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Abstract

Adult neurogenesis is increasingly recognised as a potential modulator of Parkinson’s disease (PD)
pathology, yet its interaction with dopaminergic degeneration remains poorly understood. Here, we
investigated how ablation of adult neurogenesis influences dopaminergic vulnerability and associated
motor outcomes using a combined rat model of conditional neurogenesis ablation (GFAP-Tk) and
dopaminergic lesion (6-hydroxydopamine (6-OHDA)). Both neurogenesis suppression and dopaminergic
lesions reduced hippocampal and subventricular zone (SVZ) proliferation. While dopaminergic lesion
decreased Ki-67-positive cell density, it did not significantly alter neuroblast prevalence. In animals with
impaired neurogenesis, tyrosine hydroxylase (TH) immunoreactivity was increased in the ventral
hippocampus. In contrast, in the anterior amygdaloid area, only the combined manipulation reduced TH-
positive fiber density, indicating region-specific monoaminergic adaptations. Further analyses of the SVZ
revealed subregion-specific reduction in proliferation, with preservation of Ki67-positive cells in the
lateral SVZ, suggesting potential shifts in progenitor fate and migration following injury. Importantly,
these cellular alterations were accompanied by pronounced fine motor impairments in animals
subjected to both neurogenesis ablation and dopaminergic lesion. Together, these findings indicate that
reduced neurogenesis exacerbates dopaminergic dysfunction and associated motor deficits,
highlighting a bidirectional interaction that may influence PD progression. Targeting this interplay may
offer novel therapeutic targets to preserve neural plasticity and improve functional outcomes.

INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterised primarily by the
degeneration of dopaminergic neurons (DAN) in the substantia nigra pars compacta and the consequent
depletion of dopamine within the nigrostriatal pathway(Marxreiter et al. 2013). Clinically, these
neuropathological changes manifest as motor disturbances, including bradykinesia, rigidity, resting
tremor, and postural instability, alongside a broad spectrum of non-motor symptoms, such as cognitive
deficits, sleep disturbances, autonomic dysfunction, and mood disorders (Marxreiter et al. 2013).
Depression is among the most prevalent and disabling non-motor symptoms of PD, affecting up to 40%
of PD patients (Khedr et al. 2020; Prange et al. 2022). Unlike idiopathic major depressive disorder,
depression in PD is closely linked to the underlying neurodegenerative processes. It may precede the
onset of motor symptoms, appear at any stage of disease progression, and significantly worsen
prognosis by reducing quality of life, accelerating cognitive decline, and complicating treatment
responses (Jellinger 2022). Despite its clinical significance, the neurobiological basis of depression in
PD remains incompletely understood, likely reflecting a complex interplay between neurotransmitter
imbalance, neuroinflammation, and impaired neurogenesis (Zhao et al. 2025).

Although PD research has focused predominantly on nigrostriatal dysfunction, recent evidence supports
a more widespread pattern of neurobiological disruption, involving limbic and hippocampal circuits that
contribute to the complex phenotype of PD (Laakso et al. 1996; Camicioli et al. 2003). Reduced
hippocampal neurogenesis has been associated with cognitive deficits, depression-like behaviors, and
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altered stress responsiveness, conditions commonly observed in PD patients (Toda et al. 2019). In
parallel, dopaminergic signalling has been reported to regulate neurogenic processes, with dopamine
depletion leading to long-term alterations in progenitor proliferation and neuronal maturation (O’Keeffe et
al. 2009; Garcia-Garrote et al. 2021). In fact, the hippocampus expresses key components of
monoaminergic signalling, including enzymes and receptors involved in catecholamine synthesis and
modulation, such as tyrosine hydroxylase (TH). Although TH is typically associated with dopaminergic
and noradrenergic neurons, its presence in hippocampal interneurons and its afferent projections is well
documented (Weihe et al. 2006; Tsetsenis et al. 2023). Altered TH expression within limbic structures
has been observed in stress-related conditions, chronic inflammatory states, and transgenic models of
dysrupted glial or neuronal function (McEwen et al. 2016). In PD, changes in hippocampal TH expression
may reflect compensatory mechanisms, aberrant local catecholaminergic signalling, or structural
remodelling following dopaminergic depletion (Kim et al. 2022, 2023; Wu and Liu 2024). Notably, TH
dynamics specifically in the ventral hippocampus remain poorly explored, despite its prominent role in
affective and stress-related behaviours that are frequently disrupted in early-stage PD (Hemmerle et al.
2012).

Despite growing recognition of the hippocampus as a significant locus of PD-related pathology, several
questions remain unresolved. How does reduced adult neurogenesis interact with dopamine depletion to
influence hippocampal-associated depressive symptoms? Do changes in TH expression represent
compensatory mechanisms of maladaptive remodelling? Addressing these questions is essential for
understanding the mechanisms underlying early depressive manifestations of PD, which often precede
classical motor signs. To this end, this study investigated the combined effects of reduced adult
hippocampal neurogenesis and dopaminergic degeneration using a dual-hit pre-clinical model — the
transgenic GFAP- GFAP-thymidine kinase (GFAP-TKk) rat line subjected to 6-hydroxydopamine (6-OHDA)-
induced dopaminergic lesions. In the GFAP-Tk model, the viral thymidine kinase (Tk) is expressed under
the GFAP promoter. After administration of ganciclovir (GCV, a guanosine analog), proliferating cells
incorporate the compound during DNA replication. The viral Tk metabolised the GFAP-positive
proliferative cells, producing intracellular toxic products that ultimately induced cell death(Mateus-
Pinheiro et al. 2021). By integrating behavioral, neurogenic, and dopaminergic analyses, this study
provides insight into how suppression of hippocampal neurogenesis influences PD-related motor
dysfunction and associated neural alterations.

MATERIAL AND METHODS
Stereotaxic surgeries and Ganciclovir treatment

All experiments were conducted with the consent of the Portuguese National Authority for Animal Care
and Experimentation (Diregao-Geral de Alimentagao e Veterinaria (DGAV), ID: DGAV005453), and in
accordance with the local regulations on animal care and experimentation (European Union Directive
2010/63/ EU).
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The GFAP-Tk transgenic Sprague-Dawley rats abrogated neurogenesis in the dentate gyrus and the
subventricular zone of the olfactory bulbs. Cell-specific expression of the herpes simplex virus thymidine
kinase (HSV-TK) enabled ablation of proliferating cells. The TK, but not the endogenous, phosphorylates
analogues of nucleosides equivalent to ganciclovir, which was orally administered (Snyder et al. 2016).
Those synthetic nucleosides are integrated into the DNA of cells during replication. This process allows
for DNA synthesis to be inhibited, leading to apoptosis (Snyder et al. 2016). Additionally, this HSV-TK is
controlled by the glial fibrillary acidic protein (GFAP) promoter, which promotes the reduction of newborn
cells in the neurogenic brain regions: hippocampus and subventricular zone of the olfactory bulbs
(Snyder et al. 2016). All the animals received ganciclovir (GCV, 50mg/Kg) for 21 consecutive days. GCV
administration was omitted on days 7 and 14, which were designated as treatment off-days. Importantly,
all animals were maintained under identical housing and environmental conditions throughout the study.
The experimental design, sample size, and statistical analyses were established a priori before data
collection. In addition to significance testing, effect size measures were calculated and reported to
facilitate the interpretation of the results.

