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CREB Inactivation by HDAC1/PP1c Contributes to
Dopaminergic Neurodegeneration in Parkinson’s Disease
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Understanding the pathogenesis of nigral dopaminergic neurodegeneration is critical for developing mechanism-based treat-
ments for Parkinson’s disease (PD). In the nigral dopaminergic neurons of postmortem human PD brains, we found that
CREB, a well-recognized pro-survival transcription factor in neurons, was inactivated by dephosphorylation at Ser133. CREB
dephosphorylation correlated with decreased expression of NURR1, one of its target genes crucial for dopaminergic neuron
survival, confirming that CREB function was impaired in nigral dopaminergic neurons in PD. An MPTP mouse model was
used to further elucidate the mechanism underlying CREB dephosphorylation. Protein phosphatase 1c (PP1c), which dephos-
phorylates CREB, was constitutively associated with histone deacetylase 1 (HDAC1). HDAC1 promotes CREB Ser133 dephos-
phorylation via a stable interaction with PP1c. We found that CREB interacted with the HDAC1/PP1c complex during
dopaminergic neurodegeneration. Importantly, increased CREB/HDAC1 interaction occurred in the nigral dopaminergic neu-
rons of PD patients as demonstrated using a proximity ligation assay. Disrupting CREB/HDAC1 interaction via either overex-
pression of GAL4 M1, a CREB mutant, or administration of trichostatin A, a pan-HDAC inhibitor, restored the expression
levels of phospho-CREB (Ser133) and NURR1, and protected nigral dopaminergic neurons in the MPTP-treated mouse brain.
Collectively, our results demonstrated that HDAC1/PP1c-mediated CREB inactivation contributed to dopaminergic neuronal
degeneration. Disruption of CREB/HDAC1 interaction has the potential to be a new approach for PD therapy.
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Significance Statement

Parkinson’s disease (PD) is the most common movement disorder attributed to the progressive loss of dopaminergic neurons in the
substantia nigra. Understanding the pathogenesis of nigral dopaminergic neurodegeneration is critical for developing mechanism-
based treatments for PD. We found in nigral dopaminergic neurons of postmortem human PD brains that CREB, a well-recognized
pro-survival transcription factor in neurons, was inactivated by dephosphorylation at Ser133. HDAC1, constitutively associated with
PP1g , interacted with CREB to mediate its dephosphorylation during dopaminergic neurodegeneration. Disrupting CREB/HDAC1
interaction restored CREB activity and protected nigral dopaminergic neurons in the MPTP mouse brains. This work suggests that
disruption of the CREB/HDAC1 interaction to restore CREB activity may be a potential therapeutic approach in PD.

Introduction
Parkinson’s disease (PD) is the second most common neurodege-
nerative disorder worldwide, affecting 1% of the population over
the age of 60 (de Lau and Breteler, 2006). The cardinal symptoms
of PD are motor dysfunctions, including resting tremors, bradyki-
nesia, and rigidity, which are attributed to the progressive loss of
dopaminergic neurons in the substantia nigra (SN). For over
40 years, dopamine replacement therapy has been a first-line treat-
ment, but it cannot halt the progression of nigral dopaminergic
neurodegeneration (Armstrong and Okun, 2020). Therefore, there
is an urgent need for neuroprotective strategies capable of mitigat-
ing these processes. Elucidation of the pathogenic molecular
mechanisms underlying parkinsonian dopaminergic neurodegen-
eration will help identify neuroprotective drug targets for PD.
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CREB is a pro-survival transcription factor in neurons
(Sakamoto et al., 2011). Reversible phosphorylation of CREB at
Ser133 site is the primary mechanism regulating its activity
(Mayr and Montminy, 2001; Steven et al., 2020). Once CREB
Ser133 is phosphorylated, a binding site for the coactivator
CREB-binding protein (CBP)/p300 becomes available, which
promotes transcription activation through the recruitment of
RNA polymerase II and its intrinsic acetylase activity (Mayr and
Montminy, 2001). Phospho-CREB has been shown to increase
and accumulate in the cytoplasm of nigral dopaminergic neurons
in postmortem tissue from PD patients and cellular models
(Chalovich et al., 2006). However, CREB Ser133 dephosphoryl-
ation in the SN was demonstrated in animal models of PD in
other studies (C. Sun et al., 2019; Zheng et al., 2019; Zhong et al.,
2020), inconsistent with the results in humans. Our most recent
study also demonstrated in situ CREB Ser133 dephosphorylation
in nigral dopaminergic neurons (Xu et al., 2021). In addition, we
showed that transcriptional downregulation of NURR1, a nuclear
receptor essential for the maintenance of midbrain dopaminergic
neurons, is caused by the inactivation of CREB in the MPTP-
induced PD mouse model (Xu et al., 2021), implying that CREB
inactivation is a critical event during dopaminergic neurodegen-
eration. Further studies are needed to confirm whether CREB is
inactivated by Ser133 dephosphorylation in patients with PD
and to elucidate the underlying mechanisms.

CREB Ser133 phosphorylation can be regulated by upstream
kinases, such as PKA, ERK, and CaMKIV, and protein phospha-
tases, such as PP2A and PP1 (Sakamoto et al., 2011). Recent stud-
ies have shown the involvement of PP2A (Chung et al., 2007; Lou
et al., 2010; Durgadoss et al., 2012) and PP1 (X. Sun et al., 2018) in
PD neurodegeneration. Both PP1 and PP2A holoenzymes contain
highly conserved catalytic subunits complexed with regulatory
subunits, which determine the substrate specificity, cellular local-
ization, and enzymatic activity of the holoenzymes (Bertolotti,
2018; Clark and Ohlmeyer, 2019). Either HDAC1 or HDAC8 can
play such a role, assisting in the CREB/PP1 complex formation to
promote CREB dephosphorylation (Canettieri et al., 2003; Gao et
al., 2009). However, whether and how these phosphatases act on
CREB phosphorylation during parkinsonian pathogenesis are still
unknown.

