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Altered Tracer Distribution and Clearance in the Extracellular Space of the Substantia Nigra in a Rodent Model of Parkinson's Disease
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The relationship between extracellular space (ECS) diffusion parameters and brain drug clearance is not well-studied, especially in the context of Parkinson's disease (PD). Therefore, we used a rodent model of PD to explore the distribution and clearance of a magnetic resonance tracer. Forty male Sprague Dawley rats were randomized into four different groups: a PD group, a Madopar group (PD + Madopar treatment), a sham group, and a control group. All rats received an injection of the extracellular tracer gadolinium-diethylene triaminepentacetic acid (Gd-DTPA) directly into the substantia nigra (SN). ECS diffusion parameters including the effective diffusion coefficient (D*), clearance coefficient (k'), ratio of the maximum distribution volume of the tracer (Vd-max%), and half-life (t1/2) were measured. We found that all parameters were significantly increased in the PD group compared to the other three groups (D*: F = 5.774, p = 0.0025; k': F = 20.00, P < 0.0001; Vd-max%: F = 12.81, P < 0.0001; and t1/2: F = 23.35, P < 0.0001). In conclusion, the PD group exhibited a wider distribution and lower clearance of the tracer compared to the other groups. Moreover, k' was more sensitive than D* for monitoring morphological and functional changes in the ECS in a rodent model of PD.
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INTRODUCTION

Parkinson's disease (PD) is a common neurodegenerative disorder that is characterized by progressive motor and cognitive impairments. Although, the pathogenesis of PD remains unclear, the loss of dopaminergic neurons in the substantia nigra has been widely recognized as a major cause of PD (Moradian et al., 2017). Some studies have suggested that the intracellular accumulation of specific proteins is responsible for neuronal dysfunction in PD (Rokad et al., 2016; Svetoni et al., 2016; Wang P. et al., 2016), while other work has identified pathogenic genetic mutations and associated extracellular waste accumulation outside of neurons in PD (Liu et al., 2015; Follett et al., 2016; Lohr et al., 2016). Accordingly, disturbances of the brain extracellular space (ECS) have been implicated in PD pathogenesis (Shi et al., 2015; Lei et al., 2016). The most common treatment consist of administering the drugs levodopa and biperiden, which reduced the extent of the disease and the progress of its symptoms. Sustained and safe delivery of dopamine across the blood brain barrier (BBB) was a major hurdle for successful therapy in Parkinson's disease (PD; Wang N. et al., 2016), however, nanoparticles can delivered dopamine into the brain, reduced dopamine autoxidation-mediated toxicity (Gunay et al., 2016). Moreover, the mechanism of PD was so complicated that it was hard to solve the problem by just add drugs. Therefore, researchers focused on the genetic underpinnings of Parkinson's disease (Ma et al., 2013), and searched for some new methods that may affect the neurodegeneration processes in it (Chen et al., 2016). Such as this, stem cell therapy of PD had shown great potential in retarding the loss of dopaminergic neurons and minimizing the behavioral abnormalities (Salama et al., 2017). In addition, there were also some novel therapies for PD had been used in clinical trials, for example, phytotherapy treatment (Strathearn et al., 2014), levodopa/benserazide microspheres (Yang et al., 2012; Xie et al., 2014), erythropoietin (Qi et al., 2014). As an alternative, some research has focused on direct drug delivery to the brain ECS as a method to bypass the BBB (Barua et al., 2014, 2015).

In order to get this information that diffusion properties of brain ECS, some methods [such as real-time iontophoretic (RTI), integrative optical imaging (IOI), and magnetic resonance (MR)] of qualitatively and quantitatively measuring ECS diffusion parameters had been developed. RTI technique can provide the comprehensive knowledge and the diffusion parameters of ECS with good temporal resolution and versatile ability within the distance range of 10–200 microns (Hrabetova and Nicholson, 2007). And IOI technique can be only applied to measure the ECS parameters in cortex, i.e., around 200 microns, since the optical signal in deep brain cannot be received by a charge coupled device (CCD; Thorne et al., 2008). MRI had been widely used for in vivo imaging of biological tissue, because of its advantages of relatively low ionization damage, high resolution of soft tissue. So far, MRI was the only imaging method to detect the brain ECS in whole brain scale. And also was the only measurement that provided a 3-D visualization of the dynamic drainage flow of tracer at global view.