Prior to GCV administration, the PD model was induced using a protocol previously established by our
group(Teixeira et al. 2017). Briefly, under the influence of ketamine-medetomidine (75 mg/kg; 0.5 mg/kg,
intraperitoneally (i.p.)), 10-week-old male transgenic GFAP-Tk Sprague Dawley rats (n = 24) were
unilaterally injected with 6-hydroxydopamine hydrochloride (6-OHDA) (2 pL at 4 pg/pL) combined with
0.2 mg/mL ascorbic acid in 0.9% NaCl; 6-OHDA group) directly into the striatum at specific coordinates
related to Bregma and according to Paxinos and Watson brain atlas: AP: +1.3, ML: -2.6; AP: -1.3, ML: -4.5;
AP: +0.4, ML: -3.0; AP: -0.4, ML: -4.2, DV: -5.0 (Paxinos and Watson 2007). The injection was administered
at a rate of 1.0 yL/min using a 30-gauge needle and a Hamilton syringe (Hamilton, Bonaduz, CH,
Switzerland) in a stereotaxic frame (Stoelting, Wood Dale, IL, USA). The vehicle groups received 2uL of
0.2 mg/mL ascorbic acid in 0.9% NaCl. In this experiment, the experimental groups included the wild-
type animals (WT, n = 4), Tk animals (Tk, n = 4), WT animals with the 6-OHDA injections (WT 6-OHDA, n =
9), and Tk animals with 6-OHDA (Tk 6-OHDA, n = 8). Animals were randomly assigned to experimental
groups before the study began.

Three weeks post-surgery, fine motor coordination was assessed. Upon completion of motor behaviour
performance, rats were killed and processed for evaluation of dopaminergic neuron (DAn) loss and
neurogenesis impairment by immunohistochemistry. During behavioural assessments, animals were not
identified by visible markings that could reveal treatment allocation, thereby reducing observer-related
bias. All in vivo experiments were conducted within a single experimental session, with animals from
different experimental groups assessed in an interleaved manner. This approach prevented the
consecutive evaluation of animals from the same treatment group and minimised potential order
effects. Regarding the histological evaluations and cell quantification analyses, these were performed
under blinded conditions, with investigators unaware of the treatment assignment of individual animals
during data acquisition and analysis. Collectively, these procedures reduced experimental and analytical
bias and enhanced the study's rigour, transparency, and reproducibility.
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Staircase Behaviour Test

As reported in the literature, the loss of DAn caused by 6-OHDA unilateral administration, led to forelimb
deficits in reaching, retrieving and eating the sugar pellets available in the staircase test (23,26). The
staircase apparatus is composed of seven steps, which were classified as levels, in which level one is
considered the easiest (closer to the animal) and level seven is the hardest one. One week before
evaluations, the sugar pellets were placed in the home cage of the animals for them to get used to the
flavour and smell. Then, each rat had two training sessions (one session per day) for 5 minutes on the
first day, and 10 minutes on the second day. In these sessions, the animals (WT, n = 4; Tk, n = 4; WT 6-
OHDA, n =9; and Tk 6-OHDA, n = 8) were able to explore the apparatus. In the following seven days, the
test session was conducted for 15 minutes. In the first 5 days of test sessions, the pellets were available
on both sides of the apparatus, and in the last two days, the food was placed on one side - a forced-
choice task. During all the test sessions, the animals did not get ad libitum food. The animals received 3
food pellets at the end of each test session for one week. The weight of the animals was controlled
every two days. A humane end-point was considered 20% loss of the initial weight. The number of pellets
dropped and eaten was quantified on the left and right sides. Also, the levels that the animals reached on
day 5 were qualitatively analysed.

Apomorphine Turning Behaviour Test

Animals (WT, n =4; Tk, n = 4; WT 6-OHDA, n = 9; and Tk 6-OHDA, n = 8) received a single subcutaneous
injection of apomorphine hydrochloride (Sigma-Aldrich; 0.05 mg/kg) in the dorsum and, immediately
after, were positioned on a rotameter apparatus (MED-RSS, Med Associates, Fairfax, VT) for 45 minutes
(Teixeira et al. 2017, 2020). The number of rotations was recorded digitally, and the calculus of net
contralateral rotations (difference between total ipsilateral and contralateral rotations) denoted the
integrity of the dopaminergic system. Animals with higher ipsilateral rotations were associated with
pronounced dopaminergic degeneration.

Histology Assessment

Approximately four weeks post-model induction, the animals were deeply anaesthetised with
intraperitoneal injections of sodium pentobarbital (Eutasil 60 mg/kg; Ceva Santé Animale SA, Libourne,
France). Transcardial perfusions were made using 0.9% NaCl and 4% paraformaldehyde (PFA; Merck &
Co. Inc., Kenilworth, NJ, USA) dissolved in 0.01 M phosphate-buffered saline (PBS), followed by post-
mortem tissue fixation for 48 hours in 4% PFA. Then, the tissue was placed in a 30% sucrose solution
prepared in PBS 1X. Brains were placed in 3% agarose and collected in 40 pm sections using a vibratome
(Leica Vibratome VT1000S; Leica Biosystems, NuBRloch, Baden-Wiirttemberg, Germany). The slices were
collected into a 12-well plate and kept in PBS 1X with azide at 4°C.
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Immunofluorescence Staining

Four to five coronal sections of hippocampus, striatum (STR), substantia nigra (SN), subventricular zone
(SVZ) and olfactory bulbs (OB) were selected to represent the rostro-caudal axis of the brain regions.
The sections were immersed in heated citrate buffer (90°C, pH 6.0) for 20 minutes. After equal the room
temperature (RT), they were washed with PBS 1X and incubated with PBS-T 0.5% for 10 minutes.
Blocking was carried out with 10% Normal Goat Serum (NGS) (Sigma-Aldrich, St. Louis, MO, USA) in PBS-
T 0.5% for 1.5 hours, following an overnight incubation at 4°C on an orbital shaker set to 60 rpm with the
appropriate primary antibody combination diluted in PBS 1X and 3% NGS. As primary antibodies, we
used: TH mouse (1:2000; Anti-tyrosine clone LNC1, Millipore, Cat# MAB318, Millipore,
RRID:AB_2201528) or TH rabbit (1:2000; Anti-tyrosine Hydroxylase, Milipore, Cat# MAB152, Millipore,
RRID:AB_2201528), DAT rabbit (1:200, Anti-dopamine transporter, Abcam, Cat# ab184451, Abcam, RRID:
AB_2893263), Vmat2 rabbit (1:100; Anti-Vmat2, Abcam, Cat# ab259970, Abcam, RRID:AB_3099042);
DCX mouse (1:100; Anti-doublecortin mouse, SC271390, Santa Cruz Biotechnology, RRID:AB_10610966),
Ki67 rabbit (1:100; Anti-Ki67, Abcam, Cat# ab16667, Abcam, RRID:AB_302459). The specificity of the
anti-tyrosine hydroxylase (TH) mouse antibody (Cat# MAB318) was previously validated by (Sen et al.
2019), who demonstrated specific labeling of catecholaminergic neuronal populations in the avian brain.
The anti-tyrosine hydroxylase (TH) rabbit antibody (Cat# MAB152) was validated by (Mijatovic et al.
2007), including detection of TH expression associated with alterations in dopaminergic
neurotransmission in a transgenic mouse model. The manufacturer validated the anti-dopamine
transporter (DAT) rabbit antibody (Cat# ab184451) using anatomical negative controls (striatum versus
lateral ventricle/liver) and immunoprecipitation experiments showing a single band at the expected
molecular weight (around 69 kDa) (https://www.abcam.com/en-us/products/primary-
antibodies/dopamine-transporter-antibody-epr19695-ab184451). Also, the manufacturer validated the
anti-VMAT?2 rabbit antibody (Cat# ab259970) through BOND RX™ validation procedures
(https://www.abcam.com/en-us/products/primary-antibodies/vmat2-antibody-epr24197-51-ab259970).
The specificity and reliability of the anti-doublecortin (DCX) mouse antibody (Cat# SC271390) and the
anti-Ki67 rabbit antibody (Cat# ab16667) were comprehensively evaluated by (Ghibaudi et al. 2023), who
assessed the consistency of DCX and Ki67 detection across multiple mammalian species and
demonstrated robust and reproducible immunolabeling patterns.

