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Abstract: Aquaporin-4 (AQP4) is critically involved in brain water and volume homeostasis and has
been implicated in a wide range of pathological conditions. Notably, evidence has been accrued to
suggest that AQP4 plays a proinflammatory role by promoting release of astrocytic cytokines that
activate microglia and other astrocytes. Neuroinflammation is a hallmark of Parkinson’s disease
(PD), and we have previously shown that astrocytes in substantia nigra (SN) are enriched in AQP4
relative to cortical astrocytes, and that their complement of AQP4 is further increased following
treatment with the parkinsonogenic toxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine).
Here, we investigated the effect of Aqp4 deletion on microglial activation in mice subjected to
unilateral intrastriatal injection of 1-methyl-4-phenylpyridinium (MPP+, the toxic metabolite of
MPTP). Our results show that MPP+ injections lead to a pronounced increase in the expression
level of microglial activating genes in the ventral mesencephalon of wild type (WT) mice, but not
Aqp4−/− mice. We also show, in WT mice, that MPP+ injections cause an upregulation of nigral
AQP4 and swelling of astrocytic endfeet. These findings are consistent with the idea that AQP4
plays a pro-inflammatory role in Parkinson’s disease, secondary to the dysregulation of astrocytic
volume homeostasis.
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1. Introduction

Of the 13 mammalian aquaporins (AQP) that have been discovered to date, three are expressed
and functional in brain tissue [1]. One of these (AQP1) shows a very restricted expression, limited to
the choroid plexus, while the other two (AQP4 and AQP9) are found in many brain regions, including
the SN [2,3]. Other AQPs, including AQP2, 3, 5, 6 and 8, have been reported to be expressed in the
brain, but so far only at the mRNA level [4].

AQP4 is by far the most prevalent aquaporin in brain—being expressed across all brain
regions—and is particularly abundant at the brain-blood interface as a major component of the
molecular assembly in perivascular astrocytic endfeet [5–7]. AQP9 is more weakly expressed, but with
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a preponderance in the mesencephalon [3]. Thus, both AQP4 and AQP9 are relevant in the context of
Parkinson’s disease.

AQP9 has a broad substrate profile and has been shown to mediate transport of parkinsonogenic
compounds like arsenite and 1-methyl-4-phenylpyridinium (MPP+) [8,9]. In our previous study,
we showed that the targeted deletion of AQP9 protects against MPP+ induced degeneration of nigral
neurons [8]. Based on this finding, we hypothesized that AQP9 could be parkinsonogenic by acting as
an influx route of compounds that are toxic to nigral dopaminergic neurons.

Unlike AQP9, AQP4 is strikingly selective for water, due to the dimensional constraint and
configuration of the channel pore, and plays an important role in brain water homeostasis and
dyshomeostasis, including brain edema [10–13]. However, evidence has accrued to show that AQP4
is engaged in a host of brain functions and dysfunctions that are only indirectly coupled to or even
independent of water transport [7,14].

The list of neurological conditions in which AQP4 might play a pathophysiological role includes
epilepsy [15,16] and neurodegenerative diseases, such as Alzheimer’s disease (AD) [17–20], amyotrophic
lateral sclerosis (ALS) [21,22], Huntington’s disease (HD) [23] and spongiform encephalopathy (SE) [24].
Studies have also highlighted possible links between AQP4 and infectious and neuroinflammatory
diseases, most notably meningitis [25], malaria [26] and neuromyelitis optica (NMO) [27].

Several neurological conditions—including epilepsy and a number of neurodegenerative
diseases—also show hallmarks of neuroinflammation [28,29]. This is also true of Parkinson’s disease
(PD) [30]. Here, we use an animal model to explore our hypothesis that AQP4 could have a
proinflammatory impact in PD. If so, this would further expand the number of roles attributed to
AQP4 in neurological conditions.

The present work was inspired by study of Li et al. [31], which provided evidence of a
proinflammatory role of AQP4 both in a mouse model of experimental autoimmune encephalopathy
(EAE) and in an in vitro model. In both experimental approaches, mice or murine cell cultures with
targeted deletion of AQP4 showed lower inflammation scores than wild type (WT) mice used as
controls. The in vitro model showed that lipopolysaccharide (LPS) induced release of the cytokines
TNF-α and IL-6 from astrocytes in an AQP4-dependent manner, possibly as a consequence of astrocytic
swelling. These cytokines are known to activate cerebral microglia during neuroinflammation [32,33].

The goal of the present study was twofold. First, we set out to investigate whether intrastriatal
injections of 1-methyl-4-phenylpyridinium (MPP+)—a mouse model of PD developed in our
laboratory—upregulate expression of genes involved in microglial activation. Second, if such an effect
could be demonstrated, we asked whether it is amplified by targeted deletion of AQP4. An answer in
the affirmative would encourage further studies to resolve whether AQP4 serves a proinflammatory
role in PD.

The timelines of this study is highlighted by recent investigations on AQP4 in brain. Notably,
we have shown that nigral astrocytes are enriched in AQP4 relative to cortical astrocytes,
and that their complement of AQP4 is further increased following treatment with MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) [34]. MPP+—the parkinsonogenic drug used in the
present study—is the active metabolite of MPTP [35]. Further, imaging studies have revealed abnormal
accumulation of water in mesencephala of patients with advanced PD [36].

