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Abstract: Olfactory dysfunction is a clinical marker of prodromal Parkinson’s disease (PD),
yet the underlying mechanisms remain unclear. To explore this relationship, we developed
a zebrafish model that recapitulates the olfactory impairment observed in prodromal PD
without affecting motor function. We used zebrafish due to their olfactory system’s sim-
ilarity to mammals and their unique nervous system regenerative capacity. By injecting
6-hydroxydopamine (6-OHDA) into the dorsal telencephalic ventricle, we observed a sig-
nificant loss of dopaminergic (DA) periglomerular neurons in the olfactory bulb (OB) and
retrograde degeneration of olfactory sensory neurons (OSNs) in the olfactory epithelium
(OE). These alterations impaired olfactory responses to cadaverine, an aversive odorant,
while responses to alanine remained intact. 6-OHDA also triggered robust neuroinflamma-
tory responses. By 7 days post-injection, dopaminergic synapses in the OB were remodeled,
OSNs in the OE appeared recovered, and neuroinflammation subsided, leading to full
recovery of olfactory responses to cadaverine. These findings highlight the remarkable
neuroplasticity of zebrafish and suggest that this model of olfactory dysfunction associated
with dopaminergic loss could provide valuable insights into some features of early PD
pathology. Understanding the interplay between dopaminergic loss and olfactory dysfunc-
tion in a highly regenerative vertebrate may inform therapeutic strategies for individuals
suffering from olfactory loss.

Keywords: olfactory system; zebrafish; Parkinson’s disease; olfactory dysfunction;
neuroinflammation; neurogenesis; dopaminergic loss

1. Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder characterized
by severe motor impairment, cognitive decline, and increased mortality in aging popu-
lations [1,2]. Notably, over 95% of PD patients experience olfactory dysfunction, often
preceding motor symptoms by several years, making it a key early clinical marker of
prodromal PD [3-5].

The progressive and irreversible degeneration of dopaminergic (DA) neurons, partic-
ularly in the substantia nigra pars compacta, is a hallmark of PD, leading to widespread
disruptions in dopaminergic neural circuits [6,7]. Among the affected regions is the ol-
factory bulb (OB), the primary center for olfactory processing, which contains a dense
population of dopaminergic periglomerular neurons crucial for odor detection and dis-
crimination [8,9]. Since the OB is one of the earliest structures impacted in PD [10,11],
dopaminergic dysfunction within this region may contribute to the olfactory deficits that
are apparent years before motor symptoms manifest.
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Although olfactory impairment in PD is extensive, research on the topic remains
limited, highlighting the need for further investigation. To explore this, we used zebrafish,
a well-established model for PD research due to its genetic similarity to humans (~70%
of genes are conserved [12]) and its remarkable capacity for nervous system repair and
regeneration [13].

Broadly, there are two types of experimental strategies for achieving PD-like pathology
in zebrafish. Transgenic lines are used to study the genetic underpinnings of familial
PD [14,15], while neurotoxin-exposure models are used to replicate key features of sporadic
PD, which accounts for ~95% of cases [15]. Among neurotoxins, the most commonly used
include 6-OHDA, MPTP, rotenone, and paraquat, all of which induce mitochondrial dys-
function, oxidative stress, and neuroinflammation, ultimately leading to catecholaminergic
neuronal loss [16-19].

We selected 6-OHDA for this study due to its specificity in targeting catecholaminergic
neurons via uptake by the dopamine transporter, leading to localized neurodegeneration
upon uptake [20]. Importantly, 6-OHDA injections allow for the targeting of specific
DA populations [21,22], making it an advantageous tool for targeting DA periglomerular
neurons in the OB. Despite extensive research on PD in zebrafish, the relationship between
dopaminergic loss and olfactory dysfunction in relationship with PD neuropathology has
not been explored.

An important consideration is that olfactory assessments in zebrafish typically rely on
motor-behavioral assays, resulting in potential confounds if there are motor impairments,
which is often the case with PD models. To overcome this challenge, we sought to develop a
model of early PD-related olfactory dysfunction without locomotor deficits, recapitulating
one of the features of the prodromal stage of the disease. We achieved this by injecting
6-OHDA into the dorsal telencephalic ventricle of adult zebrafish, selectively targeting DA
periglomerular neurons in the OB. By using zebrafish, we could also explore neuroplasticity
and regenerative mechanisms following dopaminergic loss normally absent in mammalian
models of PD.

Here, we demonstrate that olfactory dysfunction results as a consequence of DA loss
in the OB. Olfactory morphology and function recovered within seven days, underscoring
the high neuroplasticity of the zebrafish olfactory system. This model of prodromal PD
provides a valuable tool for investigating the early stages and progression of this neurode-
generative disease and could offer new insights into the relationship between dopaminergic
loss and olfactory dysfunction.

2. Results

2.1. 6-OHDA Injections in the Dorsal Telencephalic Ventricle Target Dopaminergic Neurons in the
OB Without Impairing Motor Function

We aimed to develop a model of olfactory dysfunction associated with dopaminergic
loss without motor impairment. To achieve this, we injected 6-hydroxydopamine (6-OHDA)
into the dorsal telencephalic ventricle of adult zebrafish, aiming to target dopaminergic
(DA) periglomerular neurons in the olfactory bulb (OB). To assess the impact of 6-OHDA in-
jections in the OB, we examined sagittal brain sections immunostained for tyrosine hydrox-
ylase (TH), a marker of dopaminergic interneurons [23,24]. At 1-day post-injection (dpi),
we observed a significant loss of TH+ neuronal somata compared to controls (Figure 1A,B).
However, no further decrease was detected at 3 or 7 dpi (Figure 1A,B), suggesting that
6-OHDA-induced DA neuron loss peaks at 1 dpi, consistent with previous reports [22]. To
confirm that this DA loss is due to 6-OHDA specifically and not to the injection itself, we
used a sham (i.e., vehicle) injection in a group of fish and found no changes in the number
of TH neurons in the OB (Figure 1A,B).
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Figure 1. Effects of 6-OHDA injections on the zebrafish brain. (A,A’) Tyrosine hydroxylase (TH) im-
munohistochemistry of sagittal sections of the OB from control, 1-day post-injection (dpi), 3 dpi, 7 dpi,
and sham fish. 6-OHDA injection site at the dorsal telencephalic ventricle near the telencephalon (Tel)
is shown with a white arrowhead in the top left panel. Dotted lines indicate the OB. (A’) Magnified
views of (A). Increased spacing in TH+ staining is indicated with white arrowheads. Green: TH; blue:
DAPL. Scale bars: 100 um in (A); 20 um in (A’). (B) Quantification of the average number of TH+ cells
in sagittal sections of the OB from (A) (n = 6-11). ANOVA: F (4, 36) = 8.34, p < 0.0001. ctrl vs. 1 dpi
p =0.0001, ctrl vs. 3 dpi p = 0.0025, ctrl vs. 7 dpi p = 0.0088. (C) Quantification of the average number
of TH+ cells in dopaminergic populations 2, 5/6, 7, and 12/13 from sagittal sections of control and
1 dpi fish (n = 4). For population 2: t = 3.883, df = 7, p = 0.0060. (D) Quantification of swimming
responses in control, 1 dpi, 3 dpi, 7 dpi, and sham fish (n = 9-12). (E) (TdT) dUTP Nick-End Labeling
(TUNEL) staining in sagittal sections of the OB from control, 1 dpi, 3 dpi, and sham groups. TUNEL+
profiles are indicated with white arrowheads. Red: TUNEL; blue: DAPL. Scale bars: 100 um in (E);
20 um in (E’). (F) Quantification of average TUNEL+ profiles in OB sections from (E) (n = 4-5).
ANOVA:F (3, 15) = 40.03, p < 0.0001. ctrl vs. 1 dpi p <0.0001, 1 dpi vs. 3 dpip < 0.0001, 1 dpi vs. sham
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p < 0.0001. (G) Tbr2a immunohistochemistry of sagittal sections of the OB from control and 1 dpi
groups. Yellow: Tbr2a; blue: DAPI. Scale bar: 100 um. (H) Quantification of Tbr2a+ cells in OB
sections from (G) (n = 4). Box plots indicate mean (+), quartiles (boxes) and range (whiskers).
One-way ANOVA or unpaired t-test for (C), * p < 0.005, ** p < 0.001, *** p = 0.0009, **** p < 0.0001.

High-magnification images revealed a notable disruption of DA neuron dendritic
arbors in all 6-OHDA-injected groups compared to controls (Figure 1A"). In the 1 dpi group,
TH+ puncta were more widely spaced across the parenchyma (arrowheads), indicating
dendritic disorganization. However, by 7 dpi, the dendritic structure appeared closer to
control levels than to 1 dpi (Figure 1A’), suggesting that the remaining periglomerular
neurons in the OB exhibit dendritic plasticity in response to injury.

Next, we assessed whether the 6-OHDA injection affected other dopaminergic nuclei
in the brain by quantifying TH+ profiles in dopaminergic populations 2 (subpallium),
7 (preoptic nucleus), 5/6, and 12/13 (posterior tuberculum) (we used the nomenclature
reported in [22]). We focused on population 2 due to its proximity to the site of injection, and
populations 5/6, 7, and 12 /13 since these mediate motor function [24-26]. We found that
6-OHDA significantly reduced the number of dopaminergic neurons in the subpallium but
not in other nuclei (Figure 1C). Then, we assessed potential motor impairments due to the
6-OHDA injection. We quantified swimming distances in control, injected, and sham fish in
an open arena. No significant differences were found across groups (Figure 1D), indicating
that neither 6-OHDA nor vehicle i.c.v. injections impair swimming performance, consistent
with the results that motor nuclei remained unaffected with the 6-OHDA injection.

To determine whether 6-OHDA induces apoptosis, we performed a terminal deoxynu-
cleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay. At 1 dpi, we observed
a significant increase in TUNEL+ profiles in the OB glomerular layer, where periglomerular
neurons reside (Figure 1E,E' F). By 3 dpi, TUNEL+ cell numbers returned to control levels
(Figure 1E,F), indicating that apoptosis occurs rapidly and is not sustained [27]. This aligns
with our finding that TH+ cell loss does not persist beyond 1 dpi (Figure 1B). Further
confirming that DA loss is due to 6-OHDA and not to the injection itself, sham injections
did not cause apoptosis in the OB (Figure 1E,F).