The following day, after being washed with PBS 1X, the sections were incubated with secondary
antibodies diluted in PBS 1X for 2 hours at RT on an orbital shaking platform set to 120 rpm (goat anti-
mouse Alexa Fluor 488 (Cat# A-11029, RRID:AB_2534088), goat anti-rabbit Alexa Fluor 488 (Cat# A-
11034, RRID:AB_2576217), and goat anti-rabbit Alexa Fluor 594 (Cat# A-11037, RRID:AB_2534095); all
from Invitrogen/Thermo Fisher Scientific). The incubation with diamidino-2-phenylindole-dihydrochloride
(1:1000, DAPI nuclear counterstain, Invitrogen / Thermo Fisher Scientific, Cat# D1306) followed the three
washes with PBS 1X. Slices were mounted on superfrost® Plus slides (Cat# 631-0108P; VWR,
Galdenaaksebaan, Leuven, Belgium) and covered with Permafluor (Epredia Lab Vision PermaFluor
Aqueous Mounting Medium, Epredia, Cat# TA-030-FM). Autofluorescence controls were tested from

sections that were not incubated with primary or secondary antibodies.
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Immunofluorescence Image Acquisition

Distinct image acquisition workflows were established to scan the brain regions analysed. Firstly, we
scanned the sections (4-5 sections/animal, WT, n = 2-3; Tk, n = 2-3; WT 6-OHDA, n = 8; and Tk 6-OHDA,
n=7) in a widefield microscope (Leica DMI6000 Timelapse, Leica Microsystems, Germany) with 10x
magnification (HC PL FLUOTAR 10x/0.25 Ph1) to create an imaging map to observe DAPI and/or TH
staining to facilitate the identification of lesioned and non-lesioned hemispheres. Images from both
brain hemispheres were acquired for hippocampus, striatum, substantia nigra and olfactory bulb
sections.

For the striatal regions, the 10x magnification objective acquired a mosaic image of the whole slice in its
focal plane. For the other regions, a mosaic image was also constructed with a 20x or 40x magnification
of the region of interest, but with different Z stacks. All the parameters used to capture the image are
summarised in Supplementary Table 1.

Cell quantification and measurement of fluorescence intensity

For the assessment of dopaminergic degeneration, the dopaminergic neurons in the substantia nigra
pars compacta (SNc), pars reticulata (SNr), and ventral tegmental area (VTA) were determined by
counting the total number of TH+ cells normalised by the area (mm?) analysed (4-5 sections/animal,
WT, n=2-3; Tk, n =2-3; WT 6-OHDA, n = 8; and Tk 6-OHDA, n = 7). The same procedure was performed
to quantify TH+ cells in the sub-regions of the OB. Additionally, DCX+ cells and Ki67 + cells were similarly
quantified in the hippocampus, SVZ and OB. Manual counting of those cells was conducted using the
multi-point tool from the Cell-Counter plugin in FIJI. The fluorescence intensity of TH, Vmat2 and DAT on
the STR, as well as TH on the hippocampus, was determined considering the integrated density of the
fluorescence staining normalised by the area considered (um?). The integrated density was assessed
after a segmentation conducted through the LabKit tool of Fiji, in which a classifier was trained to
identify specific staining in the slice. This segmentation generated areas corresponding to each pixel or
group of pixels exhibiting staining in the slice. Then, we combined the output areas from segmentation
with the areas of the brain regions studied. Thus, at the end, we obtained an integrated density of the
areas that have staining within our region of interest. Therefore, a macro script was created for that
purpose.

To delimit the areas of the regions studied in this work, we used two different Fiji plugins. The FASTMAP
Fiji plugin allowed us to define SNc, SNr, and VTA in the midbrain; in the hippocampus, we could outline
the dentate gyrus (DG), hilus, subgranular zone (SGZ), molecular layer and CA1-3; and in the OB:
glomerular layer, outer plexiform layer, mitral layer, inner plexiform layer, granule layer, and subependymal
zone. However, a slight adjustment in the areas for each section was performed with the polygon tool.
The other tool was the ABBA Fiji plugin. This tool was mainly used on the striatum slices. After resizing
the image to match the dimensions of the atlas images incorporated in ABBA, we obtained the areas for
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striatal sections: dorsal striatum, fundus striatum, olfactory tubercle, anterior amygdalar area, cingulum
bundle, globus pallidus external segment, and substantia innominata.

Also, a macro script was created to keep only the mentioned regions and delete all the others. In the
case of SVZ, the lateral, dorsal and medial regions were drawn with the polygon tool since the Allen brain
atlas, on which we based our analysis, did not contain those brain regions.

This region’s identification was performed in both hemispheres, which we distinguish by the ipsilateral
(lesion side) and contralateral side (non-lesioned side).

Statistical Analysis

The sample size of the present study was based on our previous work using the same 6-OHDA rat model
of PD (Caridade-Silva et al. 2023). Considering this, an a priori sample size estimation was performed
using a statistical power of 80%, a significance level (a) of 0.05, an estimated effect size of 0.3, and a
standard deviation of 6.25. Based on the approach described by Kadam and Bhalerao (Bhalerao and
Kadam 2010), the estimated sample size was approximately 6—7 animals per group, which is consistent
with the group sizes used in the present work. As the primary objective of this study was to evaluate the
impact of neurogenesis abrogation on PD progression, the experimental design focused primarily on the
comparison between the WT 6-OHDA and GFAP-Tk 6-OHDA groups. Furthermore, the GFAP-Tk
transgenic model is well established and extensively characterised in Dr. Luisa Pinto’s Lab (Martins-
Macedo et al. 2024). Therefore, in accordance with the principles of the 3Rs (Replacement, Reduction,
and Refinement), we minimised the number of animals allocated to control groups while maintaining the
ability to address the study objectives WT, n = 4; Tk, n = 4; WT 6-OHDA, n =9; and Tk 6-OHDA, n = 8).

Statistical analysis was conducted using SPSS Statistics (version 28; IBM Co., Armonk, NY, USA) and
GraphPad Prism 10 software for creating graphics (La Jolla, USA). The quantitative analyses were
performed using measurements obtained from 4-5 anatomically matched sections per animal,
spanning the anteroposterior axis of the region of interest. We adopted this approach to preserve
biologically relevant regional information, as averaging values across sections could mask important
differences between anterior and posterior subregions. The Shapiro-Wilk test assessed the normality
assumption for all continuous variables by examining kurtosis measures and visualising normal
histogram distributions. The identified outliers were removed from the analysis. Thus, for one-way
ANOVA, Levene's test checked for homogeneity of variances, while Mauchly's test evaluated sphericity,
both accepted when p-value = 0.05, and Tukey's HSD was considered as a post-hoc test for all the
analyses in which the four groups were compared. If the homogeneity of variances was not satisfied, we
conducted a Welch ANOVA and Games-Howell post-hoc tests. In the case of normality not being met, we
performed a Kruskal-Wallis non-parametric test. Thus, nonparametric statistical analyses were applied
when the assumptions were not met.

The comparison between ipsi- and contralateral sides was statistically analysed using a two-tailed
Student'’s t-test. If the data were not normally distributed, we ran a Mann-Whitney test. Lastly, in the
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staircase test, a two-way ANOVA was performed using the same assumptions and settings as before.

All analyses were conducted with a 95% confidence interval, considering differences statistically
significant when the p-value was =< 0.05. Appropriate effect sizes were computed for each test. Data is
presented as mean values + SD (standard deviation).

Lastly, investigators performed all experimental procedures, data collection, and statistical analyses
while blinded to the experimental groups until analysis completion.

RESULTS

GFAP-Tk transgenic rats show suppression of adult
neurogenesis

Reduced hippocampal neurogenesis is linked to molecular and behavioral alterations commonly seen in
PD (Regensburger et al. 2014). Therefore, here we took advantage of the transgenic GFAP-rat model, that
it is used to selectively ablate GFAP-expressing cells, especially proliferating astrocytes and neural
stem/progenitor cells that express GFAP. This rat model is therefore useful for studying adult
neurogenesis. Following ganciclovir treatment and 6-OHDA lesion (Fig. 1a,b), both GFAP-Tk (Tks) and 6-
OHDA-injected animals exhibited a significant reduction in proliferating cells (Ki67+) within the dorsal
and ventral subgranular zone (SGZ) of the hippocampus (dorsal SGZ: X?(3) = 11.120, p = 0.011; pyr/7k=
0.007, pwt/wT 6-0oHpa= 0.002, pwr/7k 6-0Hpa= 0.018; ventral SGZ: X2(3) =9.583, p =0.022; py1,1¢= 0.018,
PwT/wT 6-0HDA= 0.003, Pyw1/7k 6-0HDA= 0-04)(Fig. 1c-e). Consistent with these findings, neuroblasts (DCX+)

were significantly reduced in the dorsal SGZ in the TK groups (Fyech (3, 35.353) = 31.668, p < 0.001, n? =
0.431)(Fig. 1f,h). In the ventral SGZ, a reduction in immature neurons was specifically observed in the Tk
plus 6-OHDA group compared to 6-OHDA WT animals (F(3,40) =3.029, p = 0.040, n2 = 0.185; Fig. 1g,h).