Here, we demonstrate that MPP+ injections lead to an increase in microglial activation in the
ventral mesencephalon, and that this increase is curbed by deletion of Aqp4. We also show, in WT
mice, that MPP+ injections cause an upregulation of nigral AQP4 and swelling of astrocytic endfeet.
These findings are consistent with the idea that upregulation of AQP4 plays a pro-inflammatory role in
Parkinson’s disease—possibly secondary to dysregulation of astrocytic volume homeostasis.
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2. Materials and Methods

2.1. Animals

Mixed gender and adult WT C57BL/6J mice (Jackson Laboratories, Boulder, CO, USA) bred in the
local animal facility (n = 20) and constitutive Aqp4−/− mice backcrossed for more than 10 generations on
C57BL/6J background (n = 22) were used in this study. Aqp4−/− mice, generated as described by Thrane
et al. [37], carry a mutated Aqp4 gene where exon 1−3 is replaced by a flippase recognition target
(FRT)-neomycin-FRT-LoxP–validated cassette inserted downstream of exon 3, and a LoxP site inserted
upstream of exon 1, thus, avoiding any expression of putative splice variants. Both experimental groups
(Aqp4−/− and WT controls) were bred and kept at the local animal facility under the same conditions.
For control purposes, we also purchased WT mice with the C57BL/6J genetic background from The
Jackson Laboratory (n = 12). These animals had to be discarded as controls, as they differed from our
internal controls (WT mice bred in the local facility) in regard to cell counts and their response to MPP+

(Supplementary Figure S1). The difference between these two cohorts of presumptive genetically
identical animals is potentially interesting and will be the subject of further studies. Experimental
protocols were approved by The Norwegian Animal Research Authority (NARA) with license number
FOTS 4012 and carried out in accordance with the European Directive 2010/63/EU.

2.2. Stereotaxic Surgery and Injection of MPP+

The procedure was carried out as previously described [8]. In short, the animals were anesthetized
with zoletil mixture (Zoletil Forte (250 mg/mL), Rompun (20 mg/mL) and Fentanyl (50 µg/mL);
0.1 mL/10 g; intraperitoneally) prior to fixing the head to a stereotaxic frame (TSE Systems, Bad Homburg,
Germany). A total of 7.5 µg MPP+ (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 1 µL of 0.9%
saline, or 1 µL of 0.9% saline alone, was injected into the striatum +0.6 mm anterior to bregma, +2.2 mm
laterally and −3.2 mm ventrally [38] at 12 µL/hr, using a syringe pump (Kd Scientific, Holliston, MA,
USA) Body temperature was maintained at 36.5 ± 0.5 ◦C by a heating pad (PanLab, Barcelona, Spain),
and the eyes were covered with Vaseline during the procedure.

2.3. Post-Operative Animal Care

At 24 h post-surgery, all animals were put on a heating pad overnight and were treated with
Rimadyl (0.1 mL/10 g; s.c. every 12 h) to prevent pain, and a mixture of 0.9% saline and 0.9% sucrose
(s.c. every 24 h) to restore water and energy balance. The animals were fed moisture pellets to improve
food and water uptake. This treatment was continued for as long as needed, until the animals were
sacrificed 7 days after surgery. The animals were scored daily for their weight and clinical appearance
to evaluate the post-operative condition.

2.4. Tissue Preparation for Light and Electron Microscopic Cytochemistry

At 7 days post-surgery, the animals (WT; n = 20, Aqp4−/−; n = 22) were deeply anesthetized with
zoletil mixture (0.2 mL/10 g; i.p.), then euthanized by intra-cardial perfusion fixation with 2% ice cold
dextran, followed by 15 min of 4% formaldehyde (FA), freshly depolymerized from paraformaldehyde
(PFA), dissolved in 0.1 M phosphate buffer (PB) for light microscopic cytochemistry, or 4% FA and
0.1% glutaraldehyde in 0.1 M PB for electron microscopic cytochemistry (all from Sigma-Aldrich).
Brains were dissected out and post-fixed for 24 h in the fixation solution.

2.5. Immunocytochemistry

The tissue used for light microscopic cytochemistry was cryo-protected by sequential immersions in
10%, 20% and 30% sucrose solutions. The midbrain was then isolated and sectioned into coronal sections
of 40 µm on a HM 450 freeze microtome (Microm, Walldorf, Germany). From each animal, 10 sections
were systematically selected for further immunohistochemical analyses (immunofluorescence;
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WT (n = 3), Aqp4−/− (n = 3) and stereological analysis; WT (n = 7), Aqp4−/− (n = 9), with a slice
interval of 120 µm, covering the entire substantia nigra pars compacta (SNpc), from Bregma −2.70 to
−3.80 [38]. Immunocytochemistry for stereological quantifications has been previously described [8].
In brief, free-floating sections were blocked and permeabilized before incubation in primary antibody
(Table 1) overnight, followed by incubation with secondary and tertiary antibody. Finally, sections
were incubated with 3,3′-diaminobenzidine (DAB; Sigma-Aldrich) dissolved in 0.1 M PBS, then treated
with a DAB-solution containing 0.03% H2O2 (Applichem, Darmstadt, Germany), before washing and
mounting with glycerin-gelatin.