In this study, we first identified CREB inactivation via Ser133
dephosphorylation in SN dopaminergic neurons in postmortem
specimens from patients with PD. We then examined the effect
of CREB inactivation on parkinsonian neurodegeneration in an
MPTP mouse model. Finally, we showed that the interaction
between CREB and the HDAC1/PP1g complex was responsible
for CREB dephosphorylation and subsequent dopaminergic neu-
rodegeneration, revealing a new mechanism underlying parkin-
sonian neurodegeneration.

Materials and Methods
Postmortem human brain samples. Human tissue was obtained from

the NIH NeuroBioBank at the University of Miami Brain Endowment
Bank). Sections from 6 patients (3 males and 3 females) and 5 age- and
gender-matched control subjects (2 males and 3 females) were paraffin-
embedded and supplied at 5mm thickness (Table 1). The average age
and postmortem intervals for patients and control subjects were not sig-
nificantly different (two-tailed Student’s t test; age: t=0.2814, df = 9,
p= 0.7848; postmortem intervals: t=1.497, df = 9, p= 0.1687).

Animals. All animal experiments were approved by the Institutional
Animal Care and Use Committee, Sun Yat-Sen University (Guangzhou,
China). Eight- to 12-week-old male C57BL/6 mice weighing 22-28 g
were purchased from the Beijing Vital River Laboratory Animal

Technological. All mice were housed in specific pathogen-free facilities,
maintained on a 12 h light/dark cycle with controlled temperature and
air humidity, and allowed free access to food and water. Mice were ran-
domly assigned into groups. The animal data reporting followed the
ARRIVE guidelines.

Adeno-associated virus (AAV) production and infection
AAV2/9-hSyn-NLS-GAL4 M1 (amino acids 1-283, S133A)-WPRE-pA
(2.87� 1012 vg/ml) was generated from the plasmid pCDNA GAL4
CREB 1-341 M1 (a gift fromMarc Montminy, Addgene plasmid #22973;
https://www.addgene.org/22973/: 22973; RRID:Addgene_22973), and AAV2/
9-hSyn-NLS-GAL4-WPRE-pA (2.87� 1012 vg/ml) was used as a control
virus. All viruses were packaged in BrainVTA. Eight-week-old male
C57BL/6 mice were anesthetized with 3% isoflurane and then placed
into a stereotaxic instrument (Model 940, Kopf Instruments). Anesthesia
was maintained using 1.5% isoflurane through a nose tip built into the ste-
reotactic frame. Injections were conducted with a 10ml syringe connected
to a 33-Ga needle (Hamilton) using a microsyringe pump (KDS Legato
130). Twomicroliters of AAV virus were delivered at 100 nl/min unilater-
ally into the right SN. The coordinates indicating distance (mm) from
bregma were as follows: AP �2.9, ML �1.3, and DV �4.35. After the
injection, the needle remained in place for at least 5min to prevent retro-
grade flow along the needle track.

Drug administration. MPTP (#M0896, Sigma) treatments were per-
formed as previously described (Li et al., 2020). Briefly, 8- to 12-week-old
male mice weighing 22-28 g were injected intraperitoneally with five
MPTP doses (30mg/kg body weight) at 24 h intervals. Control mice
received a corresponding volume of saline alone. For investigation of do-
paminergic lesions, mice were killed 21d after the last MPTP treatment.
Under anesthesia, mice were injected unilaterally with 2ml of 250 mM

okadaic acid (OA) or vehicle into the SN at a rate of 100 nl/min, using
stereotaxic surgery as described for the AAV injection. After the surgical
procedure, mice were placed on a heating pad to maintain body tempera-
ture at 37.56 0.5°C and kept there until the return of spontaneous move-
ment. The mice received a single 30mg/kg MPTP injection 1 h after OA
injection. Trichostatin A (TSA) (#V900931, Sigma) with a dose of
0.5mg/kg body weight or vehicle (5% DMSO1 95% PBS) was adminis-
tered intraperitoneally 1 h before and 1.5 h after intraperitoneal injection
of MPTP.

Tissue preparation. For cryosections, mice were anesthetized with
chloral hydrate (400mg/kg, i.p.) and intracardially perfused with ice-
cold PBS (0.01 M, pH 7.4) for 3min, followed by cold 4% PFA at a flow
rate of 10 ml/min for 8min. Mouse brains were removed and postfixed
overnight in 4% PFA at 4°C and then immersed in 20% and 30% su-
crose. Tissues were embedded in embedding media OCT (#4583,
Sakura) and cut into 20-mm-thick cryosections for immunofluorescence
and 40-mm-thick cryosections for immunohistochemistry. For paraffin
sections, tissue was processed in the same way as above except after dis-
section. Tissue was postfixed for 24 h in 4% PFA with a phosphatase in-
hibitor cocktail (#B15001, Bimake) at 4°C, then processed and embedded
in paraffin, and cut into 5mm sections for a proximity ligation assay
(PLA). For Western blotting and immunoprecipitation, mice were killed
by cervical dislocation, and the brains were rapidly removed and washed
with ice-cold PBS. The ventral midbrains were rapidly dissected on ice
and kept at�80°C for additional experiments.

