
Early Sociability and Social Memory Impairment in the A53T Mouse
Model of Parkinson’s Disease Are Ameliorated by Chemogenetic
Modulation of Orexin Neuron Activity

Milos Stanojlovic 1
& Jean Pierre Pallais Yllescas Jr1 & Aarthi Vijayakumar1 & Catherine Kotz1,2

Received: 16 April 2019 /Accepted: 14 June 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Parkinson’s disease (PD) is a multi-layered progressive neurodegenerative disease. Signature motor system impairments are
accompanied by a variety of other symptoms such as mood, sleep, metabolic, and cognitive disorders. Interestingly, social
cognition impairments can be observed from the earliest stages of the disease, prior to the onset of the motor symptoms. In this
study, we investigated age-related reductions in sociability and social memory in the A53T mouse model of PD. Since inflam-
mation and astrogliosis are an integral part of PD pathology and impair proper neuronal function, we examined astrogliosis and
inflammation markers and parvalbumin expression in medial pre-frontal cortex (mPFC), part of the brain responsible for social
cognition regulation. Finally, we used DREADDs (Designer Receptors Exclusively Activated by Designer Drugs) for the
stimulation and inhibition of orexin neuronal activity to modulate sociability and social memory in A53T mice. We observed
that social cognition impairment in A53T mice is accompanied by an increase in astrogliosis and inflammation markers, in
addition to loss of parvalbumin neurons and inhibitory pre-synaptic terminals in the mPFC. Moreover, DREADD-induced
activation of orexin neurons restores social cognition in the A53T mouse model of PD.

Significance Statement
Social cognition is severely affected in the early stages of Parkinson’s disease. In this study, we identified the A53T mouse as a
model of social cognitive impairment in PD. Observed alterations in sociability and social memory are accompanied by loss of
parvalbumin positive neurons and loss of inhibitory input to mPFC. Stimulating orexin neurons using a chemogenetic approach
(DREADDs) ameliorated social cognitive impairment. This study identifies a role for orexin neurons in social cognition in PD
and suggests potential therapeutic targets for PD-related social cognition impairments.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease, affecting 2–3% of the population over
65 years of age [1]. Originally, dopamine deficiency caused by
dopamine neuron loss in the substantia nigra, presence of

Lewy bodies, and movement disorder were considered hall-
marks of PD. Today, PD is recognized as a complex, multi-
factorial disease. Studies have shown that PD affects different
neuronal populations [1, 2] and mood, cognition, and metab-
olism before the onset of the signature motor impairments
[3–6].

Orexin (hypocretin) is a neurotransmitter predominantly
produced in a subpopulation of neurons located in the lateral
hypothalamus (LH). Original studies from Sakurai [7] and
Yoshida [8] identified complex projection patterns of these
neurons. Initial studies investigating the role of orexin ad-
dressed hypothalamic-regulated physiological functions
[9–14]. In time, a significant amount of data accumulated
demonstrating orexin’s role in other processes including
mood, cognition, stress, anxiety, and pain [15–21]. Several
studies suggest that orexins contribute to PD pathology.
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Sleep impairments occur relatively early in PD progression
and are associated with orexin circuitry dysfunction [22, 23],
and reductions of orexin in cerebrospinal fluid and orexin
neuronal losses are detected in advanced stages of PD
[22–25].

Prefrontal cortex (PFC) is a brain region critical in mediat-
ing social cognition [26]. It is believed that medial PFC
(mPFC) is responsible for processing contextual social cues
to guide social complex behaviors [26–28] that require inter-
nal social processing of both self and other; such behaviors
include empathy, mentalizing, self-reflection, and personal
moral reasoning [29, 30]. Interestingly, not only do orexin
neurons project from LH to PFC [7, 8, 31], orexin receptors
are present in PFC, and orexin is a strong modulator of mPFC
function. Studies confirmed that orexin inputs can excite PFC
neurons through both direct and indirect mechanisms induc-
ing improvements in attention, short term and spatial memory
[32–35]. Furthermore, acute intranasal administration of
orexin A induces the immediate early gene expression of c-
Fos, a marker for neuronal activation, in the PFC, increasing
both ACh and glutamate efflux in this region [36]. Parkinson’s
disease studies report functional, neuroanatomical, and path-
ological changes in PFC of PD patients [37, 38] accompanied
by impairment in social cognition from the earliest stages of
the disease [39, 40].

The Hualpha-Syn (A53T) transgenic line G2-3 (A53T
mice) express the familial PD-associated A53T missense mu-
tant form of human α-syn under the control of the PrP pro-
moter (murine prion promoter). Compared to other PD trans-
genic mouse models, A53T mice show the complete α-syn
pathology that is observed in humans [41] and is extensively
studied in the context of neurodegeneration, α-syn aggrega-
tion, and toxicity [42]. These mice spontaneously develop the
neurodegenerative disease between 9 and 16 months of age
with a progressive motoric dysfunction leading to death with-
in 14–21 days of onset [43]. Furthermore, these mice show an
interesting behavioral phenotype prior to the disease onset
which is characterized by cognitive impairment, hyperactivity,
and reduced anxiety-like behavior [42, 44–46].

