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Endogenous PTEN-Induced Kinase 1 Regulates Dendritic
Architecture and Spinogenesis
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Mutations in PTEN-induced kinase 1 (PINK1) contribute to autosomal recessive Parkinson’s disease with cognitive and neu-
ropsychiatric comorbidities. Disturbances in dendritic and spine architecture are hallmarks of neurodegenerative and neuro-
psychiatric conditions, but little is known of the impact of PINKI on these structures. We used Pinkl ™'~ mice to study the
role of endogenous PINK1 in regulating dendritic architecture, spine density, and spine maturation. Pinkl ™'~ cortical neu-
rons of unknown sex showed decreased dendritic arborization, affecting both apical and basal arbors. Dendritic simplification
in Pinkl~'~ neurons was primarily driven by diminished branching with smaller effects on branch lengths. Pinkl1 ™'~ neu-
rons showed reduced spine density with a shift in morphology to favor filopodia at the expense of mushroom spines.
Electrophysiology revealed significant reductions in miniature EPSC (mEPSC) frequency in Pinkl '~ neurons, consistent with
the observation of decreased spine numbers. Transfecting with human PINK1 rescued changes in dendritic architecture, in
thin, stubby, and mushroom spine densities, and in mEPSC frequency. Diminished spine density was also observed in Golgi-
Cox stained adult male PinkI~'~ brains. Western blot study of Pinkl ™'~ brains of either sex revealed reduced phosphoryla-
tion of NSFLI cofactor p47, an indirect target of PINK1. Transfection of Pinkl ™'~ neurons with a phosphomimetic p47 plas-
mid rescued dendritic branching and thin/stubby spine density with a partial rescue of mushroom spines, implicating a role
for PINKI1-regulated p47 phosphorylation in dendrite and spine development. These findings suggest that PINK1-dependent
synaptodendritic alterations may contribute to the risk of cognitive and/or neuropsychiatric pathologies observed in PINK1-
mutated families.
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Loss of PINKI1 function has been implicated in both familial and sporadic neurodegenerative diseases. Yet surprisingly little is
known of the impact of PINKI1 loss on the fine structure of neurons. Neurons receive excitatory synaptic signals along a com-
plex network of projections that form the dendritic tree, largely at tiny protrusions called dendritic spines. We studied cortical
neurons and brain tissues from mice lacking PINK1. We discovered that PINK1 deficiency causes striking simplification of
dendritic architecture associated with reduced synaptic input and decreased spine density and maturation. These changes are
reversed by reintroducing human PINK1 or one of its downstream mediators into PINK1-deficient mouse neurons, indicating
a conserved function, whose loss may contribute to neurodegenerative processes. /
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Introduction

PTEN-induced kinase 1 (PINK1) has been implicated in the
pathogenesis of familial and sporadic neurodegeneration.
Loss-of-function mutations in the PINKI gene represent the
second most common cause of recessive Parkinson’s disease
(PD; Kumazawa et al., 2008). Interestingly, PINK1-linked PD
patients often present with cognitive and affective symptoms
in addition to motor symptoms (Li et al., 2005; Ephraty et al.,
2007); PINK1 mutation shows the highest rates of cognitive
impairment among the monogenic forms of PD (Piredda et al.,
2020). Significant deficits in cognitive function are observed
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not only in homozygote patients but also in 62% of heterozy-
gote carriers (Ricciardi et al., 2014). Radiologically, limbic and
frontal cortical degeneration is present in 70% of heterozygote
PINK1 mutation carriers (Reetz et al,, 2008). Moreover,
expression of wild-type (WT) PINK1 is reduced by chronic
complex I inhibition in a model of environmental PD (Verma
et al., 2020). Reduced PINK1 expression is also observed in
the cortex of sporadic Alzheimer’s disease (AD) patients
(George et al., 2010; Du et al., 2017) and in mouse models of
AD (George et al,, 2010; Du et al., 2017; Manczak et al., 2018),
whereas restoring PINK1 expression ameliorates AD pathol-
ogy and cognitive dysfunction in vivo (Du et al., 2017; Jiang et
al., 2021). Together, these studies suggest that reduced PINK1
function contributes to cognitive impairment, yet the underly-
ing substrate for this deficit is unclear.

Loss of PINK1 function has been associated with deficits in
long-term potentiation and long-term depression in striatal slice
cultures (Kitada et al., 2007), although there is little to no overt
neurodegeneration in Pinkl knock-out (KO) mice (Kitada et
al., 2009; Zhi et al., 2019). Striatal slice cultures from young
Pinkl KO rats show enhanced presynaptic glutamate release
that disappears with aging (Creed et al., 2021). In Drosophila,
loss of PINK1 function leads to reduced ability to mobilize the
reserve pool of synaptic vesicles (Morais et al., 2009). PINK1
has been heavily studied for its central role in one of several
pathways that leads to damage-induced mitophagy (Chu, 2018;
Killackey et al., 2020), although its role in neuronal mitophagy
remains controversial (Cummins and Gotz, 2017). PINKI1 also
acts to regulate mitochondrial transport (Liu et al., 2012; Das
Banerjee et al., 2017), phosphorylation of mitochondrial com-
plex I (Morais et al., 2014), and signaling through the protein
kinase B (Akt) and protein kinase A (PKA) pathways (Murata
et al., 2011; Wang et al,, 2018). We have recently shown that
increased expression of PINK1 promotes dendritic complexity,
with striking protection against dendritic retraction elicited
by the Parkinsonian toxins MPP+ and 6-hydroxydopamine
(Wang et al., 2018; Liu et al., 2020).