Given the anatomical proximity of the subventricular zone (SVZ) to the striatum, this neurogenic niche
was further analysed across its lateral, medial and dorsal sub-regions (Fig. 2). As 6-OHDA lesions were
applied unilaterally, hemispheric differences were also assessed. Across all groups, the ipsilateral
hemisphere displayed significantly higher numbers of Ki67 + cells compared to the contralateral side
(WT: t(21)=-4.721, p < 0.001, Cohen’s d=-1.971; Tk: U=102, p =0.027; WT 6-OHDA: U = 506.5, p < 0.001;
Tk 6-OHDA: U =289, p < 0.001; Fig. 2a). However, hemisphere-dependent differences in immature
neurons (DCX+) were only observed in the Tk 6-OHDA (t(,6)=-2.548, p = 0.017, Cohen'’s d=-0.963; Fig. 2b).

Due to these differences, subsequent analyses focused on the ipsilateral side. In the lateral SVZ, the
density of Ki67 + cells was significantly reduced in the anterior region of the Tk 6-OHDA group compared

to both WT and WT 6-OHDA animals (Fyyeicn(s, 12.675) = 11.658, p < 0.001, n?=0.151; WT vs Tk 6-OHDA, p
=0.031, WT 6-OHDA vs Tk 6-OHDA, p = 0.006; Fig. 2d). In the medial SVZ, all experimental groups
showed reduction of proliferative cells in comparison to WT animals (X2(3) = 12.683, p = 0.005; py/7<
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0.001, pwr/wt 6-0Hpa= 0.024, pw1/7k 6-0HDA=0-006; Fig. 2g). Conversely, in the dorsal SVZ, reductions in
Ki67 + cells were restricted to the posterior region in the Tk + 6-OHDA group (X?(3) = 12.026, p = 0.007;

PWT 6-0HDA/Tk 6-0HDA= 0-003, Prie/1i 6-0HDA= 0.015; Fig. 2K).

Analyses of DCX+ cells revealed that the lateral SVZ was the most affected subregion (Fig. 2m, u).
Specifically, the Tk 6-OHDA group exhibited a significant reduction in the number in the posterior lateral
SVZ (X?(3) = 9.438, p = 0.024; pwr 6-0npa/Tk 6-0rpa= 0-047, pw/Tk 6-onpa= 0.004; Fig. 20). Qualitative
distribution analyses supported these findings (Figs. 2v, 2x). In WT animals, Ki67 + cells were evenly
distributed across SVZ subregions (Fig. 2v). However, in the Tk 6-OHDA group, 92% of proliferating cells
were localised in the lateral SVZ (Fig. 2v). Similarly, while immature neurons in WT animals were
predominantly located in the lateral SVZ, in the Tk 6-OHDA group, approximately half of DCX+ cells were
found in the dorsal SVZ (Fig. 2x), indicating a shift in spatial distribution.

Given the involvement of the olfactory bulb (OB) in both PD and depression-related phenotypes
(Regensburger et al. 2014), this region was also examined. No significant differences were observed in
DCX+ cells (Supplementary Data 1). However, the number of TH+ cells in the OB’s granule layer was

increased in the Tk 6-OHDA group in comparison to WT 6-OHDA and Tk-induced groups (X?(3) = 8.395, p
=0.039; Supplementary Data 2).

Disruption of neurogenesis amplifies 6-OHDA-driven
dopaminergic degeneration beyond the nigrostriatal
pathway

To determine whether neurogenesis suppression modulates dopaminergic vulnerability, we quantified
dopaminergic neuron (DAnN) densities across hemispheres (Fig. 3). Animals receiving 6-OHDA exhibited
significant reductions in dopaminergic cell density in the ventral tegmental area (VTA) (Tk 6-OHDA: U =
196, p = 0.010; Fig. 3a), substantia nigra pars compacta (SNc) (WT 6-OHDA: U = 568, p <0.001; Tk 6-
OHDA: U =310, p<0.001; Fig. 3b) and substantia nigra pars reticulata (SNr) in the lesioned hemisphere
(WT + 6-OHDA: U =618, p<0.001; Tk 6-OHDA: U =299, p < 0.001; Fig. 3c). Given these hemisphere-
specific effects, subsequent analyses focused on the ipsilateral (lesioned) side (Figs. 3d-f). 6-OHDA
significantly reduced DAn cell densities in the 6-OHDA-injected animals compared to both the WT and Tk

groups. Those DAn deficits were observed in VTA (X2(3) = 15.560, p = 0.007; py1/wT 6-onpa< 0-001, pw 7«
6-0npa=0-007, Prigwr 6-0HpA=0-037, Prig/Tk 6-01pA=0.036; Fig. 3d), SNc (X*(3) =26.101, p < 0.007; pyrywr

6-onpa< 0.001, Pyr/76-0Hpa<0.001, PriywT 6-0HDA<0.001, Pri/7ic 6-0HDA<0.001; Fig. 3e) and SNr (X*(3) =

13.411, p = 0.004; py1/wr 6-0HDA=0-004, Pyy1/7k 6-0HDA=0-025, Py W1 6-0HDA=0-005, P1i¢/7K 6-0HDA=0.041;
Fig. 3f), indicating a pronounced disruption of dopaminergic system integrity.

Dopaminergic terminal integrity was assessed by measuring fluorescence intensity in the striatum (STR)
and adjacent regions. A marked reduction in dopaminergic fibers was observed in the ipsilateral
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caudoputamen of 6-OHDA-injected animals (WT: t5(y=-0.695, p = 0.168, Cohen’s d=-0.610; Tk:
t(1g)=-0.467, p = 0.646, Cohen’s d=-0.209; WT 6-OHDA: t51)=-14.997, p < 0.001, Cohen’s d=-3.809; Tk 6-
OHDA: t(16)=-5.581, p < 0.001, Cohen’s d= -2.647; Fig. 3h), whereas no significant hemispheric differences

were detected in non-lesioned groups. Accordingly, analyses were restricted to the ipsilateral
hemisphere.

Significant reductions in striatal DAn fibers were observed in 6-OHDA animals (X%(3) = 41.484, p < 0.001;
Pwt/wt 6-oHpA< 0-001, Pw/7k 6-01HDA<0-007, PricywT 6-0HDA<0-007, P/ 7 6-0HDA<0-007; Fig. 3i), with
consistent effects across both the anterior and posterior striatal regions (Anterior: X?(3) = 18.618, p <
0.007; pwr/wt 6-orpa< 0-001, pwr/1k 6-0HDA=0-006, Pricyw 6-01DA=0-003, P11k 6-0HDA=0-023; Fig. 3j;
Posterior: X%(3) = 22.221, p < 0.007; pyr/wT 6-0rpa< 0-007, Pyt /1k 6-0rpa<0-007, PriwT 6-0npa=0.003,
P1i/Tk 6-0HDA=0.002; Fig. 3K).

