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Abstract 

Background: Aquaporin 4 (AQP4) is the predominant water channel in the brain and is 

localized to the astrocytes and ependymal cells. In astrocytes it is expressed in the astrocyte 

membranes facing blood vessels and pia in a highly polarized manner. This polarization has 

been demonstrated to be important in the water and K
+
 homeostasis. Several studies indicate 

that the polarized expression of AQP4 has an important role in the pathophysiology of several 

cerebral disorders, including brain edema, epilepsy and Alzheimer’s disease.  

Objective: In this study, we want to investigate the distribution and expression pattern of 

AQP4 in mouse substantia nigra (SN). AQP4 has not been explored in this area previously. 

By examining its distribution, we want to see whether AQP4 could have a role in the neuronal 

function in this area under normal and pathological conditions 

Methods: We investigated the AQP4 distribution in the SN and neocortex of C57BL/6 mice. 

The animals were perfusion fixed and brains analyzed using confocal immunofluorescence 

and quantitative immunogold electron microscopy. 

 

Results: We found significantly higher levels of AQP4 in the SN, as compared to the 

neocortex. The AQP4 expression was highly polarized around blood vessels, both in the pars 

compacta and pars reticulata. There was also substantially more AQP4 in astrocyte processes 

throughout the neuropil in the SN compared to the neocortex.  

Conclusion: The high expression of AQP4 in both endfeet and non-endfeet membranes 

indicate that this molecule might play an important role for maintenance of neuronal function 

in the SN. Studying expression pattern of AQP4 in mouse models of Parkinson’s disease may 

give additional information about its functional significance. 
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Introduction 

Aquaporins are a family of water channels that facilitate water transport across plasma 

membranes (1). Aquaporins have been identified in mammals, invertebrates, microbials and 

plants. In mammals there has been identified at least 10 aquaporins which are selectively 

permeated by water or water plus glycerol (2). One member of this family, Aquaporin 4 

(AQP4), is the predominant water channel in the brain. It is expressed in the brain neuropil 

where it is localized to astrocytes and ependymal cells. In astrocytes, it has a highly polarized 

expression at membrane areas facing blood vessels and pia. AQP4 is heavily expressed in the 

osmosensory areas of the brain, including the hypothalamic magnocellular nuclei and the 

subfornical area (3), and in astrocytes  it forms a volume regulatory complex with the 

Transient receptor potential cation channel subfamily 4 (TRPV4) indicating that it is involved 

in the brain volume water homeostasis (4). In addition, there is also evidence that AQP4 is 

associated with K
+   

homeostasis. Amiry-Moghaddam et al. have shown that a loss of astrocyte 

polarity delays the K
+
 clearance during high neuronal activity in animal model where α-

syntrophin, an AQP4 anchoring protein, is deleted (5).  

 

AQP4 is involved in the pathophysiology of several cerebral disorders, including epilepsy, 

brain edema and Alzheimer’s disease. Amiry-Moghaddam et al. reported that mice with the 

loss of astrocyte polarity reveal increased severity of induced seizures (5). Loss of the 

perivascular AQP4 has been reported in the sclerotic areas of human hippocampus in 

temporal lobe epilepsy (6).In addition, there are several studies reporting a role of AQP4 in 

the pathophysiology of brain edema. One of the first studies on this topic reported that mice 

deficient in AQP4 had a much better survival than wild-type mice, in models of brain edema 

caused by acute water intoxication or focal ischemic stroke (7). Regarding the role of AQP4 

in the pathogenesis and pathophysiology of Alzheimer’s disease, it was shown that 

perivascular amyloid deposits lead to the decrease of perivascular AQP4 labeling. This loss of 

astrocyte polarization was likely to have impact on brain function (8). In addition to these 

cerebral diseases there have recently been reports of the importance of AQP4 in the 

pathophysiology of Parkinson’s disease (PD). It was reported in a study that mice deficient in 

AQP4 had an increased sensitivity of dopaminergic neurons to 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyrin (MPTP), a nigrostriatal dopaminergic neurotoxin which causes a PD-like 

syndrome (9). It was further discovered that AQP4 deficiency disrupts the 

immunosuppressive regulators, resulting in hyperactive microglial neuroinflammatory 

responses in the brain, possibly contributing to the increased severity of PD (10). This result 

showed that not only is AQP4 important in the water and K
+
 homeostasis, but could also have 

and important role in the immunological processes in brain. 