For immunofluorescence and confocal imaging, free floating sections were blocked, permeabilized
and incubated with primary antibody (Table 1), prior to incubation with species-specific secondary
antibodies prior to mounting. Images were collected with a LSM 510 META Confocal Microscope
(Zeiss, Jena, Germany) using a 40× oil objective. 4′,6-diamidino-2-fenylindol (DAPI) fluorescence was
captured at 405 nm, Alexa 488 at 510 nm, Cy3 at 568 nm and Cy5 at 670 nm.

Table 1. Primary secondary and tertiary antibodies for immunocytochemistry and -fluorescence.

Methods Primary Antibody Secondary Antibody Tertiary Antibody

Rabbit anti-onized
calcium-binding adapter

molecule 1, Iba1, 1:200, Wako

Biotinylated anti-rabbit IgG
(H + L) produced in goat,
1:100, Vector, Burlingame

Streptavidin-Biotinylated horse
radish peroxidase complex,

1:100, GE Healthcare

Immunocytochemistry
Mouse anti-glial fibrillary

acidic protein, GFAP, 1:1000,
Nordic BioSite AB

Biotinylated anti-mouse IgG
(H + L) produced in goat,
1:100, Vector, Burlingame

Streptavidin-Biotinylated horse
radish peroxidase complex,

1:100, GE Healthcare

Mouse anti-tyrosine
hydroxylase, 1:1000,

Chemicon

Biotinylated anti-mouse IgG
(H + L) produced in goat,
1:100, Vector, Burlingame

Streptavidin-Biotinylated horse
radish peroxidase complex,

1:100, GE Healthcare

Mouse anti-tyrosine
hydroxylase, 1:1000,

Chemicon

Alexa 488, 1:500, Thermo
Fisher Scientific

Immunofluorescence Rabbit anti-AQP4, 1:400,
Sigma-Aldrich

Cy3 anti-rabbit, 1:500,
Jackson ImmunoResearch

Laboratories

Chicken anti-glial fibrillary
acidic protein, GFAP, 1:1000,

Nordic BioSite AB

Cy5 anti-chicken, 1:500,
Jackson ImmunoResearch

Laboratories

2.6. Stereological Quantifications of Dopaminergic Density in the Midbrain

Stereological quantifications of dopaminergic cells in midbrain subregions was performed
bilaterally in WT and Aqp4−/− mice injected with MPP+ or saline. The investigator was blinded to
genotype and treatment. The procedure has been described in detail [8].

2.7. Electron Microscopy

Tissue blocks <1 mm3 of SNpc from both the ipsilateral and the contralateral hemisphere of WT
and Aqp4−/− mice were dissected out, cryoprotected in glycerol and quickly frozen in liquid propane
(−170 ◦C). The tissue was then subjected to freeze substitution [39], embedded in Lowicryl HM20
Resin (Lowy, Waldkraiburg, Germany) at −30 ◦C and polymerized by UV light. Ultrathin sections of
90–100 nm were cut from the blocks using an ultramicrotome (Leica EM UC6, Vienna, Austria) and
transferred to mesh grids [40]. Each section was contrasted with uranyl acetate and lead citrate for
1.5 min and rinsed in ddH2O in-between. The sections were examined using an electron microscope
(Tecnai 12, FEI Company, Eindhoven, The Netherlands).
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2.8. Electron Microscopic Analysis

For the quantification of endfoot width, as an indicator for swelling, 25 electron micrographs of
randomly selected capillaries from SN of WT (n = 4) and Aqp4−/− mice (n = 4) were obtained from each
section at 26,500× magnification. Endfoot width was assessed by calculating endfoot area per unit
length of adluminal membrane using the software program ImageJ (U. S. National Institutes of Health,
Bethesda, MD, USA). The analyzer was blind to genotype and area.

2.9. RNA Isolation and Quantitative Real Time qPCR Analysis

At 7 days post-surgery, the animals injected with MPP+ (WT (n = 6), Aqp4−/− (n = 5) or saline WT
(n = 3), Aqp4−/− (n = 3)) were decapitated under isofluorane (Baxter, Deerfield, IL, USA) anesthesia and
the brains were dissected out. The brains were cut along the midsagittal line to separate the injected
and control hemispheres. The midbrain and striatum were dissected out from both hemispheres,
snap frozen and stored at −80 ◦C until analysis. The total RNA was isolated from the regional brain
samples using the RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany). The RNA concentration
and integrity were determined using the NanoDrop 2000c spectrophotometer (Thermo Scientific,
Oslo, Norway) and agarose gel electrophoresis. The cDNA was synthesized using GoScript Reverse
Transcription System (Promega, Madison, WI, USA) using Oligo (dT)15. The gene expression was
evaluated by using the qPCR absolute quantification. The qPCR was performed in a total volume
of 20 µL, containing the Power SYBR Green PCR Master Mix (Applied Biosystems, Oslo, Norway),
forward and reverse primers (10 µM), and 10 ng of total cDNA per reaction. Thermal cycling was
performed on the StepOnePlus system (Applied Biosystems) with the following conditions: 95 ◦C for
10 min, followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min and at the end the melting curve
step. No reverse transcriptase (NRT) and no template control (NTC) negative controls were included
in the study. Using the NormFinder software (Aarhus, Denmark), the expression variation of Actb,
H2afz, Pgk1 and Ubc as endogenous reference genes were evaluated. Ubc was selected as the most
stable endogenous control for normalization across groups and regions with a stability value of 0.184.
One-way ANOVA with Bonferroni post hoc test was used for statistical analysis of the data. The data
are presented as mean ± 2SE, and p < 0.05 was considered as significant. A list of the primer pairs used
in the experiment is shown in Table 2.