In the first part of this study, we determined if A53T
mice show social cognition impairments. To assess socia-
bility and social memory, we used the three-chamber so-
cial interaction test (3CSIT). We observed early changes
in sociability and age-dependent social memory impair-
ment. These behavioral changes were accompanied with
increases in astrogliosis and inflammatory markers, loss
of parvalbumin positive neurons, and a reduction of in-
hibitory input to the mPFC. Considering that orexin neu-
rons are strong modulators of mPFC function [32–35], in
the second part of our study, we hypothesized that mod-
ulation of orexin neuron activity will change sociability
and social memory in A53T mice. To manipulate the ac-
tivity of orexin neuronal populations in vivo, we used a

chemogenetic tool known as designer receptors exclusive-
ly activated by designer drugs (DREADDs). G protein
coupled DREADDs use a modified form of the human
M3/M4 muscarinic receptor (hM3Dq/ hM4Di) to induce
an excitatory/inhibitory cellular response in the presence
of their ligand, clozapine-N-oxide (CNO). Clozapine-N-
oxide-induced activation of hM3Dq mobilizes intracellu-
lar calcium and increases neuronal excitability, while in-
hibitory effects of hM4Di stimulation are a result of
CNO’s stimulation and resulting activation of G protein
inwardly rectifying potassium (GIRK) channels. In this
part of the study, we investigated if DREADD-induced
modulation of orexin neuron activity affects sociability
and social memory in A53T mice.

Materials and Methods

Animals and Ethics Statement

All experimental procedures in this study were approved by
the University of Minnesota Animal Care and Use
Committee. Adult male C57BL/6J (wt), A53T, orx-Cre, and
orx-Cre/A53T mice were maintained on a 12-h light/dark cy-
cle with chow and water ad libitum. Orx-Cre mice were ini-
tially obtained from Prof. Takeshi Sakurai (Kanazawa
University, JA) and bred on C57BL/6J background in our
colony. Generation and initial phenotyping of orx-Cre and
wild-type heterozygous mice was conducted and has been
described previously [47, 48]. The A53Tmice were generated
and characterized as described previously [49], obtained from
the Jackson Laboratory (ME, US) and bred on a C57BL/6J
background in our colony. Since female A53T mice tend to
neglect their litters, orx-Cre/A53T mice were generated by
crossing orx-Cre positive females and A53T positive males.

Three-Chamber Social Interaction Test

The three-chamber social interaction test was used to assess
sociability and social memory in mice. The 3CSIT test ex-
ploits mouse tendency to spend more timewith another mouse
as compared to time spent alone in an identical but empty
chamber (sociability) and tendency to spend more time inves-
tigating a previously un-encountered mouse rather than a fa-
miliar one (social memory).

Equipment and Experimental Setup A translucent plexiglass
apparatus composed of three chambers (individual chamber
dimension: 42 × 19 × 22; the whole apparatus: 61 × 42 × 22
(L ×W ×H, cm)) separated by walls containing removable
dividers was used for this test. Two wire cup-like containers
large enough to enable free movement of the target mice were
used to enable exchange between mice and prevent direct
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physical interactions. Room lightning was set to 60 lx. The
camera connected to a computer and ANY-maze software
(San Diego Instruments, CA) were used to track and analyze
the movement in real-time mode. After each trial, chambers
were thoroughly cleaned with 70% ethanol. Behavioral tests
were performed between 9:00 am and 1:00 pm.

Animal Preparation Two types of animals were used in this
study: test mice, used in the experiment, and target mice, with
which the test mice interact. Target mice were of the same age
and background as the test mice and did not have previous
contact with them. Two control mice were used per experi-
ment, one as a target animal in the sociability trial and as the
familiar animal in social memory trials, and another animal for
social memory trials only, to represent the novel animal.
Target mice were habituated for wire cup containers 3 days
prior the test, first day for 10 min, second day for 15 min, and
third for 20 min.

Three-Chamber Social Interaction Test All the cages contain-
ing target and test mice were transferred to the behavioral
room 30 min before the first trial begins. Test mice were i.p.
injected with either saline or 3 mg/kg of CNO dissolved in
saline 30 min prior to the test.

Habituation Wire cups were placed in the middle of the left
and right chambers. Test mice were placed in the center cham-
ber for a 5-min habituation period while the other chambers
remained inaccessible by dividing plexiglas walls.

Sociability Trial Following habituation, one target mouse
(stranger 1, S1) was placed inside a wire containment cup that
is located in one of the side chambers. The placement of S1 in
the left or right chamber is systematically altered between
trials. Walls between chambers were removed, allowing free
access to both left and right chambers. Animals were observed
for 10 min and empty cup (object, O) and S1 interaction time
was analyzed. Preference index was calculated using the fol-
lowing formula: preference index = S1 interaction time (s) / O
interaction time (s).

Social Memory Trial Following the sociability trial, the
mouse was placed into the center chamber, but access to
the left and right chambers was restricted using plexiglass
dividers. In this trial, the S1 mouse acted as a familiar
subject and remained in its original position. The second
target mouse (stranger 2, S2) was placed inside an identical
wire containment cup in the opposite chamber (which
remained empty during the sociability trial). Animals were
observed for 10 min and S1 and S2 interaction time was
analyzed. Preference index was calculated by using the
following formula: preference index = S2 interaction time
(s) / S1 interaction time (s).

Viral Injections

Animals were anesthetized with isofluorane (1–4%) and
placed in a stereotactic apparatus (Kopf Instruments).
DREADD targeting was achieved by stereotaxic injection
of a Cre-dependent AAV vector expressing a double-floxed
inverted open reading frame (DIO) around the DREADD
transcript and a fluorescent tag (mCherry). Vectors
(AddGene, MA) were injected into the LH (AP-1.8/DV-
5.5/ML ± 0.9 mm from bregma; 333 nl/5 min) [50] of
orx-Cre or orx-Cre/A53T mice. Control groups were
injected with pAAV-hSyn-DIO-mCherry (AAV8, 2.1 ×
1013 GC/ml) (cDREADD). Excitatory neuromodulation
was achieved via Gq-coupled pAAV-hSyn-DIO-
hM3D(Gq) -mCher ry (AAV8, 2 .5 × 1013 GC/ml )
(qDREADD). Inhibitory neuromodulation was achieved
via Gi-coupled pAAV-hSyn-DIO-hM4D(Gi)-mCherry
(AAV8, 1.9 × 1013 GC/ml) (iDREADD). Animals recov-
ered from the surgery for 4 weeks and were randomly
assigned to appropriate experimental groups prior to
testing.