Recently, MR imaging tracer-based methods such asgadolinium-diethylene triaminepentacetic acid (Gd-DTPA) have been applied to image the rat brain ECS (Han et al., 2014). Gd-DTPA was selected as a probe on the basis of its biomedical inertness, thermal stability, and relatively small molecular weight; additionally, Gd-DTPA primarily accumulates in the ECS without entering cerebral neurons (Han et al., 2014). The use of Gd-DPTA as a MRI tracer not only allowed the visualization of dynamic brain clearance, but also the comprehensively measured for brain ECS diffusion parameters including the effective diffusion coefficient (D*), clearance coefficient (k'), ratio of the maximum distribution volume of the tracer (Vd-max%), and half-life (t1/2). In a previous study, this method was used to image the ECS of the substantia nigra (SN) in a rat model of PD (Ablat et al., 2016; Ren et al., 2016). Yet, very few studies have examined the relationship between diffusion parameters and drug clearance from the brain ECS. Therefore, the purpose of this study was to investigate how changes in the properties of the brain ECS relate to pathological changes in PD.

MATERIALS AND METHODS

Animals

All experiments were performed on mature (7-weeks-old; 200–250 g) male Sprague-Dawley rats (n = 40) and were conducted in accordance with the national guidelines for the use of experimental animals. All experimental protocols were approved by the Ethics Committee of Qinhuangdao Municipal No. 1 Hospital. Rats were housed in a room with controlled temperature (22 ± 2°C) and humidity (60 ± 5%) on a 12 h light/dark cycle with ad libitum access to food and water. Rats were randomly divided into four groups: (1) a PD model group (n = 10), (2) Madopar group (n = 10), (3) sham group (n = 10) and (4) control group (n = 10).

Surgical Procedure

The procedure for PD model induction was as follows. First, the rat was anesthetized using compound anesthetic by intraperitoneal injection (3 ml/kg) and maintained under anesthesia (~2 ml/kg/h) for the duration of the operation. A heating pad setting to 38 ± 0.5°C was placed under the rat to maintain an appropriate body temperature. The rat was mounted into a stereotactic apparatus (Lab Standard Stereotaxic-Single, Stoelting Co, Illinois, USA), bregma was exposed, an incision was made on the scalp along the sagittal suture, and a small trephine hole was drilled in accordance with the stereotactic coordinates of the right SN (relative to bregma: AP, −4.8 mm; ML, 1.9 mm; DV, −7.8 mm). Using a microsyringe (Hamilton Bonaduz AG, Bonaduz, Switzerland), 6 μl of 6-OHDA solution (2 μg/μl in normal saline containing 0.2% ascorbate; Sigma Chemical Co., St. Louis, MO, USA) was automatically infused into the SN of rats in the PD and Madopar groups or an identical volume of saline containing 0.2% ascorbate was automatically infused into the SN of rats in the sham group at a rate of 1 μl/min. The needle was kept in place for 5 min after completion of the injection and then slowly withdrawn. The scalp was sutured closed and intramuscular antibiotics were administered to prevent infection. Two weeks after the operation, rats in Madopar group began to receive treatment with Madopar (20 mg/kg) twice daily (at 09:00 and 15:00) by oral gavage until MR scanning.

Rotarod Test

PD and Madopar group rats received single intraperitoneal injections of apomorphine (0.5 mg/kg in normal saline) at the beginning of the 1st, 2nd, 4th, and 6th weeks after surgery. For rotarod testing, animals were allowed to habituate to the test apparatus for 10 min and then for an additional 2 min after the injection. Full rotations were counted in a cylindrical container in a dimlylit, quiet room. Rotational asymmetry was scored continuously for 30 min and then complete contralateral rotation times were scored. Rats with test scores >7 were retained for the study and analysis.

MR Scanning

Anesthesia was performed as described above and rats were scanned using a 3.0-T MRI system (Verio, Siemens Medical Solutions, Erlangen, Germany) with an eight-channel coil. Brain images were obtained with a high-resolution T1-weighted 3-dimensional magnetization-prepared rapid-acquisition with gradient echo (T1 3DMP-RAGE) sequence with the parameters specified by Han and Zuo (Han et al., 2014; Zuo et al., 2015). A 2-μl volume of 10 mmol/L Gd-DTPA solution (Magnevist; Bayer Schering Pharma AG, Berlin, Germany) was injected directly into the SN as described above (see Section Surgical Procedure).