The goal of the present study is to test the hypothesis that loss
of endogenous PINKI disrupts cortical dendritic architecture,
spine density, and morphology. Using primary neurons from
Pinkl KO mice, we observed that PINKI is necessary for full
dendritic arborization. Moreover, loss of mouse PINK1 reduces
spine density in vitro and in vivo, shifting the dendritic spine
population to a more immature state. These changes can be
reversed by reintroduction of human PINK1 indicating a con-
served function. The p47 protein, also known as NSFL1C, is a
mediator of spinogenesis that is phosphorylated by PKA in a
PINK1-dependent manner (Shih and Hsueh, 2016; Wang et al.,
2018). We found that Pinkl KO cortices exhibit reduced p47
phosphorylation and that transfection of Pink1 KO neurons with
a p47 phosphomimetic restored dendritic arborization and sig-
nificantly ameliorated changes in spine density. Given that syn-
aptic loss is a major structural correlate of cognitive impairment
in PD, AD, and related disorders, understanding how the loss of
PINK1 dysregulates neuronal architecture may lead to new
insights into early stages of disease pathogenesis.

Materials and Methods
PINK1 knock-out mice

Animal support facilities are provided by the University of Pittsburgh
Laboratory Animal Resources, which is fully accredited by the American
Association for the Accreditation of Laboratory Animal Care. The
Pink1™'~ (KO) mouse line (C57BL/6 x 129/SvEv) has been previously
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Table 1. Primary antibodies used

Antigen Species  Company Catalog/lot no. Dilution (use) RRID no.
GFP Chicken  Abcam ab13970 1:1000 AB_300798
NSFL1C Rabbit  Novus Biologicals NBP2-13677  1:500 NA

Alpha tubulin  Rabbit ~ Abcam ab15246 1:2000 AB_301787
GAPDH Rabbit  Abcam ab37168 1:5000 AB_732652

Details of primary antibodies, dilutions, and sources are shown.

characterized (Dagda et al., 2011; Zhi et al., 2019). KNS-25 (5'-ATG
AGA TGG AGG GGA GTC-3'), KNS-27 (5'-GGA AGG AGG CCA
TGG AAA TTG-3'), and Neo3a (5'-GCA GCG CAT CGC CTT CTA
TC-3') primers are used to distinguish wild-type (WT) and KO litter-
mates. To facilitate the generation of primary neuron cultures, the
Pinkl KO line was backcrossed into a C57BL/6 background and
maintained as a homozygous line. WT and KO mice were housed
under standard controlled temperature, humidity, and light/dark
cycles.

All procedures for tissue/cell harvest were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee.
In brief, primary E14-16 cortical neurons were isolated from cerebral
cortices as described previously (Cherra et al., 2013; Dagda et al., 2014)
and plated at 150,000 cells/cm” in 12-mm-diameter coverslips (Ted
Pella) coated with poly-L-ornithine (0.1 mg/ml). They were maintained
in antibiotic-free Neurobasal medium supplemented with 2% B27, 1%
N2, and 1 mm Glutamax (Invitrogen). The media was refreshed every
third day. Neurons from embryos of unknown sex were pooled before
plating for primary neuron cultures. Because of known effects of estro-
gen cycle and parity history on spine morphology (Luine and Frankfurt,
2013), only male mice were used for Golgi-Cox studies. For 2D-gel stud-
ies, no trends to suggest sex-related differences were observed, and data
from both sexes were combined for analysis.

Plasmid transfections

Mouse primary cortical neurons were transfected at 7 d in vitro (DIV7)
with GFP (eGFPc-1; Clontech) or cotransfected with a half-plasmid
dose of GFP plus the equivalent amount of PINK1-GFP (Genecopoeia)
using Lipofectamine 2000 as described previously. For some studies,
primary neurons were transfected with GFP and pGW1-2b-myc-rp47
(S§176D; p47D) or pGW1-2b-myc-rp47(S176A; p47A), which were pre-
viously described (Wang et al., 2018). For dendritic length and spine
morphometry, neurons were fixed and stained 7 d after transfection
(DIV14).

Indirect immunofluorescence and neuronal morphometry

Mouse primary cortical neurons were fixed in 4% paraformaldehyde
(2% final; Sigma-Aldrich) at room temperature for 15 min, and perme-
abilized with 0.1% Trition X-100 in PBS. After incubation in Superblock
Buffer (Thermo Scientific), cultures were stained with chicken anti-GFP
(Table 1) and anti-chicken Alexa 488 secondary antibodies (diluted
1:1000; Invitrogen). Neurons were imaged on a Nikon AIR confocal
microscope at 20x using a 1.4 NA objective at a step size of 0.75um,
with an 8 s dwell time per plane, and a total of 5-7 planes. Dendrite anal-
ysis of pyramidal neurons, defined by triangular shape and presence of
apical dendrite, was performed in National Institutes of Health Image]
software, supplemented with the SNT plug-in. Analysis parameters
include a continuous radius of 1 um step size. The apical dendrite was
identified by a thick trunk generally emanating from the apex of the
soma and distinguished from the basal arbor. Equivalent bifurcating
branches are defined as sister dendrites if the summated diameter of
each individual branch is approximately equal to the parent dendrite
(Rall, 1962). Individual, higher-order branches emanating off a parent
branch were identified if the branch diameter is less than half the diame-
ter of the parent. The area under the (Sholl) curve (AUC) was calculated
as |a§b f(x)dx|, where f(x) equals the number of intersections at a specific
radius using the whole neuron from a = 0 to b = 400 um for each Sholl
profile (Rall, 1962). Branching index (Garcia-Segura and Perez-
Marquez, 2014) was adapted from (Bird and Cuntz, 2019) where only



7850 - J. Neurosci., October 12, 2022 - 42(41):7848-7860

Table 2. ANOVA F and p values

Figure Brief description F (DFn, DFd) pvalue  Test
18 Sholl interaction 13.78 (800, 47600)  <<0.0001 Repeated-measures ANOVA

