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Abstract

Taltirelin, an orally effective thyrotropin-releasing hormone analog, significantly improves motor impairments in rat
models of Parkinson'’s disease (PD) and enhances dopamine release within the striatum. However, the underlying
mechanism remains unclear. In this study, a variety of in vivo and in vitro methods, including transcriptomic analysis,
were employed to elucidate the effects of Taltirelin on cellular composition and signaling pathways in the striatum
of hemi-PD rats. We demonstrated that Taltirelin upregulates the expression of TRHR on striatal GABAergic neu-
rons, which is accompanied by activation of the TRHR-MAPK-RARa-DRD2 pathway. Consequently, Taltirelin induces
medium spiny neurons in the striatum to express TH. This discovery provides valuable insights into the potential
application of Taltirelin in neurological disorders and offers new directions for drug development.
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Introduction

Thyrotropin-releasing hormone (TRH) is traditionally
recognized as a neuroendocrine hormone synthesized
in the hypothalamus that regulates the levels of thyroid-
stimulating hormone and prolactin. Additionally, it plays
a significant role in neurodegenerative diseases [1]. TRH
can activate brain circuits, stimulate spinal motor neu-
rons, and exhibit modulatory effects in various neuro-
logical disorders, such as spinocerebellar degeneration
[2], amyotrophic lateral sclerosis [3], depression [4],
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Alzheimer’s disease (AD) [5] and Parkinson’s disease (PD)
[6]. In the classic 6-OHDA PD model, TRH expression
is significantly upregulated in the dopamine-depleted
striatum [7]. Furthermore, L-DOPA treatment leads to
a marked increase in the expression levels of TRH and
tyrosine hydroxylase (TH) in the dopamine-depleted
striatum of rats [7, 8]. Moreover, a single-cell study has
demonstrated that a subset of interneurons expressing
TH in the striatum also co-express TRH [9]. These find-
ings suggest that TRH-related signaling cascades play a
crucial role in the pathophysiology and potential treat-
ment of Parkinson’s disease. However, potent endocrine
side effects limit its clinical utility [10].

Taltirelin(TAL), an orally effective TRH analog, pos-
sesses approximately 10-100 times stronger central
nervous system stimulatory activity than TRH and a
prolonged duration of action that is eight times longer
[11]. Notably, it generates fewer endocrine side effects
[12]. TAL has been approved for the treatment of
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spinocerebellar degeneration, highlighting its tremen-
dous potential in the field of neurology [13].

PD, the second most prevalent neurodegenerative
disorder among elderly individuals, currently lacks a
cure and often leads to severe disability and high mor-
tality rates [14]. The characteristic symptoms of PD,
including bradykinesia, tremor, and rigidity, are pri-
marily attributed to the significant loss of dopaminer-
gic neurons and subsequent dopamine(DA) deficiency
[15]. DA replacement therapy with drugs such as lev-
odopa (L-DOPA) remains the mainstay of treatment
for PD [16]. However, long-term administration of
L-DOPA can damage the remaining dopaminergic neu-
rons [17] and is prone to induce motor complications
and dose fluctuations [18, 19]. Consequently, there is an
urgent need for the development of novel DA agonists.
Our previous reports have revealed the neuroprotec-
tive effects of TAL on dopaminergic neurons, shield-
ing them from the neurotoxicity induced by MPTP
and rotenone [20]. Furthermore, TAL improves motor
impairments in Hemi-PD Rats, along with the promo-
tion of TH expression in the striatum [21], and signifi-
cantly increases DA levels in the nucleus accumbens
and dorsal striatum in normal rats [22]. However, the
underlying mechanism remains unclear.

In the midbrain, the expression of TH has long been
regarded as a hallmark for identifying dopaminer-
gic neurons. However, in the striatum, this definition
is more complex, as certain interneurons in the stria-
tum have been found to express TH but appear to lack
other enzymes or transporters necessary for typical
dopaminergic neuronal function [23, 24]. The major-
ity of neurons in the striatum are GABAergic medium
spiny neurons (MSNs) that receive axonal projections
from dopaminergic neurons of the substantia nigra,
forming dopaminergic synapses [25]. Based on their
expression of DA receptors (DRD2 and DRD1), MSNs
can be divided into two subtypes: D1-MSNs, which
primarily express substance P and dynorphin [26, 27],
and D2-MSNs, which mainly express enkephalin [28].
Interestingly, study suggests that TRH receptor (TRHR)
is differentially expressed across distinct regions of
D2-MSNs in the striatum [29]. Furthermore, some
specific subpopulations of D2-MSNs have been shown
to express TH [23, 29]. Therefore, the mechanism by
which TAL promotes sustained DA release in the stri-
atum requires further investigation. In this report, we
elucidate the anti-parkinsonian mechanisms of TAL in
the striatum at the transcriptomic level. Moreover, in a
PD animal model, we discovered that TAL regulates the
expression of TRHR and retinoic acid receptor alpha
(RAR«), and induces medium spiny neurons in the stri-
atum to express TH.
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Materials and methods

Animals

Adult male Sprague-Dawley rats (48 in total, provided by
Beijing HFK Bioscience Co., Ltd., China) weighing 230—
250 g (7 weeks old) were used in this study. The animals
were provided ad libitum access to food and water and
maintained under a 12-h light/dark cycle with controlled
temperature and humidity. Under the guidelines of the
Institutional Animal Care and Use Committee (IACUC),
efforts were made to minimize the number of animals
used while maintaining consistent experimental condi-
tions. This study was approved by the IACUC of Renmin
Hospital of Wuhan University, ensuring compliance with
animal welfare and ethical standards.

Stereotaxic surgery

For the Hemi-PD rats, animals were anesthetized with
isoflurane gas and fixed onto a stereotaxic apparatus
(RWD Life Science Co., Ltd., China). Body temperature
was maintained at 37 °C using a temperature control-
ler system. A total dose of 16 ug of 6-hydroxydopamine
(Sigma, USA) was dissolved in 4 pL of sterile 0.9% saline
solution containing 0.02% ascorbic acid. The solution
was then injected into the right medial forebrain bundle
at a rate of 0.5 pL/min using a 10 pL microsyringe. The
coordinates for injection were as follows: anteroposte-
rior, —4.4 mm; mediolateral, — 1.5 mm; dorsoventral,
7.8 mm from the dura [30]. After a 5-min dwell time, the
microsyringe was slowly retracted. Behavioral evaluation
of contralateral rotation induced by apomorphine was
conducted 2 weeks after recovery.