Immunohistochemistry

Brain tissues were prepared as described previously. Briefly, each brain was sliced into 8-μm coronal sections through the ventral mesencephalon. Sections of the SN were selected for immunohistochemistry and matched between samples as closely as possible. Immunohistochemistry for tyrosine hydroxylase (TH) and aquaporin-4 (AQP4) was performed by overnight incubation with the appropriate primary antibody (rabbit anti-rat; 1:300; Abcam, Cambridge, UK) at 4°C. Sections were next incubated with secondary antibody for 30 min at 37°C. Sections were visualized with 3, 3′-diaminobenzidine and nuclei were counterstained with hematoxylin and eosin (HE). Transverse frozen sections (5 μm) were dried and then soaked overnight in a 1:1 mixture of alcohol and chloroform in the dark at 22 ± 1°C. Sections were rehydrated on the following day and stained with 0.1% cresyl violet solution (Sigma, St. Louis, MO, USA) for 5 min. Differentiation, dehydration, and rinsing were performed as described previously. Finally, sections were mounted with Permount (Beyotime Institute of Biotechnology, Shanghai, China) and observed under a light microscope (Olympus) equipped with a CCD camera (Leica DMI4000B, Germany). Surviving neurons were counted using Photoshop CS3 software (Adobe).

Statistical Analysis

Statistical analyses were conducted using SPSS statistical software, version 21.0(IBM SPSS Statistics for Windows, Armonk, New York, USA). Data (D*, k', Vd-max% and t1/2) are presented as the mean ± standard deviation. Significant between-group differences were evaluated using a 1-way analysis of variance (ANOVA) and least significant difference (LSD) post-hoc tests. Pearson correlation analyses were employed to assess relationships among D*, k', Vd-max%, and t1/2 in the PD group. P < 0.05 was used as the threshold for statistical significance.

RESULTS

Comparison of ECS Diffusion Parameters

We found that D*was higher in the PD group than that of the other three groups ([2.744 ± 0.341] × 10−4 mm2/s in the PD group vs. [2.340 ± 0.448] × 10−4 mm2/s in the Madopar drug group, [2.078 ± 0.326] × 10−4 mm2/s in the sham group, and [2.023 ± 0.501] × 10−4 mm2/s in the control group; F = 5.774, P = 0.0025, Figure 1A); differences among the Madopar, sham, and control groups were non-significant (P = 0.185 and P = 0.111, respectively; LSD). The k' parameter was also higher in the PD group than that of the other three groups ([2.153 ± 0.610] × 10−4 mm2/s in the PD group vs. [1.109 ± 0.333] × 10−4 mm2/s in the Madopar group, [0.879 ± 0.262] × 10−4 mm2/s in the sham group, and [0.854 ± 0.355] × 10−4 mm2/s in the control group; F = 20.00, P < 0.0001, Figure 1A). Distribution volume-time profiles are shown in Figure 1D and demonstrate that the Vd-max% of Gd-DTPA was higher in the PD group (2.392 ± 0.185%) than that of the Madopar group (2.153 ± 0.102%), sham group (2.091 ± 0.110%), and control group (2.054 ± 0.090%; F = 12.81, P < 0.0001, Figure 1B). The value of t1/2 was also significantly higher in the PD group (97.839 ± 11.874 min) than that of the other three groups (84.084 ± 8.157 min in the Madopar group, 67.374 ± 7.222 min in the sham group, and 69.649 ± 7.017 min in the control group; F = 23.35, P < 0.0001, Figure 1C).
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FIGURE 1. Statistical analysis of diffusion parameters between groups. (A) Comparison of D* and k'-values. (B) Comparison of Vd-max% values. (C) Comparison of t1/2 values. (D) Gd-DTPA volume of distribution ratio-time curves. (E) Coronal images after Gd-DTPA injection. Images were selected according to maximum range of Gd-DTPA. Window Level (WL): 2000, Window Width (WW): 3000. Control, control group; Drug, Madopar-treated Parkinson's disease model group; PD, Parkinson's disease model group; Sham, sham group. **P < 0.001, *P < 0.001.



Relationships among Diffusion Parameters

In the PD group, there was a positive correlation between D* and Vd-max% (P = 0.032, r = 0.675, Figure 2A). In contrast, there was a significant negative correlation between k' and t1/2 in the PD group (P = 0.022, r = −0.708, Figure 2B).
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FIGURE 2. (A) Correlation analysis of D* and Vd-max% values for the PD group. (B) Correlation analysis of k' and t1/2 values for the PD group.