Western blot analysis. Dissected mouse ventral midbrain tissues
were homogenized and lysed in Laemmli buffer (50ml/mg tissue) con-
taining Tris·Cl (62.5 mM, pH 6.8), SDS (2%, w/v), bromophenol blue
(0.005%, w/v), glycerol (10%, v/v), and DTT (8mg/ml), and then boiled
at 95°C-100°C for 5min. Twenty-five micrograms of protein from each
sample were loaded on 10% SDS-PAGE gels followed by transfer to
PVDF membranes (#IPVH00010, Millipore). Membranes were blocked
with 5% skim milk for 1 h at room temperature and incubated overnight
at 4°C with the following primary antibodies: p-CREB Ser133 (1:1000,
#ab32096, Abcam), p-CREB Ser133 (1:1000, #9198, Cell Signaling
Technology), CREB (1:500, #9104, Cell Signaling Technology), NURR1
(1:500, #sc-991, Santa Cruz Biotechnology), NURR1 (1:1000, #ab41917,
Abcam), tubulin (1:10000, #T4026, Sigma), PP1g antibody (1:500, #sc-
6108, Santa Cruz Biotechnology), PP1a (1:1000, #067070-1, Proteintech),
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PP1b (1:500, #sc-365678, Santa Cruz Biotechnology), PP2A (1:500, #05-
421, Millipore), HDAC1 (1:2000, #YT2145, Immunoway), HDAC2
(1:5000, #ab12169, Abcam), HDAC4 (1:1000, #7628, Cell Signaling
Technology), and HDAC8 (1:500, #sc-11405, Santa Cruz Biotechnology).
After washing, membranes were incubated with appropriate HRP-
conjugated secondary antibodies (1:5000, Jackson ImmunoResearch
Laboratories). All blots were visualized using ECL chemilumines-
cence (#WBKLS0500, Millipore), and the results were analyzed using
ImageJ software.

Immunofluorescence staining. Immunofluorescence analysis was
performed as previously described (Li et al., 2020). In brief, cryostat-cor-
onal sections (20mm) encompassing the entire midbrain were serially
collected. Free-floating sections were preincubated in blocking solution
containing 5% normal donkey serum and 0.3% Triton X-100 in 50 mM

TBS, pH7.4, at room temperature for 1 h. Primary antibodies were
diluted in 1% BSA and 0.3% Triton X-100 in TBS, pH 7.4, and incubated
overnight at 4°C. The following primary antibodies were used: TH
(1:1000, #AB9702, Millipore), p-CREB Ser133 (1:500, #ab32096,
Abcam), p-CREB Ser133 (1:100, #9198, Cell signaling Technology),
CREB (1:500, #4820, Cell Signaling Technology), NURR1 (1:500, #sc-
5568, Santa Cruz Biotechnology), and GAL4 (1:600, #ab14477, Abcam).
After three washes, the sections were then incubated with the secondary
antibodies (Thermo Fisher Scientific), which were conjugated with
Alexa-488, Alexa-555, or Alexa-647, at room temperature for 1 h.
Finally, sections were visualized under a confocal laser scanning micro-
scope (LSM 780, Carl Zeiss).

Immunohistochemistry. For mouse samples, the immunohistochemi-
cal method was performed as previously described (Li et al., 2020). In
brief, cryo-coronal sections (40mm) encompassing the entire midbrain
and striatum were serially collected. Sections were incubated with anti-
TH antibody (1:10000, #AB152, Merck Millipore) and then visualized
using the Vectastain Elite ABC Kit (#PK-6101, Vector Labs) and the
DAB Peroxidase Substrate Kit (#SK-4100, Vector Labs), following the
manufacturer’s protocol. For Nissl staining, adjacent midbrain sections
were mounted on charged slides, dried for 1 h at room temperature,
stained with 0.5% cresyl violet after defat, dehydrated, and coverslipped.
For human samples, paraffin-embedded human brain tissue slices were
deparaffinized in xylene and rehydrated in graded alcohols. Antigens
were retrieved by microwave heating with citrate buffer, pH 6.0, for a
total of 30min. Tissue sections were blocked in 3% H2O2 for 30min at
room temperature in the dark to quench endogenous peroxidases and
then blocked in 2.5% normal horse blocking serum for 1 h at room tem-
perature. Primary antibodies were incubated with the tissue overnight at
4°C, followed by washing and incubation with secondary antibodies (#MP-
7401 or #MP-7405, Vector Labs) for 1 h at room temperature. The follow-
ing primary antibodies were used: p-CREB Ser133 (1:500, #ab32096,
Abcam), CREB (1:500, #AF2989, R&D Systems), and NURR1 (1:2000, #sc-
5568, Santa Cruz Biotechnology). Immunostaining was visualized by DAB
(#SK-4100, Vector Labs). Tissue sections were then counterstained with he-
matoxylin and dehydrated in graded alcohols and xylene before mounting
with a permanent mounting medium (#H-5000, Vector Labs).

Stereological cell counting. To estimate the number of TH-positive
and Nissl-positive neurons in the SN, stereological counting was per-
formed as previously described (Li et al., 2020). In brief, stereological cell

counting analyses were performed by the stereological method of optical
fractionator with the aid of Stereo Investigator (MBF Bioscience). Every
fourth 40-mm-thick section, a total of seven sections from the midbrain
(AP �2.7 to �3.8 mm) were collected. The SN was delineated under a
4� objective, and the actual counting was performed under a 100�
objective. Stereological counting was performed in a double-blind
fashion.

Densitometric analysis. The optical density of p-CREB, CREB, and
NURR1 staining on human brain samples was analyzed with the aid of
the IHC Profiler plugin of ImageJ software (Varghese et al., 2014). The
DAB color spectra were separated, the regions of the nuclei of neurome-
lanin-positive cells were defined by the experimenter, and the optical
density of these regions was measured. The optical density of striatal
TH-positive fibers was estimated using ImageJ software. The region of
the dorsal striatum was determined as previously described (Li et al.,
2020). All analyses were performed blinded to the treatments.