Apomorphine-Induced rotation test and adjusting step
test

At 2 weeks postsurgery, contralateral rotational behavior,
indicative of dopaminergic lesion efficacy, was measured
using a subthreshold dose of apomorphine (0.05 mg/
kg, s.c.). Rats that exhibited more than 200 rotations
toward the lesioned side within 30 min were considered
to closely resemble a near-complete lesion model and
were selected for further investigation [31]. To assess
adjustment stepping in the gait test, the hindlimbs of the
lesioned rats and the contralateral forelimb were gently
lifted, leaving only the forelimb to touch the platform.
The rats were then slowly moved along the runway at
a speed of 90 cm within a 5-s interval. The number of
adjusting steps in the forward direction for each forelimb
was recorded three times and averaged to determine the
stepping in the adjustment stepping test [32].

Treatment
The rats were administered treatment once daily. Suc-
cessfully modeled hemi-PD rats were randomly divided
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into two groups based on the treatment they received: the
TAL group (N=8), which received daily intraperitoneal
injections of 5 mg/kg TAL, and the control (CTR, N=38)
group, which received an equivalent volume of saline.
Thirty minutes after each injection of TAL or saline, the
number of adjusting steps was assessed to evaluate the
efficacy of TAL. After 7 days of injections, tissue sam-
ples were collected from both groups for further analysis,
30 min after the final injection of either TAL or saline.

Extraction of RNA from rat striatum

The rat striatum was collected and placed into corre-
sponding labeled grinding tubes. Then, 1.5 mL of TRIzol
lysis reagent was added to each tube, followed by grinding
the tissue using a tissue homogenizer for 30 s. The tubes
were removed and allowed to stand for 5 min to ensure
sufficient cell lysis. After grinding and homogenization,
the tissue samples were centrifuged at 4 °C and 12,000 g
for 5 min. The supernatant was carefully transferred to
new 1.5 mL centrifuge tubes and mixed with 300 pL of
chloroform/isoamyl alcohol (24:1) by vigorous shaking.
The tubes were then centrifuged at 4 °C and 12,000x g
for 8 min. The clear upper layer was transferred to new
tubes, and 2/3 of the volume of the supernatant was
mixed with isopropanol by gentle inversion. The tubes
were then placed in a — 20 °C freezer and allowed to
stand for at least 2 h. Subsequently, the tubes were centri-
fuged at 4 °C and 17,500 X g for 25 min, and the superna-
tant was discarded. The pellet was washed with 0.9 mL of
75% ethanol by gently suspending and inverting the tube.
The tubes were then centrifuged at 4 °C and 17,500 X g for
3 min. The supernatant was discarded, and the remaining
liquid was aspirated after brief centrifugation. The pel-
let was air-dried for 3—5 min and dissolved in 100 uL of
RNase-free water.

mRNA library preparation

Each sample utilized 50 pL of RNA solution, undergo-
ing mRNA enrichment, fragmentation, single-stranded
c¢DNA synthesis, double-stranded cDNA synthesis,
repair, and amplification to obtain single-stranded circu-
lar products. Linear DNA molecules that were not circu-
larized were digested. The single-stranded circular DNA
molecules were subjected to rolling-circle replication,
resulting in DNA nanoballs containing multiple copies.
The obtained DNA nanoballs were loaded into the nano-
pores of a high-density DNA nanochip using combinato-
rial probe-anchor synthesis technology for sequencing.
The raw data obtained from sequencing were filtered
using SOAPnuke software (v1.5.2) to obtain clean data
[33]. The clean data were aligned to the reference gene
sequences using Bowtie2 software (v2.2.5) [34], and the
gene expression levels of each sample were calculated
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using the RESM software package (v1.2.8) [35]. Intra-
group differential gene analysis was performed using
DESeq with the condition of |log2FC|>2 and adjusted
P-value<0.05 [36]. The differentially expressed gene
set was visualized using the heatmap function to gener-
ate a clustered heatmap. Based on the Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGQG) annotation results and official classification, the
differentially expressed genes (DEGs) were functionally
classified. KEGG enrichment analysis was performed
using the phyper function in the R software package, and
GO enrichment analysis was performed using the Ter-
mFinder package. A threshold of g-value <0.05 was used,
and genes meeting this criterion were considered signifi-
cantly enriched in the candidate gene set.

RT-PCR

Total mRNA was extracted from the striatum of each rat
group using TRIzol reagent (Invitrogen). Complementary
DNA synthesis was performed using the iScript cDNA
Synthesis Kit (Bio-Rad). Quantitative PCR was conducted
on a LightCycler 480 real-time PCR system (Roche) using
LightCycler 480 SYBR Green 1 Master Mix. PCR begins
at 94 °C for 5 min, followed by 40 cycles of 94 °C for 10 s,
60 °C for 20 s, and 72 °C for 15 s. Afterward, there is a
final step of 94 °C for 30 s, 55 °C for 30 s, and 94 °C for
30 s. Amplification curves and melt curves are obtained,
and PCR products are analyzed to confirm amplification
specificity. The primer sequences are presented in.

SH-SY5Y neuroblastoma cell culture

SH-SY5Y cells were cultured in DMEM/F12 medium
(HyClone, South Logan, UT, USA) supplemented with
10% FBS (Gibco, Carlsbad, CA, USA) and 100 units/ml
penicillin—streptomycin. The cells were maintained in a
humidified incubator at 37 °C with 5% CO2, and the cul-
ture medium was replaced every 3 days. Upon reaching
80% confluence, the cells were seeded onto appropriate
multiwell plates at a density of 4x 10° cells/ml. SH-SY5Y
cells were then incubated with 5 pM TAL or an equal
volume of PBS for 48 h, creating the TAL experimen-
tal group and the CTR control group. Besides, prior to
treatment with 5 uM TAL for 24 h, SH-SY5Y cells were
transfected with the Flag-His-TRHR plasmid or siRNA-
TRHR to manipulate TRHR expression. The cells were
then divided into five groups: CTR control group, knock-
down (KD) group, overexpression (OE) group, KD +TAL
group, and OE +TAL group.