An additional analysis revealed that 6-OHDA injections selectively target dopamin-
ergic but not glutamatergic bulbar neurons. We used Tbr2a to label a subset of mitral
cells [28,29] and found no difference in 6-OHDA-injected animals compared to controls
(Figure 1G,H). Collectively, these results demonstrate that 6-OHDA injections in the dorsal
telencephalic ventricle selectively target DA periglomerular neurons in the OB without
affecting posterior dopaminergic nuclei and impairing motor function.

2.2. Periglomerular Cell Loss Is Associated with Severe Synaptic Disruption in the OB

Olfactory sensory neurons (OSNs) form the first synapses of the olfactory pathway
within spherical structures in OB parenchyma called glomeruli. These synapses, essential
for odor processing, consist of OSN presynaptic termini and the dendrites of glutamater-
gic neurons (i.e., mitral and tufted cells [30]) and dopaminergic (DA) interneurons (i.e.,
periglomerular cells [9]). Since 6-OHDA targets periglomerular cells and disrupts their
dendritic arbors (Figure 1), we examined its effects on olfactory synaptic contacts. To do
this, we qualitatively analyzed immunostained sections against the presynaptic marker
synaptic vesicle protein 2 (SV2), which labels olfactory axon terminals, along with TH to vi-
sualize DA neurons. We focused on three large glomerular clusters apparent in sagittal OB
sections: dorsal (dG), dorsolateral (d1G), and ventromedial (vimG) clusters (Figure 2A,B).
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Figure 2. Dysregulation of synaptic contacts in the OB caused by 6-OHDA. (A) Schematic diagram
of a sagittal view of the OB, indicating three glomerular clusters: dorsal (dG), dorsolateral (dlG),
and ventromedial (vimG). (B-E) Double immunohistochemistry of synaptic vesicle protein 2 (SV2)
and tyrosine hydroxylase (TH) in sagittal sections of the OB from controls, 1 dpi, 3 dpi, and 7 dpi
groups. Representative images taken from 5-7 animals analyzed per group. Dotted lines indicate the
glomerular clusters selected. Whole bulb (B), and magnified views of: (C) dlG cluster, (D) dG cluster,
and (E) vinG cluster. Green: Tbr2a; red: TH; blue: DAPI. Scale bars: 100 um in (B); 50 um in (C-E).

Individual glomeruli were identified based on SV2 staining (dotted lines in Figure 2C-E).
We observed a pattern of synaptic disorganization followed by recovery across all glomeruli,
indicating the widespread impact of 6-OHDA injections throughout the OB. In control
fish, glomerular clusters appeared as distinct, round SV2-stained structures containing
individual, smaller glomeruli [31]. TH-stained dendrites were present within these spaces—
where they form synaptic contacts—while DA somata were located outside the cluster
(Figure 2B,C).

At 1 dpi, TH+ puncta and somata showed clear disorganization, yet individual SV2-
stained glomeruli remained distinguishable, albeit smaller than in controls (Figure 2B,C).
By 3 dpi, glomerular organization was nearly lost, with no distinct glomeruli visible
(Figure 2B,C). Both SV2 and TH staining were relocalized closer to the outer layers of
the OB, suggesting synaptic decoupling and degeneration. By 7 dpi, most glomerular
structures had recovered, resembling those of control fish (Figure 2B,C). These findings
suggest that while DA neuron loss peaks at 1 dpi, olfactory axon disorganization and
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synaptic degeneration occur more gradually over the following days. By 7 dpi, both
periglomerular cell dendrites and olfactory presynaptic terminals appear remodeled and
reorganized, highlighting the high plasticity of neurons within the olfactory system.

2.3. Periglomerular and Synaptic Degeneration in the OB Lead to Impaired Olfactory Responses to
Selective Odorants Without Altering Locomotion

Having established that 6-OHDA injections do not impair motor function, we sought
to assess whether DA loss leads to olfactory deficits by employing olfactory-mediated
behavioral assays. For this, we used two behavioral arenas to record responses to different
odorants (Figure 3A,F). In the first experiment, we used a narrow rectangular tank to
evaluate aversive responses to cadaverine, including freezing and darting (Figure 3A).
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Figure 3. 6-OHDA injections selectively reduce olfactory-mediated responses. (A) Schematic rep-
resentation of the behavioral chamber used for studying responses to cadaverine. A rectangular,
narrow chamber with a camera located in front was used to study fish’ vertical displacement fol-
lowing cadaverine exposure. (B) Time course of a dye distribution in the behavioral chamber from
(A) indicating that odorant solutions remain in half of the chamber (indicated by a dotted line) during
30 s after cadaverine delivery. In (C), the asterisk (*) indicates the position where cadaverine solution
was administered. (C) Representative swimming trajectories of zebrafish pre-(30 s) and post-(30 s)
cadaverine delivery in controls (upper panels), 1 dpi (middle panels), and 7 dpi (lower panels) fish.
(D) Quantification of swimming responses to cadaverine in controls, 1 dpi, 3 dpi, and 7 dpi (n = 5-10
fish). Top panel: time spent darting after cadaverine exposure. ANOVA F (3, 27) = 19.93, p < 0.0001.
ctrl vs. control cad p < 0.0001, ctrl cad vs. 1 dpi p = 0.0033, 1 dpi vs. 7 dpi p = 0.0007. Bottom panel:
time spent freezing after cadaverine exposure. ANOVA F (3, 26) = 12.28, p < 0.0001. ctrl vs. control +
cad p = 0.0206, ctrl cad vs. 1 dpi p = 0.0379, 1 dpi vs. 7 dpi p = 0.0002. (E) Quantification of darting
(top panel) and freezing (bottom panel) before odorant exposure (1 = 4-9 fish). For freezing: ANOVA
F (2,19) =4.088, p = 0.0334. 1 dpi vs. 7 dpi p = 0.0261. (F) Schematic representation of the behavioral
chamber used for studying responses to alanine. A larger circular chamber with an overhead camera
was used to study fish’ swimming distance following alanine exposure. (G) Quantification of swim-
ming responses to alanine compared against pre-odorant exposure in controls, 1 dpi, 3 dpi, 7 dpi,
and anosmic fish (n = 6-12 fish). One-sample Wilcoxon test when compared to baseline of 100% (no
change). ctrl = p = 0.0005, 1 dpi p = 0.0312, 7 dpi p = 0.0010. * p < 0.005, ** p < 0.001, *** p = 0.0009.
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Individual fish were recorded for 30 s before (pre-odorant) and after cadaverine (cad)
exposure. The odorant remained confined to one half of the chamber (Figure 3B). Control
fish exhibited typical olfactory-mediated avoidance behaviors, such as increase in darting
(Figure 3D, top panel) and freezing (Figure 3D, bottom panel) compared to non-exposed
controls. In contrast, 1 dpi fish maintained similar swimming patterns after odorant
exposure (Figure 3C, middle panel) and did not exhibit erratic swimming or freezing
following exposure to cadaverine (Figure 3D), indicating an impaired olfactory response to
this odorant. Since extensive synaptic remodeling was observed in the OB by 7 dpi, we
tested whether olfactory function could recover. In line with our predictions, 7 dpi fish
exhibited swimming trajectories and behaviors similar to controls (Figure 3C, bottom panel;
Figure 3D), significantly different from the 1 dpi group, suggesting that olfactory responses
to cadaverine are restored by 7 dpi. To determine whether 6-OHDA altered baseline darting
and freezing behaviors, we analyzed pre-odorant trial data. Ultimately, 1 dpi fish showed
no differences in darting or freezing compared to controls (Figure 3E). However, in the
7 dpi group, freezing time was significantly increased compared to the 1 dpi group, but not
to controls (Figure 3E).

To assess whether olfactory dysfunction was more widespread, we assessed olfactory
responses to alanine, an amino acid that elicits attractive and appetitive behaviors, reflected
as increased swimming distance and speed [32] (Figure 3F). As expected, we found that
control fish responded to alanine by significantly increasing the swimming distance after
alanine exposure, compared to a 100% baseline (vs. non-exposed fish, Figure 3G). Both
1 dpi and 7 dpi fish exhibited similar responses to alanine, suggesting that olfactory
responses to this odorant remained intact (Figure 3G). Since alanine is palatable for some
teleost species [33], we investigated whether the observed behavioral responses could
be attributed to gustation. For this, we generated a group of anosmic fish by occluding
the nares with surgical adhesive. These fish did not increase their swimming distance
following alanine exposure (Figure 3G), confirming that the responses to alanine observed
were mediated by olfaction.

Overall, our results demonstrate that 6-OHDA injections selectively disrupt olfactory
responses. While fish lose the ability to detect cadaverine, their response to alanine remains
intact. Notably, cadaverine sensitivity is restored by 7 dpi. Together, these findings confirm
that our model successfully replicates prodromal PD with olfactory dysfunction in the
absence of motor impairment.

2.4. Astroglial Cells Are Activated in the OB Following 6-OHDA Injections

Neuroinflammation is a hallmark of Parkinson’s disease (PD) pathology, with sus-
tained astroglial and microglial activation contributing to synaptic and neuronal degenera-
tion [34,35]. In contrast, zebrafish exhibit a rapid resolution of post-injury neuroinflamma-
tory responses without forming a permanent astroglial scar [36], which has been shown to
hinder repair in mammalian brains [37]. Thus, we sought to determine whether 6-OHDA
ventricular injections induce astroglial activation in the OB.

To investigate this, we analyzed OB tissue immunostained against the astroglial
marker, glial fibrillary acidic protein (GFAP). Consistent with previous reports, GFAP
staining was observed in the olfactory nerve (ON) and the outermost OB layer, the olfactory
nerve layer (ONL), both of which are composed of olfactory axons stemming from the
OSNs from the olfactory epithelium (OE) (Figure 4A, arrowheads) [38].