Beyond the striatum, several regions exhibited significant reductions in TH fluorescence intensity
following 6-OHDA lesion, including the fundus striatum (FS), olfactory tubercle (OT), substantia
innominata (SI), globus pallidus external segment (GPe), anterior amygdalar area (AAA), and cingulum
bundle (CB) (Figs. 3l-0). In general, both 6-OHDA groups showed reduced dopaminergic signal compared

to WT animals (FS: X2(3) = 14.482, p = 0.002; pyy1/wr 6-0rpa< 0-001, Pwr/Tk 6-0npa=0.003, Fig. 3I. OT:
F(3,27) =4.019, p = 0.003, n? = 0.397; pyr/wt 6-0npa= 0-004, w11k 6-0rpa=0.014, Fig. 3m. SI: X%(3) =
10.827, p = 0.013; pwr/wT 6-0oHpa= 0-002, pwr/7k 6-0rpa=0-029, Fig. 3n. GPe: F(3,28) = 6.235, p = 0.002, n?
= 0.400; pwr/wT 6-0mpa= 0.010, Puwt/Tk 6-0npa=0.039, Fig. 30. AAA: F(3,24) = 4.019, p=0.019, n2=0.334;
PwT/Tk 6-0npa=0.027, Fig. 3p. CB: X2(3) = 8.107, p = 0.044; pyy1/wr 6-onpa= 0.016, Fig. 3q). Tk animals
showed a mild, non-significant reduction relative to WT, suggesting that neurogenesis ablation alone
does not substantially impact dopaminergic tone in these regions. Region-specific effects emerged in
the combined condition. In the GPe, WT 6-OHDA animals exhibited lower TH signal than Tk animals
(P1/wT 6-0HDA=0.03, Fig. 30), whereas the Tk 6-OHDA group did not differ significantly, suggesting a

potential modulatory effect of neurogenesis suppression. In contrast, in the AAA, the Tk 6-OHDA group
showed reduced TH fluorescence intensity compared to Tk animals, indicating enhanced vulnerability in

th|S I‘egion (ka/Tk 6_OHDA=0.044, F|g 3p)

Furthermore, analyses of dopamine transporter (DAT) fluorescence revealed a significant reduction in
the ipsilateral hemisphere of 6-OHDA-injected animals (WT 6-OHDA: t(34)=-5.865, p < 0.001, Cohen’s d=
-1.955; Tk 6-OHDA: t47)=-7.125, p < 0.001, Cohen’s d= -3.274, Fig. 3r). Group comparisons confirmed an

overall decrease in DAT signal in lesioned animals (Fwelch s 11 955 = 12.368, p < 0.007, n?=0.668; PwT/wT

6-orpa= 0.017, pw1/7k 6-01pa=0-012, PriswT 6-0rDA= 0-034, Pryc/7k 6-0HDA=0.030, Fig. 3s).

In contrast, vesicular monoamine transporter 2 (Vmat2) expression as largely unchanged across groups
(Fig. 4a-h). The only exception was the FS area, where WT animals exhibited higher Vmat2 fluorescence
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intensity compared to all other groups (X?(3) = 14.148, p = 0.003; py1/7¢= 0.002, pwr/wr 6-0orpa= 0.003,
pWT/Tk 6—OHDA=O'O1 7, F|g 4C)

Tyrosine hydroxylase levels are increased in the ventral
hippocampus of 6-OHDA + GFAP-Tk animals

To evaluate the impact of DAn degeneration and reduced neurogenesis on hippocampal
catecholaminergic signalling, TH fluorescence intensity was analysed across dorsal and ventral
hippocampal subregions. No significant differences were detected in the dorsal hippocampal
subregions, including DG (Fig. 5a), molecular layer (Fig. 5b), SGZ (Fig. 5c¢), hilus (Fig. 5d), CA1 (Fig. 5e),
CA2 (Fig. 5f), and CA3 (Fig. 5g) across all experimental groups (Fig. 5a-h). However, increased TH
fluorescence intensity was observed across most ventral subregions in groups with reduced
neurogenesis (Fig. 5h-l, n), with the exception of the ventral CA2 region (Fig. 5m). In the ventral dentate
gyrus (DG), Tk animals exhibited higher TH levels compared to both WT and WT 6-OHDA groups (X2(3) =
13.943, p = 0.003; pyy1/7¢ =0.048, p1i)wT 6-0HDA=0.025, Fig. 5h). Similarly, increased TH signal in Tk
animals relative to WT 6-OHDA was observed in the molecular layer, SGZ, hilus, and CA1 (ventral

molecular: X2(3) = 14.625, p = 0.002; pri,wt 6-onpa=0.03, Fig. 5i. ventral SGZ: X2(3) = 10.940, p=0.012;
PriywT 6-0Hpa=0.028, Fig. 5j. ventral hilus: FWelch; 17 399) = 31.668, p = 0.001, n?=0.417, PTi/wT
6-oupa=0.022, Fig. 5k. ventral CA1: X2(3) = 9.620, p = 0.022; pri;wt 6-onpa=0-009, Fig. 5l). The combined
condition (Tk 6-OHDA) exhibited the most pronounced increases in TH fluorescence compared to both
WT and WT 6-OHDA groups, TH levels were significantly elevated in the DG (pyw1/1k 6-onpa= 0-012; pwr
6-0HDA/Tk 6-0HDA= 0.002, Fig. 5h), molecular layer (pyr/1x 6-orpa= 0-008; Pwr 6-0HDA/TK 6-0HDAS< 0-001,
Fig. 5i), SGZ (pwr/Tk 6-0HpA= 0-045; Pwr 6-0HDA/TK 6-0HDA™ 0-005, Fig. 5)), hilus (py/7k 6-0HDA= 0-010; pyy1
6-0HDA/Tk 6-oHpA= 0.003, Fig. 5k). Within CA1 and CA3, differences were more restricted, with significant
increases observed only relatively to WT 6-OHDA (CAT: pwr 6-onpa/Tk 6-onpa= 0-025, Fig. 5I. CA3: X%(3) =
8.563, p = 0.036; Py 6-0HpA/Tk 6-0npa= 0-018, Fig. 5n).

Neurogenesis suppression exacerbates fine motor deficits
in 6-OHDA-treated animals

To assess functional consequences of dopaminergic degeneration after 6-OHDA injections in the
nigrostriatal pathway, motor performance was evaluated using the apomorphine-induced rotational test
and the staircase task (17, 18). No significant differences were observed in apomorphine-induced
rotations across groups (X2(3) =3.027, p = 0.387; Fig. 6a), suggesting comparable levels of gross
nigrostriatal asymmetry. In contrast, the staircase test revealed significant impairments in fine motor
coordination. On the ipsilateral (left) side, both 6-OHDA-treated groups showed increased pellet dropping
compared to WT animals, in which the most pronounced deficits observed in the Tk + 6-OHDA group (WT
vs Tk 6-OHDA, p <0.001; Tk vs Tk 6-OHDA, p = 0.026) (Fator time: F(4'72) =2.794,p=0.032,n2=0.134;
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Interaction between factors: F(;579) = 1.439, p = 0.168, n2 = 0.193; Fator treatment: F(;,,) = 99.363, p <
0.001, n2 = 0.847; Fig. 6b). No significant differences were detected on the right contralateral side

(Fig. 6¢). Longitudinal analysis demonstrated that Tk 6-OHDA animals exhibited a progressive decline in
motor performance, with a significant reduction in success rate (pellets retrieved and consumed) on the
ipsilateral side over time (Fator time: Fq 546.30.917) = 17.392, p<0.001, n2 = 0.465; Interaction between
factors: F(4 63830.917) = 3-269, p = 0.019, n2 = 0.329; Fator treatment: F4 50y = 106.738, p < 0.001,n2 =
0.842; Fig. 6d). On the contralateral side, both WT and Tk animals outperformed compared to the Tk 6-
OHDA group (Fator time: F; gg3.36 057) = 15.751, p< 0.001, n2 = 0.441; Interaction between factors:
F(5.40036.057) = 1.022, p = 0.422, n2 = 0.133; Fator treatment: F; 50 = 78.012, p < 0.001, n2 = 0.796; Fig. 6e),
indicating bilateral impairment in the combined condition (Fig. 6b-e).