Coimmunoprecipitation. The ventral midbrains were homogenized
in lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA,
10% glycerol, and 1% Triton X-100) supplemented with a protease
inhibitor cocktail (#B14002, Bimake). Lysates were centrifuged at
13000 rpm for 15min at 4°C, and the supernatants were collected.
Protein concentration was measured using a Pierce BCA Protein Assay
Kit following the manufacturer’s instructions (#23225, Thermo Fisher
Scientific). Lysates were normalized and cleared. The antibody and con-
trol IgG were added to 40ml protein A/G agarose and incubated at 4°C
for 6 h. The following antibodies were used for immunoprecipitation:
2mg rabbit anti-CREB antibody (#4820, Cell Signaling Technology),
5mg rabbit anti-HDAC1 antibody (#ab7028, Abcam), and equal
amounts of rabbit normal IgG (#12-370, Millipore); 2mg goat anti-PP1g
antibody (#sc-6108, Santa Cruz Biotechnology) and equal amounts of
goat normal IgG (#sc-2028, Santa Cruz Biotechnology, SUPPLECA).
Precleared lysates (300mg) were then incubated with agarose/antibody-
coupled beads overnight at 4°C. Immunoprecipitates were washed 5
times with wash buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM

EDTA, and 0.5% Triton X-100) supplemented with a protease inhibitor
cocktail, resuspended in 3� SDS-PAGE loading buffer, boiled for 5min,
and analyzed byWestern blot.

PLA. For human samples, PLA experiments were performed using
the Duolink In Situ Detection Reagents Brightfield Kit (#DUO92012,
Sigma). Briefly, paraffin-embedded tissue was prepared for brightfield
PLA by deparaffinizing, rehydrating, antigen retrieval, and blocking en-
dogenous peroxidases, as in immunohistochemistry experiments. All
samples were incubated in Duolink block solution at 37°C for 1 h and
then probed with a specific combination of primary antibodies at 4°C
overnight. The following antibodies were used for PLA: HDAC1
(1:1500; #PA1-860, Thermo Fisher Scientific) and CREB (1:1500,
#AF2989, R&D Systems). Experiments with only one primary antibody
(HDAC1) provided our negative control. For mouse sample, in addition
to HDAC1 (1:2000; #PA1-860, Thermo Fisher Scientific) and CREB (1:1
500, #AF2989, R&D Systems) antibodies, TH antibody (1:500, #AB9702,
Millipore) was also diluted in Duolink antibody diluent to label mouse
dopaminergic neurons by immunofluorescence. The PLA reaction was
performed using PLA secondary probes diluted 1:5 in Duolink antibody
diluent and incubated at 37°C for 1 h. The PLA secondary probes used

Table 1. Data for Parkinson’s disease patients and control subjects

Tissue code Type of fixed biospecimens Brain type Sex Age (yr) Race Autolysis (h)

991_HBHV_01_18_SN Mid-brain SN PD F 79 White 5.05
991_HBEV_01_18_SN Mid-brain SN PD F 76 White 20.40
991_HBMD_01_18_SN Mid-brain SN PD F 79 White 25.00
991_HBFS_01_18_SN Mid-brain SN PD M 91 White 16.06
991_HBJE_01_18_SN Mid-brain SN PD M 80 White 10.75
991_HBEH_01_18_SN Mid-brain SN PD M 73 White 23.92
991_HctZA_01_18_SN Mid-brain SN Unaffected control F 79 White 17.80
991_HctZZC_01_18_SN Mid-brain SN Unaffected control F 82 White 14.20
991_Hct15HBF_01_18_SN Mid-brain SN Unaffected control F 83 White 6.00
991_HctYY_01_18_SN Mid-brain SN Unaffected control M 90 White 7.16
991_Hct15HBM_01_18_SN Mid-brain SN Unaffected control M 70 White 8.67
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were Duolink PLA Anti-Rabbit PLUS (#DUO92002, Sigma) and Anti-
Goat MINUS (#DUO92006, Sigma). Subsequent ligation, amplification,
detection, and substrate development were performed according to the
manufacturer’s instructions. The tissue sections were then counter-
stained with hematoxylin and dehydrated in graded alcohols and xylene
before mounting with a permanent mounting medium. Images were
acquired using a brightfield microscope (BX61, Olympus). PLA signals
in the nucleus were counted.

Ultra performance liquid chromatography (UPLC). Striatal dopamine
concentrations were measured using the Waters ACQUITY UPLC H-Class
Chromatographic System coupled with 2465 Electrochemical Detector.

Striata samples were weighted and homogenized in ice-
cold 0.1 M HClO4 (0.1 g original wet tissue/ml) contain-
ing 0.1% L-cysteine and 0.3ng/ml dihydroxybenzylamine
as internal standard. Homogenates were centrifuged at
15000 � g for 20min at 4°C. Supernatants were col-
lected, and 5ml was injected onto an ACQUITY UPLC
BEH C18 1.7mm 2.1� 50 mm column. The mobile
phase consisted of 3 mM sodium 1-heptanesulfonate, 100
mM sodium acetate, 85 mM citric acid, and 0.2 mM

EDTA, final pH 3.7. The flow rate was set at 0.40 ml/
min, and typical retention times were as follows: dopa-
mine, 2.694min and dihydroxybenzylamine, 1.591min.
Dopamine contents were determined by comparing
sample peak areas with those recorded from standards
run on the same day.

Behavioral test. Behavioral tests were performed
2d after the final MPTP injection. The challenge beam
test was adapted with minor modifications as
described previously (Fleming et al., 2013; Mann and
Chesselet, 2015; Bhurtel et al., 2019; Li et al., 2020). In
brief, a Plexiglas beam consisting of four equal-length
sections (25 cm per section, 100 cm total length) grad-
ually decreasing in width from 3.5 to 0.5 cm in 1 cm
increments was used. A mesh grid (1 cm squares) with
a width corresponding to the beam size was placed
over the beam surface, leaving a 1.5 cm space between
the grid and the beam surface. Mice were trained to
traverse the beam (from widest to narrowest) directly
into their home cage for 5 d (5 times per day) before
drug administration without mesh grids. On the day
of testing, mesh grids were placed over the beam sur-
face, and mice were videotaped while traversing the
beam over five trials. Time to traverse was measured
and noted in the test. Video records were analyzed at
slow motion to count the number of total steps.

Statistics. GraphPad Prism version 8.0 was used
for statistical analysis. All data are presented as
mean 6 SEM. p, 0.05 was considered statistically
significant. Statistical tests used are indicated in
the figure legends.