In 6-OHDA-injected fish, we detected a significant increase in GFAP expression at
all timepoints, peaking at 3 dpi (Figure 4A,B). To determine whether this astroglial acti-
vation resulted from 6-OHDA or the injection procedure itself, we co-injected 6-OHDA
with the anti-inflammatory drug pranlukast (PRAN) and examined the tissue at 1 dpi.
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Our findings revealed no significant differences between the control and PRAN-treated
groups (Figure 4A,B), indicating that the 6-OHDA-mediated inflammatory response can
be attenuated with anti-inflammatory treatment.

whole bulb
1 dpi 3 dpi 7 dpi pranlukast

olfactory nerve and anterior olfactory bulb D

FokkK

1 dpi 3dpi 7 dpi pranlukast 7N —

P k%
T T T T T
ctrl 1dpi 3dpi 7dpi PRAN

+6-OHDA
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dorsolateral cluste

Figure 4. 6-OHDA injections lead to astroglial activation in the OB. (A—C) Glial fibrillary acidic protein
(GFAP) immunohistochemistry in sagittal sections of the OB from controls, 1 dpi, 3 dpi, 7 dpi, and 6-
OHDA with the anti-inflammatory drug pranlukast (PRAN). Whole bulb (A) and magnified views of:
(B) the olfactory nerve and anterior OB, and (C) the dorsolateral (dIG) glomerular cluster (indicated
by dotted lines). GFAP+ staining along the olfactory nerve layer (ONL) is indicated with white
arrowheads. Green: GFAP; blue: DAPI. Scale bars: 100 pm in (A); 50 um in (B,C). (D) Quantification
of GFAP O.D. in OB sections from (A) (n = 5-9). ANOVA: F (4, 27) = 8.478, p = 0.0001. ctrl vs. 1 dpi
p =0.0306, ctrl vs. 3 dpi p < 0.0001, ctrl vs. 7 dpip = 0.0275. 1 dpi vs. 3 dpi p < 0.0001. 3 dpi vs. PRAN
p = 0.0017. Box plots indicate mean (+), quartiles (boxes) and range (whiskers). One-way ANOVA,
*p <0.005, * p < 0.001, *** p < 0.0001.

Further analysis confirmed a marked increase in GFAP+ staining and branching across
the ON and ONL in all injected groups, except for the PRAN-treated group (Figure 4B). We
observed a dramatic increase in GFAP+ processes surrounding the dorsolateral glomerulus
(dIG, dotted line), particularly at 3 dpi, where astroglial processes distinctly outlined the
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glomerular cluster. This pattern was absent in the control and PRAN groups (Figure 4C).
Interestingly, the peak in astroglial activation at 3 dpi coincides with the timepoint at
which the synaptic disorganization is the most pronounced (Figure 2), suggesting a role for
astroglia in synaptic remodeling.

2.5. 6-OHDA Promotes Microglial Activation and Leukocyte Migration to the OB

A key component of the neuroinflammatory response, which is also heightened in PD,
is microglial activation [39]. To further investigate the neuroimmune response to 6-OHDA
injections, we performed histological characterization using the leukocyte/microglial
marker lymphocyte cytosolic protein 1 (Lcp1, also known as L-plastin). Lcp1 is primarily
expressed in microglia within the central nervous system (CNS) and in peripheral leuko-
cytes. Under normal physiological conditions, peripheral immune cells are scarce in the
CNS, making Lcp1 a bona fide microglial marker [40].

In control fish, we observed sparse Lcpl+ microglial cells distributed across the
OB, with most cells displaying a stellate morphology characteristic of a resting state
(Figure 5A,B) [41]. However, in 1 dpi and 3 dpi fish, there was a significant increase
in Lepl+ cells in the OB, suggesting an infiltration of peripheral leukocytes (Figure 5A,F).
Higher magnification images of the OB periphery (Figure 5C) and of the interphase be-
tween the telencephalon and OB (Figure 5D) confirmed a noticeable increase in Lcp1+ cells
at these timepoints, indicative of cell infiltration. Consistent with our earlier findings of
astroglial activation around glomerular clusters, particularly in the dorsolateral glomerulus
(dIG) (Figure 4C), we also observed an accumulation of Lcp1+ cells in this region at 1 dpi
and 3 dpi (Figure 5E). In addition to increased cell migration, we noted striking changes in
the size and morphology of Lcpl+ cells in the 1 dpi and 3 dpi groups, indicating activation
states. These alterations, including larger somata with extensive processes (indicative of
migration) and rounded, enlarged somata (suggestive of phagocytic activity), were most
pronounced at 3 dpi (Figure 5B-E). Interestingly, by 7 dpi, the leukocytic/microglial re-
sponse had largely subsided (Figure 5A,B), and this response was notably hampered in
fish co-treated with PRAN (Figure 5A,B). Taken together, these findings demonstrate that
6-OHDA injections trigger robust microglial and leukocytic activation and migration in the
OB, a response that resolves by 7 dpi. Notably, the peak activation and phagocytic activity
of Lcpl+ cells at 3 dpi align with the observed increase in astrocytic activity at this same
timepoint (Figure 4), suggesting that astroglial and microglial cells work collaboratively at
axonal and synaptic sites to facilitate their remodeling and recovery.

2.6. 6-OHDA-Mediated Changes in the OB Cause Retrograde Degeneration and Cell Proliferation
in the OE

Given the bidirectional communication between the peripheral olfactory epithelium
(OE) and the olfactory bulb (OB), we aimed to determine whether the neuronal and synaptic
alterations induced by 6-OHDA affected the OE through retrograde degeneration mecha-
nisms [42,43]. To assess this, we analyzed sections of the olfactory organ immunostained
for HuC/D, a pan-neuronal marker in zebrafish. The olfactory organ comprises both
sensory (HuC/D+) and non-sensory epithelium, (delineated in dotted lines, Figure 6A).
We observed a significant reduction in HuC/D staining in the 1 dpi and 3 dpi groups
compared to controls (Figure 6A,A’,B), suggesting olfactory sensory neuron (OSN) loss
or dysfunction in the OE. However, there were no noticeable changes in the overall size
or gross morphology of the olfactory organ (Figure 6A). By 7 dpi, HuC/D staining had
returned to control levels, indicating OSN recovery (Figure 6A,A’ B).
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Figure 5. Microglial activation and leukocyte migration in the OB following 6-OHDA injection.
(A-E) Lymphocyte cytosolic protein 1 (Lcpl) immunohistochemistry in sagittal sections of the
OB from controls, 1 dpi, 3 dpi, 7 dpi, and 6-OHDA with the anti-inflammatory drug pranlukast
(PRAN). Whole bulb (A) and magnified views of: (B) middle region of the OB, (C) dIG cluster region,
(D) ventral region, and (E) the interphase between the telencephalon and the OB. Yellow: Lcp1; blue:
DAPI. Scale bars: 100 pm in (A); 20 um in (B-E). (F) Quantification of Lcpl+ cells in OB sections
from (A) (n =4-5). ANOVA:F (4, 17) = 10.66, p = 0.0002. ctrl vs. 1 dpi p = 0.0074, ctrl vs. 3 dpi
p =0.0151, ctrl vs. 7 dpip = 0.0028, 1 dpi vs. 7 dpi p = 0.0028, 1 dpi vs. PRAN p = 0.0019, 3 dpi vs.
7 dpip =0.0061, 3 dpi vs. PRAN p = 0.0046. Box plots indicate mean (+), quartiles (boxes) and range
(whiskers). One-way ANOVA, * p < 0.005, ** p < 0.001.
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Figure 6. 6-OHDA injections in the OB cause retrograde degeneration in the OE. (A,A’) HuC/D
immunohistochemistry of OE sections from controls, 1 dpi, 3 dpi, and 7 dpi groups. (A’) are magnified
views of the OSN-containing sensory lamellae (HuC/D+) from (A). Scale bars: 100 um in (A); 20 pm
in (A’). (B) Quantification of percent change (vs. control) in optical density (O.D.) of HuC/D in the
OE from (A) (n =11-12). ANOVAF (3,41) = 16.78, p < 0.0001. ctrl vs. 1 dpi p < 0.0001, ctrl vs. 3 dpi
p <0.0001, 1 dpi vs. 7 dpi p = 0.0005, 3 dpi vs. 7 dpi p = 0.0286. (C,C’) Double immunohistochemistry
of BrdU and HuC/D in sections of the OE of controls, 1 dpi, 3 dpi, and 7 dpi fish. (C’) Magnified
views of (C), showing the sensory and non-sensory regions of the OE lamellae (indicated by dashed
lines and HuC/D staining). BrdU+ cells found in the sensory area (HuC/D+) are indicated with
white arrowheads. Red: BrdU; green: HuC/D; blue: DAPL. Scale bars: 100 pm in (C); 20 pm in (C’).
(D) Quantification of BrdU+ cells in whole lamellae from (A) (n = 4-8). ANOVAF (3, 21) = 21.26,
p < 0.0001. ctrl vs. 1 dpi p < 0.0001, ctrl vs. 3 dpi p < 0.0001, ctrl vs. 7 dpi p = 0.0002. (E) Quantification
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of BrdU+ cells in the non-sensory lamellae from (A) (n = 4-8). ANOVAF (3, 21) = 25.83, p < 0.0001.
ctrl vs. 1 dpip < 0.0001, ctrl vs. 3 dpip < 0.0001, ctrl vs. 7 dpi p = 0.0073, 3 dpi vs. 7 dpi p = 0.0075.
(F) Quantification of BrdU+ cells in the sensory lamellae (HuC/D+) from (A) (n = 4-8). ANOVAF
(3,21) = 14.86, p < 0.0001. ctrl vs. 1 dpi p = 0.0046, ctrl vs. 3 dpi p = 0.0004, ctrl vs. 7 dpi p < 0.0001,
3 dpivs. 7dpip =0.0075,1 dpi vs. 7 dpi p = 0.0205. Box plots indicate mean (+), quartiles (boxes) and
range (whiskers). One-way ANOVA, * p < 0.005, ** p < 0.001, *** p = 0.0009, **** p < 0.0001.

The OE is known for its rapid regenerative capacity following various types of dam-
age [43]. Given that OSNs recovered by 7 dpi, we hypothesized that neurogenesis was
upregulated following the injection, thus facilitating OE repair. To test this, we labeled new-
born cells generated within the first 24 h after 6-OHDA injection with bromodeoxyuridine
(BrdU) and tracked them at different timepoints. Our results revealed a significant increase
in BrdU+ profiles across the entire lamellae in all injected groups compared to controls
(Figure 6C,D).

Additionally, the OE contains two main progenitor populations: globose basal cells
(GBCs), which reside in the lateral, non-sensory regions of the OE and are constitutively
proliferative; and horizontal basal cells (HBCs), located along the basal lamina of the sensory
epithelium (Figure 6C’, delineated by dotted lines). Under normal conditions, HBCs remain
quiescent but become activated in response to epithelial damage [44]. By analyzing the
localization of BrdU+ cells within the epithelium, we assessed neurogenesis, as neurons
derived from progenitors migrate toward the sensory lamellae, typically positioned more
apically than HBCs, which remain near the basal lamina.