Effect of genotype ~ 35.95 (2, 119) <<0.0001

Effect of radius 279 (3.887, 462.5) <<0.0001
1 AUC 33.47 (2.000, 79.20) <<0.0001 Brown—Forsythe ANOVA
1D BI 27.42 (2.000, 51.29) <<0.0001 Brown—Forsythe ANOVA
1E Average branch length 4.818 (2.000, 99.16) ~ 0.0101 Brown—Forsythe ANOVA
1F No. primary 2.271 (2.000, 130.4)  0.1073 Brown—Forsythe ANOVA
16 No. secondary 29.66 (2.000, 121.5) <<0.0001 Brown—Forsythe ANOVA
1H  No. tertiary 50.37 (2.000, 125.9) <<0.0001 Brown—Forsythe ANOVA
1/ No. quaternary 24.60 (2.000, 102.9) <<0.0001 Brown—Forsythe ANOVA
1 Primary length 6.186 (2.000, 89.19)  0.003 Brown—Forsythe ANOVA
1K Secondary length  6.585 (2.000, 78.70) ~ 0.0023 Brown—Forsythe ANOVA
1L Tertiary length 4.348 (2.000, 86.41)  0.0159 Brown—Forsythe ANOVA
1M Quaternary length  5.719 (2.000, 57.26) ~ 0.0054 Brown—Forsythe ANOVA
24 Sholl interaction 4.745 (800, 39600) <<0.0001 Repeated-measures ANOVA

Effect of genotype  17.22 (2, 99) <0.0001

Effect of radius 79.46 (5.756, 569.9) <<0.0001
2B Sholl interaction 8.047 (800, 39200) <<0.0001 Repeated-measures ANOVA

Effect of genotype  27.96 (2, 98) <0.0001

Effect of radius 244.0 (3.891, 381.3) <<0.0001
2C  Apical AUC 16.17 (2.000, 80.88) <<0.0001 Brown—Forsythe ANOVA
2D No. 2° apical 3.564 (2.000, 118.6) ~ 0.0314 Brown—Forsythe ANOVA
2F No. 3° apical 19.58 (2.000, 125.5) <<0.001 Brown—Forsythe ANOVA
2F  No. 4° apical 9.391 (2.000, 101.6) ~ 0.0002 Brown—Forsythe ANOVA
26 Apical 1° length 2.245 (2.000, 89.78)  0.1118 Brown—Forsythe ANOVA
2H  Apical 2° length 1.696 (2.000, 97.36) ~ 0.1888 Brown—Forsythe ANOVA
2l Apical 3° length 11.27 (2.000, 80.40) <<0.0001 Brown—Forsythe ANOVA
2J  Apical 4° length 6.161 (2.000, 30.34)  0.0057 Brown—Forsythe ANOVA
26 Basal AUC 21.59 (2.000, 75.32) <<0.0001 Brown—Forsythe ANOVA
2 No. 2° basal 38.39 (2.000, 132.9) <<0.0001 Brown—Forsythe ANOVA
2M  No. 3° basal 29.53 (2.000, 124.5) <<0.0001 Brown—Forsythe ANOVA
2N No. 4° basal 43.84 (2.000, 127.6) ~ 0.0712 Brown—Forsythe ANOVA
20 Basal 1° length 15.54 (2.000, 84.77) <<0.0001 Brown—Forsythe ANOVA
2P Basal 2° length 8.867 (2.000, 97.49)  0.0003 Brown—Forsythe ANOVA
20 Basal 3° length 3.199 (2.000, 78.06)  0.0462 Brown—Forsythe ANOVA
2R Basal 4° length 2.259 (2.000, 47.83)  0.1155 Brown—Forsythe ANOVA
3B Spine density 69.04 (2.000, 33.19) <<0.0001 Brown—Forsythe ANOVA
3C  Filopodia density 3.065 (2.000, 60.97)  0.0539 Brown—Forsythe ANOVA
3D Stubby density 44.74 (2.000, 44.09) <<0.0001 Brown—Forsythe ANOVA
3E  Thin density 25.11 (2.000, 44.88) <<0.0001 Brown—Forsythe ANOVA
3F Mushroom density ~ 57.25 (2.000, 38.94) <<0.0001 Brown—Forsythe ANOVA
58 Amplitude 8.218 (2.000, 14.00)  0.0044 One-way ANOVA
5C  Frequency 5.626 (2.000, 14.00) ~ 0.0161 One-way ANOVA
5D Decay constant 1.410 (2.000, 14.00)  0.2767 One-way ANOVA
5E  Interevent interval  12.93 (2.000, 5.809)  0.0073 Brown—Forsythe ANOVA
7B Sholl interaction 7.367 (1200, 38800) <<0.0001 Repeated-measures ANOVA

Effect of genotype ~ 23.51 (3, 97) <<0.0001

Effect of radius 214.9 (3.206, 311.0) <<0.0001
7C p47 AUC 16.81 (3.000, 45.00) <<0.001  Brown—Forsythe ANOVA
7D p47 B 12.25 (3.000, 33.94) <<0.0001 Brown—Forsythe ANOVA
7E  p47 total spine 30.18 (3.000, 35.15) <<0.0001 Brown—Forsythe ANOVA
7F p47 mushroom 73.22 (3.000, 22.37) <<0.0001 Brown—Forsythe ANOVA
76 p47 thin/stubby 13.03 (3.000, 30.74) <<0.0001 Brown—Forsythe ANOVA
7H  p47 filopodia 12.84 (3.000, 41.89) <<0.0001 Brown—Forsythe ANOVA

ANOVA test statistics for individual figures. Figure legends provide two-group test statistics. Dfn, degree of

freedom for the numerator of the F ratio; DFd, degree of freedom for the denominator.

positive values are summed, and calculated as

with Int, defined as the number of intersections at the indicated radius

n, with a radial count of 400.

E (Intr(n) - Intr(n—l))rn

radialcount

For dendritic spine analysis, dendrites were imaged using a 60 X
1.4NA oil immersion objective with a 2x digital zoom and saved as 32-
bit multidimensional ND2 files. The entire depth of the dendrite was
acquired at a step size of 0.25um. File names were coded to conceal
group identity and the number and morphology of dendritic spines in
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clearly visualizable segments (interquartile range, 125-300 um) of pri-
mary or secondary dendrite were manually analyzed and quantified in a
blinded fashion. Mushroom spines were defined as showing a head-to-
neck width ratio >2 and stubby spines with a length-to-width ratio <1,
as previously described (Qiao et al., 2016). Thin spines showed a high
length-to-width ratio with no more than a slight expansion at the tip.
Filopodia were identified as extremely thin, generally 3- to 10-pm-long
structures that frequently contained bends (Qiao et al., 2016).

