42, p = 0.001] (Fig. 6, c) indicating 

slightly lower values in FPN-treated rats when compared to vehicle-treated ones. However, 

this difference was not more detectable when analyzing the 30 minutes total counts by the t 

test (Fig. 6, d).  Finally, no significant differences between groups were observed in the center 

time, nor by the ANOVA on 5 minutes fractions neither by the t test on total counts (Fig.6, e, 

f).   

4. DISCUSSION 

The results of our studies showed that fipronil injection induced not only a reduction in TH, 

as previously reported (Park et al., 2016; Bharatiya et al., 2020a), but also in VGF staining, in 

parallel with changes in locomotor activity, that were detectable 15 days after the intranigral 

injection of the pesticide. As for our anti-VGF antibody, it has previously been used in SN 

(Cocco et al., 2020), but here we made a further effort to better characterise it using affinity 

purification, WB analysis (also using PC12 cells), and commercial antibodies against C-t 

sequences partially overlapping our immunogen and validated for their reactivity against pro-

VGF. WB analysis confirmed that our VGF antibody recognised pro-VGF in the SN and 

striatum. These data are consistent with HPLC-MS which, although unable to recognise the 

75kDa pro-VGF form, detected several fragments covering a large part of the VGF sequence. 

Among the VGF peptides, those containing C-t sequences partially overlapping with the 

immunogen used to generate our VGF antibody were identified in the striatum and SN. To the 

best of our knowledge, this is the first report of the identification of multiple naturally 

occurring VGF fragments in the SN using HPLC-MS, while some VGF fragments were 

previous found in the rat striatum (Karlsson et al., 2013) and striatum secretome (Bernay et 

al., 2009). Thanks to this finding, specific VGF peptides could be used to explore 

experimental approaches with specific therapeutic purposes using animal models. 

Furthermore, HPLC-MS, which is independent of antibody reactivity, confirmed the results 
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obtained by IHC and led to the hypothesis that the VGF changes in the SN under fipronil 

treatment are related to pro-VGF and/or its C-t truncated peptides.  

In our previous investigation (Bharatiya et al., 2020a) we observed that the microinjection of 

25 μg FPN into the SN induced 15 days later a decrease of about 40-50% in dopamine and 

3,4-dihydroxyphenylacetic acid (DOPAC) tissue levels in the striatum, that was paralleled by 

a decrease to a similar extent of TH immunoreactivity in the SN. Here, although we confirm 

the changes observed in TH immunoreactivity in the SN, we were unable to detect significant 

TH immunoreactivity changes in the striatum. These contrasting results may be due to 

differences in the methods used; in particular, in our previous study we used high pressure 

liquid chromatography coupled to electrochemical detection (HPLC-ECD) that is more 

sensitive than the IHC used in the present investigation (on this regard, see also Yuan et al., 

2005).  

More surprising is the fact that VGF decreased in the SN but not in the striatum. In fact, VGF 

nerve terminals in the SN are probably projections from the striatum (Bolam and Smith, 1990; 

Cocco et al., 2020). However, striatal VGF is not only released in the SN but can also be 

transported into several afferent and efferent fibres, making it difficult to see differences if the 

change is confined to a small area. Furthermore, the mechanisms by which VGF is involved 

are not known, so a decrease in VGF within the nigrostriatal pathways could be associated 

with an increase in other(s) striatal pathways. Importantly, the present findings not only 

confirm, as in our previous study (Bharatiya et al., 2020a), that direct injection of FPN into 

the SN induces changes in locomotor activity (i.e., an increase in horizontal activity paralleled 

by a decrease in vertical activity) associated with dopaminergic degeneration, but also show 

that these changes can be associated with a decrease in VGF immunoreactivity within the SN. 

Although further studies are needed to elucidate the putative involvement and role of VGF in 

regulating pathways with a crucial role in locomotor activity and movement, our results are 

consistent with previous investigations linking VGF, dopamine and neurodegeneration. 

Indeed, a similar decrease in VGF was observed in rats treated with 6-hydroxydopamine, 

which was reversed by L-dopa administration (Cocco et al., 2010).  Since the present work 

shows that environmental factors such as pesticides like fipronil can induce degeneration of 

dopaminergic neurons but also reduced release of VGF protein, it appears that VGF signalling 

can be directly regulated by dopamine function and is affected by low dopamine levels 

independently of the specific pathological processes involved in neurodegeneration, 

confirming its close relationship with dopaminergic neurotransmission, at least at the level of 

the nigrostriatal pathways.  
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However, given to the scarcity of studies on the subject, the involvement of VGF in 

nigrostriatal circuits is not yet obvious, and more focalized studies are required.  