Our findings showed an increase in BrdU+ cells in both the non-sensory and sensory
regions in all injected groups compared to controls, suggesting activation of both types
of progenitors (Figure 6C-F). Notably, the number of BrdU+ cells in the non-sensory
epithelium exhibited a decreasing trend in the 7 dpi group, as indicated by a significant
difference compared to the 1 dpi group (Figure 6E). Conversely, in the sensory epithelium,
we observed the opposite trend: while all injected groups displayed a significant increase in
BrdU+ cells compared to controls (Figure 6C’, arrowheads; F), BrdU+ profiles were further
elevated at 7 dpi, as indicated by a significant increase relative to the 1 dpi group (Figure 6F).
Together, these results indicate that 6-OHDA injections lead to retrograde degeneration
of OSNs in the OE, followed by recovery by 7 dpi. This process is accompanied by
increased cell proliferation and neurogenesis in the OE, particularly evident at 7 dpi—
coinciding with the restoration of olfactory axonal synaptic morphology and olfactory
function (Figures 2 and 3).

2.7. Peripheral Leukocytes Migrate to OE’s Sensory Epithelium Following 6-OHDA Injections

We hypothesized that the observed alterations in the OE would be accompanied
by an increase in inflammatory processes. To investigate this, we performed Lcp1 stain-
ing in OE sections to assess the presence of peripheral leukocytes in the OE. In control
fish, we identified a resident population of Lcpl+ cells primarily localized within the
non-sensory lamellae, with only a few individual cells dispersed throughout the sensory
epithelium (Figure 7A), consistent with previous reports describing a similar organization
of neutrophils (the most abundant leukocyte) in the OE [45].
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Figure 7. Leukocytic migration within the OE caused by 6-OHDA injections in the OB. (A-D) Lym-
phocyte cytosolic protein 1 (Lcpl) immunohistochemistry in sections of the OE from controls, 1 dpi,
3 dpi, and 7 dpi. Whole OE (A) and magnified views of the following: (B) distal epithelial fold
region, where the OSN-containing sensory region is indicated by HuC/D staining and a dotted
line; (C) medial sensory region (HuC/D+) adjacent to the central raphe; and (D) sensory epithelium
(HuC/D+). Migration of Lcp1+ cells is indicated by white arrowheads. White: Lcp1; blue: DAPL
Scale bars: 100 pm in (A); 20 pm in (B-D). (E) Quantification of Lcp1+ cells in OE sections from (A)
(n=4). ANOVA:F (3, 12) = 1.42, p = 0.2840. Box plots indicate mean (+), quartiles (boxes), and range
(whiskers).
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Interestingly, we did not detect significant differences in Lcpl+ optical density (O.D.)
across groups (Figure 7A,E). We assessed O.D. as the high density of Lcpl+ cells in the
OE precluded reliable individual cell counts. Upon closer examination of magnified
views of the epithelia at the interphase between the non-sensory and sensory regions
(Figure 7B, dotted lines), it was revealed that, in the 1 dpi and 3 dpi groups, Lcp1+ cells
migrated toward the HuC/D+ sensory region (Figure 7B, arrowheads). By 7 dpi, the
distribution of leukocytes resembled that of control fish, with most cells residing in the
non-sensory epithelium (Figure 7B). We also examined the medial epithelial folds adjacent
to the central raphe, a known site of immune cell infiltration into the OE [45,46]. At 1 dpi
and 3 dpi, we observed an increased presence of Lcpl+ cells lining the basal end of the
epithelium near the raphe, suggestive of cell migration, but this increase was not evident at
7 dpi (Figure 7C). Additionally, in the 1 dpi and 3 dpi groups, leukocytes were embedded
throughout the width of the sensory epithelium, suggesting that these immune cells migrate
both horizontally and apically within the sensory lamellae (Figure 7D). Collectively, these
findings indicate that 6-OHDA injections in the OE lead to the redistribution of resident
Lcp1+ leukocytes, shifting from the non-sensory lamellae to the OSN-rich sensory regions.

3. Discussion

In this study, we developed a novel model of olfactory impairment related to dopamin-
ergic loss, one of the features of prodromal Parkinson’s disease (PD). To this end, we injected
6-OHDA into the dorsal telencephalic ventricle to target dopaminergic (DA) periglomerular
neurons in the olfactory bulb (OB) in adult zebrafish. Importantly, in this model, fish swim-
ming performance is not impaired, which enabled us to study the effects of dopaminergic
loss on olfactory function by using behavioral assays. Importantly, by using zebrafish,
we were able to explore neuroplasticity and regenerative processes that are absent in
mammalian models of dopaminergic loss and PD.

While this novel model proves a useful tool, it comes with some caveats. For example,
it does not replicate the progressive and multifactorial nature of the disease, including the
OB atrophy observed in human patients and the x-synuclein pathology that is not possible
to achieve with 6-OHDA injections.

3.1. 6-OHDA-Mediated Dopaminergic Loss in the OB Leads to Olfactory Dysfunction

Our findings reveal that 6-OHDA injections led to a decreased olfactory-mediated
response to cadaverine, an odorant that elicits avoidance behaviors, while responses to
alanine, an odorant prompting attraction and appetitive behaviors, remained unchanged.
This selective olfactory impairment suggests that certain olfactory circuits may be more
vulnerable to dopaminergic loss than others, possibly reflecting differential susceptibility
among olfactory sensory neuron (OSN) subtypes. Given that amino acids serve as cues
for detecting food sources, the teleost olfactory system has adapted to prioritize amino
acid detection, with a greater proportion of OSNs dedicated to processing these stimuli
compared to aversive odorants [47,48]. Cadaverine is recognized by a subset of ciliated
OSN s that extend projections to a single glomerulus in the dorsolateral cluster (d1G) [48,49],
while amino acids, such as alanine, activate a larger group of microvillous OSN that project
to lateral glomeruli [50,51].

Importantly, our results confirm prior findings by Godoy et al., who reported that
DA neuron ablation in the OB leads to impaired responses to cadaverine [52]. Although
there are important differences in the onset of olfactory dysfunction, in both studies, this
dysfunction correlates with the peak loss of periglomerular neurons. Godoy et al. employed
an elegant chemogenic strategy to ablate DA neurons selectively, which led to peak DA
neuron loss and olfactory dysfunction at 7 days post-ablation. We observed olfactory
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dysfunction as early as 1 day after 6-OHDA exposure, coinciding with the peak DA neuron
loss in our model. This discrepancy may be due to the neurotoxic effects of 6-OHDA, which
ablates DA neurons more rapidly.

Dopaminergic neuron regeneration in the OB is well documented in zebrafish and
other species [22,52-54] and is thought to contribute to the recovery of olfactory function
following DA loss [21,52]. Our data show that DA neuron numbers at 7 dpi remain
unchanged from 1 dpi, indicating that no new neurons have yet been incorporated into the
OB. This aligns with previous reports indicating that bulbar neuron regeneration occurs at
least two weeks after neuronal birth [22].

Thus, an important contribution of this work is that olfactory recovery occurred inde-
pendently of periglomerular neuron regeneration, instead coinciding with compensatory
synaptic remodeling in the OB, suggesting that plasticity mechanisms contribute to func-
tional restoration before newly generated DA neurons integrate into OB circuits. Future
studies should assess whether DA neuron numbers eventually recover in this model of
neurotoxicity and, if so, the precise timeline of neuronal replacement.

3.2. 6-OHDA Injections in the Dorsal Telenchpehalic Ventricle Selectively Target Dopaminergic
Neurons in the OB and Subpallium Without Affecting Motor Function

Here, we show that dopaminergic neurons in the OB and subpallium are susceptible
to 6-OHDA injections in the dorsal telencephalic ventricle, while neurons in the preoptic
nucleus and posterior tuberculum remain unaffected. Interestingly, Caldwell et al. also
reported differential susceptibility of DA populations to 6-OHDA injections in the third
ventricle below the optic tectum [22]. They found DA neuron loss in the posterior tuber-
culum while nuclei in the preoptic area, OB, and subpallium were spared. The reasons
for this differential susceptibility in the zebrafish brain are intriguing and remain to be
investigated.

In zebrafish, motor behavior is modulated by dopaminergic populations in the poste-
rior tuberculum and the preoptic nucleus [24-26], nuclei that remained unchanged in our
injection paradigm. These results coupled with normal swimming performance validate
our model in studying the effects of dopaminergic loss in the OB without motor impairment.
Dopaminergic populations in the subpallium have not been reported to directly modulate
olfaction, so the effects of their ablation can be investigated in future studies.

Our findings indicate that 6-OHDA injections selectively target dopaminergic neurons
while sparing glutamatergic cells in the OB, suggesting that the olfactory dysfunction
observed can be attributed to periglomerular cell loss without affecting mitral cell numbers.
Moreover, these results add to our previous report that excitotoxic damage in the zebrafish
OB leads to glutamatergic, but not dopaminergic loss [43]. Collectively, these results echo
several studies in mammalian models that demonstrate the differential susceptibility of
dopaminergic and glutamatergic neurons to different classes of neurotoxins [28].

3.3. Neuroinflammatory Processes Parallel Synaptic Disruption and Recovery in the OB

Our results reveal a time-dependent disruption and recovery of synaptic architecture
in the OB that mirrors neuroinflammatory responses. Although periglomerular neuron
loss peaks at 1 dpi, synaptic dysregulation is most pronounced at 3 dpi, coinciding with
increased astroglial and microglial activation. This aligns with previous findings that
demonstrate that neuroinflammatory responses in the zebrafish brain play a critical role in
repair following neural injury [55,56].

Unlike mammals, zebrafish lack stereotypical stellate GFAP+ astrocytes [57]. In lieu of
these astrocytes, GFAP+ cells have similar morphologies and properties as radial glia in
regions like the telencephalon and the optic tectum [58,59]. In the olfactory system, GFAP+
astroglial cells have been described as olfactory ensheathing cells (OECs), which envelop
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olfactory axons from the OE basal lamina to the OB glomerular layer, where axonal termini
are located [38]. OECs are unique glial cells that share properties with astrocytes and
oligodendrocytes [60,61] as they secrete neurotrophic factors that support axonal survival,
growth, and remyelination [62].