AQP4, as mentioned, has an important role in the pathophysiology of several cerebral 

disorders, and the distribution of this water channel has been reported in previous studies. It is 

already known that there are lower number of astrocytes in the substantia nigra (SN) than in 

other areas of the brain, and that this could be an explanation for the increased susceptibility 

of the dopamine neurons in nigra (11). There is still little information of the distribution of 

AQP4 in SN. With this study, we want to investigate the distribution and expression pattern 

of AQP4 in the SN as compared to the neocortex of mice by the use of confocal microscopy- 

and quantitative immunogold electron microscopy. This area has still not been explored and 

the results from this study can help to understand what role AQP4 can have in the neuronal 

function in SN. 
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Materials and methods 

All chemicals used, except for those specified in the text, were from Sigma-Aldrich, Norway.  

 

Animals 
 
Five C57BL/6, 6-8 weeks old all of male gender, were used for light microscopy and three 

C57BL/6, 12 weeks old all of male gender for electron microscopy. Experimental protocols 

were approved by the Institutional Animal Care and Use Committee and conform to National 

Institutes of Health guidelines for the care and use of animals.  

Perfusion and dissection 

Before dissection and perfusion, each animal was anesthetized by an intraperitoneal injection 

of hypnorm dormicum (0.105 mg/kg). After making sure the animal was adequately 

anesthetized, it was fixed lying on its back to a board. Some ethanol was applied to the 

abdomen and then a midline incision was made into the peritoneal cavity. The incision 

continued laterally exposing the heart and lungs. A small incision was made in the right 

atrium, and then a cannula was inserted in the left ventricle. Animals for use in light 

microscopy were perfused using pH shift-protocol (12). In brief, the animal was first perfused 

with 2 % ice cold dextran solution for 20 sec then switched to 4 % formaldehyde (FA) in 

phosphate buffer (PB), pH 6.0, for 5 min, before ending with 4 % FA in PB, pH 10.5, for 10 

min. Following perfusion, brains were dissected out and post-fixed in 4 % FA overnight. The 

brains were then cryoprotected in sucrose, 10% for 1 hour, 20 % for 6 hours and 30 % 

overnight. From each animal, the midbrain was isolated and cut into 30 µm sections using a 

HM 450 freeze microtome (Microm, Walldorf, Germany). 

For electron microscopy, all animals were perfusion fixed with 4 % FA and 0.1 % 

glutaraldehyde and post-fixed in the same solution overnight. 1x1 mm tissue blocks of 

parietal cortex and SN were dissected and subjected to freeze substitution procedure (13). In 

brief, the tissue blocks were cryoprotected in glycerol and rapidly frozen in liquid propane at -

170ºC. The frozen tissue was immersed into anhydrous methanol containing 0,5 % uranyl 

acetate at -90ºC in an automatic freeze substitution unit (EMAFS, Leica, Vienna, Austria), 

infiltrated with Lowicryl HM20 Resin (Lowy, Waldkraiburg, Germany) at -30ºC, 

polymerized by ultraviolet light, sectioned ultrathin 90-100 nm using ultramicrotome, 

transferred to mesh grids, and used for immunogold labeling.  

Antibodies 

In order to immunolabel dopaminergic cells a mouse monoclonal antibody against tyrosine 

hydroxylase (TH) was used (Chemicon, Billerica, MA, USA). It was diluted to a 

concentration of 1:1000. To visualize the primary antibody, Cy2- or Alexa488-conjugated 

donkey anti-mouse secondary antibodies were used (West Grove, PA, USA). All the 

secondary antibodies were diluted 1:1000. 

For immunolabeling of AQP4 a rabbit polyclonal antibody raised against the C-terminus of 

AQP4 was used (Sigma-Aldrich). This was diluted 1:200. For immunofluorescence light 

microscopy, Cy3- or Cy5-conjugated donkey anti-rabbit secondary antibodies were used 
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(Jackson ImmunoResearch Laboratories). For immunogold labeling, a goat polyclonal 

secondary antibodies to rabbit IgG coupled to 15 nm gold particles (1:20, Abcam, Cambridge) 

was used as the secondary antibody. 