Table 2. Primer pairs.

Gene Name Forward Primer Reverse Primer Product Size PCR Efficiency

Aqp4 AGCAATTGGATTTTCCGTTG TGAGCTCCACATCAGGACAG 203 bp 96%
Aif1 CTGCCAGCCTAAGACAACCA GGAATTGCTTGTTGATCCCCT 128 bp 99%

Cx3cr1 TGCTCAGGACCTCACCATGTC CTCAAGGCCAGGTTCAGGAG 246 bp 98%
Itgam TGCGCGAAGGAGATATCCAG GCCTGCGTGTGTTGTTCTTT 108 bp 94%
Cd14 CAGAGAACACCACCGCTGTA CACGCTCCATGGTCGGTAGA 97 bp 96%

Cxcl10 ATGACGGGCCAGTGAGAATG TCGTGGCAATGATCTCAACAC 80 bp 97%
Tgfb1 AATTCCTGGCGTTACCTTGG AGTGAGCGCTGAATCGAAAG 139 bp 100%
Trem2 CTGGAGGACCCTCTAGATGAC CCACAGGATGAAACCTGCCT 116 bp 98%
Gfap GCACTCAATACGAGGCAGTG GCTCTAGGGACTCGTTCGTG 207 bp 97%
Ubc CGTCGAGCCCAGTGTTACCACCAAGAAGG CCCCCATCACACCCAAGAACAAGCACAAG 112 bp 92%

3. Results

3.1. Survival Rate and Clinical Appearance Post-Surgery

All animals were scored daily for their clinical appearance, including the parameters weight loss,
inactivity, appearance and reaction patterns, giving a total score ranging from 0–12. Animals reaching
a score of 10 or above were considered severely affected by the toxin and were euthanized, due to
ethical concerns. Among the total number of animals treated with MPP+ (n = 32), five animals died or
were euthanized. Among those animals, three animals were WTs, while two animals were Aqp4−/−.
There was no difference in behavioral assessments between WT and Aqp4−/− mice.
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3.2. Unilateral Intrastriatal Injections of MPP+ Lead to Astrogliosis and Microgliosis in the Ipsilateral SN

Astrogliosis and microgliosis have been demonstrated in the ventral midbrain of many animal
models of PD, including systemic treatment with MPTP [34,41]. We investigated if unilateral intrastriatal
MPP+ injections induce astrogliosis and microgliosis in the ventral midbrain. Light microscopic
immunohistochemistry of midbrain sections of animals subjected to unilateral intrastriatal MPP+

injections showed stronger glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter
molecule 1 (Iba1) staining in the injected hemisphere, compared to the control hemisphere (Figure 1A–H).
WT and Aqp4−/− animals did not differ in this regard. In both groups of animals, GFAP-positive
astrocytes were most abundant in a distinct area corresponding to the SN of the injected hemisphere
(Figure 1B,D). In both genotypes, the SN of the injected hemispheres showed strong immunostaining for
Iba1, with WT mice displaying a slightly higher staining intensity than Aqp4−/− animals (Figure 1E–H).
Microglia stained for Iba1 exhibited enlarged cell bodies and chubby processes (Figure 1F,H) indicative
of a microglial reactive state [42].

Cells 2020, 9, x FOR PEER REVIEW 6 of 19 

 

ethical concerns. Among the total number of animals treated with MPP+ (n = 32), five animals died 
or were euthanized. Among those animals, three animals were WTs, while two animals were Aqp4−/−. 
There was no difference in behavioral assessments between WT and Aqp4−/− mice. 

3.2. Unilateral Intrastriatal Injections of MPP+ Lead to Astrogliosis and Microgliosis in the Ipsilateral SN 

Astrogliosis and microgliosis have been demonstrated in the ventral midbrain of many animal 
models of PD, including systemic treatment with MPTP [34,41]. We investigated if unilateral 
intrastriatal MPP+ injections induce astrogliosis and microgliosis in the ventral midbrain. Light 
microscopic immunohistochemistry of midbrain sections of animals subjected to unilateral 
intrastriatal MPP+ injections showed stronger glial fibrillary acidic protein (GFAP) and ionized 
calcium-binding adapter molecule 1 (Iba1) staining in the injected hemisphere, compared to the 
control hemisphere (Figure 1A–H). WT and Aqp4−/− animals did not differ in this regard. In both 
groups of animals, GFAP-positive astrocytes were most abundant in a distinct area corresponding to 
the SN of the injected hemisphere (Figure 1B,D). In both genotypes, the SN of the injected 
hemispheres showed strong immunostaining for Iba1, with WT mice displaying a slightly higher 
staining intensity than Aqp4−/− animals (Figure 1E–H). Microglia stained for Iba1 exhibited enlarged 
cell bodies and chubby processes (Figure 1F,H) indicative of a microglial reactive state [42]. 