Furthermore, analysis at the final testing day, when animals had reached performance plateau,
confirmed these deficits. Lesioned animals showed reduced task proficiency compared to non-lesioned
controls, reflected by increased pellet dropping and reduced pellet retrieval, particularly on the ipsilateral
side (Fig. 6f-i). The non-lesioned animals reached higher difficulty-rate levels than those that received the
neurotoxin (Fig. 6f, g). Regarding the pellets dropped on the left side, the 6-OHDA groups had more
difficulty correctly retrieving the pellets than WT (X%(3) = 11.201, p = 0.017; py1/wt 6-01pa=0-037, Pw/7x
6-oupa=0.007, Fig. 6h). Additionally, the same differences were identified in the number of eaten pellets
on the left and right sides (Left side: X(3) = 15.442, p = 0.007; pywr/wT 6-0npa=0-003, PwT Tk 6-0rpa=0.002,
Fig. 6h. Right side: X?(3) =9.788, p = 0.02; Pwt/wT 6-0HpA=0-034, Pw1/TK 6-0Hpa=0.003, Fig. 6i), reinforcing
their motor deficits induced by 6-OHDA. The 6-OHDA groups ate fewer sugar pellets than Tk animals on
the left side (o1 wT 6-0HDA=0-02, P11/ Tk 6-0HDA=0.011, Fig. 6h) and dropped less (p1/7x 6-orpa=0-011,

Fig. 6h). On the right side, they ate and dropped a similar number of pellets (Fig. 6i).

In the forced-choice condition, which isolates forelimb use, Tk 6-OHDA animals displayed severe
impairments in reaching and consuming pellets on the ipsilateral side (Dropped: X?(3) = 8.370, p = 0.037;
PwT/Tk 6-oHpa=0.005, Fig. 6j. Eaten: X?(3) =15.982, p = 0.001; PwT/Tk 6-0HDA=0-006, P17k 6-0HDA<0.001,
Fig. 6k). On the contralateral side, no significant differences were observed (Figs. 6j, k). In WT 6-OHDA
animals, a lack of ability to retrieve sugar pellets on the ipsilateral side was also observed (Eaten: py1/wt
6-0HDA=0.043, p1iwT 6-0npa=0.006; Fig. 6Kk). Thus, these data suggest that a decrease in neurogenesis
might impact the dopaminergic degeneration/function and motor performance.

Discussion

In this study, we investigated how suppression of adult neurogenesis influences dopaminergic
neurodegeneration and associated motor outcomes. Our results demonstrate that combined adult
neurogenesis ablation(Delaney et al. 1996; Snyder et al. 2016) and dopaminergic leosining produce
region-specific alterations in monoaminergic signaling, accompanied by fine motor impairments.
Consistent with previous studies, our experimental manipulations effectively reduced adult neurogenesis
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and induced dopaminergic neuron loss. Additionally, it was not the scope of this work to focus on
astrogliogenesis, but we cannot discard a potential effect of astrocytic proliferation. Notably,
dopaminergic degeneration alone reduced the number of proliferative cells in the hippocampus, without
significantly altering neuroblast prevalence (Suzuki et al. 2010). This dissociation suggests
dopaminergic depletion may impair cell cycle progression rather than early neuronal differentiation. One
possible mechanism involves the upregulation of cell cycle inhibitors such as p27XP1, which promotes
cellular quiescence by regulating the G1 phase(Qiu et al. 2009; Patricio et al. 2013). Given the observed
reduction in VTA dopaminergic neurons, and consequent decrease in hippocampal dopaminergic input,
such mechanism may contribute to both the loss of newborn cells and the impaired maturation of
progenitors at early stages of differentiation. These findings are consistent with the established role of
dopamine in regulating hippocampal neurogenesis and neuronal maturation (Takamura et al. 2014;
Kozareva et al. 2019; Ohira 2020).

A key finding of this study was the increase in TH immunoreactivity in the ventral hippocampus of
animals with reduced neurogenesis (Tk and Tk 6-OHDA). This effect was absent in animals receiving 6-
OHDA alone (WT 6-OHDA), indicating that neurogenesis suppression might underlie this phenotype
(Fig. 5). Because TH labels both dopaminergic and noradrenergic neurons, this increase likely reflects
compensatory catecholaminergic remodeling rather than simple dopaminergic preservation. One
plausible mechanism involves noradrenergic projections from the locus coeruleus (LC), which densely
innervate the hippocampus (Loughlin et al. 1986; Ermine et al. 2018), particularly the subgranular zone
(Ermine et al. 2016), and are known to co-release norepinephrine and dopamine (Wu and Liu 2024).
Importantly, LC neurons are relatively resistant to 6-OHDA-induced degeneration targeting midbrain
dopaminergic neurons (Ermine et al. 2018). Additionally, TH labels catecholaminergic neurons broadly,
including dopaminergic and noradrenergic neurons, because it detects the rate-limiting enzyme that
converts L-tyrosine to L-DOPA (Weihe et al. 2006). Given that VTA and LC project to the dentate gyrus
(DG), CA1, and CA3, and that SN pars compacta projects to CA2 (Yamasaki and Takeuchi 2017; Lai et al.
2024), our findings of increased TH staining in DG, hilus, CA1, and CA3 (but not CA2, which receives
stronger substantia nigra input) point toward LC hyperinnervation as a compensatory response to
dopaminergic loss and/or decreased hippocampal neurogenesis.

This interpretation is further supported by evidence linking noradrenergic activity to stress responses.
Supporting this, Seki et al. described NA enhancement as a stress response (Seki et al. 2018), while
stress is known to suppress neurogenesis and induce depressive- and anxiety-like behaviors(Herman
2010; Seki et al. 2018; Mateus-Pinheiro et al. 2021; Ribeiro et al. 2025). Sleep deprivation, a potent
stressor, disrupts circadian rhythms and alters adult hippocampal neurogenesis(Mueller et al. 2013; Ali
and von Gall 2022); its effects on neurogenesis depend on LC noradrenergic activity (Liu et al. 2024).
Thus, the increased TH signal observed here may reflect a LC-mediated compensatory or stress-related
response to reduced neurogenesis and altered network activity. The work by Seiriki et al., mapping LC
projections further reinforces this interpretation, as they show that LC noradrenergic neurons strongly
innervate ventral hippocampus, with dense axonal projections across hippocampal subregions (Seiriki et
al. 2025). This aligns with our observation of enhanced TH labelling, particularly in the ventral
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hippocampus. Given the role of the ventral hippocampus in emotional regulation and its connectivity
with the amygdala, these changes may have functional relevance for affective symptoms associated
with PD (Trivedi 2004). In line with this, we observed region-specific dopaminergic alterations in the
anterior amygdaloid area (AAA), where only the combined condition (Tk 6-OHDA) resulted in reduced TH
signal (Fig. 3). This suggests that neither neurogenesis suppression nor dopaminergic degeneration
alone is sufficient to disrupt catecholaminergic innervation in this region (Fig. 3). The AAA is a key
integrative hub receiving dopaminergic, noradrenergic(Fallon et al. 1978) and cholinergic inputs and is
implicated in emotional processing and olfactory function(Gastard et al. 2002; Zheng et al. 2019). For
instance, neuroimaging studies indicate AAA atrophy in Alzheimer’s disease and major depression (Yao
et al. 2020; Padulo et al. 2023), whereas AAA expansion occurs in PD(Zhang et al. 2024), highlighting its
vulnerability to neurodegenerative processes. As a primary olfactory cortex structure receiving direct
input from the olfactory bulb, the AAA participates in olfactory processing and projects reciprocally to
olfactory regions(De Olmos et al. 2004). Given its reciprocal connectivity with both the hippocampus and
olfactory bulb, dopaminergic and noradrenergic alterations in our model may, in turn, influence
cholinergic circuits, potentially contributing to the TH changes observed in this region. Although LC
provides noradrenergic projections to the amygdala(McCall et al. 2017), it remains unknown how
reduced neurogenesis affects LC—amygdala connectivity. These findings raise the possibility that adult
neurogenesis contributes to the stability of limbic monoaminergic circuits.