Immunohistochemistry

Mice were perfused intracardially with ice-cold saline, follow-
ed by 20 ml of 4% paraformaldehyde (PFA) in PBS (phos-
phate-buffered saline). Brains were harvested and post-fixed
in 4% PFA/PBS overnight at 4 °C, followed by 30% (w/v)
sucrose in PBS solution at 4 °C until the brains sank. The
brains were imbedded in OCT (Optimal Cutt ing
Temperature Compound; Sakura, CA), frozen in dry ice-
cooled ethanol, and then immediately cut. Coronal brain sec-
tions were collected and stored in cryoprotectant (30% (w/v)
sucrose, 30% (v/v) ethylene glycol, 1% (w/v) PVP-40 in PB).
Brain sections were washed six times for 5 min with 0.1 M
PBS, pH 7.4. Antigen retrieval was performed using Antigen
Unmasking Solution (Vector Laboratories, CA). After initial
washing, the sections were transferred to Antigen Unmasking
Solution and incubated for 30 min at 90 °C. The brain slices
were then washed three times for 5 min in PBS and incubated
with 5% normal horse serum in PBST (0.01% Tween in PBS)
for 2 h at room temperature. After washing three times in
PBST, the sections were incubated with primary antibodies
(mouse anti-p-α-syn (Alpha-synuclein (phospho S129)),
Abcam, MA; rabbit anti-p-α-syn (Alpha-synuclein (phospho
S129)), Abcam, MA; rabbit anti-GFAP (glial fibrillary acidic
protein), Abcam, MA; guinea pig anti-IBA1 (anti-ionized
calcium binding adaptor molecule 1) Novus Biologicals,
CO ; gu inea p i g an t i -NeuN (neu rona l nuc l e i ) ,
MilliporeSigma, MA; guinea pig anti-GAD65 (glutamate de-
carboxylase), Synaptic Systems, DE; rabbit anti-
synaptophysin, Abcam, MA; goat anti-orexin A, Santa Cruz,
CA; rabbit c-Fos, Santa Cruz, CA; 1:1000) overnight at RTon
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a platform shaker. Brain sections were washed in PBST four
times for 10 min after primary antibody incubation and incu-
bated with secondary antibodies conjugated with Alexa Fluor
dyes (donkey anti-mouse, donkey anti-rabbit, donkey anti-

goat, donkey anti-guinea pig; 1:500, Invitrogen, CA). Brain
sections were then washed four times for 10 min in PBST and
then mounted with ProLong Gold mounting media
(Invitrogen, CA).
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Immunofluorescence Imaging and Image Analysis

Immunofluorescence images for densitometry and IBA1 pos-
itive cell density experiments were captured using the Nikon
Eclipse NI-E microscope (Nikon, JA), with a monochrome
Nikon Black & White camera DS-QiMc (Nikon, JA). Each
fluorochrome is represented as a pseudo-color in the images.
For quantification of p-α-syn, GFAP, IBA1, and parvalbumin
every 6th coronal section from − 1.34 to 2.34 bregma [50]
(four in total) for mPFC (prelimbic area (Pl), the infralimbic
area (Il), medial orbital area (Mo), and cingulate cortex area
(Cg)). Images were captured (2 per section, 8 per mice) using
10× magnification (z-stacks, 5 μm step). Optical density was
determined with image analysis software (Image J, National
Institutes of Health) by measuring the mean gray value of the
mPFC region of interest (ROI). For IBA and parvalbumin cell

density, Z-stack images (5 μm step) were captured using 20×
magnification. The IBA positive cell densities in the mPFC
region were determined using Image J by counting the posi-
tive cells in two areas of the mPFC of every 6th section from
1.34 to 2.34 bregma [50] (eight per mice) and divided by the
ROI. For the p-α-syn localization study, every 6th LH section
from − 0.94 to − 2.18 bregma [50] (four in total) was stained
and analyzed. To determine the percentage of orexin A posi-
tive cells containing p-α-syn, every 6th coronal section from
− 0.94 to − 2.18 bregma [50] (five in total) was analyzed. Z-
stack images (5 μm step) were captured using 10× magnifica-
tion. To confirm the orexin neuron intracellular p-α-syn local-
ization, Z-stack images (5 μm step) were captured using 40×
magnification.