A noteworthy feature of the glial response was the enlargement and dynamic nature of
GFAP+ processes, which clearly delineated glomerular sites throughout the post-injection
period. This suggests that OECs may contribute to synaptic remodeling, possibly through
phagocytosis of damaged synapses and/or secretion of neurotrophic factors [61]. Another
important role of OECs is to guide immature axons to their OB targets [63]. We demonstrate
that 6-OHDA injections stimulate neurogenesis in the OE, likely as a consequence of
decreased OSN density. It is possible that activated OECs facilitate proper axonal targeting
of newborn OSNs, contributing to the synaptic remodeling observed at 7 dpi.

Furthermore, we observed pronounced microglial activation and leukocyte recruit-
ment in the OB at 1 and 3 dpi, coinciding with peak astroglial responses, supporting the
idea of a coordinated neuroimmune response. Under physiological conditions, microglia
are the sole resident immune cells in the central nervous system (CNS), where they contin-
uously survey the environment and facilitate homeostasis. In control fish, microglia were
sparse and presented a ramified morphology. Following 6-OHDA injections, we report
increased numbers of Lcpl+ cells in the OB, indicating that peripheral leukocytes infiltrated
the CNS [64]. Accompanying the increase in the number of Lcpl+ cells in the OB, we
observed noticeable changes in cell morphology, indicating infiltration and activation [41].
Leukocyte migration was the most evident in the periphery of the OB as well as in the
interphase between the telencephalon and the OB, supporting previous reports of these
cells infiltrating the brain through blood vessels and ventricles [64]. Infiltrating leukocytes
at these locations exhibited a transitioning, motile state, characterized by an enlarged soma
with shorter processes.

Activated microglia adopted an ameboid morphology, characterized by large, rounded
somata with retracted processes, reflecting a phagocytic state. This morphology closely
resembles that of infiltrating macrophages, which aid microglia in debris clearance and
secretion of cytokines that modulate the neuroinflammatory response [41,65]. At 3 dpi, we
observed an increase in phagocytic Lcpl+ cells at 3 dpi, particularly around the olfactory
nerve layer and glomerular clusters, suggesting that active phagocytosis of extracellular
and axonal debris contributes to synaptic remodeling. Coupled with our observations of
concomitant astroglial responses, we propose that OECs and microglia act synergistically to
facilitate recovery and the establishment of new synaptic contacts following periglomerular
cell loss. Notably, co-administration of the anti-inflammatory drug pranlukast mitigated
both astrocytic and microglial activation, indicating that the inflammatory response me-
diated by 6-OHDA can be hampered by anti-inflammatory treatment, indicating that OB
inflammation is due to 6-OHDA's neurotoxic insult. Future work will explore whether neu-
roinflammatory processes are necessary for the synaptic and functional recoveryobserved
in our model.

3.4. 6-OHDA Injections Lead to Retrograde Degeneration and Neurogenesis in the Peripheral OE

Another major finding of this study is the evidence of retrograde degeneration of
OSNs in the OE, indicated by a significant reduction of HuC/D+ OSNs at 1 dpi and 3 dpi,
followed by recovery of neuronal density. These results are consistent with prior reports
that neurodegeneration in the OB or in the ON lead to retrograde degeneration [28,42,66],
underscoring the bidirectional communication between the peripheral and central com-
ponents of the olfactory system. Our findings suggest that early olfactory deficits in our
model likely result from both central and peripheral neuronal degeneration.
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OSN dysfunction triggered local cell proliferation and neurogenesis, as indicated
by BrdU labeling. Notably, the increase in BrdU+ profiles in the sensory region of the
OE lamellae, coincides with the recovery of cadaverine-induced behavioral responses at
7 dpi. Since DA neurons in the OB had not recovered by this timepoint, we propose
that recovery of OSN integrity coupled with synaptic remodeling in glomerular sites
contribute to olfactory function recovery. Furthermore, the redistribution of leukocytes to
the sensory region of the OE following 6-OHDA injections suggest that peripheral immune
cells contribute to OSN repair and regeneration, echoing the response of their counterparts
in the OB.

4. Materials and Methods
4.1. Animals

Adult wild-type zebrafish (Danio rerio) of both sexes were kept and bred in a filtered
aquarium system (Aquaneering, San Diego, CA, USA) located at Hope College’s zebrafish
facility. Fish used were 6-12 months old (between 3 and 3.5 cm long). The aquarium room
was kept on a 12-h light: 12 h dark cycle at 28 °C. Fish were fed 3 times a day ad libitum,
with commercial flake food (Aquaneering, San Diego, CA, USA) and freshly hatched brine
shrimp (Brine Shrimp Direct, Ogden, UT, USA) twice and once a day, respectively.

4.2. Intracerebroventricular (i.c.v.) 6-OHDA Injections

To ablate dopaminergic neurons in the olfactory bulb, we performed intracerebroven-
tricular (i.c.v.) injections of 6-hydroxydopamine (6-OHDA; Sigma-Aldrich, St. Louis, MO,
USA) in the dorsal telencephalic ventricle, at the junction of the olfactory bulb with the
telencephalon. For this, fish were anesthetized by submersion in a cooled 0.03% MS222
(tricaine) solution (Sigma-Aldrich, St. Louis, MO, USA) until the fish were unresponsive to
a tail pinch. We used a beveled syringe with a 26-gauge needle (Hamilton, Reno, NV, USA)
inserted diagonally through the skull into the telencephalic ventricle to inject 0.5 pL of a
10 mM of a 6-OHDA solution (Evans blue 1% w/v in PBS evans blue; Sigma-Aldrich, St.
Louis, MO, USA) at a rate of 0.01 uL/s using an Aladdin syringe pump (World Precision
Instruments, Worcester, MA, USA). We determined injection success by observing the
diffusion of the injected Evans blue solution within the ventricular system. Fish were left
to recover for either 1, 3, or 7 days post-injection (dpi). Fish from the pranlukast (PRAN;
Sigma-Aldrich, St. Louis, MO, USA) treatment received an injection of 0.5 pL of a solution
containing 10 mM 6-OHDA with 10 mg/mL pranlukast in Evans blue 1% w/v in PBS. sham
fish were injected with 1% Evans blue in PBS. PRAN and sham fish were sacrificed at 1 dpi.
Recovered fish were euthanized by over-anesthetization with tricaine, decapitated, and
fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, MO, USA) in PBS for 24 h
at 4 °C. The next day, we carefully dissected brains and olfactory organs and prepared the
tissue for immunohistochemistry.

4.3. Tissue Processing for Immunohistochemistry

After fixation, we incubated tissue in solutions of increasing ethanol concentrations
to dehydrate it, followed by an incubation in xylene (Sigma-Aldrich, St. Louis, MO,
USA). Dehydrated tissue was embedded in paraffin (Paraplast plus, McCormick Scientific,
Berkeley, CA, USA) and rapidly cooled to solidification. The next day, we obtained semi-
serial sagittal 10 um sections that were then adhered to charged slides (ThermoFisher,
Waltham, MA, USA).
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4.4. Cell Proliferation Assays

To determine cell proliferation, we performed a pulse-and-chase assay with the thymi-
dine analog, 5-bromo-2’-deoxyuridine (BrdU, Sigma Aldrich, St. Louis, MO, USA). We ad-
ministered 10 pL of a 50 mg/mL BrdU solution in PBS intraperitoneally (i.p.) immediately
after the i.c.v. 6-OHDA injection. Fish were then allowed to recover as described above.

4.5. Immunohistochemistry

We prepared tissue for immunohistochemistry (IHC) by rehydrating it through de-
scending ethanol solutions followed by antigen retrieval with a 10 mM sodium citrate
pH 6.0 solution (Sigma-Aldrich, St. Louis, MO, USA) at 100 °C for 10 min. Next, we
blocked slides with a buffer containing 3% normal goat serum (NGS; Vector Laboratories,
Burlingame, CA, USA) and 0.4% Triton X-100 (Sigma Aldrich, St. Louis, MO, USA) for at
least 1 h at RT or overnight at 4 °C. Next, slides were incubated with primary antibodies
(Table 1) overnight at RT, washed, and then incubated with fluorescently labeled secondary
antibodies for up to 2 h (Table 1). We added 1 pg/mL of 4’,6-diamidino-2-phenylindole
(DAPL;, BD Pharmingen, Franklin Lakes, NJ, USA) to the secondary antibody solution
as a nuclear counterstain. Next, sections were washed and then coverslipped with PVA-
DABCO (Sigma Aldrich, St. Louis, MO, USA). Tissue sections were then examined with a
confocal laser-scanning microscope Nikon A1l using NIS-Elements software 6.10.01 (Nikon,
Tokyo, Japan).

Table 1. Antibodies used in the study.

Antibody Species Dilution Source Cat. Number
ThermoFisher
HuC/D Mouse 1:100 (Waltham, MA, USA) A21271
GFAP Rabbit 1:500 DAKO (Glostrup, Denmark) Z7033429-2
TH Rabbit 1:500 Millipore (Burlington, MA, AB152
USA)
BrdU Rat 1:100 Abcam (Cambridge, UK) AB6326-1001
SvV2 Mouse 1:1000 DSHB (Iowa City, IA, USA) N/A
LCP1 Rabbit 1:100 Genetex (Irvine, CA, USA) GTX124420
Tbr2a Rabbit 1:500 Gift from the Yoshihara lab
A11001
Secondaries: anti-mouse Invitrogen A11005
. ! Goat 1:200 A11008
rabbit, and rat IgG (Waltham, MA, USA) A11012
XH346510

4.6. Densitometry

We utilized Adobe Photoshop (Adobe, Mountain View, CA, USA) to assess the optical
density (OD) of stained tissue with HuC/D and Lcpl. We quantified and averaged 3 to
5 tissue sections per animal. We used images taken at 20x magnification and converted to
8-bit gray scale to obtain whole-section mean luminosity values, which were then converted
to OD by the following formula: OD = —log (intensity of background/intensity of area
of interest).
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4.7. Cell Quantification

Dopaminergic TH (tyrosine hydroxylase), Lcpl+, BrdU+, Tbr2a+, and TUNEL+ so-
mata were manually quantified. We used 4 to 6 sections of images taken at 20 x magnifica-
tion per animal, and quantified and averaged cells per section.