Electrophysiology

Whole-cell recordings were performed in primary cortical neuronal cul-
tures either derived from Pinkl WT or Pinkl KO mice at DIV13-
DIV14. Pyramidal neurons were identified by their apical dendrites
and triangular somata. Patch electrodes (2-10 M{) open-tip resistance)
were filled with a solution containing the following (in mm): 120 Cs
gluconate, 10 HEPES, 10 BAPTA, 10 NaCl, 4 Mg-ATP, 0.3 GTP bal-
anced to pH 7.2 = 0.05 with CsOH; solution osmolality was 280 = 10
mOsm. mEPSCs were recorded at —70 mV in an external solution con-
taining the following (in mm): 140 NaCl, 2.8 KCI, 1 CaCl,, 10 HEPES,
0.01 EDTA, 1 MgSOy,, 0.001 tetrodotoxin (to block action potentials),
and 0.01 glycine, balanced to pH 7.2 = 0.05 with NaOH, and osmolal-
ity raised to 290 = 10 mOsm with sucrose. Voltage-clamp recordings
were performed using an Axon Axopatch 200B amplifier (Molecular
Devices). Signals were filtered at 2 kHz and acquired at a sampling rate
of 10 kHz using Clampex 10.2 software (Molecular Devices). Access re-
sistance typically was 10-20 M() and remained relatively stable during
experiments (<30% increase). Corrections were made for liquid junc-
tion potential (—11 mV). Miniature events were analyzed and averaged
using the MiniAnalysis Program (Synaptosoft).

Golgi-Cox Staining

Brains were harvested from male 6-month-old Pinkl KO and Pinkl
WT littermates and stained using the FD Rapid GolgiStain Kit (FD
Neurotechnologies). Brains were rinsed with double distilled water
and then immersed in a 1 : 1 mixture of FD Solution A/B for 2 weeks
at room temperature in the dark. Brains were transferred to FD
Solution C for 72 h and kept in the dark. After 24 h the whole brain
was mounted onto a cryostat chuck in optimal cutting temperature
compound and stored at —80°C until sectioning. Coronal sections
of 50 um thickness were cut and transferred onto drops of FD
Solution C on gelatin-coated slides labeled with a code to conceal
the genotype of the mouse. After allowing sections to dry at room
temperature in the dark, slides were stained using the directions of
the manufacturer and coverslipped in Permount (Fisher). Neurons
from the somatosensory cortex were selected for imaging from five
to eight sections of similar location along the rostral-caudal axis
based on clear pyramidal morphology, solid staining, and relative
lack of crossing neurites or debris. Z-stack images with a step size of
0.31 um were collected using a 60 x UPlanSApo 1.35NA oil immer-
sion objective on an Olympus IX83 microscope fitted with a DP80
camera. Only secondary apical dendrites that were >15um away
from the soma and >70um in length were selected for manual
counting of spine projections along the entire focusable length of
the dendrite. Spine counts were divided by the length of the segment
quantified to yield spine density.

Immunoblotting and 2D gel analysis. Cortical tissue was harvested
from male and female mice from Pinkl KO and WT littermates. For
isoelectric focusing, equivalent amounts of lysed protein were pre-
cipitated and resuspended in a rehydration buffer containing 7 M
urea, 10 ml water, 2 M Thiourea, 1 g CHAPS, and 25 mm DTT. Using
the PROTEAN IEF cell from Bio-Rad, the protein was actively rehy-
drated onto 7 cm, pH3-pH6, IPG ReadyStrips (Bio-Rad), and isoelec-
tric focusing was performed according to the preset protocol. The gel
strip was then washed for 10 min using Equilibration Buffer I (catalog
#1632107, Bio-Rad), followed by Equilibration Buffer II (catalog
#1632108, Bio-Rad), and subjected to SDS-PAGE for the second
dimension.

Experimental design and statistical analysis. Images were coded
before analysis by individuals with no knowledge of the treatment
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Figure 1. Loss of endogenous PINKT elicits dendritic simplification in primary cortical neurons, which is reversed by introduction of human PINK1. A, Primary cortical neurons from Pink7~/~
(KO) mice were transfected with GFP or GFP+PINK1-GFP at low efficiency to enable visualization of their arbors and compared with WT controls transfected with GFP. Scale bar, 50 pm.
Representative examples of 1° dendrites are marked with teal carets, 2° with green carets, 3° with pink carets, and 4° with yellow carets. B, Sholl analysis of dendritic arbors expressed as
mean = SEM; *radii with significant differences for KO versus WT and KO versus KO plus hPINK1 (multiple-comparison testing following two-way repeated-measures ANOVA; Table 2). C-E,
AUC, branching index, and average branch lengths, respectively. F-I, The number of primary, secondary, tertiary, and quatemary branches per neuron. J=M, The average branch lengths of pri-
mary, secondary, tertiary, and quaternary dendrites per neuron. Data are expressed as violin plot probability densities with the median and interquartile range indicated. Adjusted p values fol-
lowing post hoc Dunnett’s T3 multiple comparisons test are shown (n = 25-52 neurons per condition compiled from 3—4 independent experiments; Table 2). ns - not significant.
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lengths of primary, secondary, tertiary, and quatemary apical dendrites per neuron. K, AUC analysis for basal dendrites. LN, The number of secondary, tertiary, and quaternary basilar dendrites per neuron.
0-R, The average basilar branch lengths for primary, secondary, tertiary, and quatemary dendrites. Data are expressed as violin plot probability densities with the median and interquartile range indicated.
Adjusted p values following post hoc Dunnett's T3 multiple comparisons test are shown (7 = 25-52 neurons per condition compiled from three to four independent experiments; Table 2). ns - not

significant.
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Figure 3.