Western blot analysis

Rat brain tissue was lysed in NP-40 lysis buffer sup-
plemented with a protease inhibitor cocktail, followed
by centrifugation at 15,000 rpm for 15 min at 4 °C. The
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protein concentration in the supernatant was quantified
using the BCA assay and subjected to Western blot anal-
ysis. After SDS—polyacrylamide gel electrophoresis, the
proteins were transferred onto nitrocellulose membranes.
The membranes were blocked with 5% skim milk for 1 h
at 4 °C, followed by overnight incubation with the pri-
mary antibody. After washing the membranes three times
with TBST, they were incubated with the secondary anti-
body for 1 h at room temperature. Following three addi-
tional washes with TBST, the signal was detected using
an enhanced chemiluminescence method. Primary anti-
bodies against the following targets were used: TH (Santa
Cruz Biotechnology, sc-25269, 1:2000), TRHR (Novus
Biologicals, NBP2-24726, 1:1000), ERK1/2 (Cell Signal-
ing Technology, 4695 s, 1:4000), P-ERK1/2 (Cell Signaling
Technology, 4370 s, 1:2000), GABA (Abcam, ab86186,
1:8000), RAR«a (ABclonal, A0370, 1:8000), DRD1 (Novus
Biologicals, NB110-60017, 1:1000), DRD2 (ABclonal,
A12930, 1:1000; Novus Biologicals, MAB9266, 1:1000),
and GAPDH (Proteintech, 60,004—1-Ig, 1:8000).

Immunohistochemistry and immunofluorescence

After anesthesia, rat brains were perfused with cold
PBS and 4% paraformaldehyde (PFA). The brains were
then stored in 4% PFA at 4 °C for 24 h and subsequently
embedded in paraffin. Serial 5 um thick sections were
prepared from each animal group and used for immu-
nohistochemistry and immunofluorescence analyses.
Paraffin-embedded rat brain sections were deparaffi-
nized, rehydrated, and subjected to antigen retrieval by
incubation in antigen retrieval buffer (0.1 M sodium cit-
rate, pH 6.0) at 94 °C for 20 min. Endogenous peroxidase
activity was blocked with 3% H202 for 10 min, followed
by three washes in PBS. The sections were then blocked
with 1% bovine serum albumin and 0.3% Triton X-100
in PBS for 30 min and subsequently incubated with the
primary antibody overnight at 4 °C. After three washes
in PBS containing 0.1% Triton-X 100, the immunohisto-
chemistry signal was visualized using the Histostain-SP
kit (Invitrogen). For immunofluorescence staining, the
slides were incubated with secondary antibodies conju-
gated to Alexa Fluor 488 or Alexa Fluor 594. SH-SY5Y
cells were fixed with 4% PFA and 0.1% Triton X-100 for
20 min, followed by washing with PBS. After blocking
with 5% bovine serum albumin for 30 min, the cells were
incubated with the primary antibody overnight at 4 °C.
The secondary antibodies were applied at room tempera-
ture for 2 h, followed by washing with PBS and nuclear
staining with DAPI. Glass coverslips carrying the cells
were mounted with glycerol and examined under a fluo-
rescence microscope. Primary antibodies against the fol-
lowing targets were used: TH (Santa Cruz Biotechnology,
sc-25269, 1:400), TRHR (Novus Biologicals, NBP2-24726,
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1:200), GABA (Abcam, ab86186, 1:200), RAR«x (ABclonal,
A0370, 1:200), DRD1 (Novus Biologicals, NB110-60017,
1:200), DRD2 (Novus Biologicals, MAB9266, 1:200), and
RARa (ABclonal, A0370, 1:200).

Statistical analysis

All data are presented as the mean+SEM from three or
more independent experiments and plotted using Graph-
Pad Prism (version 9.0). One-way analysis of variance
(one-way ANOVA) was applied to determine significant
main effects and differences among three or more groups,
followed by post hoc tests such as Tukey’s or least signifi-
cant difference (LSD) multiple comparisons. Student’s
t-test was applied for comparing two groups. Statistical
significance was defined as p < 0.05. The conditions of the
analysis were blinded to the investigator.

Results

TAL-induced alterations in key signaling pathways

and cellular components in the striatum

Transcriptomic profiling study with the striatum samples
of Hemi-PD Rats treated by TAL highlights the signifi-
cance of the calcium signaling pathway, MAPK signaling
pathway and Axon guidance in influencing GABAergic
and DA synapses.

The apomorphine-induced rotation test, adjusting step
test, and TH staining were conducted to validate the suc-
cess of the Hemi-PD rat model. TH-positive dopamin-
ergic terminals in the striatum on the lesioned side were
almost destroyed (Fig. 1A). Successful hemi-PD rats were
separately administered saline or TAL at a dose of 5 mg/
kg via intraperitoneal injection. At 0.5 h post-injection,
the TAL-treated (TAL, N=8) group showed alleviation
of bradykinesia symptoms in the forelimbs compared to
the control group (CTR, N=8) (Fig. 1B). To investigate
the specific gene expression mechanisms through which
TAL exerts its effects in the striatum, we extracted RNA
from the intact side of the control group (CTR-Int), the
lesioned side of the control group (CTR-Les), the Intact
side of the TAL-treated group (TAL-Int) and the lesioned
side of the TAL-treated group (TAL-Les) after 7 days
of TAL intraperitoneal injection for transcriptomic
analysis. Differential gene analysis was performed using
DEGSeq, with conditions set as |log2FC|>2 and adjusted
P-value<0.05. Volcano plots were generated to display
the DEGs among the groups. Compared to the CTR-
Int group, the CTR-Les group exhibited upregulation of
3046 transcripts and downregulation of 4299 transcripts
(Fig. 1C). Compared to the CTR-Les group, the TAL-
Les group exhibited upregulation of 4352 transcripts
and downregulation of 3848 transcripts (Fig. 1D). Com-
pared to the CTR-Int group, the TAL-Int group exhibited
upregulation of 3407 transcripts and downregulation of
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4242 transcripts (Supplementary Fig. 1A). Compared to
the TAL-Int group, the TAL-Les group exhibited upreg-
ulation of 3576 transcripts and downregulation of 3535
transcripts (Supplementary Fig. 1B). We observed a
decrease in the gene expression of the trhr in the lesioned
side of hemi-PD rats, which is the target receptor of TAL.
Meanwhile, TAL upregulated the expression of rara and
cAMP-responsive element binding protein 1 (creb) and
activated certain genes in the calcium signaling pathway.
Quantitative RT-PCR was performed to validate the gene
expression levels of Trhr, Rara, Creb and calcium/calmo-
dulin-dependent protein kinase II beta (Camk2b) in the
striatum of each group (Fig. 1E), which were consistent
with the transcriptomic analysis results. We further veri-
fied the protein expression levels of CREB and CaMK2b
in the striatum of each group using Western blotting
analysis (Fig. 1F). The results were consistent with the
mRNA changes, showing significant expression of CREB
and CaMK2b in the TAL-Les group.