4.8. Olfactory-Mediated Behavioral Assays

We analyzed swimming behavioral responses to two odorants, alanine and cadaverine.
We used different behavioral chambers to better study different swimming parameters.
In all cases, fish were fasted for 48 h in individual tanks before the experiment and were
placed individually in the behavioral chambers. A fish underwent 3 or 4 trials per day, and
we averaged the parameters of all trials per fish. The number reported is the number of
fish, not of individual trials. A trial was defined as 30 min of general acclimation to the
chamber, followed by a 30 min silent acclimation period. After both acclimation periods
elapsed, a 30 s baseline recording was taken prior to odorant delivery. Then, an odorant
solution and PBS were administered simultaneously on opposite sides of the chamber.
Recording continued for 30 s following addition of the compounds and zebrafish behavior
was analyzed. After each trial, fish were transferred to another chamber with fresh water
and left to acclimate for another trial. Fish underwent 3 or 4 behavioral trials per day.
To minimize the effect of the experimenters’ presence, the chambers were surrounded by
white panels with perforations for the odorant tubes. The odorant tube was kept the same
to control for possible leftover solution in the next trial, but the side of the odorant delivery
was randomized for each trial.

For studying behavioral responses to cadaverine, fish were placed in rectangular clear
tanks (24.8 cm x 9.7 cm x 15.9 cm) outfitted with two surgical tubes on opposite sides.
The chambers were filled with 1.5 L of fresh fish water before each trial. We used syringes
attached to the tubes to administer 1 mL of a 100 uM cadaverine solution (Sigma-Aldrich)
in PBS and vehicle (PBS) in the opposite tube. We used a digital camera positioned in front
of the tank and behind a white panel to minimize the effect of its presence on the fish.

For testing responses to alanine, we used a white cylindrical behavioral apparatus with
30 cm diameter outfitted with two surgical tubes found on opposite sides about 8 cm above
the base. This chamber was filled with 2.5 L of fresh fish water before each experiment.
We used syringes attached to the tubes to administer 3 mL of a 100 pM alanine solution
(Sigma-Aldrich, St. Louis, MO, USA) in PBS and vehicle (PBS) in the opposite tube. We
used an overhead digital camera positioned 1 m above to capture swimming behavior [39].

We generated anosmic fish by anesthetizing fish in tricaine as described above. Using a
fine paintbrush, we applied cyanoacrylate glue on top of both nasal cavities to temporarily
occlude the nares.

4.9. Video Analysis

All the swimming behaviors we assessed correspond to well-characterized, stereotypi-
cal behaviors described extensively in the literature and by our group [39].

For cadaverine analyses, we coded time (in seconds) spent darting and freezing.
Darting was characterized as a sudden increased speed of movement and rapid, sharp
directional changes. Freezing was characterized by an absence of movement, often accom-
panied by sinking to the bottom of the tank. We calculated the percent change in response
in pre- and post-trials using the formula: percent change = (pre-trial value — post-trial
value)/post-trial value x 100 or the percent time spent in erratic swimming or freezing.

For alanine, we used ToxTrac v024.1.1 [67], an animal tracking software, to analyze
swimming behavior recordings after exposure. Analyses were divided into 30 s of pre-
odorant delivery and 30 s of post-odorant delivery. Each recording was uploaded to
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iMovie in order to increase the contrast to allow for better detection on ToxTrac. Swimming
distances (mm) were obtained from ToxTrac.

4.10. Statistical Analyses

Comparisons between groups were carried out using Analysis of Variance (ANOVA)
with Tukey’s post hoc tests or unpaired t-tests. p-values less than 0.05 were considered
significant. Behavioral responses to alanine were analyzed using a one-Sample Wilcoxon
test with a baseline of 100% to compare the percentage change in response among groups.
All statistical analyses were performed in GraphPad Prism 10 Software (GraphPad, San
Diego, CA, USA).

5. Conclusions

In conclusion, we describe a novel model of olfactory dysfunction associated with
dopaminergic loss that can be associated with early PD pathology in adult zebrafish. We
report that olfactory dysfunction and synaptic degeneration were recovered by 7 dpi,
highlighting the remarkable and unique regenerative abilities of zebrafish and under-
scoring a unique advantage of our model. Future studies should explore the molecular
mechanisms underlying this recovery, including the role of neurotrophic signaling and
immune-mediated repair. Our findings emphasize the use of zebrafish as an amenable and
highly neuroplastic model for investigating early PD-related olfactory dysfunction, with
the potential for the development of recovery interventions for individuals suffering from
olfactory loss.
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Abbreviations

The following abbreviations are used in this manuscript:

OB Olfactory bulb

PD Directory of open access journals
6-OHDA  6-hydroxydopamine

DA Dopaminergic

OSN Olfactory Sensory Neuron

OE Olfactory Epithelium

dpi Days post-injection

TH Tyrosine hydroxylase

TUNEL dUTP Nick-End Labeling

SV2 Synaptic vesicle protein

dG Dorsolateral glomerular cluster
dlG Dorsolateral glomerular cluster
vmG Ventromedial glomerular cluster
cad Cadaverine

ON Olfactory nerve

ONL Olfactory nerve layer

PRAN Pranlukast

Lepl Lymphocyte cytosolic protein 1
GBC Globose basal cell

HBC Horizontal basal cell

O.D. Optical density

i.c.v. Intracerebroventricular

PFA Paraformaldehyde

IHC Immunohistochemistry

NGS Normal goat serum

References

1. Cacabelos, R. Parkinson’s Disease: From Pathogenesis to Pharmacogenomics. Int. J. Mol. Sci. 2017, 18, 551. [CrossRef]

2. Galvan, A.; Wichmann, T. Pathophysiology of parkinsonism. Clin. Neurophysiol. 2008, 119, 1459-1474. [CrossRef]

3.  Double, K.L; Rowe, D.B.; Hayes, M.; Chan, D.K,; Blackie, J.; Corbett, A.; Joffe, R.; Fung, V.S.; Morris, J.; Halliday, G.M. Identifying
the pattern of olfactory deficits in Parkinson disease using the brief smell identification test. Arch. Neurol. 2003, 60, 545-549.
[CrossRef] [PubMed]

4. Fullard, M.E.; Morley, ].E,; Duda, ]J.E. Olfactory Dysfunction as an Early Biomarker in Parkinson’s Disease. Neurosci. Bull. 2017, 33,
515-525. [CrossRef] [PubMed]

5. Nielsen, T.; Jensen, M.B.; Stenager, E.; Andersen, A.D. The use of olfactory testing when diagnosing Parkinson’s disease—A
systematic review. Dan. Med. |. 2018, 65, A5481. [PubMed]

6. Dijkstra, A.A.; Ingrassia, A.; de Menezes, R.X.; van Kesteren, R.E.; Rozemuller, A J.; Heutink, P.; van de Berg, W.D. Evidence for
Immune Response, Axonal Dysfunction and Reduced Endocytosis in the Substantia Nigra in Early Stage Parkinson’s Disease.
PLoS ONE 2015, 10, e0128651. [CrossRef]

7. Michel, P.P; Hirsch, E.C.; Hunot, S. Understanding Dopaminergic Cell Death Pathways in Parkinson Disease. Neuron 2016, 90,
675-691. [CrossRef]

8.  Hoglinger, G.U.; Alvarez-Fischer, D.; Arias-Carrién, O.; Djufri, M.; Windolph, A.; Keber, U.; Borta, A.; Ries, V.; Schwarting, R.K,;
Scheller, D.; et al. A new dopaminergic nigro-olfactory projection. Acta Neuropathol. 2015, 130, 333-348. [CrossRef]

9.  Bundschuh, S.T.; Zhu, P.; Schérer, Y.-P.Z.; Friedrich, R W. Dopaminergic modulation of mitral cells and odor responses in the
zebrafish olfactory bulb. J. Neurosci. 2012, 32, 6830-6840. [CrossRef]

10. Li,J; Gu,C.Z;Su,].B,; Zhu, L.H.; Zhou, Y.; Huang, H.Y.; Liu, C.FE. Changes in Olfactory Bulb Volume in Parkinson’s Disease: A
Systematic Review and Meta-Analysis. PLoS ONE 2016, 11, €0149286. [CrossRef]

11. Wang, J.; You, H; Liu, J.F; Ni, D.E; Zhang, Z.X.; Guan, J. Association of olfactory bulb volume and olfactory sulcus depth with
olfactory function in patients with Parkinson disease. AJNR Am. J. Neuroradiol. 2011, 32, 677-681. [CrossRef] [PubMed]

12.  Postlethwait, ].H. The zebrafish genome in context: Ohnologs gone missing. J. Exp. Zool. Part B Mol. Dev. Evol. 2007, 308, 563-577.

[CrossRef]


https://doi.org/10.3390/ijms18030551
https://doi.org/10.1016/j.clinph.2008.03.017
https://doi.org/10.1001/archneur.60.4.545
https://www.ncbi.nlm.nih.gov/pubmed/12707068
https://doi.org/10.1007/s12264-017-0170-x
https://www.ncbi.nlm.nih.gov/pubmed/28831680
https://www.ncbi.nlm.nih.gov/pubmed/29726318
https://doi.org/10.1371/journal.pone.0128651
https://doi.org/10.1016/j.neuron.2016.03.038
https://doi.org/10.1007/s00401-015-1451-y
https://doi.org/10.1523/JNEUROSCI.6026-11.2012
https://doi.org/10.1371/journal.pone.0149286
https://doi.org/10.3174/ajnr.A2350
https://www.ncbi.nlm.nih.gov/pubmed/21330398
https://doi.org/10.1002/jez.b.21137

Int. J. Mol. Sci. 2025, 26, 4474 22 0f 24

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Calvo-Ochoa, E.; Byrd-Jacobs, C.A.; Fuss, S.H. Diving into the streams and waves of constitutive and regenerative olfactory
neurogenesis: Insights from zebrafish. Cell Tissue Res. 2021, 383, 227-253. [CrossRef]

Doyle, ].M.; Croll, R.P. A critical review of zebrafish models of Parkinson’s disease. Front. Pharmacol. 2022, 13, 835827. [CrossRef]
Facchinello, N. 17 Transgenic Zebrafish Reporter Lines for. In Zebrafish as a Model for Parkinson’s Disease; CRC Press: Boca Raton,
FL, USA, 2024; p. 247.