 
Figure 1. Increased expression of glial fibrillary acidic protein (GFAP) and (ionized calcium-binding 
adapter molecule 1) Iba1 in substantia nigra (SN) following treatment with MPP+. Representative 
micrographs showing midbrain sections immunostained with antibodies to the astrocyte marker 
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methyl-4-phenylpyridinium (MPP+) in the striatum resulted in increased expression of GFAP (arrows 

Figure 1. Increased expression of glial fibrillary acidic protein (GFAP) and (ionized calcium-binding
adapter molecule 1) Iba1 in substantia nigra (SN) following treatment with MPP+. Representative
micrographs showing midbrain sections immunostained with antibodies to the astrocyte marker
GFAP upper panel (A–D) or the microglial marker Iba1 lower panel (E–H). Unilateral injection
of 1-methyl-4-phenylpyridinium (MPP+) in the striatum resulted in increased expression of GFAP
(arrows B,D) in the ipsilateral substantia nigra pars compacta (SNpc) (injected, B,D) compared to
the contralateral hemisphere (Ctrl, A,C) in wild type (WT) (A,B) as well as in Aqp4−/− animals (C,D).
An increased expression of Iba1 (arrow H) is also visible in the ipsilateral SNpc (F), compared to the
contralateral hemisphere (E) in WT, as well as in Aqp4−/− animals, respectively, (H,G). Iba1 showed a
slightly higher staining intensity in WT compared to Aqp4−/− animals (lower panel, compared the area
around SNpc in the injected hemispheres). Scale bar: 1000 µm; inset: 20 µm.
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3.3. Unilateral Intrastriatal MPP+ Injections Lead to a Strong Increase in the Transcript Levels of Microglial
Activating Genes in Ipsilateral Midbrain of Wild Type but Not Aqp4−/− Mice

We performed quantitative real time PCR analysis on samples from midbrain of injected and
control hemispheres of WT and Aqp4−/− mice (Figure 2). Confirming the immunohistochemical
data, our analysis showed increased expression level for Gfap in the midbrain of the MPP+ injected
hemisphere compared to midbrain of the control hemisphere in both WT (control: 1035 ± 134 injected:
3487 ± 542 p < 0.001) and Aqp4−/− mice (control: 753 ± 448, injected: 4182 ± 1438 p < 0.001). There was
no significant difference between the two genotypes. The expression level of the general microglial
marker Iba1 (Aif1) was significantly increased in the injected hemisphere of both genotypes. Notably,
the transcript levels of Aif1 in the ipsilateral midbrain were significantly higher in WT than in Aqp4−/−

mice (WT: 2217.4 ± 242.2 vs Aqp4−/−: 1295.3 ± 220.8 p < 0.001).
To resolve whether AQP4 plays a pro-inflammatory role, we analyzed the expression levels of

key genes coding for microglial membrane receptors known to be upregulated during inflammation.
We specifically investigated the expression levels of Cd14, a key organizer of microglial inflammatory
response [43]; Trem2, a receptor promoting microglial survival, proliferation and phagocytic activity [44];
Cx3cr1, a chemokine receptor involved in microglial inflammatory response [45,46]; and Itgam, the gene
coding for the integrin receptor CD11b involved in microglial adhesion and migration [47]. In WT
animals, our qPCR analysis revealed a several fold increase in the expression levels of each of these
genes in midbrain samples ipsilateral to MPP+ injections. In Aqp4−/− mice, in contrast, none of these
genes differed significantly between injected and control hemispheres in regard to levels of expression
(Figure 2).

We also analyzed the expression levels of the two cytokines, Tgfb1 and Cxcl10, previously shown
to be upregulated in MPTP models of PD [48,49]. Under normal conditions in the midbrain, TGF-β1 is
mainly expressed by neurons, while under pathological conditions, it is, in addition, highly expressed
in activated microglia [50], and its secretion leads to the upregulation of microglial CX3CR1 [51,52].
CXCL10 is expressed in and secreted by astrocytes and to some extent by microglia [53,54]. Earlier
studies have shown that release of CXCL10 from astrocytes is involved in early microglial activation,
initiating migration and inducing a pro-inflammatory phenotype [55]. Expression levels of both
chemokines were strongly increased in the midbrain of the injected hemisphere of WT mice, compared
to the control side (Tgfb1, control: 60.4 ± 6, injected: 202.9 ± 41.4, p < 0.001; Cxcl10, control: 42.8 ± 18.2,
injected: 1492.7 ± 340, p < 0.001). However, in the Aqp4−/− midbrain samples, only the increase in
the expression level of Cxcl10 reached significant levels (control: 83.9 ± 37.8, injected: 1128.6 ± 342,
p < 0.001), while Tgfb1 failed to increase significantly, following unilateral intrastriatal MPP+ injection
(injected: 104.8 + 23.7, control: 66.4 + 17.6, p > 0.05), indicating reduced microglial activation.