Pink1 KO cortical neurons exhibit decreased spine density with relative increases in filopodia at the expense of mushroom spines, reversed by introduction of human PINK1. 4,

Representative images of primary and secondary dendrites in GFP-transfected neurons. Scale, 5 ptm. B, Overall spine density. C—F, Density of filipodia, stubby spines, thin spines, and mushroom
spines, respectively. G, Pie charts showing relative distribution of spine morphologies in the primary and secondary dendrites of WT versus KO cortical neurons with rescue in KO neurons trans-
fected with hPINK1. Data in B—F are expressed as violin plots with the median and interquartile range indicated. Adjusted p values following post hoc Dunnett’s T3 multiple comparisons test
are shown (n = 26-39 neurons per condition compiled from three to four independent experiments; Table 2). ns - not significant.

conditions. Sholl curves were generated and data analyzed by
repeated-measures ANOVA using GraphPad Prism 9 software.
Sholl curves show mean = SEM. Violin plots show median values
and the interquartile range. Outliers were identified using ROUT
with Q set at 0.1%. Parametric data were analyzed by Welch’s
t test for two-group comparisons. For multiple groups, data were
analyzed using Brown-Forsythe ANOVA with Dunnett’s T3 mul-
tiple comparisons test or one-way ANOVA with Tukey post hoc
test for homoscedastic data, using GraphPad Prism 9 (version
9.0.0).

Results

PINK1 is necessary for full dendritic arborization

Primary cortical neurons from PinklI WT and Pinkl KO mice
were transfected with GFP to visualize neuronal processes
and imaged at DIV14 (Fig. 1A). Pinkl KO neurons exhibited
decreased dendritic complexity, as quantified by reduced
intersections with circles of increasing radii in Sholl analysis,
particularly in the 30-270 pm range (Fig. 1B). However, no
changes in the maximum extension radius were observed.
AUC analysis revealed a significant decrease in the KO neu-
rons (Fig. 1C). There were no differences in somal size (data
not shown). Calculations of branching index (see above,
Materials and Methods) revealed a striking reduction in KO
neurons relative to WT controls (Fig. 1D), with more

modest reduction in the average branch length/neuron (Fig.
1E). These data suggest that endogenous PINK1 may play a
greater role in controlling dendritic branching relative to
extension.

As increased branching increases the potential synaptic den-
sity around the neuron, we further examined how the loss of
endogenous PINK1 influences higher-order dendrites of neu-
rons (Fig. 1F-M). Loss of PINK1 had no impact on the number
of primary dendrites (Fig. 1F); however, significant reductions
were observed in the number of secondary, tertiary, and quater-
nary structures (Fig. 1G-I). Pinkl KO exhibited slightly shorter
overall average segment lengths/neuron than WT controls (Fig.
1E). There were small, but statistically significant, decreases
when primary and higher-order dendrites were analyzed sepa-
rately (Fig. 1J-M).

To establish whether these changes can be reversed by
reintroduction of PINK1, a subset of Pinkl KO neuron cul-
ture wells were cotransfected with human PINK1-GFP. The
deficits in AUC, branching index, and the number of higher-
order dendrites were all completely rescued following the
restoration of PINK1 expression (Fig. 1C-D, G-I), suggest-
ing that the effects of PINK1 on these structures are con-
served between mice and humans. However, with the
exception of secondary branch length, transfection with
human PINK1 elicited only a modest upward trend for
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average branch lengths (Fig. 1J-M). Together,
these data indicate that endogenous PINK1 plays
a major role in regulating dendritic branching
with a lesser effect on dendritic extension.

PINKI1 regulates morphology of both apical

and basal dendrites

Dendrites on neocortical pyramidal neurons
can be segregated into apical, basal, and proxi-
mal integration zones, which show different
properties in creating sequence memory
(Hawkins and Ahmad, 2016). To determine
whether PINKI1 expression differentially regu-
lates apical and basal domains, we analyzed ap-
ical and basal arbors separately by Sholl
analysis. We found that PINK1 loss decreased
Sholl AUC of both regions, and these deficits
were reversed by reintroduction of PINK1 (Fig.
2A-C,K). In the apical tree, deficits induced by
loss of PINK1 were observed in tertiary and
higher-order branches of the apical tree
(Fig. 2E-F, I-]). In the basal arbor, Pinkl
KO showed the greatest effects on second-
ary and tertiary branch numbers (Fig. 2L,
M) and primary and secondary branch
lengths (Fig. 20,P). Each of these deficits
was significantly reversed by transfection
with human PINKI.
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dritic spines, structures altered in numerous
neuropsychiatric and neurodegenerative dis-
eases. To determine the effect of PINK1 loss on
dendritic spine density, we analyzed at DIV14
primary cortical neurons that had been trans-
fected with GFP to highlight their morphology
using confocal microscopy. We observed sig-
nificant decreases in spine density of Pinkl KO
neurons compared with WT (Fig. 3A,B).

To study the effects of Pinkl KO on spine
morphology, we classified dendritic protru-
sions into the following morphologic classes:
filopodia, stubby, thin, or mushroom (Peters and Kaiserman-
Abramof, 1970). Filopodia are immature projections, whereas
stubby, thin, and mushroom spines are functional structures
thought to be associated with varying degrees of maturity or
plasticity (Harris et al., 1992; Bourne and Harris, 2007). This ex-
amination revealed a reduction in the three functional spine
types (Fig. 3D-F), whereas the decrease in filopodia density was
not statistically significant (Fig. 3C). Transfection of KO neurons
with human PINKI1 not only reversed the deficits in stubby, thin,
and mushroom spine numbers (Fig. 3D-F) but also increased
the number of stubby and mushroom spines relative to WT con-
trols (adjusted p values, stubby p < 0.0001; mushroom p =
0.0004).