In contrast, we did not detect significant changes in dopaminergic cells in the olfactory bulb (OB),
despite its documented involvement in early PD(Doty 2012) (Fig. 2). Findings in the literature vary, with
studies reporting increased TH-positive OB neurons in PD patients(Huisman et al. 2004), while others
report no changes(Cave et al. 2016). Additionally, patient-based imaging studies have shown that only
the tremor-dominant PD subtype exhibits OB dysfunction, which correlates with striatal dopamine
transporter loss (Nabizadeh et al. 2022). In contrast, animal models with bilateral 6-OHDA injections
demonstrate increased TH-positive cells in the OB (Medeiros et al. 2024). However, our unilateral model
may produce milder or delayed effects, as our data showed only a trend toward increased TH-positive
densities in 6-OHDA-injected groups. Our results suggest that longer post-lesion intervals may be
required to detect robust changes in this region.

Our analysis of the subventricular zone (SVZ) indicated region-specific reductions in cell proliferation
after dopaminergic degeneration. The Tk + 6-OHDA group exhibited decreased Ki67-positive cells across
SVZ subregions, with the anterior lateral, anterior medial, and posterior dorsal subregions particularly
affected (Fig. 1). The observed alterations are consistent with known differences in neurogenic capacity
and lineage output(Fiorelli et al. 2015; Chaker et al. 2016; Mizrak et al. 2019). Adult-born cells in the SVZ
exist in quiescent, transitionary, or activated states(Chaker et al. 2016; Mizrak et al. 2019) and give rise
to diverse neural populations, including neuroblasts, oligodendrocytes, astrocytes, granule cells(Fiorelli
et al. 2015; Mizrak et al. 2019), and interneurons(Paul et al. 2017). In contrast, the spatial distribution
and migration of newborn cells are regulated by region-specific physiological cues(Paul et al. 2017). For
instance, the dorsal SVZ typically generates glutamatergic and GABAergic neurons and
oligodendrocytes(Brill et al. 2009; Azim et al. 2016; Apostolou and Donega 2025), whereas the lateral
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and medial regions primarily generate GABAergic neurons and oligodendrocytes(Brill et al. 2009; Azim et
al. 2016; Apostolou and Donega 2025). In PD and 6-OHDA models, dopaminergic degeneration enhances
GABAergic signalling in nigrostriatal pathways (Borgkvist et al. 2015). In fact, elevated GABA levels
reduce SVZ proliferation and neuroblast production (Liu et al. 2005; Gascon et al. 2006)(Dittmann et al.
2025), and this may partially explain the global reduction in Ki67-positive cells observed in our study.
Furthermore, anterior—posterior heterogeneity in neurogenic versus gliogenic output, established early in
development(Luskin 1998), may underlie the observed region-specific reductions. Interestingly, in Tk + 6-
OHDA animals, Ki67-positive cells were predominantly located in the lateral SVZ, which under
physiological conditions gives rise to oligodendrocyte precursor cells(Alvarez-Buylla et al. 2020). Under
injury conditions, SVZ-derived progenitors can alter their migration patterns and contribute to repair
processes in adjacent regions such as the striatum(Alvarez-Buylla et al. 2020). Thus, despite an overall
reduction in proliferation and neuroblast numbers (as indicated by Ki67- and DCX-positive cells), the SVZ
appears to retain substantial plasticity in response to combined dopaminergic degeneration and
impaired neurogenesis. Future studies should investigate the role of glial cells such as astrocytes
(Privitera et al. 2024), and microglia, and and inflammatory signaling in shaping these responses.

Functionally, these cellular alterations were associated with significant impairments in fine motor
performance. While apomorphine-induced rotations did not differ between groups, the staircase task
revealed pronounced deficits in skilled forelimb use, particularly in animals with combined neurogenesis
ablation and dopaminergic lesion. These impairments extended to both ipsilateral and contralateral
limbs, suggesting deficits beyond classical unilateral motor dysfunction. Such effects may reflect
disrupted integration of motor, motivational, and learning processes. Moreover, since most tests to
assess depression-like behaviours in rodents are based on motor performance, these motor deficits
precluded assessments of depression in this study (Wichmann et al. 2025). Dopaminergic neurons in the
SN are essential for movement precision and action-specific learning execution, whereas those in the
VTA contribute to motivation and reward-based learning(Fraser et al. 2023). The combined loss of these
systems, together with impaired hippocampal plasticity, may underlie the observed behavioural deficits.
Additionally, increased LC-mediated monoaminergic signalling may produce diffuse and less precise
modulation, further impairing motor learning and performance.

Together, our results indicate that suppression of neurogenesis exacerbates dopaminergic dysfunction
and contributes to both motor alterations. These results support a bidirectional interaction between
neurogenesis and dopaminergic systems, with important implications for PD progression.

Finally, this work raises important questions regarding disease mechanisms. Does reduced
neurogenesis precede and promote dopaminergic degeneration, or is it a downstream consequence of
early dopaminergic dysfunction? Addressing this question will require longitudinal and circuit-level
analyses. Understanding how impaired neurogenesis shapes network resilience may open new avenues
for therapeutic intervention aimed at preserving neural plasticity and improving clinical outcomes in PD.
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Figure 1

Hippocampal newborn cell survival in GFAP-Tk transgenic rats with 6-hydroxydopamine. a) A
schematic representation of the experimental design. A unilateral surgery was performed on the GFAP-
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Tk transgenic rats to administer 6-hydroxydopamine (6-OHDA) to induce degeneration of dopaminergic
neurons. A few days later, b) ganciclovir treatment abrogated neurogenic events in the hippocampus.
Motor performance was then evaluated, followed by histological analysis. c-e) Ganciclovir administration
reduced the hippocampal proliferative and survival cell pool (Ki67+) in both the dorsal and ventral poles
(p<0.005). f-h) Regarding neuroblast survival (DCX+), ganciclovir administration induced a significant
decrease in the Tk groups compared to WT animals in the dorsal hippocampus (p<0.005). g-h) The
ventral SGZ showed a specific reduction in neuroblasts in the Tk 6-OHDA group compared to 6-OHDA WT
animals (p=0.040). Each colour in the graph represents the slices analysed by animal. Data are
presented as mean % SD, with statistical differences considered when p<0.005. *, p<0.05; **, p< 0.0001;
**** p< 0.000071. For Ki67 analysis, n® WT=2, n® Tk=3, n® WT 6-OHDA=6, n® Tk 6-OHDA=6. For DCX
analysis, n® WT=3, n°® Tk=3, n® WT 6-OHDA=7, n° Tk 6-OHDA=6. 1-2 dorsal hipocampal slices and 1-2
ventral hipocampal slices per animal. Both sides were analysed.
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Figure 2

Survival of newborn cells in the subventricular zone of GFAP-Tk transgenic rats with 6-
hydroxydopamine. a) The lesioned side exhibited a greater number of Ki67+ cells than the contralateral
side (p<0.001). b) In contrast, the number of neuroblasts (DCX+) showed a significant difference
between hemispheres in the Tk 6-OHDA group (p=0.017). c-x) The SVZ analysis was divided into
subregions: lateral, medial, and dorsal. Additionally, each subregion was evaluated by anterior and
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posterior coordinates. Thus, the first column of graphics shows the densities of Ki67 or DCX in the
region, and the second and third columns demonstrate the densities in the anterior and posterior
regions, respectively. d) In the anterior lateral region, Ki67+ cells were significantly reduced in the Tk 6-
OHDA group compared to both WT and WT 6-OHDA animals (p<0.001). g) In the anterior medial region,
all groups had fewer proliferating cells than WT animals (p=0.005). i) In the posterior dorsal region, Ki67+
cells exhibited lower densities in Tk 6-OHDA animals than in WT and WT 6-OHDA (p=0.007). m, 0)
Regarding neuroblast quantification (DCX+), in the posterior lateral zone, Tk 6-OHDA animals showed a
reduced number of cells compared to WT and WT 6-OHDA (p=0.024). p-u) DCX densities did not vary
significantly in the medial and dorsal regions. v-x) The pie charts show the qualitative distribution of the
regions analysed in each group. v) Ki67+ cells were evenly distributed in WT animals, whereas in Tk 6-
OHDA animals, they were mainly located in the lateral SVZ. x) In the case of DCX+ cells, they were mainly
located in the lateral region in the WT group and, conversely, in the dorsal SVZ in the Tk 6-OHDA group.
Each colour in the graph represents the slices analysed by animals. The data are presented as mean +
SD, with statistical differences considered when p<0.005. *, p<0.05; **, p<0.001; ****, p<0.00001. For Ki67
analysis, n® WT=2, n°® Tk=3, n® WT 6-OHDA=7, n°® Tk 6-OHDA=6. For DCX analysis, n® WT=3, n°® Tk=3, n°®
WT 6-OHDA=7, n° Tk 6-OHDA=5. It was analysed 1-4 slices per animal. Both sides were analysed.
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Figure 3