Results
CREB is inactivated by dephosphorylation at
Ser133 in nigral dopaminergic neurons of PD
patients
To assess whether CREB Ser133 dephosphory-
lation occurs during parkinsonian patho-
genesis, we analyzed phospho-CREB Ser133
(p-CREB) expression levels in postmortem SN
tissues from 6 PD cases and 5 age-matched
control cases. Immunohistochemical staining
revealed that p-CREB expression occurred in
both neurons and some of the glial cells and
was restricted to the nuclei (Fig. 1A). Next, we
used neuromelanin, a catecholamine-derived pig-
ment, as a marker for dopaminergic neurons in
humans (Zucca et al., 2017). Densitometric analysis

of the immunoreactive signal of p-CREB within the nuclei of neuro-
melanin-positive cells showed that p-CREB expression was 47.976
12.07% lower in the dopaminergic neurons of PD patients (n=6)
than in those from age-matched controls (n=5) (Fig. 1A; t(9) =
3.972, p=0.0032, two-tailed t test). To exclude the possibility that
this difference in p-CREB expression resulted from a loss of CREB
protein nuclear translocation, we performed total CREB staining in
the SN tissue. As shown in Figure 1B, in dopaminergic neurons
from both PD patients (n=3) and age-matched controls (n=3),

Figure 1. CREB is inactivated in SN dopaminergic neurons of PD patients. A, B, Sections of human SN obtained
from control or PD individuals were immunostained using the p-CREB (A) or CREB antibody (B), respectively, and
visualized by DAB staining. Boxed areas are shown at higher magnification in the images below. Scale bars: low
magnification, 100mm; high magnification, 20mm. C, Adjacent sections of human SN from control or PD individuals
were immunostained using the p-CREB or NURR1 antibody, respectively, and visualized by DAB staining.
Representative images of p-CREB (top) and NURR1 (bottom) from the same dopaminergic neuron. Scale bar,
20mm. D, Analysis of the correlation between p-CREB and NURR1 expression in control (n= 3, 133 dopaminergic
neurons) and PD (n= 3, 60 dopaminergic neurons) individuals. Pearson correlation coefficient r= 0.4306,
p, 0.0001.
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total CREB staining was limited to the nuclei, and
CREB expression levels were similar in PD and
control cases (t(4) = 0.5535, p = 0.6094, two-tailed t
test). In parallel, we did not observe overt p-CREB
downregulation in glial cells. These results suggested
that CREB’s function as a transcription factor was
repressed in nigral dopaminergic neurons of PD
patients.

If the transcriptional activity of CREB was suppressed,
the expression levels of CREB target genes should be
downregulated. Indeed, a decrease in NURR1 expres-
sion was detected in SN dopaminergic neurons of PD
patients compared with age-matched controls (Fig.
1C). Furthermore, a correlation analysis of the expres-
sion levels of p-CREB and NURR1, one of CREB’s tar-
get genes expressed in the ventral midbrain (Volakakis
et al., 2010), was conducted. Immunohistochemical
staining of p-CREB and NURR1 was performed on ad-
jacent sections from serial brain sections. Correlation
analysis showed a positive correlation between the
expression levels of p-CREB and NURR1 in the same
neurons (Fig. 1D; r=0.4306, p, 0.0001), confirming
that CREB was inactivated by Ser133 dephosphorylation
in SN dopaminergic neurons in PD.

Increased interaction of CREB with HDAC1/PP1c
complex in PD
To investigate the mechanism underlying CREB de-
phosphorylation during dopaminergic neurodegenera-
tion, an MPTP-induced mouse model was used. This
model is a well-accepted PD model that recapitulates
many of the pathologic and behavioral symptoms of
human PD (Przedborski et al., 2001). Specifically,
we have previously described the downregulation of
CREB dephosphorylation and NURR1 expression in
this MPTP mouse model (Xu et al., 2021). Intranigral
injection of OA, a commonly used phosphatase inhi-
bitor, restored MPTP-induced dephosphorylation of
CREB at Ser133 (Fig. 2A; F(1,8) = 16.00, p= 0.0040).
Because OA treatment did not alter the basal levels of
p-CREB expression in saline-treated mice as shown in
Figure 2A, it is plausible that these phosphatases acted
on CREB only after MPTP treatment. To identify the
specific phosphatase that interacts with CREB, we
performed coimmunoprecipitation experiments. The
results showed that PP1g , one of the isoforms of the
catalytic subunit of PP1, was detected in immunopre-
cipitates of CREB antibody in the SN tissue of mice
treated with MPTP, but not in samples from saline-
treated mice or control immunoglobulin (Fig. 2B). In
parallel, other isoforms of PP1 (PP1a and PP1b ) or
PP2A were not detected in the immunoprecipitates of
CREB antibody (Fig. 2B). These results suggested that
PP1g mediated CREB dephosphorylation during
MPTP-induced neurodegeneration.

The versatility and specificity of PP1 function
are largely determined by the binding of its cata-
lytic subunit to different specific regulatory subu-
nits (Bollen et al., 2010). PP1 can be targeted to
CREB by binding with HDAC1 (Canettieri et al., 2003).
Coimmunoprecipitation experiments in mouse SN tissue
showed increased HDAC1 in CREB precipitates derived from
MPTP-treated mice (Fig. 2C), while PP1g constitutively combined

with HDAC1 (Fig. 2D). Other HDAC1 homologs (HDAC2,
HDAC8, and HDAC4) have also been shown to interact with
CREB (Canettieri et al., 2003; Gao et al., 2009; Li et al., 2012).
However, our data indicated no interaction between CREB and
these HDACs (Fig. 2C).