During neuronal development, dendritic spines shift from
immature filopodia that lack postsynaptic densities to stubby mor-
phologies (Harris et al, 1992). Thin and mushroom spines
increase in prevalence in mature animals, with mushroom
spines showing the greatest stability consistent with a role in
memory (Bourne and Harris, 2007). To investigate the
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Figure 4. Pink7 KO neurons exhibit significantly reduced frequency of mEPSCs compared with WT neurons. 4,
Representative traces illustrating mEPSCs recorded at —70 mV in WT or Pink7 KO primary neuronal cultures (left) and
averaged mEPSCs (right). B—D, Amplitude (B), frequency (C), and decay time constant (D; 7) of the mEPSCs recorded
from WT and Pink7 KO neuronal cultures (n = 5 neurons per genotype; ***p = 0.0001; t = 6.739 using Student’s
unpaired ¢ test). E, Representative interevent intervals cumulative probability curve. F, Interevent intervals for mEPSCs
compared between WT and Pink7 KO neuronal cultures (n = 5 neurons per genotype; ****p << 0.000001; F = 2638

potential impact of PINK1 on spine maturation, we analyzed
the relative distribution of different spine morphologies in pri-
mary and secondary dendrites of WT and KO neurons (Fig.
3G). We found that among the remaining spines observed on
Pink1 KO neurons, the proportion of filopodia increased from
26 to 49% on primary dendrites and from 22 to 34% on second-
ary dendrites. In contrast, mushroom spines decreased from 34
to 12% on primary dendrites and from 30 to 23% on secondary
dendrites. The distribution of thin spines was decreased only
on secondary dendrites, from 36 to 29%. Restoration of PINK1
expression rescued these changes in spine maturation (Fig. 3G).

PINKI1 loss of function reduces synaptic function

To determine whether there was a functional impact from the
structural changes observed in Pinkl KO dendritic spines, we
studied the effects of PINK1 loss on endogenous glutamatergic
synaptic activity. Whole-cell voltage-clamp recordings of dissoci-
ated neurons from untransfected primary cortical neurons from
Pink]l KO and WT mice (Fig. 4A) revealed a reduced mEPSC
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Figure 5.  Introduction of human PINK1 significantly increases amplitude and frequency of

mEPSCs in Pink7 KO neurons. A, Representative traces illustrating mEPSCs recorded at
—70mV in primary cortical neurons. B, mEPSC amplitude shows significant difference
between KO+GFP and KO+hPINKT (p = 0.0032). C, mEPSCs frequency shows significant
difference between WT+GFP and KO+GFP (p = 0.0385) and between KO+GFP and
KO+hPINK1 (p = 0.0246). D, mEPSC decay time constant (7) shows no difference among
groups. E, mEPSC interevent interval shows significant difference between WT+GFP and
KO+ GFP (p = 0.0036) and between KO-+ GFP and KO+hPINK1 (p = 0.0018). Values com-
pared with ANOVA and Tukey post hoc test (n = 5—6 neurons per condition; Table 2).

frequency in the KO neurons (Fig. 4C) without significantly
affecting mEPSC amplitude or decay kinetics (Fig. 4B,D).
Cumulative probability plots reveal significantly increased
interevent intervals in the KO neurons (Fig. 4E,F). These
electrophysiological changes are consistent with the reduc-
tion in mature dendritic spines observed in the Pinkl KO
neurons and suggest that this spine loss functionally affects
excitatory synaptic transmission.

To determine whether introduction of human PINKI into
Pinkl KO neurons would rescue the electrophysiological
changes, we compared WT neurons transfected with GFP,
KO neurons transfected with GFP, and KO neurons trans-
fected with hPINK1-GFP. Similar to experiments using
untransfected neurons (Fig. 4), GFP-transfected Pinkl KO
neurons showed reduced mEPSC frequency and increased
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mEPSC interevent intervals relative to WT controls (Fig. 5C,
E). Introduction of human PINK1 increased mEPSC ampli-
tude in KO neurons and rescued mEPSC frequency and
interevent interval (Fig. 5B,C,E).

Loss of PINK1 reduces spine density in vivo

To examine the importance of PINKI1 in regulating spine archi-
tecture in vivo, we used the Golgi-Cox impregnation stain to
highlight the architecture of cortical neurons (Fig. 6). We quanti-
fied spine density in secondary apical dendrites of pyramidal
neurons in the somatosensory cortex of 6-month-old Pinkl KO
and WT mice. Pinkl KO mice (Fig. 6B,D,F) exhibited signifi-
cantly decreased spine densities compared with WT littermates
(Fig. 6G).

Administration of the p47 phosphorylation mimic
significantly restores dendritic complexity and spine
densities in Pinkl KO neurons

We have previously found that PINK1 promotes the PKA-medi-
ated phosphorylation of p47 (Wang et al., 2018), a protein impli-
cated in regulating spinogenesis (Shih and Hsueh, 2016). To
determine whether changes in p47 may contribute to the
dendritic architectural changes observed in PINK1-deficient
neurons, we studied p47 expression level and phosphoryla-
tion state in brains from Pinkl KO mice versus WT controls.
There were no significant differences in p47 expression (data
not shown). However, we did find a significant decrease in
the more acidic p47 species by isoelectric focusing in the KO
mouse cortex compared with WT (Fig. 7A), consistent with
decreased p47 phosphorylation.

Next, we transfected KO neurons with two different forms
of p47 to determine whether either could rescue the effects of
PINKI1 deficiency on dendritic structures. Although the non-
phosphorylatable p47A showed a partial rescue of intersec-
tions in the 20-50 um region (Fig. 7B), this did not result in
restoration of AUC or branching index (Fig. 7C,D). In con-
trast, transfection with the phosphomimetic p47D restored
dendritic complexity accompanied by rescue of AUC and
branching (Fig. 7B-D), similar to the effects of PINK1 (Fig.
1B-D). Like PINKI itself, p47D did not significantly affect
filopodia density (Fig. 7H) but was able to significantly ameli-
orate the effects of PINKI1 loss on total, mushroom, and thin/
stubby spine densities (Fig. 7E-G).

In contrast to human PINKI, p47D showed only partial
rescue of mushroom spine densities (Fig. 7F), consistent with
only a partial restoration of the mushroom to filipodia ratio
(Fig. 7I). Although the effects on spine density appeared to be
dependent on p47 phosphorylation (Fig. 7E-G), p47A was as
effective as p47D in the partial effects on spine maturation
(Fig. 7I). Together, these data suggest that endogenous PINK1
regulates dendritic branching and spine density in part
through p47 phosphorylation but that additional mecha-
nisms may also contribute to its effects on spine density and
maturation.