Immunofluorescence and confocal microscopy 

Blocking 

Immunofluorescence was performed on free-floating sections according to a method 

previously described (14). The sections were transferred to separate wells containing 0.01M 

phosphate buffered saline (PBS; 137mM NaCl, 2.7mM KCl, 10.1mM Na2HPO4, 1.8mM 

KH2PO4, pH 7.4) and rinsed for 2x10 minutes. To minimize unspecific binding, the sections 

were then blocked for one hour in pre-incubation solution, containing 10 % normal goat 

serum (NGS), 1 % bovine serum albumin (BSA) and permeabelized with 1 % Triton-X-100 

in 0.01M PBS to improve antibody penetration in the tissue. 

Incubation with primary antibodies 

The primary antibodies (see above) were diluted in primary incubation solution, containing 3 

% NCS, 1 % BSA, 1 % Triton-X-100 and 0.05 % sodium azide in 0.01M PBS. The sections 

were incubated with the primary antibodies overnight in room temperature.  

Incubation with secondary antibodies 

The following day, the sections were rinsed in 0.01M PBS 3x10 minutes to wash off 

excessive antibodies. The tissues were then incubated with secondary antibodies (see above) 

for one hour. Secondary antibodies were diluted in a secondary incubation solution, 

containing 3 % NCS, 1 % BSA and 1 % Triton X-100 in 0.01M PBS. The secondary 

antibodies and the final solution containing the secondary antibodies were centrifuged at 

13000 rpm for 10 minutes before use to avoid aggregates. During all the steps the secondary 

antibodies and the final solution were covered with tin foil due to light sensitivity of the dyes. 

After incubations with the secondary antibodies, the sections were again rinsed in 0.01M PBS 

for 3x10 minutes. 

Mounting of sections 

The sections were placed on a cover glass and excess PBS was removed by tapping on a 

paper towel. A small drop of Prolong Gold Antifade Reagent with DAPI (Invitrogen, 

Norway) was added on top of the tissue in order to stain DNA of all cells in the specimen. 

The sections were covered with a coverslip and allowed to dry in room temperature for two 

hours. 

Confocal microscopy 

A confocal microscope collects light from a thin optical section at the plane of focus in the 

specimen. Structures appear more sharply defined than with a conventional microscope 
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because there is no out-of-focus signal (15). Images were collected with a LSM 510 META 

Confocal Microscope (Zeiss, Jena, Germany) using a 40 x objective. Cy3 fluorescence was 

captured at 568 nm, Alexa 488 at 510 nm, Cy5 at 670nm and DAPI at 405 nm.   

 

Immunogold electron microscopy 

For quantitative immunogold studies, Lowicryl embedded blocks from the neocortex and SN 

was cut into ultrathin sections using an ultratome (Leica EM UC6, Austria). The ultrathin 

sections were then placed on nickel grids and incubated in drops of Tris-buffered saline with 

0.1% triton (TBST) and 50 mM glycine for 10 minutes, washed in water and then incubated 

for 10 minutes in drops of TBST containing 2 % w/v human serum albumin (HSA). The grids 

were then incubated in a solution of 2 % w/v HSA, TBST and anti-AQP4 over night at room 

temperature. The labeling was visualized with goat anti-rabbit IgG antibodies coupled to 15 

nm colloidal gold particles diluted in 1:20 TBST with 2 % w/v HSA and polyethylene glycol. 

The sections were contrasted with 1 % uranyl acetate and lead citrate and finally examined 

with electron microscope (Tecnai 12, FEI Company, Eindhoven, the Netherlands). 25-30 

blood vessels from each section (16 bit) were selected at low magnification, and one image 

was acquired from upper right corner of each capillary with a 25000x magnification. 