Furthermore, clustering analysis was conducted using
the log2-transformed FPKM values of the DEGs. GO
enrichment analysis was performed to explore the ana-
tomical locations of the DEGs in the striatal cells. Sig-
nificant changes in gene expression were observed in
cell components related to neuron projection, neuronal
cell bodies, dendrites, and postsynaptic density on the
lesioned side (Fig. 1I), while TAL mainly affected GABAe-
rgic synapses in the striatal cell components (Fig. 1J).
Meanwhile, on the intact side of the striatum, compared
to the CTR-Int group, TAL affected cell components
such as neuron projections and transcription factor com-
plexes (Supplementary Fig. 1C). On the lesioned side,
compared to the TAL-Int group, TAL primarily affected
components like nucleoplasm and nucleus (Supplemen-
tary Fig. 1D).

To elucidate the cellular functional changes induced by
TAL, we performed functional annotation of the DEGs
using the EggNOG database. In the Hemi-PD rats, the
functional changes on the lesioned side were mainly
associated with calcium-dependent phospholipid binding

(See figure on next page.)
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(Fig. 2A), while TAL treatment primarily affected DNA
binding and protein serine/threonine kinase activity
(Fig. 2B). DNA binding involves the interaction between
a molecular entity, exemplified prominently by transcrip-
tion factors, and the DNA molecule. Serine/threonine
kinases utilize ATP as a phosphate donor to catalyze the
phosphorylation of serine or threonine residues on tar-
get proteins. They encompass protein kinases activated
by second messengers such as cCAMP, cGMP, Ca**, and
DAG, as well as the MAPK cascade.

To further understand the specific signaling mecha-
nisms underlying the actions of TAL, we performed
KEGG pathway classification analysis on the DEGs from
each group. In the Hemi-PD rat striatum, the changes
in signaling pathways were mainly associated with the
calcium signaling pathway, neuroactive ligand-receptor
interaction, cAMP signaling pathway, cGMP-PKG signal-
ing pathway, and Wnt signaling pathway (Fig. 2C). After
TAL treatment, significant changes were observed in the
lesioned side of the striatum, particularly in the calcium
signaling pathway, MAPK signaling pathway, axon guid-
ance, cGMP-PKG signaling pathway, and dopaminer-
gic synapse (Fig. 2D). On the intact side of the striatum,
compared to the CTR-Int group, TAL affected signaling
pathways such as the Calcium signaling pathway and
Neuroactive ligand-receptor interaction (Supplementary
Fig. 1E). On the lesioned side, compared to the TAL-Int
group, TAL primarily influenced signaling pathways like
Axon guidance and cGMP-PKG signaling pathway (Sup-
plementary Fig. 1F).

DA synapses consist of presynaptic dopaminergic
terminals and postsynaptic GABAergic synapses. In
humans, dopaminergic neurons in the midbrain project
densely to the striatum and form DA synapses on prin-
cipal neurons of the striatum, known as MSNs. Based on
the interactions among these pathways, we constructed
a KEGG network pathway map to illustrate the rela-
tionships between transcripts and signaling pathways.
The findings unveiled intricate interactions within these
signaling pathways (Fig. 2E), wherein TAL influenced the

Fig. 1 Transcriptomic analysis of the striatal in Hemi-PD Rats following TAL treatment. A Immunostaining of TH in the striatum of Hemi-PD

rats (Scale bar: 1000 um, N=8/group, mean + SEM). Statistical significance: ****P <0.0001, Student’s t-test. B Adjusting step tests of Hemi-PD

Rats treated with saline or TAL (5 mg/kg, i.p.). N=8. C, D Volcano plots of DEGs. Comparison of gene expression changes between the lesioned

side of the control group (CTR-Les) and the intact side of the control group (CTR-Int), the lesioned side of the TAL-treated group (TAL-Les)

and the CTR-Les group. Blue dots represent downregulated DEGs, and red dots represent upregulated DEGs (g-value < 0.05, |log2FC |>2). E

RT-PCR analysis shows the expression levels of trhr, rara, creb and camk2b mRNA in the striatum (N =8/group, mean + SEM). Statistical significance:
**P<0.01,****P<0.0001, one-way ANOVA followed by Tukey’s test. F Western blot analysis of CREB and CAMK2B levels in the striatum of different
groups of rats (N=_8/group; error bars represent SEM). Statistical significance: *P <0.05, **P<0.01, ****P <0.0001, one-way ANOVA followed

by Tukey’s test. I, J Gene Ontology (GO) enrichment analysis of transcripts. The X-axis represents the enrichment ratio, the Y-axis represents the GO
cellular component term, and the size of the bubbles indicates the number of DEGs annotated to a particular term. The color represents the P-value

of enrichment, with a smaller P-value indicated by a redder color
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MAPK signaling pathway. This, in turn, triggers modifi-
cations in axon guidance, the cGMP-PKG signaling path-
way, and the calcium signaling pathway. Consequently, a
cascading sequence of events led to alterations in the DA
synapses within the striatum.

By integrating the differentially expressed transcripts
into the classical DA synaptic pathway diagram, the
impact of TAL on gene expression becomes evident.
Notably, TAL influences the expression of genes such as
th, drd2, and vmat in the presynaptic pathway. Further-
more, it induces altered gene expression of key signals
encompassing DRD2, Gi/o, PLC, PKA, PKC, CREB, and
MAPK in the postsynaptic pathway (Fig. 3A). Within the
dopaminergic synapse, a total of 23 shared genes exhib-
ited a decrease in expression in the CTR-Les vs. CTR-Int
comparison and an increase in the TAL-Les vs. CTR-
Les comparison (Fig. 3B). The expression levels of these
23 shared genes in the CTR-Int, CTR-Les, and TAL-Les
groups were visualized through a clustering heatmap
(Fig. 3C).