The behavioral alterations in locomotor activity induced by the fipronil microinjection in the 

SN deserve some additional comment. As recalled above, an increase in horizontal activity 

together with a slight decrease in the vertical one has been observed after fipronil treatment. 

There could be several reasons for this discrepancy in the direction of effects between 

horizontal and vertical activity. One of them relates to the fact that the two parameters 

quantify different aspects of motor behavior that involve partially different neural pathways. 

In fact, while horizontal activity (i.e., distance travelled in the horizontal plane) is usually 

considered an index of general motor activation and arousal and involves not only the activity 

of the dopaminergic nigrostriatal pathway but also that of the mesolimbic one (see for 

instance Sharp et al., 1987), vertical activity (expressed by the rearing behavior) is considered 

a more specific index of active exploration and has been specifically related to the 

nigrostriatal pathway and striatal dopamine function (see, for instance, Jicha and Salamone, 

1991; Cousins et al., 1993). Thus, it is possible that the lesion induced in our rats, inducing a 

degeneration of the dopaminergic nigral neurons of approximately 60%, with a consequently 

relatively partial decrease of dopamine in the striatum can lead to a decrease in vertical 

activity (more sensitive to partial nigrostriatal damage) and, at the same time, to an imbalance 

in the activity of the pathways involved in the horizontal component of locomotor activity 

(nigrostriatal and mesolimbic pathways) that lead to an increase other than a decrease in 

horizontal activity.  Support for this notion comes also from the observation that an increase 

in locomotor activity has been observed 6 days after treatment in rats with lesions of the 

nigrostriatal dopaminergic neurons induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

given at doses that produce a 50–60% decrease in striatal dopamine content (Ferro et al., 

2005), although this difference was no more evident in the same rats after 18 days, pointing 

out the possibility that time-dependent alterations due to the time-course of the dopamine 

degeneration could be responsible of the different behavioral effects observed at different 

time-points in locomotor activity. To note, in the same study 6-OHDA did not induce any 

significant decreases in horizontal activity at both time-points, though a tendency to decrease 

rearing behavior was reported after 6 days. Noteworthy, the most part of the studies that 

observed significant reductions in locomotor activity after the lesion of the nigrostriatal 

pathway, were conducted inducing bilateral lesions able to provoke up to 80% (or more) 

dopamine decrease (Deumens et al., 2002) and often injecting the lesioning agent at the level 

of the medial forebrain bundle (MFB), thus also inducing the lesion of the dopaminergic 
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mesolimbic pathway. For this reason, this kind of lesions is usually considered as a model of 

end-stage parkinsonism (see Yuan et al., 2005) and can differ in several aspects from other 

models where the lesion is of lower entity, as in our case, and that could represent a model of 

early-stage parkinsonism. Further studies, in which the neurochemical and behavioral 

monitoring of rats injected with fipronil into the SN will last longer are needed to deeply 

investigate this possibility. Moreover, it should be also taken into account that at variance 

from other lesioning agents that are able to induce highly selective lesions of the dopamine 

system when injected into the SN or in the MFB (such as 6-OHDA), fipronil could also act on 

other neurotransmitter systems, inducing less selective lesions able to imbalance the activity 

of the basal ganglia at a more generalized level (see, for instance, Angioni et al., 2016).    

Finally, both the increase in the horizontal locomotor activity observed in the present study 

and the entity of the lesion induced in the TH immunoreactivity in the SN (by about 50%) 

closely resemble the findings reported and extensively discussed in our previous study 

(Bharatiya et al., 2020a), confirming the reproducibility of the model used. However, at 

variance from our previous study (Bharatiya et al., 2020a), we detected here a significant time 

x treatment interaction in the vertical activity data, indicating a slight, though significant, 

decrease in the vertical component of motor behavior, that did not reach significance 

(although present) in our previous study. However, this difference was not more significant 

when analysing the total scores of the 30 minutes test that leads to hypothesize that under the 

conditions used in this and our previous study this behavioral effect can represent a borderline 

finding that deserves further attention in next investigations. 

5. CONCLUSION 

Overall, further studies are needed to better understand the role of the pesticide fipronil as a 

predisposing agent for the development of PD or other neurodegenerative disorders. The fact 

that significant impairments in brain monoamine neurochemistry can be observed not only 

after direct injection of the pesticide into the SN (Bharatiya et al., 2020a), but also after 

chronic systemic exposure (Bharatiya et al., 2020b), deserves particular attention for the 

regulation and prevention of those environmental factors that in exposed humans may act as 

predisposing agents for the development of various neurodegenerative disorders, including 

PD.   