Quantitative real-time PCR analysis showed a significant increase in the expression levels of Gfap
and Aif1 in the midbrain of MPP+ injected hemispheres in both the WT and Aqp4−/− mice. The increase
observed in the injected hemispheres of the WT mice was significantly higher for Aif1 than the increase
in the injected hemisphere of Aqp4−/− mice (p < 0.01). In the case of Gfap, there was a significant
increase in the transcript levels in the injected hemisphere compared to the control hemisphere of both
genotypes p < 0.001, with no significant difference between the genotypes.

Expression of Cd14 was increased from 70.2 ± 9.2 mRNA copies per ng RNA in the control
midbrain to 174.5 ± 26.4 copies in the injected midbrain of the WT mice (p < 0.001), compared to
49.5 ± 10.4 in the control and 83.8 ± 26 in the injected hemispheres of the Aqp4−/− mice (p = 1.0).
The trend was similar for Trem2 (WT control: 76.4 ± 13.6, WT injected: 568.3 ± 116, p < 0.001 vs Aqp4−/−

control: 111.1 ± 39.4, Aqp4−/− injected: 222.0 ± 64, p = 1.0) Cx3cr1 (WT control: 243.3 ± 40.6, WT injected:
743.9 ± 171.6, p < 0.001 vs Aqp4−/− control: 296.2 ± 176.8, Aqp4−/− injected: 315.7 ± 169.2, p = 1.0),
Itgam (WT control: 20.3 ± 3, WT injected: 41.9 ± 10, p = 0.001 vs Aqp4−/− control: 6.6 ± 4.6, Aqp4−/−

injected: 17.6 ± 11.2, p > 0.05). The mRNA expression of Tgfb1 and Cxcl10, were significantly increased
in the ipsilateral hemisphere of the WT animals compared to control hemisphere, and the increase was
significantly higher than that observed in the Aqp4−/− animals, at p < 0.05 and p < 0.01, respectively.
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In the Aqp4−/− mice, the increase in the expression levels of Cxcl10 and not Tgfb1, reached significant
levels in the midbrain ipsilateral to the MPP+ injection, compared to the control midbrain.
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3.4. Expression of AQP4 in SN after MPP+ Injections

We have previously shown that systemic MPTP treatment causes an upregulation of AQP4
expression in SN [34]. Here, we investigated whether unilateral intrastriatal injections of MPP+ have a
similar effect. Our immunofluorescence analysis revealed an increased expression of AQP4 ipsilateral
to, but not contralateral to MPP+ injections, particularly around larger vessels and in the neuropil of the
SN (Figure 3A,B). Ipsilateral and contralateral SN showed no difference in AQP4 immunofluorescence
labeling intensity when MPP+ injections were replaced by unilateral intrastriatal injections of saline
(Figure 3C,D).

Quantitative real time PCR analysis showed that Aqp4 expression in the midbrain was significantly
increased in the hemisphere treated with MPP+, as compared to the contralateral control hemisphere
and saline controls (Figure 3E). The transcript levels of Aqp4 mRNA in hemispheres treated with MPP+

was 4976 ± 1110 mRNA copies per ng RNA, compared with 1397 ± 124.4 in the control hemisphere
(p < 0.001).
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Figure 3. Increased expression of Aquaporin-4 (AQP4) protein and mRNA in the substantia nigra
following treatment with MPP+ (A–D). Unilateral injection of MPP+ in the striatum results in loss
of TH-positive cells (green) in the ipsilateral SNpc (A, injected) compared to the contralateral SNpc
(B, ctrl) and animals receiving unilateral injections of saline (C,D). Strong upregulation of AQP4
(red) is further observed in the ipsilateral SN, particularly around larger vessels (double arrows) (A)
compared to larger vessels in the control hemisphere (B) and saline controls (C,D). Increased AQP4
labeling is also evident in non-endfeet membranes of the neuropil (asterisk) following treatment with
MPP+ (A). The toxin also induced upregulation of GFAP (orange) in the ipsilateral hemisphere (single
arrow), (A). The injected hemisphere showed significantly fewer TH-positive cells (green, A) compared
to the control hemisphere (B). Increased levels of Aqp4 mRNA following treatment with MPP+ (E).
Quantitative real-time PCR analysis showed more than two-fold higher expression of Aqp4 mRNA
in midbrain samples ipsilateral to the MPP+ injection compared to midbrain samples of the control
hemisphere (ctrl). Bars are mean ± 2SEM. *** p < 0.001. Scale bar: 50 µm.