Quantification and statistical analysis 
 

For the quantification of AQP4, images from capillaries were selected in a blinded manner 

from each section and quantified with an image analysis program, analysis Pro version 3.2 

(soft imaging system GmbH, Munster, Germany). Larger vessels and distorted or 

mechanically damaged basal lamina were excluded. Curves were drawn interactively, and 

linear densities were determined automatically. Groups were analyzed statistically by t-tests 

using SPSS version 18.0. The significance level was set to 0.05. 
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Results 

Controls 

Negative controls from SN for immunofluorescence light- and immunogold electron 

microscopy were performed by incubating the sections in only secondary antibodies. In 

addition, there was also used AQP4 knockout (KO) for immunogold electron microscopy 

(Fig. 1). In absence of the primary antibodies, the secondary antibodies did not reveal any 

labeling, indicating the specificity of the antibodies. 

 
Immunofluorescence analysis 
 
To know whether or not the area being analyzed in fact was SN, TH labeling was used as an 

indication. TH is an enzyme exclusively expressed in catecholaminergic neurons. 

Dopaminergic cells are the main catecholaminergic cell groups in the midbrain. By isolating 

the midbrain we can assume that the accumulation of TH labeled cells from this area indicates 

dopaminergic neurons located to SN. 
 

Immunofluorescence analysis of the superficial layer of the neocortex showed evident 

labeling of AQP4 around blood vessels and at the pial surface (Fig. 2A). This polarization of 

AQP4 around blood vessels is in accordance with findings in a previous study (3). When 

examining the deeper layer of the neocortex the findings was in keeping with the superficial 

area, showing that the AQP4 labeling was concentrated around blood vessels (Fig.2B). In 

both the superficial and the deeper layer of the neocortex there was no labeling of AQP4 

elsewhere in the neuropil (Fig. 2A and 2B).  
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Immunofluorescence analysis of SN pars compacta showed strong AQP4-labeling that was 

highly polarized around blood vessels (Fig. 2C and 2D). In addition to this polarization, 

diffuse AQP4 labeling in the non-endfeet membranes throughout the neuropil was also 

evident (Fig. 2C and 2D). Analysis of SN pars reticulata showed the same distribution pattern 

as seen in pars compacta, with excessive AQP4 labeling concentrated around blood vessels, 

and also a high intensity of AQP4 labeling throughout the neuropil (Fig. 2E and 2F).  

 

 

Quantitative immunogold electron microscopy  
 

In agreement with our immunofluorescence labeling, electron micrograph images showed 

significantly higher immunolabeling in SN compared to the neocortex (Fig. 3A). AQP4 

labeling is highly polarized around perivascular membranes (Fig. 3A). In addition to this 

polarization, AQP4 labeling was also evident in the non-endfeet membranes. SN sections 

revealed higher density of gold particles in non-endfeet membranes compared to the 

neocortex.  

The quantitative analysis showed significantly higher perivascular gold particle density in 

astrocyte membrane domains of the SN compared to neocortex (Fig. 3C). The linear density 

of gold particles along perivascular membranes was 70 % higher in the SN as compared to 

neocortex, with a mean density of 28.4 ± 1.0 gold particles for SN as compared to 16.8 ± 0.7 

for cortex (Values are mean ± SEM).  

The non-endfeet labeling was measured as areal density of gold particles in randomly selected 

images from neuropil. The quantitative analysis revealed a 135 % higher gold particle density 

in the SN compared to neocortex, with a mean density of 12.7 ± 1.6 gold particles for SN as 

compared to 5.5 ± 0.5 for cortex (Fig. 3D) (Values are mean ± SEM).  This is in line with our 

immunofluorescence observation of the diffuse AQP4 labeling in neuropil (Fig. 2).  

 

 

     

                              

                          



9 

 

 
 

 



10 

 

 



11 

 

Discussion 
AQP4 is a water channel with high expression in the brain (16). It consists of four 

individually functional monomers that span the cell membrane 6 times and assemble into 

tetramers with a central pore (17). The main localization of AQP4 has been shown to be to the 

astrocyte membrane domains facing blood vessels and pia (3). However, there has been no 

investigation of the distribution and expression of AQP4 in the SN. The present study is the 

first to do so. The key finding in this study is a significantly higher density of AQP4 labeling 

in the perivascular membranes as well as in the non-endfeet membranes of neuropil in the SN 

as compared to the neocortex. 