Notably, fipronil can affect not only dopamine secretion but also the generation of pro-VGF 

and/or specifically VGF C-t truncated peptides in the nigrostriatal system, revealing a 

potential role in influencing locomotor activity. This could be valuable not only for 
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diagnostics, as previously proposed (Cocco et al., 2020), but also for experimental treatment 

methods based on the detected biological peptides. 

 

FIGURE LEGENDS 

Fig. 1 Timeline of the experimental procedures 

Timeline of the experimental procedures was performed with the cohort of rats dedicated to the 

behavioral testing of locomotor activity. After a period of ten days of acclimation and daily 

handling, each rat underwent one habituation session in the motility apparatus that lasted for two 

hours in order to prevent the influence of novelty factors linked to the experimental procedure 

and motility apparatus during the experimental sessions. Twenty-four hours later, the rats were 

tested in order to obtain basal values of locomotor activity and build the experimental groups. 

Then, the day after, DMSO or fipronil microinjection into the SN was performed. Finally, after a 

recovery period of 15 days, each rat was individually tested for locomotor activity in order to 

assess potential effects of the fipronil intranigral microinjection and, thereafter, rats were 

perfused, and brains collected for the ex vivo IHC assays. 

Fig. 2 The molecular weight forms recognised by the VGF antibody 

A band of approximately 70 kDa, compatible with pro-VGF, was recognised by our anti-VGF 

C-t antibody in samples of hypothalamus, substantia nigra, caudate-putamen (CPu), nucleus 

accumbens (n=4 each) and PC12+, but not in PC12- (used as negative control); our antibody 

also recognised other smaller bands compatible with high cleavage of the pro-VGF at its C-

terminus. PC12: pheochromocytoma cells, grown up with or without the nerve growth factor 

(PC12+ or PC12-, respectively). 

Fig. 3 High-resolution MS/MS analysis 

Naturally occurring peptides identified by high-resolution MS/MS analysis within the rat pro-

VGF sequence in substantia nigra (from 2 untreated rats) and caudate-putamen (from 3 

untreated rats). The blue and green arrows indicate peptides from the substantia nigra and 

caudate-putamen, respectively. 

Fig. 4 Changes in treated rats 

The TH and VGF antibodies were studied in DMSO-treated (unlesioned) rats versus the 

fipronil-(lesioned) rats (n=6 each group). In the subtantia nigra (a–f), the anti-TH antibody (a) 

labelled, as expected, several cell bodies and dendrites in the DMSO-treated (unlesioned) 

side, whereas in the fipronil-(lesioned) side (b) there was a significant reduction in the 

number of labelled neurons confirmed by a statistically significant decrease in optical density 

(OD) values (c, OD: 13.5 3.3 vs. 47.4 mean SEM; fipronil vs. DMSO sides). Our 
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anti-VGF antibody labelled axon terminals in the DMSO- treated (unlesioned) side (d), while 

in the fipronil-(lesioned) side (e) there was a significant decrease in brightness, confirmed by 

a statistically significant difference in OD values between the two sides (f, OD: 23.7 vs 

60.1mean SD, fipronil vs. DMSO sides). In the caudate-putamen (g–l), no 

differences were found for TH- or VGF- staining between the DMSO-treated (unlesioned) 

and fipronil-(lesioned) side (g and j vs. h and k, respectively), confirmed by the OD analysis 

(i, OD for TH:1331249 and 1192194 in the DMSO and fipronil lesioned sides, 

respectively; mean SD and l, OD for VGF: 2211±585 and 2005±283 in the DMSO and 

fipronil lesioned sides, respectively; mean SD). TH: tyrosine hydroxylase; scale bars: 50 um 

(a,b,d,e); 500 um (g,h,j,k). 

Fig. 5 VGF Sequences  

Sequences of the VGF immunogens used to generate the two commercial antibodies, 

composed of 100 and 17 aa (Ab1 and Ab2: # PA5-63081and PA5-20523, respectively), and 

our antibody (Ab3); Ab=antibody; aa=ammino acids.  

Fig. 6 Locomotor activity 

Horizontal (a and b), vertical (c and d) and centre (e and f) spontaneous locomotor activity of the 

fipronil- (FPN, 25μg) and dimethyl sulfoxide- (DMSO,1 μL) treated rats. Rats were individually 

placed inside the apparatus and locomotor activity was recorded for 30 min (6 consecutive 

fractions of 5 min). On the left (a, c, e) are reported the values related to the individual 5 min 

recording fractions while on the right (b, d, f) are reported those related to the whole 30 min test. 

Values are mean ± SEM (n = 12 rats/group; t-test or two-way ANOVA followed by Bonferroni’s 

corrected pairwise comparisons). 
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