3.5. Electron Microscopic Analysis of Endfoot Width

EM analysis showed an increased width of perivascular astrocyte endfeet in WT and Aqp4−/−

mice injected with MPP+ compared with saline controls (Figure 4). Endfoot width was larger in MPP+

injected WT mice (1.28 µm ± 0.28) than in MPP+ injected Aqp4−/− animals (0.8 µm ± 0.2; p < 0.01).
Additionally, after saline injections did the two genotypes differ in regard to endfoot width (Figure 4).
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Figure 4. Perivascular endfoot width following treatment of MPP+ and saline. Electron micrographs
of perivascular astrocytic endfeet in animals exposed to MPP+ treatment (A,B) and saline controls
(C,D). Arrows mark the membrane domains of the astrocytic endfoot facing endothelial basal lamina,
arrowheads mark membrane facing neuropil, thus, identifying the astrocyte endfoot. Asterisks
marks basal lamina between the endothelial cell and astrocyte endfoot. The statistical analysis of the
perivascular astrocytic endfoot width in SNpc of MPP+ injected hemispheres (E) showed a larger
endfoot width in both genotypes, compared to the saline controls (p < 0.01). The endfoot width in
the WT animals was larger compared to the Aqp4−/− animals in both the MPP+ and saline injected
hemispheres (p < 0.01). E, endothelial cell; L, capillary lumen. Bars are mean ± 2SEM. ** p < 0.01.
Scale bar: 500 nm.

3.6. Stereological Quantification of Dopaminergic Cell Density

Dopaminergic cells (TH-ir cells) in the ipsi- (Figure 5A,C) and contralateral (Figure 5B,D)
hemispheres of SNpc were quantified in Aqp4−/− and WT animals subjected to unilateral intrastriatal
injections of MPP+ or saline. The number of TH-ir cells in the MPP+ injected hemisphere was
significantly higher in Aqp4−/− mice than in WT, with average cell counts of respectively 1789 ± 262
and 1401 ± 82 (p < 0.05, Figure 5E).

In animals treated with saline, no difference in TH-ir cell counts was observed between genotypes
or between the ipsi- and contralateral side within genotypes (Figure 5F).

TH-ir cell counts in ventral tegmental area (VTA) revealed no significant differences between ipsi-
and contralateral midbrain following unilateral MPP+ injections. Further, cell counts in VTA did not
differ between WT and Aqp4−/− mice after MPP+ injections, nor after injections of saline (Figure 5G).
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Figure 5. Dopaminergic neuronal cell count after unilateral treatment with MPP+ or saline in the SNpc
and ventral tegmental area (VTA) of Aqp4−/− and WT animals. Following unilateral treatment with
MPP+, loss of TH-immunoreactive (TH-ir) cells is evident in the ipsilateral hemisphere (A,C) compared
to the contralateral side (B,D) in both Aqp4−/− and WT animals. In the SNpc, the average TH-ir cell
count reduced from 2742 ± 490 in the control hemisphere to 1401 ± 82 in the injected hemisphere of the
WT animals (p < 0.001) (E). In Aqp4−/− animals, the average TH-ir cell count for the control and injected
hemispheres were 2940 ± 856 and 1789 ± 262, respectively (p = 0.052). The number of TH-ir cells in
the MPP+ injected hemisphere was significantly higher in Aqp4−/− mice than in WT (E). Unilateral
treatment with saline did not result in reduction in the dopaminergic cell count in the ipsilateral
hemisphere of Aqp4−/− (p = 0.948) or WT animals (p = 0.916), (F). There were no differences between
the injected hemispheres or the control hemispheres of the two genotypes, respectively p = 0.732 and
p = 0.693 (F). In the VTA, no significant differences were observed in the cell count of TH-positive
cells in the two hemispheres of the two genotypes, (p = 0.607 for Aqp4−/− and p = 0215 for WT, G).
There were no differences between the genotypes in the injected side (p = 0.860) or the control sides
(p = 0.864) (G). Bars are mean ± 2SEM. Scale bars: 1000 µm; inset: 20 µm. * p < 0.05.

4. Discussion

The question explored in the present study is whether AQP4—the most prevalent aquaporin
in brain—is involved in the pathophysiology of PD, and if so—is it protective or does it exacerbate
disease progression?

Recent studies in our laboratory and others have shown that AQP4 is more strongly expressed
in nigral astrocytes than in astrocytes in cortex or hippocampus, and that its expression is further
increased after MPTP injections in mice [34], and after 6-hydroxydopamin (6-OHDA) injections in
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rats [56]. It is also interesting to note that imaging studies have revealed abnormal accumulation of
water in mesencephala of patients with advanced Parkinson’s disease [36]. Further, several studies
have pointed to a putative coupling between AQP4 and inflammation [31,57]. These findings prompted
us to investigate whether AQP4 could be involved in neuroinflammatory processes relevant for the
development of PD. We chose a model that was successfully used to identify a putative link between
AQP9 and loss of dopaminergic neurons. Our results show that AQP4 deletion restrains MPP+ induced
upregulation of genes involved in microglia activation. Specifically, compared with WT mice, mice with
targeted deletion of Aqp4 revealed significantly lower expression of microglial genes known to be
involved in microglial migration and phagocytosis.