Within the calcium signaling pathway, TAL not only
influences the expression of key components, including
TRHR and other G protein-coupled receptors (GPCRs)
but also triggers two distinct pathway modifications: one
involving GPCR-Gq-PLC-IP3R and the other implicat-
ing GPCR-Gs-ADCY-PKA. Additionally, TAL directly
impacts voltage-gated calcium channels (Supplementary
Fig. 2A). Within the calcium signaling pathway, a collec-
tive total of 26 genes shared among the studied groups
exhibited reduced expression in the CTR-Les vs. CTR-Int
comparison but augmented expression in the TAL-Les
vs. CTR-Les comparison (Supplementary Fig. 2B). These
expression patterns of the 26 shared genes within the
CTR-Int, CTR-Les, and TAL-Les groups are effectively
depicted through a clustering heatmap (Supplemen-
tary Fig. 2C). Furthermore, in the cGMP-PKG signaling
pathway, certain genes in the GPCR-PLC-IP3R signaling
pathway were also observed to be affected by TAL (Sup-
plementary Fig. 3A, C). Within the context of the cGMP-
PKG signaling pathway, a total of 16 shared genes
exhibited decreased expression in the CTR-Les vs. CTR-
Int comparison, while revealing increased expression in
the TAL-Les vs. CTR-Les comparison (Supplementary
Fig. 3B). The expression profiles of these 16 shared genes
within the CTR-Int, CTR-Les, and TAL-Les groups are
effectively illustrated through a clustering heatmap (Sup-
plementary Fig. 3C).

In the MAPK signaling pathway, TAL influences three
cascades, namely, the classical MAP kinase pathway,
the JNK and p38 MAP kinase pathway, and the ERK5
pathway (Supplementary Fig. 4A). Within the MAPK
signaling pathway, a total of 28 shared genes exhib-
ited diminished expression in the CTR-Les vs. CTR-Int
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comparison while manifesting enhanced expression in
the TAL-Les vs. CTR-Les comparison (Supplementary
Fig. 4B). The expression profiles of these 28 shared genes
among the CTR-Int, CTR-Les, and TAL-Les groups are
aptly illustrated through a clustering heatmap (Supple-
mentary Fig. 4C).

In the axon guidance pathway, TAL elevates the gene
expression levels of the Netrin family, including Netrin-1
and Netrin-G1, and influences the subsequent expres-
sion of NGL-1 and DCC receptors, thereby guiding
axon growth (Supplementary Fig. 5A). Within the axon
guidance, a collective set of 24 genes exhibited reduced
expression in the CTR-Les vs. CTR-Int comparison but
showed heightened expression in the TAL-Les vs. CTR-
Les comparison (Supplementary Fig. 5B). A clustering
heatmap (Supplementary Fig. 5C) effectively portrays the
expression patterns of these 24 shared genes across the
CTR-Int, CTR-Les, and TAL-Les groups.

Apart from the aforementioned principal signaling
pathways, TAL also exerts its influence on the estrogen
signaling pathway (Fig. 2D). We observed that within
the estrogen signaling pathway, accompanied by changes
in PKA and PKC, the transcription factors pCREB and
RARa were activated (Supplementary Fig. 6A). Within
the estrogen signaling pathway, a collective assemblage of
14 genes exhibited diminished expression in the CTR-Les
vs. CTR-Int comparison, while concurrently manifesting
amplified expression in the TAL-Les vs. CTR-Les com-
parison (Supplementary Fig. 6B). These expression pro-
files of the 14 shared genes across the CTR-Int, CTR-Les,
and TAL-Les groups were effectively visualized through a
clustering heatmap (Supplementary Fig. 6C).

TAL modulates TRHR and TH in MSNs

We observed intriguing changes in TRHR, the binding
site of TAL in the striatum (Figs. 1C, 2B, Supplementary
Fig. 2C). To further explore these specific changes, we
performed Western blotting and immunohistochemis-
try. The results demonstrated that the expression levels of
TRHR and TH were significantly lower on the lesioned
side of the Hemi-PD rat striatum than in the control
group, whereas TAL markedly increased the expression
of TRHR and TH within the lesioned side of the stria-
tum (Fig. 4A, B, C). Immunohistochemical analysis of the
striatum also confirmed that TAL elevated the number of
positive neurons expressing TRHR (Fig. 4D, E).

The synergistic expression of TRHR and TH in the
striatum of the PD model intrigued us and raised the
question of a potential relationship between them. The
immunofluorescence results not only confirmed that
TAL regulated the expression of TRHR and TH on dopa-
minergic neuron axons but also revealed the presence of
a certain level of TRHR and TH expression outside the
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axons on the lesioned side of the striatum, with clear
colocalization in neurons (Fig. 4F).

To validate the neuronal type in which the expression
levels were altered, we performed immunofluorescence
double-labeling of TRHR with GABA, DRD1, and DRD2
proteins in the lesioned side of the striatum in the TAL
treatment group. The results indicated that increased
TRHR was present on GABAergic neurons and mainly
colocalized with DRD2 (Fig. 5A). The colocalization coef-
ficient of TRHR with GABA was 0.75, that with DRD1
was 0.40, and that with DRD2 was 0.88 (Fig. 5B, C, D).
We also performed immunofluorescence colocaliza-
tion studies of TH with GABA, DRD1, and DRD2 in the
lesioned side of the striatum in the TAL treatment group
(Supplementary Fig. 7A). Additionally, we conducted co-
staining of TH with the MSNs marker CTIP2 and the
microglial marker IBA1 in the lesioned side of the stria-
tum (Supplementary Fig. 7A). The results confirm that
TAL primarily affects the expression of TH in MSNS.

TAL induces increased expression of RARa and DRD2

by activating ERK/p-ERK.

In addition to enhancing the expression of TRHR and
TH, we observed an elevation in DRD2 expression on the
lesioned side of the striatum in the TAL treatment group,
as revealed by immunofluorescence results (Figs. 6A, C,
7A). DRD2 plays a crucial role in the treatment of PD,
and changes in its expression are of great significance to
the nervous system. Furthermore, immunofluorescence
reveals that dopaminergic neurons in the substantia nigra
express DRD2 (Supplementary Fig. 7B). RARq, a nuclear
receptor that forms heterodimers with its target response
elements, regulates gene expression in various biologi-
cal processes and has been shown to modulate DRD2
expression [37]. Our omics findings also underscore the
significant transcriptional role played by RAR«a in the
mechanism of action of TAL (Supplementary Fig. 6A).
Immunofluorescence confirmed that TAL increased the
expression levels of RAR«a in the TAL-les group striatum
(Fig. 6B, D). Furthermore, fluorescence colocalization
revealed that after 7 days of TAL treatment, both RAR«
and DRD2 were coexpressed in neurons on the lesioned
side of the striatum in the PD model (Fig. 6E). Based on
the results of omics analysis, we hypothesized that the

(See figure on next page.)
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MAPK pathway played a crucial role in this signaling
cascade, and extracellular signal-regulated kinase (ERK),
as a classical protein in the MAPK pathway, could phos-
phorylate various transcription factors and enhance their
expression.