Fiber dopaminergic degeneration in the lesioned animals. a-c) Quantification of dopaminergic neurons
(DAnN) densities between hemispheres since the 6-hydroxydopamine (6-OHDA) was administered into the
right side of the rats’ brains. a) Thus, the injection of the neurotoxin contributed to a decreased in DAn in
the VTA (Tk 6-OHDA: U=196, p=0.010), B) SNc (WT 6-OHDA: U=568, p<0.001; Tk 6-OHDA: U=310,
p<0.001) and C) SNr (WT 6-OHDA: U=618, p<0.001; Tk 6-OHDA: U=299, p<0.001). Furthermore, we focus

Page 28/33



the analysis on the ipsilateral side. d) The WT 6-OHDA and the Tk 6-OHDA animals presented a lower
DAn density compared to the other non-lesioned animals in the VTA (p=0.001), ) SNc (p<0.001) and f)
SNr (p=0.004), as it is notable in the representative fluorescence images. h) A reduction of dopaminergic
fibers was observed in the ipsilateral side of the caudoputamen when comparing both hemispheres (WT
6-OHDA: p<0.001; Tk 6-OHDA: p<0.001). i) Considering the ipsilateral side, the caudaputamen showed a
significant reduction between 6-OHDA and non-6-OHDA animals (p<0.001), which is evidenced both in
the j) anterior (p<0.001) and k) posterior (p<0.001). Other regions analysed also exhibited differences
between animals that received 6-OHDA and the groups which did not receive it L) FS: p=0.002; M) OT:
p=0.003; N) SI: p=0.013; 0) GPe: p=0.002; p) AAA: p=0.019; q) CB: p=0.044. r) Moreover, analyses of
dopamine transporter (DAT) exhibited a significant reduction in the ipsilateral hemisphere of 6-OHDA-
injected animals, WT 6-OHDA (p<0.001) and Tk 6-OHDA (p<0.001), compared to the other brain side. s) In
the lesioned side, the overall decrease in DAT signal confirmed the DAn degeneration (p<0.007). The data
is presented in mean % SD, where the statistical differences were considered when p<0.005. *, p<0.05; **,
p< 0.007; ****p< 0.00001. For SN analysis, n® WT=2, n® Tk=3, n® WT 6-OHDA=8, n® Tk 6-OHDA=6. For
striatal analysis, n® WT=3, n® Tk=3, n® WT 6-OHDA=8, n° Tk 6-OHDA=6. It was analysed 1-4 slices per
animal. Both sides were analysed.
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Figure 4

Vesicular monoamine transporter 2 (Vmat2) is present on dopaminergic neurons’ fibers. a) The
comparison between hemispheres did not demonstrate significant differences. a-g) Nevertheless,
focusing on the ipsilateral side and on the regions where we detected significant statistical differences
in the dopaminergic fibers, Vmat2 showed a significant decrease only in the fundus striatum region in
the Tk, WT 6-OHDA, and Tk 6-OHDA groups (p=0.003). h) These data are followed by representative
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fluorescent images of Tyrosine Hidroxylase (TH), Vmat2, and Dopamine Transporter (DAT) staining. Each
color in the graph represents the slices analysed by animal.The data is presented as mean * SD, with
statistical differences considered when p<0.005. *, p<0.05; **, p<0.001. dSTR - dorsal striatum, FS -
Fundus Striatum, OT — Olfactory Tubercle, GPe — Globus Pallidus external segment, SI — Substantia
Inominata, AAA — Anterior Amygdalar Area, CB — Cingulate Bundle. For striatal analysis, n® WT=3, n°
Tk=3, n® WT 6-OHDA=8, n° Tk 6-OHDA=6. It was analysed 1-4 slices per animal. Both sides were
analysed.
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Figure 5

Tyrosine hydroxylase levels in the dorsal and ventral hippocampus. The hippocampus was analysed by
sub-region: dentate gyrus (DG), molecular layer, subgranular zone (SG2), hilus, and CA1-3. a-g) No
significant differences were detected in the dorsal hippocampus sub-regions. In contrast, all sub-regions,
except CA2 (m), showed a statistically significant increase in TH fluorescence intensity in Tks and Tks 6-
OHDA animals compared with WT or/and WT 6-OHDA. h) ventral DG: p=0.003; i) ventral molecular:
p=0.002; j) ventral SGZ: p=0.012; k) ventral hilus: p=0.001; I) ventral CA1: p=0.022; n) CA3: p=0.036. 0)
Representative fluorescent images of TH staining in the hippocampus. Each colour in the graph
represents the slices analysed by animal. Data are presented as mean + SD, with statistical differences
considered when p<0.005. *, p<0.05; **, p<0.0071; **** p<0.00001. For hippocampal analysis, n® WT=3, n°
Tk=3, n® WT 6-OHDA=8, n° Tk 6-OHDA=6. 1-2 dorsal hipocampal slices and 1-2 ventral hipocampal slices
per animal. Both sides were analysed.
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Figure 6

Motor behavior performance of animals with reduced hippocampal neurogenesis and/or dopaminergic
neuron deficits. a) The apomorphine-induced rotational test did not show significant differences
(p=0.387). b) However, the staircase test demonstrated motor deficits, as the ipsilateral side in the Tk
animals dropped a higher number of pellets compared to the WT group, and the Tk 6-OHDA group
showed similar statistical differences with the WT and WT 6-OHDA groups (WT vs Tk 6-OHDA, p<0.0071;
Tk vs Tk 6-OHDA, p=0.026) (Factor time: p=0.032; Interaction between factors: p=0.168; Factor
treatment: p<0.001). C) On the other hand, the contralateral side did not show significant differences. d)
Regarding the eaten pellets, Tk 6-OHDA animals reduced their success in retrieving and consuming
pellets on the ipsilateral side (Factor time: p<0.001; Interaction between factors: p=0.019; Factor
treatment: p<0.001). e) Contrary to other groups, Tk 6-OHDA also showed a reduction in the number of
pellets they were able to reach and eat on the contralateral side (Factor time: p<0.001; Interaction
between factors: p=0.422; Factor treatment: p<0.001). f, g) On the final day of the staircase test, lesioned
animals had motor deficits when compared with the non-lesioned animals. h) The animal did not reach
the sugar pellets with ease, as evidenced by the left members (dropped pellets: p=0.011), as with the i)
right paws. However, a reduction in pellets eaten was observed in the 6-OHDA animals on the h) left and
i) right sides (Left side: p=0.001; Right side: p=0.02), indicating their motor deficits. j) In the forced-
choice condition, Tk 6-OHDA animals displayed severe impairments in consuming pellets on the
ipsilateral side (dropped: p=0.037). k) Additionally, the same group showed difficulties in fine motor
coordination, with fewer pellets eaten when the pellets were on the lesioned side (Eaten: p=0.001). k)
Also, WT 6-OHDA animals could not retrieve sugar pellets on the ipsilateral side (p=0.001). j-k) On the
other hand, the groups did not present differences on the right side on the last day of the staircase. The
data are presented as mean + SD, with statistical differences considered when p<0.05. *, p<0.05; **, p<
0.001; ***, p< 0.0001; **** p< 0.00001. #, p<0.05; ##, p< 0.001. n® WT=4, n® Tk=4, n® WT 6-OHDA=8, n°® Tk
6-OHDA=7. The symbol * denotes statistical differences from the WT 6-OHDA group, and the symbol #
denotes statistical differences from the Tk 6-OHDA group.
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