Bretaud, S.; Lee, S.; Guo, S. Sensitivity of zebrafish to environmental toxins implicated in Parkinson’s disease. Neurotoxicol Teratol.
2004, 26, 857-864. [CrossRef] [PubMed]

Callizot, N.; Combes, M.; Henriques, A.; Poindron, P. Necrosis, apoptosis, necroptosis, three modes of action of dopaminergic
neuron neurotoxins. PLoS ONE 2019, 14, €0215277. [CrossRef] [PubMed]

Wang, Y.; Liu, W,; Yang, J.; Wang, E; Sima, Y.; Zhong, Z.M.; Wang, H.; Hu, L.F; Liu, C.E. Parkinson’s disease-like motor and
non-motor symptoms in rotenone-treated zebrafish. Neurotoxicology 2017, 58, 103-109. [CrossRef]

Feng, CW.; Wen, Z.H.; Huang, S.Y.; Hung, H.C.; Chen, C.H.; Yang, S.N.; Chen, N.F,; Wang, H.M.; Hsiao, C.D.; Chen, W.F. Effects
of 6-hydroxydopamine exposure on motor activity and biochemical expression in zebrafish (Danio rerio) larvae. Zebrafish 2014, 11,
227-239. [CrossRef]

Blandini, F.; Armentero, M.-T.; Martignoni, E. The 6-hydroxydopamine model: News from the past. Park. Relat. Disord. 2008, 14,
5124-5129. [CrossRef]

Vijayanathan, Y.; Lim, ET.; Lim, S.M.; Long, C.M.; Tan, M.P.; Majeed, A.B.A.; Ramasamy, K. 6-OHDA-Lesioned Adult Zebrafish as
a Useful Parkinson’s Disease Model for Dopaminergic Neuroregeneration. Neurotox. Res. 2017, 32, 496-508. [CrossRef]
Caldwell, LJ.; Davies, N.O.; Cavone, L.; Mysiak, K.S.; Semenova, S.A.; Panula, P.; Armstrong, ].D.; Becker, C.G.; Becker,
T. Regeneration of dopaminergic neurons in adult zebrafish depends on immune system activation and differs for distinct
populations. J. Neurosci. 2019, 39, 4694-4713. [CrossRef] [PubMed]

Byrd, C.A.; Brunjes, P.C. Organization of the olfactory system in the adult zebrafish: Histological, immunohistochemical, and
quantitative analysis. J. Comp. Neurol. 1995, 358, 247-259. [CrossRef]

Barrios, ].P.; Wang, W.C.; England, R.; Reifenberg, E.; Douglass, A.D. Hypothalamic Dopamine Neurons Control Sensorimotor
Behavior by Modulating Brainstem Premotor Nuclei in Zebrafish. Curr. Biol. 2020, 30, 4606—4618. [CrossRef] [PubMed]
McPherson, A.D.; Barrios, J.P.; Luks-Morgan, S.J.; Manfredi, ].P.; Bonkowsky, J.L.; Douglass, A.D.; Dorsky, R.I. Motor Behavior
Mediated by Continuously Generated Dopaminergic Neurons in the Zebrafish Hypothalamus Recovers after Cell Ablation. Curr.
Biol. 2016, 26, 263-269. [CrossRef]

Lambert, A.M.; Bonkowsky, J.L.; Masino, M.A. The conserved dopaminergic diencephalospinal tract mediates vertebrate
locomotor development in zebrafish larvae. J. Neurosci. 2012, 32, 13488-13500. [CrossRef]

Zuch, C.L.; Nordstroem, V.K.; Briedrick, L.A.; Hoernig, G.R.; Granholm, A.C.; Bickford, P.C. Time course of degenerative
alterations in nigral dopaminergic neurons following a 6-hydroxydopamine lesion. J. Comp. Neurol. 2000, 427, 440-454. [CrossRef]
[PubMed]

Calvo-Ochoa, E.; Vorhees, N.-W.; Lockett, T.P.; DeWitt, S.L.; Thomas, E.A.; Gray, A.B.; Miyasaka, N.; Yoshihara, Y.; Byrd-Jacobs,
C.A. Structural regeneration and functional recovery of the olfactory system of zebrafish following brain injury. bioRxiv 2024.
[CrossRef]

Miyasaka, N.; Morimoto, K.; Tsubokawa, T.; Higashijima, S.; Okamoto, H.; Yoshihara, Y. From the olfactory bulb to higher brain
centers: Genetic visualization of secondary olfactory pathways in zebrafish. J. Neurosci. 2009, 29, 4756-4767. [CrossRef]

Fuller, C.L.; Yettaw, H.K.; Byrd, C.A. Mitral cells in the olfactory bulb of adult zebrafish (Danio rerio): Morphology and distribution.
J. Comp. Neurol. 2006, 499, 218-230. [CrossRef]

Braubach, O.R; Fine, A.; Croll, R.P. Distribution and functional organization of glomeruli in the olfactory bulbs of zebrafish
(Danio rerio). ]. Comp. Neurol. 2012, 520, 2317-2339. [CrossRef]

Koide, T.; Miyasaka, N.; Morimoto, K.; Asakawa, K.; Urasaki, A.; Kawakami, K.; Yoshihara, Y. Olfactory neural circuitry for
attraction to amino acids revealed by transposon-mediated gene trap approach in zebrafish. Proc. Natl. Acad. Sci. USA 2009, 106,
9884-9889. [CrossRef]

Jones, K. The palatability of amino acids and related compounds to rainbow trout, Salmo gairdneri Richardson. ]. Fish Biol. 1989,
34, 149-160. [CrossRef]

Arena, G.; Sharma, K.; Agyeah, G.; Kriiger, R.; Griinewald, A.; Fitzgerald, ].C. Neurodegeneration and neuroinflammation in
Parkinson’s disease: A self-sustained loop. Curr. Neurol. Neurosci. Rep. 2022, 22, 427-440. [CrossRef] [PubMed]

Booth, H.D.; Hirst, W.D.; Wade-Martins, R. The role of astrocyte dysfunction in Parkinson’s disease pathogenesis. Trends Neurosci.
2017, 40, 358-370. [CrossRef] [PubMed]

Scheib, J.; Byrd-Jacobs, C. Zebrafish Astroglial Morphology in the Olfactory Bulb Is Altered with Repetitive Peripheral Damage.
Front. Neuroanat. 2020, 14, 4. [CrossRef]

Baumgart, E.V.; Barbosa, ].S.; Bally-Cuif, L.; G6tz, M.; Ninkovic, J. Stab wound injury of the zebrafish telencephalon: A model for
comparative analysis of reactive gliosis. Glia 2012, 60, 343-357. [CrossRef]


https://doi.org/10.1007/s00441-020-03334-2
https://doi.org/10.3389/fphar.2022.835827
https://doi.org/10.1016/j.ntt.2004.06.014
https://www.ncbi.nlm.nih.gov/pubmed/15451049
https://doi.org/10.1371/journal.pone.0215277
https://www.ncbi.nlm.nih.gov/pubmed/31022188
https://doi.org/10.1016/j.neuro.2016.11.006
https://doi.org/10.1089/zeb.2013.0950
https://doi.org/10.1016/j.parkreldis.2008.04.015
https://doi.org/10.1007/s12640-017-9778-x
https://doi.org/10.1523/JNEUROSCI.2706-18.2019
https://www.ncbi.nlm.nih.gov/pubmed/30948475
https://doi.org/10.1002/cne.903580207
https://doi.org/10.1016/j.cub.2020.09.002
https://www.ncbi.nlm.nih.gov/pubmed/33007241
https://doi.org/10.1016/j.cub.2015.11.064
https://doi.org/10.1523/JNEUROSCI.1638-12.2012
https://doi.org/10.1002/1096-9861(20001120)427:3%3C440::AID-CNE10%3E3.0.CO;2-7
https://www.ncbi.nlm.nih.gov/pubmed/11054705
https://doi.org/10.1101/2024.12.03.626704
https://doi.org/10.1523/JNEUROSCI.0118-09.2009
https://doi.org/10.1002/cne.21091
https://doi.org/10.1002/cne.23075
https://doi.org/10.1073/pnas.0900470106
https://doi.org/10.1111/j.1095-8649.1989.tb02964.x
https://doi.org/10.1007/s11910-022-01207-5
https://www.ncbi.nlm.nih.gov/pubmed/35674870
https://doi.org/10.1016/j.tins.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/28527591
https://doi.org/10.3389/fnana.2020.00004
https://doi.org/10.1002/glia.22269

Int. J. Mol. Sci. 2025, 26, 4474 23 of 24

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

Lazzari, M.; Bettini, S.; Franceschini, V. Immunocytochemical characterisation of olfactory ensheathing cells of zebrafish. J. Anat.
2014, 224, 192-206. [CrossRef]

Peterson, L.J.; Flood, PM. Oxidative stress and microglial cells in Parkinson’ s disease. Mediat. Inflamm. 2012, 2012, 401264.
[CrossRef]

Rovira, M.; Miserocchi, M.; Montanari, A.; Hammou, L.; Chomette, L.; Pozo, J.; Imbault, V.; Bisteau, X.; Wittamer, V. Zebrafish
Galectin 3 binding protein is the target antigen of the microglial 4C4 monoclonal antibody. Dev. Dyn. 2023, 252, 400-414.
[CrossRef]

Var, S.R.; Byrd-Jacobs, C.A. Microglial response patterns following damage to the zebrafish olfactory bulb. IBRO Rep. 2019, 7,
70-79. [CrossRef]

Doucette, J.R.; Kiernan, J.A.; Flumerfelt, B.A. Two different patterns of retrograde degeneration in the olfactory epithelium
following transection of primary olfactory axons. J. Anat. 1983, 136 Pt 4, 673-689. [PubMed]

Calvo-Ochoa, E.; Byrd-Jacobs, C.A. The Olfactory System of Zebrafish as a Model for the Study of Neurotoxicity and Injury:
Implications for Neuroplasticity and Disease. Int. J. Mol. Sci. 2019, 20, 1639. [CrossRef] [PubMed]

Kocagoz, Y.; Demirler, M.C,; Eski, S.E.; Giiler, K.; Dokuzluoglu, Z.; Fuss, S.H. Disparate progenitor cell populations contribute to
maintenance and repair neurogenesis in the zebrafish olfactory epithelium. Cell Tissue Res. 2022, 388, 331-358. [CrossRef]
Palominos, M.F.; Calfan, C.; Nardocci, G.; Candia, D.; Torres-Paz, J.; Whitlock, K.E. The olfactory organ is a unique site for
neutrophils in the brain. Front. Immunol. 2022, 13, 881702. [CrossRef]