 

In this study we used both immunofluorescence and immunogold analysis for investigating 

the distribution and expression of AQP4. Immunofluorescence analysis provides a qualitative 

indication of the AQP4 distribution pattern in the SN. A fluorescently labeled secondary 

antibody directed against the primary antibody towards AQP4, enables us to visualize AQP4 

in a highly specific way (18). Further, this method allows us to label different proteins within 

the same tissue. By being able to label both AQP4 and TH in the same tissue, the distribution 

pattern can be assessed more precisely as localization of AQP4 is shown in relation to other 

cells. This quality of dual labeling adds to the qualitative function of this method (19). 

However, this method does not provide high resolution, making it difficult to quantify and to 

assess the precise localization of AQP4. This is possible by the use of immunogold labeling. 

Gold particles can be discriminated with high resolution by electron microscopy. This allows 

us to visualize the localization of AQP4 with high precision. Further, the gold particles are 

easy to identify in an electron microscope, therefore easily counted, making this method 

suitable for quantification (20). Together, the qualitative immunofluorescence and 

quantitative immunogold labeling analysis in this study confirm the presence of strong 

labeling around microvessels in the neocortex and SN with a diffuse immunostaining in the 

parenchyma in the SN not present in the neocortex.  

 

The perivascular labeling of AQP4 in the immunofluorescence analysis is evident. However, 

it would have been ideal to have markers for endothelial cells in blood vessels in order to 

visualize the relation of AQP4 to the blood vessels more precisely. In addition, it would have 

been beneficial to have an AQP4-KO mouse in the immunofluorescence analysis. In knockout 

animals you remove the antigen that the primary antibody is directed against making this a 

good specificity control for the primary antibody, as opposed to negative controls which 

primarily test  the secondary antibodies (21). An AQP4-KO mouse in the 

immunofluorescence analysis would add to the controls showing the specificity of the 

antibodies. Further, in this study we used primary antibodies directed towards the C-terminus. 

By immunostaining with antibodies directed towards other areas of the molecule, like the N-

terminus, we would be even more confident that the structure being analyzed in fact is AQP4 

(18). Although this would be the ideal situation, we still have a high level of certainty of the 

results in this study. By using immunofluorescence in combination with high-resolution 

immunogold labeling analysis we confirm that AQP4 molecules are in fact located to the 

perivascular membrane. Regarding the diffuse labeling of AQP4 in immunofluorescence, the 

localization to the non-endfeet membranes of the neuropil is confirmed in immunogold 

analysis. We also show the high level of specificity of the antibodies by using negative 

controls in both methods and sections from AQP4-KO mouse brain in the immunogold 

analysis. 
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Before we go further and discuss the role of AQP4 in SN, the role of astrocytes generally and 

in SN specifically should be addressed. It is known that astrocytes form a heterogeneous 

population, although not much is known about the specific properties of astrocytes in the SN 

(22). Astrocytes generally have many functions including maintenance of extracellular ion 

and water balance and the regulation of blood flow (23, 24). We can assume that astrocytes in 

SN have similar functions as the rest of brain. Noteworthy, the number of astrocytes in SN is 

found to be particularly low as compared to other brain areas (11). Our findings demonstrate a 

significantly higher expression of AQP4 in the SN when compared to the neocortex, leading 

us to speculate whether the small population of astrocytes located in the SN entails specific 

properties related to AQP4 expression. Possibly, these astrocytes may express more AQP4 per 

cell as compared to astrocytes found elsewhere in the brain. 

 

Astrocytes have a neuroprotective role due to their capacity to reduce free radicals and secrete 

neuroprotective factors (11). Normal metabolism of dopamine generates reactive oxygen 

species (ROS), which provides an endogenous source of oxidative stress. Thus, a smaller 

proportion of astrocytes in the SN protecting the dopamine neurons against ROS could be an 

explanation for the increased susceptibility of the dopamine neurons in SN seen in PD. High 

levels of monoamine oxidase B (MAO-B) in this area is another factor making SN more 

disposed (25). The oxidative degradation of dopamine, catalyzed by MAO-B, produces free 

radicals, which increases oxidative stress and can be damaging to neighboring neurons. The 

SN also appears to be disposed to inflammatory processes. Elevated levels of intercellular 

adhesion molecule-1 (ICAM-1) (26), an inflammatory mediator, has been found in astrocytes 

in the SN which may make this region more vulnerable to inflammation.  