Unbiased Stereology

Unbiased stereology analysis with optical fractionator probe
within the Stereo Investigator 11.1.2 software (MBF
Bioscience, VT) was used to quantify the number of orexin
A positive cell numbers in LH. Sections were cut at 40 μm to
allow for an 18 μm dissector height within each section after
dehydration and mounting. Systematic sampling of every
third section was collected through the orexin field beginning
at bregma − 0.94 and finishing at − 2.18 [50], with the first
sampled set of sections chosen at random. Sections were im-
aged using an Axio Imager M2 fluorescence microscope
(Zeiss, DE). Orexin field boundaries were used to outline con-
tours at 5× magnification. Cells were counted using a

Fig. 2 Expression of p-α-syn, GFAP, and IBA1 in the mPFC of 7-month-
old wt and A53Tmice. Representative IF microphotographs of the DAPI,
p-α-syn, GFAP, IBA1 and the merged image in 7-month wt mice (a–c)
and A53T mice (d–f) used for p-α-syn, GFAP, and IBA1 densitometry
and IBA1 call density analysis. Image J was used to quantify the intensity

of p-α-syn, GFAP, and IBA1 staining and density of IBA1 positive cells.
Increased expression of the p-α-Syn (G), GFAP (H), and IBA1 (I) was
observed in A53T mice compared to wt mice. The A53T mice showed
increased density of IBA1 positive cells (J) (Student’s t test, n = 5/group;
*p < 0.05, **p < 0.01)

�Fig. 1 Sociability and social memory inmale 3-, 7-, and 11-month-old wt
and A53T mice. Schematic representation of the three-chamber social
interaction test (3CSIT) (a). The timeline of the experimental procedure
(b). Mice were subjected to a 3CSIT. Three days following 3CSIT, mice
were perfused and brains were collected. Sociability trials: time test mice
spend interacting with empty cup (O) (C1) and stranger 1 (S1) mouse
(b2). A reduced (S1-O) preference index can be observed in A53T mice
compared to wt animals at 3, 7, and 11months of age (c3). Social memory
trials: time the test mice spend interacting with S1 mouse (d1) and
stranger 2 (S2) mouse (d2). A reduced (S2-S1) preference index can be
observed in A53Tmice compared to wt animals at 7 and 11 (d3). Further,
aging induced decrease in (S2-S1) preference index can be observed
between 3- and 11-month A53T mouse (D3) (3 months, n = 8/group;
7 months, n = 7/group; 11 months, n = 8/group; two-way ANOVA,
Sidak; *p < 0.05, **p < 0.01, ***p < 0.005)
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randomly positioned grid system controlled by Stereo
Investigator in a previously defined region in all optical
planes. Guard zones were set at 10% of the section thickness
to account for damage during the staining procedure. The grid
size was set to 100 × 100 μm and the counting frame to 80 ×
80 μm. Counting was performed at 63× magnification (oil).
The average coefficient of error (CE, m = 1) ratio for all of the
mice imaged was 0.085. Neurons were counted throughout
the entire orexin field of a single hemisphere of each mouse
to give an acceptable coefficient of error (CE) (Gunderson
method) of 0.1 using the smoothness factor m = 1. The CE
provides a means to estimate sampling precision, which is
independent of natural biological variance. As the value ap-
proaches 0, the uncertainty in the estimate precision reduces.
CE = 0.1 is deemed acceptable within the field of stereology.
Cells were only counted if they touched the inclusion border
or did not touch the exclusion border of the sampling grid.

Quantification of Pre-synaptic Inhibitory Terminals

Quantification of inhibitory pre-synaptic terminals was per-
formed using an immunocytochemistry-based assay and
puncta analyzer image J plugin [51, 52]. Three independent
coronal brain sections for each mouse (16 μm thick, 3 images
per section), containing the mPFC (bregma 1.43–2.10 mm)
[53] were stained with GAD65 (glutamate decarboxylase,
65 kDa isoform localized predominantly in synaptic termi-
nals) and synaptophysin (presynaptic protein associated with
small synaptic vesicles). The 5-μm-thick confocal scans (op-
tical section depth 0.33 m, 15 sections/scan of the mPFC)

were performed at 60× magnification on a Nikon C2
Automated Upright Widefield and Confocal Microscope
(Nikon, JP). Maximum projections of three consecutive opti-
cal sections (corresponding to 1 μm total depth) were gener-
ated. The Puncta Analyzer Plugin for ImageJ, image analysis
software (National Institutes of Health) was used to count the
number of colocalized pre-synaptic markers. Details of the
quantification method using puncta analyzer plugin were giv-
en by Ippolito and Eroglu (2010) [52].

Statistical Analyses

All data were analyzed using either Prism 6.0 (GraphPad
Software, CA) or SPSS (IBM, NY). Statistical analyses of
phenotyping behavioral data were performed using a two-
way ANOVA followed by Sidak’s post hoc analysis.
Statistical analyses of DREADD behavioral data were per-
formed using a one-way ANOVA followed by Tukey’s post
hoc analysis. Densitometry, cell, and pre-synaptic terminals
count data were analyzed using Student’s t test.

Experimental Design and Exclusion Criteria

The initial phenotyping study was performed in male 3, 7,
and 11-month old wt and A53T mice. Animal numbers
used in 3CSIT were as follows: 3 months, n = 8/group;
7 months, n = 7/group; 11 months, n = 8/group. Three days
following 3CSIT, the animals were sacrificed, and their
brains were collected for analysis. Seven-month-old mice
in the phenotyping study (n = 5 per group) were used for

Fig. 3 Parvalbumin positive cell density and expression in the mPFC of
7-month-old wt and A53T mice. Representative IF microphotographs of
DAPI, parvalbumin, NeuN and merged images in 7-month wt (a–c) and
A53T mice (d–f). Image J was used to quantify the intensity of

parvalbumin and and density of parvalbumin positive cells. Decreased
expression of parvalbumin (g) was observed in A53T mice compared to
wt mice. The A53T mice showed reduced density of parvalbumin
positive cells (h) (Student’s t test, n = 5/group; *p < 0.05, **p < 0.01)
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IHC analysis, in which every 6th coronal section contain-
ing mPFC 1.34 to 2.34 or LH bregma 0.94 to − 2.18 breg-
ma was collected, stained, and analyzed. For the unbiased
stereology study, every third section from − 0.94 to − 2.18
bregma was collected and analyzed using the Stereo
Investigator 11.1.2 software. Seven- and 11-month old wt
and A53T animals were used for the unbiased stereology
analysis (n = 4/group). For pre-synaptic inhibitory terminal
quantification, three mice/groups were used.