Figure 2. CREB is dephosphorylated by HDAC1/PP1g after MPTP intoxication. A, Western blot analysis
for p-CREB in the mouse ventral midbrain by intranigral application of OA before MPTP injection.
Quantification of p-CREB normalized to CREB (right). n= 3 per group. Two-way ANOVA (Tukey’s):
**p, 0.01 versus Saline group; ##p, 0.01 as indicated. B-D, Detection of protein–protein interaction as
indicated in the mouse SN by coimmunoprecipitation after MPTP treatment. Representative results from
three separate experiments.
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Since HDAC1 acts as a regulatory protein to join CREB and
PP1g together, a PLA was performed to confirm in situ the pres-
ence of the HDAC1/CREB complex in nigral dopaminergic neu-
rons. The average PLA dots signals per nucleus from HDAC1 and
CREB interaction were significantly increased in the dopaminergic
neurons of MPTP-treated mice (2.016 0.19 in MPTP vs 1.056
0.12 in Saline group), while the PLA signals from HDAC1 antibody
alone, used as background signals, were significantly lower than
PLA signals derived from HDAC1 and CREB antibody-mediated
proximity ligation (Fig. 3A; F(1,12) = 16.88, p=0.0014).

Next, we used PLA to investigate whether increased interac-
tion between CREB and HDAC1 appeared in PD patient brain
samples. In nigral neurons containing neuromelanin, PLA sig-
nals of CREB/HDAC1 interaction were detected in the nucleus.
On average, 2.836 0.35 dots per nucleus were observed in PD
patients, significantly higher than those in age-matched controls
(1.426 0.27 dots per nucleus), and the PLA signal from PD
brains was significantly above the background signal detected
with HDAC1 antibody alone (Fig. 3B; F(1,12) = 9.526, p=0.0094).
These results suggested that increased interaction between CREB
and HDAC1 occurred in SN neurodegeneration.

Interaction of CREB with HDAC1/PP1c results in CREB
inactivation
To determine whether CREB dephosphorylation was because of
the interaction with the HDAC1/PP1g complex, we interrupted

CREB/HDAC1 interaction by overexpressing a CREB polypep-
tide (amino acids 1-283, S133A; named GAL4 M1) containing
the interacting domain with HDAC1 (Canettieri et al., 2003).
The sequence for GAL4 M1 was packaged in AAVs, which were
injected into the SN to achieve peptide expression in dopaminer-
gic neurons. As expected, GAL4 M1 is competitively bound to
HDAC1 in MPTP-treated mice, inhibiting the endogenous inter-
action of CREB with HDAC1 (Fig. 4A). Immunofluorescence
analysis showed that GAL4 M1 and its control protein GAL4
were mainly transduced into nigral TH-positive neurons and
that GAL4 M1 restored MPTP-induced downregulation of
p-CREB and NURR1 within TH-positive neurons (Fig. 4B).
Western blot analyses confirmed that GAL4 M1 expression did
not change the basal levels of p-CREB and NURR1 but signifi-
cantly restored MPTP-induced downregulation of p-CREB and
NURR1 (Fig. 4C; p-CREB/CREB: F(1,8) = 6.925, p=0.0301;
NURR1/Tubulin: F(1,12) = 8.904, p= 0.0114).

To obtain pharmacological evidence for the detrimental role
of the interaction between CREB and the HDAC1/PP1g com-
plex, we examined the effect of a pan-HDAC inhibitor TSA (Hu
et al., 2003; Khan et al., 2008), which has been reported to disrupt
the association of PP1 with HDAC1 (Brush et al., 2004). TSA
treatment significantly blocked the interaction of CREB with
HDAC1 (Fig. 4D). Immunofluorescent and Western blot analy-
sis showed that TSA treatment counteracted CREB dephospho-
rylation and NURR1 downregulation induced by MPTP (Fig. 4E,

Figure 3. Increased interaction between CREB and HDAC1 in SN dopaminergic neurons in PD. A, PLA was performed with HDAC1 and CREB in mouse SN dopaminergic neurons (top); n= 4
per group. Scale bars, 10mm. Quantification of dopaminergic neuron nuclear PLA signal (bottom). B, PLA was performed with HDAC1 and CREB in the human SN dopaminergic neurons (top);
n= 4 per group. Scale bars, 10mm. Quantification of dopaminergic neuron nuclear PLA signal (bottom). Two-way ANOVA (Tukey’s): *p, 0.05, **p, 0.01, ****p, 0.0001 versus Saline/
Control group; #p, 0.05, ###p, 0.001, ns, not significant as indicated.
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Figure 4. Interruption of CREB/HDAC1 interaction rescues MPTP-induced CREB inactivation. A, Detection of the association between HDAC1 and CREB in mice overexpressing GAL4 or GAL4
M1 by immunoprecipitation from three separate experiments. *The overexpressed GAL4 M1. B, C, Immunofluorescence and Western blot analysis for p-CREB and NURR1 (probed with
#ab41917, Abcam) expression in dopaminergic neurons of mice overexpressing GAL4 or GAL4 M1. *A nonspecific band detected by the anti-NURR1 antibody. n= 3 or 4 per group. Scale bars,
100mm. Quantification of the blots normalized to CREB (middle) or tubulin (right). Three-way ANOVA (Bonferroni’s). D, The mouse midbrains from Saline/MPTP mice treated with TSA or its ve-
hicle were subjected to immunoprecipitation. Detection of the association between HDAC1 and CREB. Representative results from three separate experiments. E, F, Immunofluorescence and
Western blot analysis for p-CREB and NURR1 (probed with sc-991, Santa Cruz) expression in the indicated groups. Scale bars, 100mm. Quantification of the blots in F normalized to CREB (mid-
dle) or tubulin (right). Two-way ANOVA (Tukey’s): *p, 0.05, **p, 0.01 versus Saline group; #p, 0.05, ##p, 0.01, §p, 0.05, §§p, 0.01, ns, not significant as indicated.
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F; p-CREB/CREB: F(1,8) = 6.478, p=0.0344; NURR1/Tubulin:
F(1,8) = 9.477, p=0.0152). These data suggested that an increased
CREB/HDAC1 interaction led to the blockade of the CREB-
NURR1 pathway in SN neurons.