We validated the expression levels of phosphoryl-
ated ERK1/2 (p-ERK1/2) in the striatum of different
groups of rats using Western blotting. The results dem-
onstrated that TAL significantly activated the expres-
sion of p-ERK1/2 (Fig. 6F, G), which subsequently led to
increased expression levels of RARa and DRD2 on the
lesioned side of the striatum (Fig. 6F, H, I).

We also confirmed these findings in SH-SY5Y cells.
SH-SY5Y, a human neuroblastoma cell line, serves as a
mature and widely used in vitro model for PD [38]. TAL
at a concentration of 5 pM showed the highest prolifera-
tion rate for SH-SY5Y cells [20]. After treating the cells
with 5 uM TAL for 48 h, we examined the distribution
and expression of TRHR, DRD2, and RAR« in the cells
using immunofluorescence. Compared to the control
group treated with physiological saline, TAL significantly
increased the fluorescence intensity of TRHR, RARa,
and DRD2 (Fig. 7A, B, C, D). Additionally, we observed a
marked increase in the coexpression of TRHR with DRD2
and DRD2 with RARa after TAL treatment (Fig. 7E, F).

To validate these findings, Western blotting was per-
formed on the control and TAL-treated SH-SY5Y cell
groups. The results confirmed that TAL increased the
protein expression levels of p-ERK1/2, TRHR, RARaq, and
DRD?2 in the cells (Fig. 7G, H).

Subsequently, we employed Flag-His-TRHR plas-
mids and siRNA-TRHR transfection in SH-SY5Y cells
to manipulate the expression levels of TRHR. After
48 h, we confirmed the downregulation and upregu-
lation of TRHR expression in the cells, followed by a
24-h incubation with TAL (5 pM) to assess the protein
expression levels in each group. The results revealed that
overexpression of TRHR (OE group) led to an increase
in TRHR expression, accompanied by upregulation of
p-ERK, RARa, and DRD2 expression. Even in the case of
TRHR knockdown, TAL still increased TRHR expression
and activated p-ERK1/2, resulting in increased expres-
sion levels of RARa and DRD2. This suggests that TAL
can exert its effects with only a small amount of TRHR

Fig. 4 TAL regulates the expression of both TRHR and TH in the striatum. A, B, C Western blot analysis of TRHR and TH levels in the striatum

of different groups of rats.Differential analysis of TRHR B and TH C in the striatum of different groups (N =8/group; error bars represent SEM).
Statistical significance: ****P <0.0001, one-way ANOVA followed by Tukey’s test. D Immunohistochemical images of TRHR in the striatum of different
groups of rats (CTR-Int, CTR-Les, TAL-Les). Scale bar: 200 um. E Differential analysis of TRHR-positive cell counts in the striatum of different groups
(N=8/group; error bars represent SEM). Statistical significance: ****P<0.0001, one-way ANOVA followed by Tukey’s test. F Immunofluorescence
staining and colocalization of TH and TRHR in the striatum of various animal groups. Scale bar: 20 um
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Fig. 5 TRHR and TH mainly colocalize GABAergic neurons. A Immunofluorescence colocalization of TRHR with DRD1 and DRD2 in the Lesioned
striatum of TAL-treated Hemi-PD rats. Scale bar: 20 um. B, C, D Scatter plots and Pearson correlation coefficients of colocalization

(See figure on next page.)

Fig. 6 TAL enhances the expression of RARa and DRD2 in the striatum. A, B Immunofluorescence staining of TRHR and RARa in the striatum

of different groups of rats (CTR-Int, CTR-Les, TAL-Les). Scale bar: 25 um. C, D Analysis of relative fluorescence intensity (N =8/group; error bars
represent SEM). Statistical significance: ****P < 0.0001, one-way ANOVA followed by Tukey’s test. E Immunofluorescence colocalization of DRD2
and RARa in the striatum. F Western blotting analysis of P-ERK1/2, ERK1/2, RARa, and DRD2 levels in the striatum of different groups of rats. G, H, |
Differential analysis of P-ERK1/2, RARa, and DRD2 in the striatum of different groups (N=8/group; error bars represent SEM). Statistical significance:

**¥%P <0.0001, one-way ANOVA followed by Tukey's test

present. Among the cell groups, OE+TAL exhibited
the most significant elevation in the expression levels of

TRHR, p-ERK1/2, RARq, and DRD2 (Fig. 7L, ]).

Therefore, both in vitro and in vivo experiments dem-
onstrate that TAL enhances the expression of TRHR,
subsequently activating the MAPK signaling pathway,
leading to increased expression of the transcription fac-
tor RARa and resulting in elevated DRD2 expression
(Fig. 8).
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Discussion

As an effective TRH analog, TAL has been shown to pos-
sess neuroprotective effects in cellular and animal models
of PD, and it can promote central nervous system release
of DA in a mild and sustained manner, thereby improv-
ing motor function without less fluctuation [7, 20, 21, 39,
40]. However, the specific molecular mechanisms under-
lying its action in the striatum remain unclear, limiting
its clinical application for the treatment of PD. In this
study, a variety of in vivo and in vitro methods, includ-
ing transcriptomic analysis, were conducted to elucidate
the application of TAL in hemi-PD rats, demonstrat-
ing that TAL increases the expression levels of TRHR
on D2-MSNs and activates multiple pathways, including
the MAPK pathway, to regulate the expression of RARa,
DRD2, and TH.

TRHR is a GPCR primarily expressed in cells involved
in thyroid hormone secretion [41]. In rodents, TRHR has
two subtypes. In contrast, humans have a single type of
TRHR that is more similar to TRHR1 in rodents [42].
TRHR not only plays a crucial role in the TRH axis but
also plays a significant role in neurological disorders,
including antidepressant effects, antiepileptic effects,
cognitive enhancement, and improvement of motor
symptoms [43]. However, the specific mechanisms
underlying its effects are not yet clear. In this experiment,
we observed a downregulation of TRHR expression in
the striatum of hemi-PD rats, while TAL treatment sig-
nificantly neutralized this reduction. This differs from the
general signaling pathway system composed of receptors
and ligands, which are generally balanced by negative
feedback regulation. This unusual positive feedback mod-
ulation makes the drug less susceptible to intolerability,
which is a significant advantage over L-DOPA, the classic
medicine for PD. Importantly, although TAL has minimal
impact on the endocrine axis, the increased expression of
TRHR in the striatum suggests that preassessment and
periodic testing of thyroid function in patients is crucial
during clinical administration.