CNO effects on social cognition studies were tested in 7-
month orx-Cre mice with viral intracranial injections contain-
ing the cDREADD. After a 2-week recovery period, animals
were introduced to the behavioral 3CSIT. Mice were i.p.
injected with either saline or 3 mg/kg of CNO dissolved in
saline 30 min prior to the test (n = 6/group). Three indepen-
dent coronal brain sections per each mouse (three images per
section, nine total) were analyzed.

The DREADD study was performed in male 7-month orx-
Cre and orx-Cre/A53T animals subjected to viral intracranial

injections containing either the cDREADD, qDREADD, or
iDREADD constructs. After a 2-week recovery period, ani-
mals were introduced to the behavioral 3CSIT. Mice were
injected with 3 mg/kg of CNO dissolved in saline 30min prior
to the test. The animal numbers used in the 3CSIT were as
follows: orx-Cre with cDREADD, n = 8; orx-Cre/A53T with
cDREADD, n = 8; orx-Cre/A53T with qDREADD, n = 8;
orx-Cre/A53T with iDREADD, n = 9. Three days following
the 3CSIT, the animals were sacrificed, and their brains col-
lected for analysis (Fig. 4a). All animals used in the DREADD
study were perfused, and their brains were collected for injec-
tion placement confirmation. Coronal sections containing LH
from − 0.94 to − 1.94 bregma were collected and analyzed.
Animals were excluded from the experiment if post hoc his-
tological analyses showed inaccurate viral injection place-
ment. Mice were observed for neurological deficits and
underperformance in behavioral tests, although none were ob-
served. For DREADD expression analyses, all animals were
observed, while for c-Fos analyses, qDREADD subjects were

Fig. 4 Immunofluorescence (IF) analysis of p-α-syn expression in orexin
neurons and number of orexin neurons. Representative IF
microphotographs of the DAPI, NeuN, orexin A, p-α-syn, and merged
image in 7-month wt (a) and A53T mice (b), showing a lack of p-α-syn
expression in 7-monthwtmice and presence of p-α-syn in the orexin field
of 7-month A53T mice. c Representative IF microphotographs of the
orexin A, p-α-syn, and merged image in 7-month A53T mice (c)

showing the presence of the p-α-syn in the orexin neurons. d
Percentage of orexin neurons expressing p-α-syn defined as orexin
A/p-α-syn colocalized cells in 7-month A53T mice. Unbiased
stereology analysis showed reduced number of the orexin A positive
neurons between 11-month wt and A53Tmice and between 7-month wt
and 11-month A53T mice (e) (Student’s t test, n = 4/group; *p < 0.05,
**p < 0.01)
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i.p. injected with either saline or CNO (5 mg/kg) 90 min prior
to perfusion to confirm functional activation of the DREADD
in orexin neurons by c-Fos (immediate early gene) labeling.
Every sixth coronal section containing LH from − 0.94 to −
1.94 bregma (n = 5 per group) was stained for orexin A and c-
Fos and then analyzed.

Results

Socialization and Social Memory Impairment
in a A53T Mouse Model of PD

To characterize socialization and social memory, we used 3-,
7-, and 11-month-old (mo) wt and A53T mice. In this study,
A53T mice showed a reduced (S1-O) preference index ob-
served at 3 (**p < 0.01; Fig. 1c3), 7 (***p < 0.005; Fig.
1c3), and 11 (***p < 0.005; Fig. 1c3) months of age. A reduc-
tion in the S2-S1 preference index was observed in 7-
(*p < 0.05; Fig. 1d3) and 11-month-old (*,p < 0.05; Fig.
1d3) A53T mice as compared to their wt littermates. Finally,
aging-induced changes in the S2-S1 preference index were
detected between 3- and 11-month old A53T mice
(**p < 0.01; Fig. 1d3).

Expression of p-α-syn, GFAP, IBA1, Parvalbumin
in mPFC

Earlier studies showed that overexpression of A53T mutant
human α-syn in A53T mice causes impairment of neuronal
function and neuronal toxicity [54, 55]. Observation of the
mPFC of the A53T mice showed increased expression of
p-α-syn in mPFC (***p < 0.005; Fig. 2g). Inflammation and
astrogliosis are considered hallmarks of PD [56] and in A53T-
related pathology [57–59]. The expression of GFAP, a marker
of astrogliosis, was increased in A53T mice in the mPFC as
compared to that in their age-matched controls (**p < 0.01;
Fig. 2h). In the current study, increased IBA1 expression
(*p < 0.05; Fig. 2i) and density of IBA1 positive cells
(**p < 0.01; Fig. 2j) in the mPFC of the A53T mice was ob-
served. Parvalbumin neurons (subpopulation of GABAergic
interneurons) play an important role in social cognition
[60–63]. Expression of parvalbumin (*p < 0.05; Fig. 3g),
and number of parvalbumin positive cells were decreased in
A53T mice (*p < 0.05; Fig. 3h).