As mentioned, dopamine is capable of producing toxic ROS via its enzymatic catabolism, 

which can have damaging effect on the brain tissue (27, 28). Possibly, the high expression of 

AQP4 in the SN observed in this study may be a response to this high level of free radicals. 

We know that extracellular space (ECS) volume changes can have an impact on the 

concentration of extracellular solutes (29). Further, it is shown that AQP4, with bidirectional 

water transport, has a role in regulating this ECS volume in the brain (30, 31). By increasing 

the ESC volume, AQP4 can reduce concentration of the free radicals, thereby reducing the 

damaging effect. In addition to this indirect function of dilution, it could also be possible that 

these water channels have a more direct transportation function. Aquaporins are generally 

known for water transport and Fenton et al. have shown that the monomers are mainly 

permeable to water molecules (1, 32). However, their involvement in permeation of 

molecules other than water has been suggested (33). Recently, there have been reports of 

permeability of molecules in the central pore of aquaporins. Musa-Aziz et al. have through 

their study demonstrated that water, cations and gases, such as CO2, flow through the central 

pore (34). Potentially, the large amount of free radicals in SN can flow through the central 

pore signifying the need of high density of AQP4 in SN compared to other regions of the 

brain.  

The suggestion that AQP4 can have a role in transportation of other molecules than water is a 

recent discovery. However the role of AQP4 in transportation of water is well established. It 

could be a hypothesis that excessive water production in the SN could be a reason for the 

abundant labeling of AQP4. Dopaminergic cells in SN have a high level of metabolic activity 

due to the synthesis of dopamine. It could be speculated that excessive AQP4 in SN signifies 

a need for transport of water produced from this high metabolic activity. Further, the high 

level of AQP4 in SN could also be explained by the water transport from the glucose 

metabolism, which is the main energy fuel in the brain. During glucose metabolism, excessive 
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amounts of water is produced (35). Possibly, there could be high glucose utilization in this 

area because of high metabolic activity, indicating the need for AQP4 to flux water produced 

from this glucose metabolism. However, studies have shown that the utilization of glucose in 

the SN is lower compared to the cerebral cortex, making this hypothesis unlikely (36).  

AQP4 has proven to be particularly important for regulation of K
+
 homeostasis (5). Studies on 

retinal Müller cells have shown a coupling of AQP4 to Kir4.1, a K
+
 channel known to have a 

role in the clearance of extracellular K
+ 

(37). Further studies have shown that other astrocytes 

have the same property in K
+
 clearance as the Müller cells (38). During neuronal activity 

there is an increase of extracellular K
+
. Efficient clearance of this extracellular K

+
 is required 

to avoid interference with neuronal signaling (39). Studies  have shown that there are regional 

differences in extracellular potassium levels in the brain (40). Possibly, there could be a 

higher level of extracellular potassium in SN compared to cortex because of the metabolic 

activity in dopaminergic cells. Thus, the high level of AQP4 in SN could be a response to the 

increased extracellular K
+ 

from this high metabolic activity.  

The results in this paper indicate that AQP4 might play an important role for maintenance of 

neuronal function in the SN. It is already known that AQP4 is involved in the 

pathophysiology of several cerebral disorders, including epilepsy, brain edema and 

Alzheimer’s disease. A common feature for these cerebral disorders is loss of astrocyte 

polarization, which is known to compromise astrocyte function (8). It would be interesting to 

see if a similar or different pattern is found in a PD mouse model. As by now, the expression 

of AQP4 in animal models of PD has not been studied.  Recently, in an MTPT-induced mouse 

model of PD, AQP4 deficient animals showed more microglial inflammatory responses and 

more severe loss of dopaminergic neurons compared to wild type mice (10). They also 

showed signs of more severe PD symptoms than their wild type littermates. Further, we have 

raised some questions throughout our discussion. For instance, is the ECS volume in SN 

larger compared to other areas of the brain and does it lead to dilution of toxins? In the future, 

it would be very interesting to characterize the expression patterns of AQP4 in animal models 

of PD and to study its potential role in the PD pathophysiology. Future studies should also 

address the possible role of the ECS volume in removing toxins in SN.   
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