Sepahi, A.; Kraus, A.; Casadei, E.; Johnston, C.A.; Galindo-Villegas, J.; Kelly, C.; Garcfa-Moreno, D.; Muiioz, P.; Mulero, V,;
Huertas, M.; et al. Olfactory sensory neurons mediate ultrarapid antiviral immune responses in a TrkA-dependent manner. Proc.
Natl. Acad. Sci. USA 2019, 116, 12428-12436. [CrossRef] [PubMed]

Whitlock, K.E. The sense of scents: Olfactory behaviors in the zebrafish. Zebrafish 2006, 3, 203-213. [CrossRef]

Hussain, A.; Saraiva, L.R.; Ferrero, D.M.; Ahuja, G.; Krishna, V.S.; Liberles, S.D.; Korsching, S.I. High-affinity olfactory receptor
for the death-associated odor cadaverine. Proc. Natl. Acad. Sci. USA 2013, 110, 19579-19584. [CrossRef]

Dieris, M.; Ahuja, G.; Krishna, V.; Korsching, S.I. A single identified glomerulus in the zebrafish olfactory bulb carries the
high-affinity response to death-associated odor cadaverine. Sci. Rep. 2017, 7, 40892. [CrossRef]

Sato, Y.; Miyasaka, N.; Yoshihara, Y. Mutually exclusive glomerular innervation by two distinct types of olfactory sensory neurons
revealed in transgenic zebrafish. J. Neurosci. 2005, 25, 4889-4897. [CrossRef]

Miyasaka, N.; Arganda-Carreras, I.; Wakisaka, N.; Masuda, M.; Stimbiil, U.; Seung, H.S.; Yoshihara, Y. Olfactory projectome in
the zebrafish forebrain revealed by genetic single-neuron labelling. Nat. Commun. 2014, 5, 3639. [CrossRef]

Godoy, R.; Hua, K; Kalyn, M.; Cusson, V.M.; Anisman, H.; Ekker, M. Dopaminergic neurons regenerate following chemogenetic
ablation in the olfactory bulb of adult Zebrafish (Danio rerio). Sci. Rep. 2020, 10, 12825. [CrossRef]

Alonso, M.; Ortega-Pérez, I.; Grubb, M.S.; Bourgeois, ].P.; Charneau, P.; Lledo, PM. Turning astrocytes from the rostral migratory
stream into neurons: A role for the olfactory sensory organ. J. Neurosci. 2008, 28, 11089-11102. [CrossRef]

Kishimoto, N.; Alfaro-Cervello, C.; Shimizu, K.; Asakawa, K.; Urasaki, A.; Nonaka, S.; Kawakami, K.; Garcia-Verdugo, ].M.;
Sawamoto, K. Migration of neuronal precursors from the telencephalic ventricular zone into the olfactory bulb in adult zebrafish.
J. Comp. Neurol. 2011, 519, 3549-3565. [CrossRef]

Maérz, M.; Schmidt, R.; Rastegar, S.; Strahle, U. Regenerative response following stab injury in the adult zebrafish telencephalon.
Dev. Dyn. 2011, 240, 2221-2231. [CrossRef] [PubMed]

Kyritsis, N.; Kizil, C.; Zocher, S.; Kroehne, V.; Kaslin, J.; Freudenreich, D.; Iltzsche, A.; Brand, M. Acute inflammation initiates the
regenerative response in the adult zebrafish brain. Science 2012, 338, 1353-1356. [CrossRef]

Grupp, L.; Wolburg, H.; Mack, A.F. Astroglial structures in the zebrafish brain. J. Comp. Neurol. 2010, 518, 4277-4287. [CrossRef]
Kroehne, V.; Freudenreich, D.; Hans, S.; Kaslin, J.; Brand, M. Regeneration of the adult zebrafish brain from neurogenic radial
glia-type progenitors. Development 2011, 138, 4831-4841. [CrossRef] [PubMed]

Jurisch-Yaksi, N.; Yaksi, E.; Kizil, C. Radial glia in the zebrafish brain: Functional, structural, and physiological comparison with
the mammalian glia. Glia 2020, 68, 2451-2470. [CrossRef] [PubMed]

Rieger, A.; Deitmer, ].W.; Lohr, C. Axon-glia communication evokes calcium signaling in olfactory ensheathing cells of the
developing olfactory bulb. Glia 2007, 55, 352-359. [CrossRef]

Nazareth, L.; Shelper, T.B.; Chacko, A.; Basu, S.; Delbaz, A.; Lee, ].Y.P.; Chen, M.; St John, J.A.; Ekberg, ].A K. Key differences
between olfactory ensheathing cells and Schwann cells regarding phagocytosis of necrotic cells: Implications for transplantation
therapies. Sci. Rep. 2020, 10, 18936. [CrossRef]

Denaro, S.; D’Aprile, S.; Alberghina, C.; Pavone, A.M.; Torrisi, F,; Giallongo, S.; Longhitano, L.; Mannino, G.; Lo Furno, D,;
Zappala, A.; et al. Neurotrophic and immunomodulatory effects of olfactory ensheathing cells as a strategy for neuroprotection
and regeneration. Front. Immunol. 2022, 13, 1098212. [CrossRef] [PubMed]

Witheford, M.; Westendorf, K.; Roskams, A.J. Olfactory ensheathing cells promote corticospinal axonal outgrowth by a L1
CAM-dependent mechanism. Glia 2013, 61, 1873-1889. [CrossRef] [PubMed]


https://doi.org/10.1111/joa.12129
https://doi.org/10.1155/2012/401264
https://doi.org/10.1002/dvdy.549
https://doi.org/10.1016/j.ibror.2019.08.002
https://www.ncbi.nlm.nih.gov/pubmed/6885621
https://doi.org/10.3390/ijms20071639
https://www.ncbi.nlm.nih.gov/pubmed/30986990
https://doi.org/10.1007/s00441-022-03597-x
https://doi.org/10.3389/fimmu.2022.881702
https://doi.org/10.1073/pnas.1900083116
https://www.ncbi.nlm.nih.gov/pubmed/31160464
https://doi.org/10.1089/zeb.2006.3.203
https://doi.org/10.1073/pnas.1318596110
https://doi.org/10.1038/srep40892
https://doi.org/10.1523/JNEUROSCI.0679-05.2005
https://doi.org/10.1038/ncomms4639
https://doi.org/10.1038/s41598-020-69734-0
https://doi.org/10.1523/JNEUROSCI.3713-08.2008
https://doi.org/10.1002/cne.22722
https://doi.org/10.1002/dvdy.22710
https://www.ncbi.nlm.nih.gov/pubmed/22016188
https://doi.org/10.1126/science.1228773
https://doi.org/10.1002/cne.22481
https://doi.org/10.1242/dev.072587
https://www.ncbi.nlm.nih.gov/pubmed/22007133
https://doi.org/10.1002/glia.23849
https://www.ncbi.nlm.nih.gov/pubmed/32476207
https://doi.org/10.1002/glia.20460
https://doi.org/10.1038/s41598-020-75850-8
https://doi.org/10.3389/fimmu.2022.1098212
https://www.ncbi.nlm.nih.gov/pubmed/36601122
https://doi.org/10.1002/glia.22564
https://www.ncbi.nlm.nih.gov/pubmed/24038549

Int. J. Mol. Sci. 2025, 26, 4474 24 of 24

64.

65.

66.

67.

Chen, X.K.; Kwan, ].S.; Wong, G.T; Yi, ZN.; Ma, A.C.; Chang, R.C. Leukocyte invasion of the brain after peripheral trauma in
zebrafish (Danio rerio). Exp. Mol. Med. 2022, 54, 973-987. [CrossRef] [PubMed]

Cuoghi, B.; Mola, L. Macroglial cells of the teleost central nervous system: A survey of the main types. Cell Tissue Res. 2009, 338,
319-332. [CrossRef]

Holcomb, ].D.; Mumm, ].S.; Calof, A.L. Apoptosis in the neuronal lineage of the mouse olfactory epithelium:
Regulationin vivoandin vitro. Dev. Biol. 1995, 172, 307-323. [CrossRef]

Rodriguez, A.; Zhang, H.; Klaminder, J.; Brodin, T.; Andersson, P.L.; Andersson, M. ToxTrac: A fast and robust software for
tracking organisms. Methods Ecol. Evol. 2018, 9, 460-464. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s12276-022-00801-4
https://www.ncbi.nlm.nih.gov/pubmed/35831435
https://doi.org/10.1007/s00441-009-0870-2
https://doi.org/10.1006/dbio.1995.0025
https://doi.org/10.1111/2041-210X.12874

	Introduction 
	Results 
	6-OHDA Injections in the Dorsal Telencephalic Ventricle Target Dopaminergic Neurons in the OB Without Impairing Motor Function 
	Periglomerular Cell Loss Is Associated with Severe Synaptic Disruption in the OB 
	Periglomerular and Synaptic Degeneration in the OB Lead to Impaired Olfactory Responses to Selective Odorants Without Altering Locomotion 
	Astroglial Cells Are Activated in the OB Following 6-OHDA Injections 
	6-OHDA Promotes Microglial Activation and Leukocyte Migration to the OB 
	6-OHDA-Mediated Changes in the OB Cause Retrograde Degeneration and Cell Proliferation in the OE 
	Peripheral Leukocytes Migrate to OE’s Sensory Epithelium Following 6-OHDA Injections 

	Discussion 
	6-OHDA-Mediated Dopaminergic Loss in the OB Leads to Olfactory Dysfunction 
	6-OHDA Injections in the Dorsal Telenchpehalic Ventricle Selectively Target Dopaminergic Neurons in the OB and Subpallium Without Affecting Motor Function 
	Neuroinflammatory Processes Parallel Synaptic Disruption and Recovery in the OB 
	6-OHDA Injections Lead to Retrograde Degeneration and Neurogenesis in the Peripheral OE 

	Materials and Methods 
	Animals 
	Intracerebroventricular (i.c.v.) 6-OHDA Injections 
	Tissue Processing for Immunohistochemistry 
	Cell Proliferation Assays 
	Immunohistochemistry 
	Densitometry 
	Cell Quantification 
	Olfactory-Mediated Behavioral Assays 
	Video Analysis 
	Statistical Analyses 

	Conclusions 
	References