Discussion

Loss of PINK1 function is associated with cognitive/executive
dysfunction in recessive familial PD (Li et al., 2005; Ricciardi
et al., 2014; Piredda et al., 2020) and in sporadic AD and its
mouse models (George et al., 2010; Du et al., 2017; Manczak et
al., 2018; Jiang et al., 2021). Here, we demonstrate that loss of
endogenous mouse PINKI elicits dendritic simplification of
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cortical pyramidal neurons, accompanied
by reductions in dendritic spine density in
vitro and in vivo. These changes are accom-
panied by decreased mEPSC frequency.
Introducing human PINKI1 or a p47
phosphomimetic significantly rescued
these dendritic and spine alterations in
KO neurons.

Prior work showing that Pinkl
mutation impairs neurite outgrowth in
Caenorhabditis elegans (Samann et al.,
2009) and Pinkl KO neurons have
shorter overall dendrite lengths (Dagda
et al., 2014) support the generality of
our findings, although dendritic spines,
branch order, and effects on subdivi-
sions of the dendritic tree have not
been previously studied. Apical and ba-
sal dendrites mediate distinct feedback
and feedforward inputs, with basal
dendrites showing a relative domi-
nance in determining orientation selec-
tivity in the visual cortex (Park et al,
2019). We found that loss of PINKI1
affects higher-order branches of both
basal and apical arbors. Neurons with
shorter and more simplified dendritic
arbors tend to exhibit more irregular
firing patterns in vivo (Montero et al,,
2021). Whereas stimulation of proximal
dendrites is more likely to trigger action
potentials, computational studies predict that higher-order
dendrites are necessary for time-based sequence memory
(Hawkins and Ahmad, 2016). Interestingly, sequential work-
ing memory is impaired in nondemented patients with mild
PD (Zhang et al., 2021).

We previously found that PINK1 interacts with valosin-con-
taining protein (VCP), and knock down of either VCP or p47
blocks the ability of overexpressed PINK1 to promote overall
dendritic complexity (Wang et al., 2018). The current data impli-
cate p47 downstream of endogenous PINKI1 in regulating spine
density/maturation. Phosphorylation of p47 at S176, which is
mediated by PKA (Wang et al,, 2018), is important as the non-
phosphorylatable p47A mutant showed reduced ability to com-
plement the loss of PINK1.

VCP is a multifunctional ATPase linked to frontotemporal de-
mentia and other diseases of protein homeostasis (Nalbandian et
al,, 2011; Darwich et al., 2020). The VCP-cofactor p47 regulates
endoplasmic reticulum (ER) and Golgi remodeling, membrane
tethering, and fusion (Buchberger et al., 2015). VCP interacts with
neurofibromin to regulate spine density, and p47 is present in
the complex (Wang et al., 2011). Neurofibromin is the major
Ras regulator in dendritic spines, and its loss causes an activ-
ity-dependent spine loss (Oliveira and Yasuda, 2014). One of
the functions of p47 during spine formation is to promote
localized protein synthesis (Shih and Hsueh, 2016). The
potential role of p47 phosphorylation in regulating localized
protein synthesis or ER-Golgi biology remains unknown.

Introduction of human PINKI to mouse KO neurons
rescued each of the dendritic and spine parameters studied,
indicating conserved PINK1 function in mouse and
human. Given the low transfection efficiency, which aids in vis-
ualizing individual neuronal arbors, rescue by either PINK1
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Figure 6.  Pink7 KO mice show reduced spine densities in vivo. A, B, Representative coronal images of the somatosensory
cortices of 6-month-old WT (4) and KO (B) littermates stained using the Golgi—Cox method. Scale bars: 200 wm. €, D,
Neurons in the boxed areas of A and B are shown at higher magnification for (() WT and (D) KO mice, respectively.
Secondary apical dendrites are indicated with arrowheads. Scale bars: 50 wm. E, F, Representative images of secondary apical den-
drites from a different pair of (E) WT and (F) KO mice. Scale bars: 10 um. G, Quantification of spine density (n = 28—34 neurons
compiled from two WT and three KO mice; p << 0.0001, t = 4.918 using Student’s unpaired  test with Welch’s correction).

or p47D likely occurs through postsynaptic mechanisms.
Although there are pharmacological agents to increase endoge-
nous PINKI expression or activity (Osgerby et al., 2017; Liu et al.,
2020), these agents would not be effective in the KO setting. It
would be interesting to assess the potential impact of these agents
in induced pluripotent stem cell (iPSC) and mouse models of AD
and PD that preserve at least some level of wild-type or mutant
PINK1 expression.

Our current analysis of spine distribution, although statisti-
cally robust, does not differentiate decreased spine maturation
from developmental delay or either activity-dependent or degener-
ative changes in mushroom spines. Loss of PINK1 has been linked
to neural stem cell deficits in the hippocampus (Agnihotri et al,
2017), suggesting a possible role in neurodevelopment. Future stud-
ies to probe issues of development and spine dynamics would be
highly interesting, given that Pinkl KO mice show abnormal devel-
opmental patterns of spontaneous excitatory postsynaptic currents
(Pearlstein et al., 2016).

Interestingly, expression of p47D only partially rescued
mushroom spine density and did not fully restore the relative
distribution of mature and immature spine morphologies
(Fig. 7F,I). These findings indicate additional pathways down-
stream of PINKI1 that contribute to its ability to increase
mushroom spines. Given greater shifts in the percentage of
spines with thin and mushroom morphology compared with
stubby morphology and filopodia that are observed in KO
neurons (Fig. 3G), PINK1 may promote spine maturation
through distinct mechanisms from p47 phosphorylation, as
p47 has currently been implicated mainly in spine formation
(Shih and Hsueh, 2016). It is possible that both mitochondrial
and cytosolic functions of PINK1 are involved, given that the
dendritic distribution of mitochondria is important for spine
plasticity (Li et al., 2004).
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The p47 phosphomimetic p47D reverses dendritic branching deficits with partial restoration of spines in Pink7 KO neurons. A, 2D isoelectric focusing/gel electrophoresis analysis