Under pathological conditions, microglial activation is triggered by signal substances and
inflammatory mediators released by peripheral immune cells, damaged neurons and astrocytes [32,33,58].
Of these cell types, only astrocytes are known to express AQP4. Thus, it is likely that the effects of
Aqp4 deletion presently reported are mediated by astrocytes.

Neuroinflammation is a hallmark of PD and of animal models of PD [59]. Microglia have been
shown to be the main actors in the neuroinflammatory process contributing to dopaminergic cell
loss, and several lines of evidence indicate that reactive astrocytes play an essential role in microglia
activation. Upon exposure to neuronal α-synuclein, astrocytes express high levels of proinflammatory
cytokines involved in migration and activation of microglia [53,60]. Moreover, the key role of astrocytes
in MPTP-induced neuroinflammation and microglial activation was demonstrated in a recent study
where astrocyte-specific deletion of inhibitor of nuclear factor kappa-B kinase subunit β (IKK2),
a central upstream activator of NF-kB, led to reduced neuroinflammation and microglial activation
following MPTP treatment [61]. These findings are in line with the idea that astrocytes may sustain
neuroinflammation in PD models.

While a proinflammatory role of AQP4 is consistent with the early study of Li et al. [23],
the present findings are not easily reconciled with recent studies suggesting that AQP4 may play an
immunosuppressive role in models of MPTP and LPS induced neuroinflammation [62,63]. The latter
studies reported that Aqp4−/− mice treated with MPTP or LPS revealed an increased microglial
inflammatory response and a more pronounced loss of TH-neurons in the SN, compared with WT
mice. The Aqp4−/− mouse line used in these studies was found to have an impaired blood brain barrier,
even in the absence of any experimental intervention [64]. A leaky blood brain barrier implies that the
microenvironment of neurons and glia is perturbed and that neural cells are exposed to immune cells
and molecules that are normally retained in blood. This makes results difficult to interpret. The Aqp4−/−

mouse line used in the present study has an intact blood brain barrier [65]. It is worth noting that
MPTP alone does not lead to a disruption of blood brain barrier function [66].

As to the mechanisms underlying the present findings, Li et al. found that release of inflammatory
mediators such as interferon gamma (IFNγ) and IL-1β by astrocytes was coupled to AQP4-dependent
astrocyte swelling [31]. We have previously shown that astrocytes release ATP, another activator of
microglia, in an AQP4-dependent manner [37,67]. The exact mechanism of this AQP4-dependent ATP
release is not known, but it could occur as part of the regulatory volume decrease where AQP4 and
other AQPs have been shown to be involved [68,69].

In the present study, we demonstrate that Aqp4−/− mice subjected to MPP+ injections show
less swelling of astrocytic endfeet than MPP+ injected WT mice. We conclude that the most salient
explanation of our findings is that Aqp4 deletion curbs swelling induced release of compounds that
normally cause microglial activation and inflammation.

Importantly, we show, in the current study, that astrocytic endfeet in SN are more swollen than
endfeet in Aqp4−/− mice both under basic conditions and after MPP+ exposure. The enrichment of
AQP4 in nigral astrocytes and its further upregulation after toxin exposure may contribute to stronger
inflammatory response and represent an additional factor contributing to the selective vulnerability of
SN to toxins. Upregulation of AQP4 similar to that found here has been reported in several studies
of chronic neurodegenerative diseases, including PD [34], AD [17,18,20,70], ALS [21,22] and SE [24],
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indicating that increased expression of AQP4 is a common feature of neurodegeneration. Interestingly
the sensitivity to MPTP (and inflammatory response) is increased in aged mice [71], which express
higher levels of AQP4 than younger mice [72].

The present study was designed to assess the effect of Aqp4 deletion on microglial activation in
ventral mesencephalon, a process thought to occur upstream of cell degeneration. However, even at
this early time point, the loss of dopaminergic neurons after MPP+ injections was less pronounced in
Aqp4−/− mice, compared with WT controls (38% vs 45%). Our data are consistent with the findings by
other groups showing that dopaminergic cell loss is lower in TLR4-deficient mice vs WT one week after
treatment with MPTP (34% vs 45%) [73]. TLR4 is member of Toll-like receptor family that mediates
microglial activation in neurodegenerative diseases, including PD [74].

5. Conclusions

It is well established that PD is associated with neuroinflammation through elevation of
cytokines [75], some of which are released by reactive astrocytes [53,60] and lead to activation
of microglia [76].

This is the first study to show that Aqp4 deletion reduces microglial activation indicating that
AQP4 plays a proinflammatory role in a model of PD. The mechanisms underlying this effect remain
to be identified, but the most likely explanation is that AQP4 promotes swelling of astrocytes and
hence swelling-induced release of ATP and other compounds that, in turn, activate nigral microglia.
Taken together with previous studies, our data suggest that two of the three aquaporins that are
functional in brain—i.e., AQP4 and AQP9—are implicated in PD, albeit in fundamentally different
ways. While AQP9 may serve to facilitate toxin access [8], AQP4 is likely to exacerbate the effect
of toxin exposure. We hypothesize that differences in AQP4 or AQP9 expression—related to age,
environmental exposure or genetic factors—may affect vulnerability to PD. This hypothesis will be
explored in future studies.
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