The Number of Orexin Neurons in LH

As mentioned above, α-syn is associated with neuronal func-
tion impairment and even death [54, 55]. Furthermore, there
are strong indications that both orexin function impairment
[23, 64] and orexin neuron loss are present in PD [24, 65].
As anticipated, p-α-syn aggregations were observed in orexin

neurons. Although 53.12 ± 8.53 (mean ± SEM; Fig. 4d) of the
orexin neurons contained p-α-syn aggregations, it did not af-
fect the number of the orexin neurons in the LH (Fig. 4e),
indicating an absence of orexin neuron loss in A53T mice at
7 months of age. However, reductions in orexin neuron num-
bers were observed in 11-month old A53T mice (7 months wt
vs. 11 months A53T; **p < 0.01; 11 months wt vs. 11 months
A53T; *p < 0.05).

Pre-synaptic Inhibitory Terminal Quantification

Studies have identified GABA as a crucial factor in many pro-
cesses regulated by the mPFC and in social cognition [66–68].
Quantification of pre-synaptic inhibitory terminals using an
immunocytochemistry-based assay showed a reduction in the
number of GAD65/synaptophysin co-localizations between wt
mice and A53T mice at 7 months of age (*p < 0.05) (Fig. 5).

Chemogenetic Manipulation of Orexin Neuron
Activity

Prior to pursuing the chemogenetic studies, we addressed a
recent report [69] indicating that CNO does not readily
cross the blood-brain-barrier in vivo. Further, it was report-
ed that CNO converts to clozapine in vivo, which has an-
tipsychotic properties and may affect 3CSIT performance.
Therefore, to exclude the possible independent actions of
clozapine in our assay readouts, prior to the experiment
described in Fig. 6, we performed elevated plus maze
(EPM) and open field test (OFT) assays in orx-Cre
cDREADD (control) mice to assess if CNO alone affected
socialization and social memory. As shown in Fig. 6, there
were no effects of CNO on either of these endpoints, sug-
gesting that the conversion of CNO to clozapine does not
affect the outcomes.

Studies show that orexin neurons are involved in regu-
lation of the PFC, particularly mPFC function [31, 70, 71].
To test if chemogenetic modulation of orexin neuron activ-
ity can mitigate detected changes in social cognition pa-
rameters (socialization, social memory), we used a 3CSIT
behavioral assay. Interestingly, social cognition of 7-month
A53T mice was modulated by stimulation of orexin neu-
rons. Compared to the control (orx-Cre) animals, orx-Cre/
A53T mice showed reduced (S1-O) preference index in the
3CSIT (orx-Cre cDREADD CNO vs. orx-Cre/A53T
cDREADD CNO; ***p < 0.005) (Fig. 7d3). DREADD-
induced activation of orexin neurons in orx-Cre/A53T
mice increased the S1-O index as compared to that of con-
trol mice (orx-Cre/A53T cDREADD CNO vs. orx-Cre/
A53T qDREADD CNO; *p < 0 .05 ) (F ig . 7d3) .
DREADD-induced inhibition of orexin neurons did not
affect the S1-O preference index in 3CSIT; however, a
difference was observed between the qDREADD and
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iDREADD orx-Cre/A53T mice treated with CNO (orx-
Cre/A53T qDREADD CNO vs. orx-Cre/A53T iDREADD
CNO; **p < 0.01) (Fig. 7d3). Activation of orexin neurons
also affected social memory. Compared to the control (orx-
Cre) animals, orx-Cre/A53T mice showed reduced the S2-
S1 preference index in the 3CSIT (orx-Cre cDREADD
CNO vs. orx-Cre/A53T cDREADD CNO; **p < 0.01)
(Fig. 7e3). Chemogenetic stimulation of orexin neurons
in orx-Cre/A53T mice increased the S2-S1 index compared
to that of control mice (orx-Cre/A53T cDREADD CNO vs.
orx-Cre/A53T qDREADD CNO; *p < 0.05) (Fig. 7e3).
Chemogenetic inhibition of orexin neurons did not affect
the S2-S1 preference index in the 3CSIT; however, a dif-
ference was observed between the qDREADD and

iDREADD orx-Cre/A53T mice treated with CNO (orx-
Cre/A53T qDREADD CNO vs. orx-Cre/A53T iDREADD
CNO; **p < 0.01) (Fig. 7e3).

Confirmation of Injection Placement and DREADD
Functionality

Orx-Cre/A53T mice used in the DREADD study received
bilateral DREADD viral injections. Immunohistological anal-
yses confirmed the selective expression of hM3Dq-mCherry
in orexin neurons. Clear co-localization of orexin A and
mCherry positive cells (OrxA/mCherry total mean ± SEM,
cDREADD, 61.27 ± 5.01; qDREADD, 57.8 ± 6.88;
iDREADD, 59.18 ± 7.27; Fig. 8d) were observed. Higher

Fig. 5 Quantification of inhibitory pre-synaptic terminals in 7-month-old
wt and A53T mice. Representat ive high magnification IF
microphotographs of the GAD65 and synaptophysin and merged
images of the mPFC of 7-month wt mice (a) and A53T mice (b).

Synaptophysin in green and GAD 65 in red. Immunocytochemistry-
based assay showed reduced number of colocalized GAD65/
synaptophysin pre-synaptic terminals in 7-month A53T mice compared
to wt littermates. (Student’s t test, n = 3/group; *p < 0.05)
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magnification images were used to estimate orexin neuronal
specific expression of the immediate early gene, c-Fos.
Measurement of c-Fos expression after CNO administration
indicated that a majority of orexin neurons responded to CNO
(OrxA/c-Fos CNO mean ± SEM, 71.42 ± 5.73) (Fig. 8d). The
group of animals that received saline had minimal co-
expression of orexin and c-Fos (OrxA/c-Fos saline mean ±
SEM, 8.81 ± 1.80; Fig. 8d).