reveals a significant reduction in the ratio of more acidic (Spot 1) and less acidic (Spot 2) forms of p47 consistent with reduced phosphorylation in the cortex of KO mice (n = 3 mice/group).
Data are expressed as violin plots with the median and interquartile range indicated; p value from Welch’s ¢ test is shown. B—I, Primary cortical neurons from Pink7 KO mice were transfected
with GFP and the phosphomimetic p47D or nonphosphorylatable p47A, and compared with neurons from WT controls transfected with GFP. Sholl curves show greater effects of p47D compared
with p47A (B). Mean == SEM; *radii with significant differences for KO versus KO-+ p47A; **radii with significant differences for KO versus WT, KO versus KO+ p47D (multiple-comparison test-
ing following two-way repeated-measures ANOVA; Table 2). AUC (€) and branching index analysis of Sholl data (D). Total spine density (E), mushroom spine density (F), and thin/stubby spine
density (@) were significantly elevated by p47D in KO neurons but not the density of filopodia (H). Pie charts (I) showing the effects of p47D and p47A on the relative distribution of spine mor-
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shown (n = 12—43 neurons per condition compiled from three independent experiments; Table 2). ns - not significant.

There are multiple mitochondrial mechanisms by which
PINK1 could regulate dendritogenesis, spinogenesis, spine
maturation, or maintenance. Pinkl KO neurons exhibit increased
mitochondrial fragmentation, reduced mitochondrial membrane
potential, and reduced mitochondrial density within dendrites
(Dagda et al., 2014; Das Banerjee et al., 2017). Localized energy
production by nearby mitochondria is critically important for
stabilizing emerging dendritic structures and supporting

synaptogenesis (Chang et al., 2006; Fukumitsu et al., 2016).
PINKI is known to regulate mitochondrial dynamics and
transport (Deng et al., 2008; Dagda et al., 2009; Weihofen et
al., 2009; Shlevkov et al., 2016). Full-length PINKI is impli-
cated in retrograde axonal transport with cleaved, cytosolic
PINK1 enhancing anterograde transport and the percentage
of stationary mitochondria (Matenia et al., 2012). PINK1 also
enhances complex I function (Liu et al., 2011; Morais et al., 2014)
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and mitochondrial calcium homeostasis (Marongiu et al., 2009;
Kostic et al., 2015; Huang et al., 2017). Given the heavy demand
for appropriate postsynaptic calcium handling, it is possible that
these other roles of PINK1 contribute to regulating spine mor-
phology and function.

Another mechanism by which PINK1 could regulate synaptic
biology is through PKA, a critical regulator of neuronal develop-
ment, synaptogenesis, and plasticity (Kandel, 2012). PINK1 is ca-
pable of phosphorylating the PKA catalytic subunit in vitro
(Wang et al, 2018), and numerous studies have found that
PINKI1 promotes PKA-regulated processes such as mitochon-
drial fission, mitochondrial calcium efflux, mitochondrial trans-
port, and BDNF secretion (Sandebring et al., 2009; Kostic et al,,
2015; Das Banerjee et al., 2017; Soman et al., 2021).

Studies of other brain regions in Pinkl KO mice add further
support to the importance of PINKI1 for maintaining cognitive
function. Pinkl KO mice show deficits in learning and memory
and contextual discrimination, associated with deficits in dopa-
mine receptor signaling (Maynard et al,, 2020). KO mice also
show compromised maturation of hippocampal neurons positive
for doublecortin, a marker of adult neurogenesis, in the dentate
gyrus (Agnihotri et al.,, 2017). Acute silencing of PINK1 in hip-
pocampal cultures decreases PSD95, Shank, glutamate receptors,
and actin regulatory protein expression (Hernandez et al., 2019).
Amyloid pathology is associated with reduced hippocampal
expression of PINK1 (Du et al., 2017; Manczak et al., 2018), and
overexpression of PINK1 rescues pathology and behavioral defi-
cits in both amyloid and tau-based AD models (Manczak et al,,
2018; Jiang et al., 2021). These observations raise the possibility
that some of the synaptic deficits observed in AD models may be
related to the impact of PINK1 on spine density and maturation.
It would thus be interesting to study the role of endogenous
PINK1 on hippocampal neuron structure and function.

The cognitive deficits observed in patients with familial
PINKI mutations involve frontal-executive dysfunction, work-
ing memory, and attention, with psychiatric changes of anxiety
and depression (Ephraty et al., 2007; Ricciardi et al., 2014;
Piredda et al., 2020). In PD patients, deficits in sequential
working memory are observed early in the disease process
(Kawashima et al., 2021; Zhang et al., 2021). Both prefrontal
and hippocampal atrophy can be detected at early stages
before development of frank dementia (Briick et al., 2004).
Cortical and limbic atrophy and abnormal executive function
are also reported in heterozygote PINK1 mutation carriers
with low risk of developing PD (Reetz et al., 2008; Ricciardi et
al., 2014). Discovering how deficits in PINK1 expression and
function affect the dendritic architecture of cortical neurons,
including spine density and morphology, represents an im-
portant advance in understanding pathways by which PINK1
normally functions to promote neuron health and function.

The data in the current study demonstrate the effects of
PINK1 deficiency on dendritic branching and elongation in cort-
ical neurons, as well as spine density and subtypes. Branching
and segment length deficits predominantly affect higher-order
dendrites. Synaptic activity on more distal branches is believed to
be important for sequential working memory (Hawkins and
Ahmad, 2016), a deficit observed early in PD patients (Zhang et
al.,, 2021). Moreover, our data implicate endogenous PINK1 in
regulating spine density and the distribution of mature and
immature spines. The effects on dendritic morphology and spine
density may be mediated in part through p47 phosphorylation,
although other mechanisms undoubtedly contribute to the abil-
ity of PINK1 to regulate spine morphology. These findings add

Oteroetal. @ PINK1 Promotes Dendritic Branching and Spines

to the increasing number of reports that PINK1 functions out-
side of mitophagy to regulate multiple processes important to
neurons, including the dendritic and synaptic architecture of
cortical neurons.
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