In addition, the transcriptomic data reveal that TAL
exerts its effect through the calcium signaling pathway,
MAPK signaling pathway, axon guidance and cGMP-
PKG signaling pathway in influencing DA synapses.

(See figure on next page.)
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Meanwhile, TAL upregulated the expression of rara and
creb. CREB, as a transcription factor regulating various
growth processes, has been shown to activate TRHR
expression. Therefore, we propose that TAL, upon acti-
vating TRHR in MSNs and subsequently activating the
MAPK-ERK1/2 signaling pathway and other signaling
pathways, results in increased expression of the tran-
scription factor CREB and, consequently, elevated TRHR
expression.

Our previous research has demonstrated that TAL can
increase TH expression levels both in vivo and in vitro
[21]. In this study, while verifying this effect in a PD
animal model, we unexpectedly discovered that TAL
can also upregulate the expression of DRD2, enhancing
the response to dopaminergic stimulation and alleviat-
ing motor impairments. Furthermore, DRD2 expression
was closely related to the MAPK-RARa pathway [44].
We also confirmed that TAL increased the activation
of p-ERK and the expression of RARa. Through immu-
nofluorescence, we found that newly appearing TH-
positive neurons in the striatum after TAL treatment
exhibited significant colocalization with increased TRHR
and DRD2 expression. The results of this experiment sug-
gest that the TH-positive neurons induced by TAL are
closely associated with DRD2 rather than DRD1.

However, studies have shown that in PD models,
the number of TH-positive neurons in the striatum
increases after treatment with L-DOPA [45] and may
be associated with DRD1 [8]. Additionally, a sub-
set of GABAergic interneurons in the striatum can
also express TH (THINs) and has been demonstrated
to be upregulated in PD models [8, 9, 29]. However,
these TH-expressing interneurons do not metabolize
dopamine; instead, they utilize TH through different
pathways, preventing them from being classified as
dopaminergic [28, 29]. CTIP2 is one of the well-rec-
ognized markers of striatal MSNs and has been shown
to be absent in interneurons [46]. Although we dem-
onstrated through colocalization of TH and CTIP2
that the increased expression of TH-positive neu-
rons is primarily located in MSNs, the possibility that
TAL induces a transformation of D1-MSNs, leading to
increased expression of both TH and DRD2, cannot

Fig. 7 TAL enhances the expression of TRHR and DRD2 in SH-SY5Y cells. A, B Immunofluorescence colocalization of DRD2 with TRHR and RARa

in SH-SHYS5Y cells of the CTR and TAL groups. Scale bar: 25 um. C, D Analysis of the relative fluorescence density of DRD2 and RARa in cells

from the CTR and TAL groups (N =8/group; error bars represent SEM). Statistical significance: ****P<0.0001, Student’s t-test. E, F Analysis

of the count of colocalized positive cells of DRD2 with TRHR and RARa in different groups of cells (N=8/group; error bars represent SEM). Statistical
significance: ***P<0.0001, Student’s t-testt. G, H Western blotting analysis of TRHR, P-ERK1/2, ERK1/2, RARq, and DRD2 levels in the SH-SY5Y

of CTR and TAL group (N=8/group; error bars represent SEM). Statistical significance: ****P <0.0001, Student’s t-test. I, J After knockdown

and overexpression of TRHR, Western blotting analysis of TRHR, P-ERK1/2, ERK1/2, RARq, and DRD2 levels in each group of SH-SY5Y cells (N=8/
group; error bars represent SEM). Statistical significance: **P <0.01, ****P<0.0001, one-way ANOVA followed by Tukey's test
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Fig. 8 The mechanism of TAL in PD models. Our results demonstrated that TAL administration in hemi-PD rats led to increased expression of TH
in the remaining dopaminergic axonal terminals within the striatum. Furthermore, TAL binds to TRHR, which is primarily expressed on GABAergic
neurons such as D2-MSNs. Upon TRHR activation, various potential signaling pathways are initiated, leading to increased CREB and p-ERK1/2
activity. This activation further promotes the upregulation of TRHR and RARa expression. RARg, in turn, regulates DRD2 expression. As a result, TAL

induces MSNs to express TH

be ruled out. Whether TAL induces changes in other
dopamine-synthesizing enzymes within these neurons
also requires further investigation. Further research is
needed to explore this possibility in the future.

DRD?2 plays a crucial role in the treatment of PD and
various movement disorders. Commonly used DA
receptor agonists, such as pramipexole, primarily target
DRD2 receptors. TAL may assist DA receptor agonists
in achieving more efficient therapeutic effects. Motor
complications during the treatment of PD, especially
L-DOPA-induced dyskinesia, are thought to be closely
related to DRD1 receptors [47-51]. The positive regula-
tion of DRD2 receptors by TAL suggests that the drug
can better avoid motor complications, which is another
major advantage over L-DOPA. However, it is important
to note that DRD2 is also a target of many antipsychotic
drugs used to suppress positive symptoms by antagoniz-
ing DRD2, exerting a neuroleptic effect [52]. Therefore,

caution should be exercised when using TAL in patients
with psychiatric symptoms.

In this study, we found that the expression of RAR«
is regulated by TAL. The ability of retinoic acid (RA)
to induce cell differentiation has been used in cancer
treatment [53, 54] and guided embryonic stem cell dif-
ferentiation in regenerative medicine [55]. In humans
and animals, retinol is first converted to retinaldehyde
and then converted to RA in cells that can utilize reti-
naldehyde, such as dopaminergic neurons expressing
TH in their axons and terminals [56]. RARa regulates
transcription in a ligand-dependent manner and is
associated with development, differentiation, and apop-
tosis, playing a significant role in brain function [57].
RA not only regulates DRD2 expression [37] but also
plays a critical role in the differentiation of functional
DA neurons [58]. RA induces the generation of MSNs
in the striatum from pluripotent stem cells, and RAR«a
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promotes the differentiation of pluripotent stem cells
into a subgroup of DA-producing neurons express-
ing TH, which also exhibit GABAergic properties [59].
In our experiment, TAL significantly increased RAR«a
expression on the lesioned side of striatum in the PD
model and elevated RARa expression in SH-SY5Y cells.
Additionally, our transcriptomic data suggest that TAL
may influence the estrogen signaling pathways, poten-
tially altering the expression of RAR«a. However, further
studies are needed to validate this finding.