Discussion

To our knowledge, we identified for the first time sociability
and social memory impairment in the A53T mouse model of
PD. We tested 3-, 7-, and 11-month-old A53T mice using the
3CSITand detected early sociability impairments and progres-
sive social memory loss. Several other PD mouse models
show social memory impairment as well. A mouse model
based on 6-hydroxydopamine (6-OHDA) toxin injection
shows reductions in the capability of mice to discriminate
between social odors, specifically self and non-self [72]. In
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)
models, decreases in social transmission of food preference
[73] and social recognition impairments were observed [74].
Further, social cognition impairments were detected in the
Thy1-aSyn model (mice overexpressing alpha-synuclein un-
der the Thy1 promoter) mice [75]. Interestingly, Kurz et al.
[76] show that overexpression ofα-syn in A53T mice impairs
dopamine signaling in striatum. This may be considered a
contributing factor for social cognitive impairment given the
significant role of dopamine in social cognition [77, 78] and
the role of striatum in social behavior [29, 79]. In humans,
several studies emphasize social cognitive deficits in PD pa-
tients. Systematic review of over one thousand patients using
16 different tests that assess sub-components of social cogni-
tion showed that PD patients suffer from social cognition im-
pairments [39]. Another study observed low levels of empa-
thy, impaired facial emotion, disorders in executive process-
ing, poor performance in second-order and theory of mind
tasks that assess both cognitive and affective processes [80].
Finally, social cognition impairments are observable in PD
patients from early disease stages [39, 40] and pathological
and functional changes in the PFC of PD patients [37, 38].

Following the behavioral experiments, we examined pos-
sible neuropathology in the mPFC of A53T mice. We ob-
served α-syn accumulations and increases in IBA1 and
GFAP expression and increases in IBA1 positive cells in the
A53T mice. Overexpression of A53T mutant human α-syn in
A53T mice increases neuronal toxicity and impairs neuronal
function [54, 55]. Astrogliosis and inflammation are consid-
ered major factors in PD [56, 57], and astrogliosis and inflam-
mation are involved in A53T-related pathology [57–59, 81].
Examination of cortex of A53T transgenic mice showed α-

Fig. 6 CNO effects on sociability and social memory in 7-month-old
male mice. Sociability trials: time test mice spend interacting with
empty cup (O) (a1), and stranger 1 (S1) mouse (a2). Compared to
saline-treated mice, CNO-treated mice showed no difference in (S1-O)
preference index (a3). Social memory trials: time test mice spend
interacting with S1 (b1), and stranger 2 (S2) mouse (b2). No difference
in (S2-S1) preference index between saline and CNO-treated animals
were observed (n = 6/group; Student’s t test)
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synuclein pathology and large detergent-insoluble aggregates
of α-synuclein in both the frontal and cingulate cortex, also
accompanied by features such as mitochondrial degeneration,
lysosome pathology, and cell death [82, 83].

The observed behavioral phenotype (social cognitive
disturbances) in A53T mice parallel changes observed in
animals with GABA function impairment [84, 85]. Further,
some studies emphasize the importance of parvalbumin
neurons, a subpopulation of GABA neurons, in social cog-
nition [60–63]. To assess whether A53T mice have GABA
and parvalbumin-related impairments, we analyzed the

number of GAD65 positive pre-synaptic terminals and
the density of parvalbumin neurons in the mPFC. We de-
tected a reduction in GAD65 pre-synaptic input and
parvalbumin positive cell loss. Interestingly, the observed
changes, both behavioral and biochemical, resemble alter-
ations present in autism [86–88]. Moreover, high rates of
PD are confirmed in people with autism spectrum disor-
ders, and a recent study showed that PARK2 (parkin, m-
utations of which are the second most common known
cause of PD [89]) micro-duplication is associated with
neurodevelopmental delay syndrome [90].

Fig. 7 Chemogenetic modulation of sociability and social memory in 7-
month-old A53T mice. Schematic diagram of AAV vector encoding
DREADD-mCherry driven by human synapsin promoter (hSyn)
promoter sequence and flanked by dual flox sites for recombination in
the presence of Cre-recombinase (a). Cre expression in orx-Cre mice is
driven by the prepro-orexin-promoter. The timeline of the experimental
procedures. Orx-Cre and orx-Cre/A53T mice received intracranial viral
injections (b). Orx-Cre mice received virus containing control DREADD
construct, while orx-Cre/A53T mice received virus containing either
control DREADD, excitatory DREADD or inhibitory DREADD
construct. After 2 weeks of recovery time, 3CSIT was performed. Test
mice were i.p. injected with 3 mg/kg of CNO dissolved in saline 30 min
prior to the test. Three days following 3CSIT, mice were perfused and
brains were collected. Schematic representation of DREADD virus
injection site within the lateral hypothalamus (LH) (c). DREADD-virus
constructs were injected bilaterally (333 nl/5 min). d Sociability trials.