Interruption of CREB/HDAC1 interaction exerts
neuroprotection
The effect of CREB/HDAC1 interaction on dopaminergic neuro-
nal degeneration was subsequently determined. Histologic analy-
sis of MPTP mice demonstrated a 39.2% loss of TH-positive
neurons in the AAV-GAL4 group, while only 6.3% of the TH-
positive neurons degenerated in the AAV-GAL4 M1 group (Fig.
5A,B; F(1,44) = 24.14, p, 0.0001). Nissl staining revealed similar
trends (47.3% and 10.5% losses in the AAV-GAL4 and AAV-
GAL4 M1 groups, respectively, Fig. 5C; F(1,44) = 48.63, p,
0.0001), confirming a real nigral neuronal loss instead of a loss of
TH expression. Consistently, AAV-GAL4 M1 mice retained
striatal TH-positive fiber density (42.2% and 8.8% reductions in
AAV-GAL4 and AAV-GAL4 M1 groups, respectively, Fig. 5D,E;
F(1,44) = 23.97, p, 0.0001). To assess the functional integrity
of dopaminergic neurons, we measured striatal dopamine con-
centrations by UPLC. The results showed that GAL4 M1 gene
delivery restored dopamine levels in the MPTP model (Fig. 5F;
F(1,32) = 24.43, p, 0.0001).

We then investigated whether TSA could rescue dopaminer-
gic neurodegeneration provoked by MPTP. TSA per se did not
produce obvious neurotoxicity in the saline group (Fig. 5G,H).
In the MPTP group, treatment with TSA significantly alleviated
TH-positive neuron loss in the MPTP group (the number of
TH-positive neurons in the TSA1MPTP group was 53.8% of
that in the TSA1saline group), while the survival rate of TH-
positive neurons in the vehicle1MPTP group was only 41.5% of
that in the vehicle1saline group (Fig. 5G,H; F(1,44) = 5.14,
p=0.0283). Nissl-positive cell counts confirmed TSA neuropro-
tection rather than a rescue of TH expression (Fig. 5I; F(1,44) =
5.12, p= 0.0286). The decrease in striatal TH-positive fiber den-
sity showed similar trends to the reduction in the numbers of
nigral neurons (the relative optical density in vehicle1MPTP
and TSA1MPTP groups was 34.5% and 46.1% of that in the
vehicle1saline group, respectively, Fig. 5J,K; F(1,44) = 1.44,
p=0.2366). Along with defects in the nigrostriatal dopaminergic
system, mice treated with MPTP developed motor symptoms,
including a longer time to reach the home cage and increased
total steps monitored by the challenging beam test. However,
TSA treatment shortened the traverse time with a strong trend
(Fig. 5L; F(1,56) = 3.77, p= 0.0574) and significantly decreased the
number of total steps (Fig. 5M; F(1,55) = 8.33, p=0.0056), indicat-
ing an improvement in motor performance. Collectively, these
findings demonstrate that an increased interaction of CREB/
HDAC1 leads to nigrostriatal degeneration in PD.

Discussion
The present study represents the first demonstration that CREB
is inactivated by dephosphorylation at the Ser133 site in the
degenerating nigral neurons of PD patients. Mechanistically,
HDAC1/PP1g complex mediates CREB inactivation to promote
dopaminergic neurodegeneration in PD.

Our findings that the levels of p-CREB in the SN dopaminer-
gic neurons in both PD patient and MPTP-treated mouse brain
were reduced contradict with a previous report showing increased
cytoplasmic expression of p-CREB in the nigral dopaminergic neu-
rons of PD patients and a 6-OHDA-treated cellular model of PD

(Chalovich et al., 2006). This discrepancy could be attributed to the
different sources of brain samples, antibodies used for immuno-
staining, or antibody batches. Our results confirmed a recently pub-
lished study showing CREB dephosphorylation in situ in an MPTP
model (Zhong et al., 2020) and were supported by three additional
lines of evidence. First, p-CREB downregulation induced by MPTP
administration could be restored by OA treatment, indicating the
specificity of the p-CREB signal. Second, CREB protein distribution
was limited to the nucleus and in line with CREB’s function as a
transcription factor. Third, our recently published study revealed
that CREB occupancy at the CRE site of the promoter region of
NURR1 did not differ between saline- andMPTP-treatedmice, con-
sistent with CREB’s nuclear localization (Xu et al., 2021).

It should be noted that OA is a commonly used phosphatase
inhibitor, but it lacks selectivity. It inhibits not only PP1 and
PP2A, but also PP4 and PP5 (Swingle et al., 2007). The results of
OA administration could provide clues for the role of phospha-
tases in CREB dephosphorylation. It has been reported that
CREB can be dephosphorylated by PP1 and PP2A (Sakamoto et
al., 2011). We therefore performed coimmunoprecipitation to
investigate whether and which phosphatase was responsible for
CREB dephosphorylation in the MPTP model. Only PP1g was
detected in the CREB precipitates (Fig. 2B). It has been shown
that PP1g expression is diffuse in the cytoplasm and nucleo-
plasm, whereas PP1a and PP1b are expressed primarily in the
cytoplasm (Shioda et al., 2015). In addition, PP2A has been
reported to have a cytoplasmic distribution of its catalytic subu-
nit (Huang et al., 2020). The subcellular distribution of these
phosphatases may explain our observation that only PP1g was
recovered in CREB immunoprecipitates, which is the main iso-
form expressed in the nucleus.

Of note, the localization of PP1 isoforms is determined
mainly by their targeting regulatory subunits, which incorporate
them into different signaling complexes (Moorhead et al., 2007).
Our data showed that PP1g constitutively interacted with the
targeting subunit HDAC1 (Fig. 2D), which is also shown in the
mouse hippocampus (Koshibu et al., 2009). It has been suggested
that an HDAC/phosphatase complex could function as a tran-
scriptional repressor (de Castro et al., 2017), implicating that the
HDAC1/PP1g complex could play a role in fundamental cellular
processes in the SN.