Interestingly, the extent of RARa upregulation cor-
related not only with TRHR-MAPK pathway activa-
tion but also with the TRHR expression level, as RAR«a
increased following the upregulation of TRHR. Trans-
fection of TRHR plasmids into SH-SY5Y cells demon-
strated that once TRHR reached a certain level, a small
amount of TRH secreted by the cells could activate
downstream pathways, indicating the critical role of
elevated TRHR levels in the initiation of the effects of
TAL.

Considering the aforementioned experimental results,
we observed that TAL stimulated an increase in TRHR
expression in MSNs. Subsequentlyy, TRHR caused
alterations in the MAPK signaling pathway, leading to
increased RARa expression. RARa, in turn, upregulated
DRD2 expression. This finding is exciting; however, fur-
ther details require exploration.

Furthermore, our omics analysis has unveiled a note-
worthy impact of TAL on the axon guidance pathway,
notably highlighted by the upregulation of pivotal
genes such as Netrin-1. This discovery not only sheds
new light but also paves an innovative avenue for delv-
ing into the intricate mechanistic underpinnings of
the therapeutic efficacy of TAL against PD. Notably,
Netrin-1, a secreted trophic factor belonging to the
laminin-related protein family, has gained increas-
ing prominence in the context of PD pathology. Dur-
ing the developmental phase of the midbrain, Netrin-1
assumes a crucial role in guiding GABAergic neurons
toward the ventral substantia nigra, effectively con-
straining the localization of mDA neurons within the
dorsal nigral domain [60]. Additionally, Netrin-1 is
essential for the maintenance and protection of adult
dopaminergic neurons [61]. In postmortem brain sam-
ples of PD patients, a significant reduction in Netrin-1
expression was observed compared to that in healthy
controls [62]. Silencing Netrin-1 in the midbrain of
adult mice induces DCC fragmentation and consider-
able loss of dopaminergic neurons, resulting in motor
deficits. In contrast, overexpression or intracranial
administration of recombinant Netrin-1 exhibits neu-
roprotective and neurorestorative effects in mouse and
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rat PD models [63]. Moreover, the pivotal role of the
axon guidance pathway in axonal growth and synapse
formation suggests its potentially crucial involvement
in TAL-induced stem cell-like differentiation processes.

In conclusion, the therapeutic effects of TAL in PD
rats depend on multiple regulatory mechanisms and
the involvement of various signaling pathways. On the
one hand, it stimulates the synthesis and release of a
small amount of TH in residual dopaminergic termi-
nals. More importantly, TAL upregulates the expres-
sion of TRHR and DRD2 on MSNs, which leads to the
activation of the TRHR-MAPK-RARa-DRD2 pathway
and induces MSNs to express TH. These findings pro-
vide additional insights into the application of TAL
in neurological disorders and offer new directions for
drug development.
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Additional file 1: Fig. 1. TAL modulates signal pathways in the intact
striatum.Volcano plots of DEGs. Comparison of gene expression changes
between the TAL-Int group and the CTR-Int group, the TAL-Les group

and the TAL-Int group. Blue dots represent downregulated DEGs, and red
dots represent upregulated DEGs.Gene Ontologyenrichment analysis

of transcripts. The color represents the P-value of enrichment, with a
smaller P-value indicated by a redder colorKEGG enrichment analysis

of transcripts. DEGs are divided into 10 KEGG pathway terms along the
y-axis. Fig. 2. TAL regulates the calcium signaling pathway.KEGG Pathway
Map. In the classical calcium signaling pathway, the differential signals
induced by TAL are highlighted in red.The number of common genes with
opposite trends between TAL-Les vs. CTR-Les and CTR-Les vs. CTR-Int.The
shared genes resulting from the comparison depicted in. In the heatmap,
the red and blue colors correspond to high and low expression levels,
respectively. Fig. 3. TAL regulates the cGMP-PKG signaling pathway.KEGG
Pathway Map. In the classical cGMP-PKG signaling pathway, the differential
signals induced by TAL are highlighted in red.The number of common
genes with opposite trends between TAL-Les vs. CTR-Les and CTR-Les vs.
CTR-Int.The shared genes resulting from the comparison depicted in. In
the heatmap, the red and blue colors correspond to high and low expres-
sion levels, respectively. Fig. 4. TAL regulates the MAPK signaling pathway.
KEGG pathway map. In the classical MAPK signaling pathway, the differen-
tial signals induced by TAL are highlighted in red.The number of common
genes with opposite trends between TAL-Les vs. CTR-Les and CTR-Les vs.
CTR-Int.The shared genes resulting from the comparison depicted in. In
the heatmap, the red and blue colors correspond to high and low expres-
sion levels, respectively. Fig 5. TAL regulates the axon guidance pathway.
KEGG pathway map. In the classical axon guidance pathway, the differen-
tial signals induced by TAL are highlighted in red.The number of common
genes with opposite trends between TAL-Les vs. CTR-Les and CTR-Les

vs. CTR-Int.The shared genes resulting from the comparison depicted

in. In the heatmap, the red and blue colors correspond to high and low
expression levels, respectively. Fig 6. TAL regulates the estrogen signaling
pathway.KEGG pathway map. In the classical estrogen signaling pathway,
the differential signals induced by TAL are highlighted in red.The number
of common genes with opposite trends between TAL-Les vs. CTR-Les

and CTR-Les vs. CTR-Int .The shared genes resulting from the comparison
depicted in. In the heatmap, the red and blue colors correspond to high
and low expression levels, respectively. Fig 7. TH mainly colocalizes with
MSNs. Immunofluorescence colocalization of TH with GABA, DRD1, DRD2,
CTIP2 and IBAT in the lesioned striatum of TAL-treated Hemi-PD rats. Scale
bar: 20 um. Immunoreactivity of two different DRD2 antibodies in the
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substantia nigra on both the intact and lesioned sides. Scale bar: 1000 pm.
Table 1.The primer sequences in the experiment.
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