Time test mice spend interacting with empty cup (O) (d1), and stranger 1
(S1) mouse (d2). Compared to control (orx-Cre) mice orx-Cre/A53T
mice showed increased (S1-O) preference index (d3). qDREADD
activation of the orexin neurons increased (S1-O) preference index in
orx-Cre/A53T mice (d3). iDREADD induced inhibition did not have a
significant effect on the orx-Cre/A53T mice (d3). e Social memory trials.
Time test mice spend interacting with S1 (e1), and stranger 2 (S2) mouse
(e2). Compared to control (orx-Cre) mice, orx-Cre/A53T mice showed
increased (S2-S1) preference index (e3). qDREADD activation of the
orexin neurons increased (S2-S1) preference index in orx-Cre/A53T
mice while iDREADD induced inhibition did not have a significant
effect on the orx-Cre/A53T mice (d3). (orx-Cre with cDREADD, n = 8;
orx-Cre/A53T with cDREADD, n = 8; orx-Cre/A53T with qDREADD,
n = 8; orx-Cre/A53T with iDREADD, n = 9; two-way ANOVA, Sidak;
*p < 0.05, **p < 0.01, ***p < 0.005)
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Orexins play a significant role in PD pathology, and
sleep disturbances in PD may be due to dysfunction of
the orexin system [23, 91–94]. Further, reduced cerebro-
spinal fluid levels of orexin [95, 96] and loss of orexin
neurons have been demonstrated in PD patients [24, 65].
In our study, we found α-syn accumulations in orexin neu-
rons. Given the neurotoxic properties of α-syn [54, 55], we
hypothesized that orexin neuron loss is present in A53T
mice at 7 months of age. Although we found reduced num-
bers of orexin neurons, it was not statistically significant.
We then hypothesized that the insignificant reduction in
number of orexin neurons observed in A53T mice at
7 months of age could progress to significant neurodegen-
eration in 11-month-old A53T mice. As predicted, we ob-
served orexin neuronal loss at 11 months of age in A53T
mice (Fig. 4e).

The main goal of this study was to determine if in vivo
modulation of orexin neuron activity could ameliorate socia-
bility and social memory changes in A53Tmice. To achieve
this, we used a chemogenetic approach. First, to address po-
tential off-target effects of the designer ligand CNO [69], we
performed the 3CSIT in orx-Cre cDREADD (control) mice.
These studies confirmed that CNO treatment (3 mg/kg) did
not have effects in control mice (Fig. 5), mitigating concern
over off-target and independent effects of clozapine. To
achieve chemogenetic modulation of orexin neurons, we cre-
ated double transgenic orx-Cre/A53Tmice, then intracranially
injected them with virus containing either control, stimulatory
or inhibitory DREADD constructs. After transfection, we sub-
jected them to the 3CSIT behavioral assay. As hypothesized,
we showed that chemogenetic activation of orexin neurons
ameliorates social cognition impairments in A53T mice.

Fig. 8 DREADD expression and functionality confirmation.
Representative images displaying viral expression of DREADDs in the
LH (a). mCherry positive neurons in red (a1), orexin A positive neurons
in purple (a2), andmerged images (a3). Representative images displaying
c-Fos (early gene) expression. The LH of excitatory DREADD animals
were treated with CNO 90 min prior to perfusion (b) and excitatory

DREADD animals were treated with saline 90 min prior to perfusion
(c). DAPI is shown in blue, orexin A is shown in purple, c-Fos in
green, and then the merged images. The number of OrxA/mCherry and
OrxA/c-Fos colocalized cells (d). Schematic drawings displaying the
spread of viral expression along the LH; green orexin A expressing
cells, red mCherry expressing cells (e) (n = 5/group)
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The main question arising from this study is how orexin
neuronal modulation ameliorates social cognition impairment
in A53T mice. It was previously shown that alterations of
GABA interneuron function and impairment of inhibitory
neurotransmission in PFC play a causal role in cognition as
well as in stress-related neurobiological disorders [29, 97, 98].
Interestingly, orexin neuronal stimulation effects on social
cognition in A53Tmice could have been explained by the fact
that orexin regulates glutamate input to fast-spiking interneu-
rons in the PFC, causing the release of GABA [70]. It is
possible that orexin chemogenetic intervention restores
GABA system function and therefore ameliorates social cog-
nition impairment. Considering the complex pattern of orexin
projections, the observed effects of orexin neuron stimulation
could have been indirect as well. This idea was not tested in
the current study, but it merits future research.

There are neurobiological underpinnings of orexin action
in the PFC: orexin receptors and fibers are present in the PFC,
orexin projections emanate from LH to PFC, and studies show
that orexin is a strong modulator of PFC function [7, 8, 31].
Orexin inputs can excite PFC neurons through both direct and
indirect mechanisms inducing improvements in attention,
short-term, and spatial memory [32–35]. Furthermore, acute
intranasal administration of orexin A induces immediate early
gene c-Fos expression, a marker for neuronal activation, and
acetylcholine and glutamate release in the PFC [36]. Another
study shows that orexin produces an increase in both GABA
and glutamate release in PFC [70]. Finally, orexin selectively
increases dopamine efflux within the prefrontal cortex [99],
which is particularly interesting for PD research, considering
the major dopamine system impairment present in this disease
[100, 101].

Conclusion

These data show that early social cognition impairment is
present in the PD A53T mouse model, and early sociability
disturbances are accompanied by progressive social memory
loss. The PFC of A53T mice are affected by PD-related pa-
thology, α-syn accumulation, inflammation, and astrogliosis.
Further, GABA system impairment was shown by reduced
GABA input and parvalbumin neuronal loss in the mPFC of
A53T mice. Accumulations of α-syn in orexin neurons are
accompanied by orexin cell loss at later stages of the disease
(11-month-old mice), and activation of orexin neurons ame-
liorates PD related sociability and social memory impairments
in A53T mice. These findings suggest that the A53T mouse
may be an animal model of social cognitive impairment and
GABA system disturbance in PD. Furthermore, these data
implicate orexin neurons in PFC function consolidation and
social cognition in the A53T PD mouse model and identify

orexin as a potential therapeutic target for addressing early
symptoms of PD.
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