The HDAC1/PP1g complex was targeted to CREB in the
MPTP mouse SN tissue, demonstrated by coimmunoprecipita-
tion analysis (Fig. 2). These results were further verified by the
PLA experiment, confirming that CREB/HDAC1 interaction did
occur in dopaminergic neurons after MPTP treatment (Fig. 3A).
Notably, a PLA experiment on tissue sections of postmortem
human brains provided solid evidence that CREB/HDAC1 inter-
action increased in patients with PD (Fig. 3B), in line with the
results of CREB Ser133 dephosphorylation (Fig. 1A). By disrupt-
ing CREB/HDAC1 interaction via overexpression of GAL4 M1
or administration of TSA, we further demonstrated that this
interaction was a pathogenic mechanism in dopaminergic neu-
ron death in PD.

Although we have demonstrated that TSA interrupted CREB/
HDAC1 interaction to restore CREB phosphorylation, it remains
to be clarified whether this effect depends on the inhibition of
the deacetylase activity of HDAC1. A catalytically inactive mu-
tant of HDAC1 (H141A) associates with CREB and PP1 at levels
comparable to WT HDAC1, while another catalytically inactive
mutant of HDAC1 (D174/6N) has no effect (Canettieri et al.,
2003), implying that CREB dephosphorylation should be inde-
pendent of HDAC1 activity. However, another study demonstrates
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that the HDAC1 H141A mutant is a partially active enzyme, while
the D174/6N shows a near-complete inhibition (Hassig et al., 1998).
It is worth noting that acetylation modification is shown to be
involved in the regulation of CREB phosphorylation. CREB can be
acetylated by CBP (Lu et al., 2003) and deacetylated by SIRT1

(Qiang et al., 2011). CBP overexpression is sufficient to promote
CREB phosphorylation following increased CREB acetylation (Lu
et al., 2003), while SIRT1 overexpression promoted CREB dephos-
phorylation following decreased CREB acetylation (Qiang et al.,
2011), suggesting that acetylation may play a permissive role in

Figure 5. Interruption of CREB/HDAC1 interaction alleviates MPTP-induced dopaminergic neurodegeneration. A-E, Immunohistochemical analysis of MPTP-induced mouse model injected
with GAL4/GAL4 M1. A, D, Immunohistochemical TH staining on midbrain (A) sections and striatal (D) sections from saline- and MPTP-treated mice overexpressing GAL4 or GAL4 M1 driven by
an AAV vector. Scale bars: A, 500mm; D, 1000mm. B, C, TH-positive (B) cell and Nissl-positive (C) cell counts in the SN assessed by unbiased stereology. E, Quantitation of the optical densities
of the striatal TH immunostaining. n= 12, 12, 12, and 12 for Saline1 GAL4, Saline1 GAL4 M1, MPTP1 GAL4, and MPTP1 GAL4 M1 groups, respectively. F, The striatal dopamine concen-
trations were detected by UPLC assay 21 d after the final MPTP injection. n= 9, 7, 10, and 10 for Saline1 GAL4, Saline1 GAL4 M1, MPTP1 GAL4, and MPTP1 GAL4 M1 groups, respec-
tively. Three-way ANOVA (Bonferroni’s). G-K, Immunohistochemical analysis of MPTP-induced mouse model treated with vehicle/TSA. G, J, TH detection in midbrain (G) sections and striatal (J)
sections by immunohistochemistry in the indicated groups. Scale bars: G, 200mm; J, 500mm. H, I, TH-positive (H) cell and Nissl-positive (I) cell counts in the SN assessed by unbiased stereol-
ogy. K, Quantitation of optical densities of striatal TH immunostaining. n= 13, 13, 12, and 10 for Saline 1 Vehicle, Saline1 TSA, MPTP1 Vehicle, and MPTP 1 TSA groups, respectively.
Two-way ANOVA (Tukey’s). L, M, Bar graphs showing the results of challenging beam tests: traverse time (L), numbers of total steps (M), respectively. n= 17, 16, 13, and 14 for Saline 1
Vehicle, Saline 1 TSA, MPTP 1 Vehicle, and MPTP 1 TSA groups, respectively. Two-way ANOVA (Tukey’s). **p, 0.01, ***p, 0.001, ****p, 0.0001 ns, not significant versus Saline
group; #p, 0.05, ###p, 0.001, ####p, 0.0001, §§§p, 0.001, §§§§p, 0.0001 ns, not significant as indicated.
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CREB phosphorylation. These data imply that the deacetylase activ-
ity of HDAC1 would be required for CREB/HDAC1 interaction.

We found that TSA inhibited HDAC1/CREB interaction and
rescued CREB dephosphorylation in the MPTP mouse model.
These observations are in agreement with the neuroprotective
effect shown in the present study and in others (Kidd and
Schneider, 2011; Suo et al., 2015). In contrast, a few studies have
reported that TSA promotes dopaminergic cell death (Wang et
al., 2009; Park et al., 2016). Since HDAC inhibitors induce cell
cycle arrest (Eckschlager et al., 2017), conclusions should be
drawn with caution when immortalized cells are used to study
the effect of HDAC inhibitors.

A limitation of this study is that only male mice were used for
this study, which was because male mice are more sensitive to
MPTP and exhibit more stability in the extent of neuropathology
(Przedborski et al., 2001; Jackson-Lewis and Przedborski, 2007).
Since PD is not a disease that only occurs in men, other animal
models, including animals of both sexes, should be used to verify
this mechanism in the future.

In conclusion, we found CREB inactivation by dephosphoryl-
ation in nigral dopaminergic neurons of PD patients. Our study
demonstrated that CREB dephosphorylation by the HDAC1/
PP1g complex resulted in NURR1 downregulation and subse-
quent dopaminergic neuron loss. Importantly, increased CREB/
HDAC1 interaction was observed in nigral dopaminergic neu-
rons of PD patients. Our findings further the understanding of
the molecular pathogenesis of PD and suggest that disruption of
the CREB/HDAC1 interaction to restore CREB activity may be a
potential therapeutic approach in PD.
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