Comparison of TH+ and AQP4+ Neurons

Rats that received 6-OHDA injections exhibited obvious apoptosis of TH+ cells in the SN (Figure 3A). The extent of neuronal loss in the Madopar group was qualitatively less than that observed in the PD group. TH+ neurons were more frequently and easily detectable in the sham group and control group SNs compared to the other two groups. Additionally, AQP4+ area was markedly increased in the 6-OHDA-lesioned SN compared to the other groups. AQP4 expression in the Madopar group was lower than that observed in the PD group. Moreover, there were fewer AQP4+ positive neuronsin the PD group than that of the Madopar group (Figure 3B). Nissl staining revealed that neuronal degeneration and neuronal loss were greater with larger observable damaged area in the PD group than that of the other three groups (Figure 3C).
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FIGURE 3. (A) TH+ neurons were more frequently and easily detectable in the sham and control group SNs compared to the PD and Madobar group. (B) AQP4+ area was markedly increased in the PD and Madopar group SN compared to the sham group and control group. AQP4 expression in the Madopar group was lower than that observed in the PD group. (C) Neuronal degeneration and neuronal loss were greater with larger observable damaged area in the PD group than that of the other three groups.



DISCUSSION

Diffusion Parameters of PD Rats

It is widely believed that the brain ECS is a highly interconnected system that exhibits regional heterogeneity in various diffusion parameters (Li et al., 2015). Though some studies have examined the SN ECS in normal rats, this is one of the first investigations to examine the SN ECS in a rodent model of PD. Using an MRI tracer-based method, we found that D* and k'-values, which respectively characterize local ECS diffusion and clearance on a microscopic level, were higher in the 6-OHDA-lesioned SN than that of the non-lesioned SN. Moreover, Vd-max% and t1/2, which reflected drug diffusion and clearance on a macroscopic level, showed similar patterns of elevation in the PD group. One possible reason for our findings related to the observed apoptosis of dopaminergic neurons and previously reported glial proliferation in PD model rats. A previous study indicated that the volume of glial cells was significantly less than that of dopaminergic neurons in the SN of PD model rats, suggesting that changes in D*-values are mainly related to the number of dopaminergic neurons (Ren et al., 2016). In our study, D*-values were lower in the Madopar group than that of the PD group, but were not significantly different between the Madopar group and the sham or control groups. It can be inferred that Madopar treatment partially preserved dopaminergic neurons, which was consistent with previous work (Pan et al., 2015) as well as other findings in our study. Yet, our observation of increased k'-values in the PD group compared to other groups was inconsistent with previous research reporting reduced k'-values in the SN of PD model rats; it was proposed that glial cell hyperplasia in the SN area and waste accumulation (e.g., reduced α-synclearance) in the SN was responsible for decreased k'-values (Ren et al., 2016). In our study, we speculated that the overexpression of AQP4 on proliferating glial cell membranes was responsible for observed increases in k' (Ikeshima-Kataoka, 2016; Tham et al., 2016). AQP4 in the brain ECS positively influenced the transport rate of water molecules (Liu et al., 2016; Vindedal et al., 2016). To this end, some researches have shown that AQP4 overexpression increases ECS clearance coefficient values in the brain (Zuo et al., 2015). It was possible that the reason for decreased k'-values in the Madopar group compared to the PD group but not the other groups was due to a suppressive effect of treatment on glial cell hyperplasia and AQP4 expression.

Interestingly, we found that k'-values in the PD group were increased to a greater extent than D*-values. We speculated that this was related to glial oxidative stress and hyperplasia occurring in the early stage of the PD model, which initially produced dopaminergic neuroprotection and thereby prevented the overt depletion of dopaminergic neurons. As mentioned above, changes in D*-value were mainly related to the number of dopaminergic neurons (Garbayo et al., 2016). Therefore, a reasonable hypothesis was that k'-values may be more sensitive than D*-values for monitoring the brain ECS. To this end, k'-values may provide better utility and sensitivity for evaluating the morphology and function of the ECS in the SN of PD model rats.

Distribution and Clearance of Drugs

Vd-max% estimates the maximum distribution volume of a given drug in the brain ECS. We found that Vd-max% of the SN was higher in the PD group than that of the other three groups, indicating that harmful substances such as α-syn were retained longer and distributed more widely in the PD model SN, increasing the likelihood of toxicity (Han et al., 2014; Ren et al., 2016). A previous study investigated tracer clearance in the normal rat SN ECS, but did not clearly establish clearance timesor diffusion ranges for the tracer (Han et al., 2014). Our study found that t1/2 values were increased in the PD group compared to the other three groups, consistent with the above finding regarding Vd-max%. Several potential rationales can explain these observations. First, the accumulation of waste in the brain ECS may have competed for tracer clearance. Previous research has demonstrated that neurons in PD model rats produce abnormally large amounts of waste (e.g., α-syn; Stuendl et al., 2016; Kim et al., 2017). Therefore, metabolite accumulation in the brain ECS of PD rats may increase tracer t1/2 values. Second, other studies have reported effects of local neuronal excitability on the brain ECS, including in models of PD. Shi et al. reported that the rate of water molecule diffusion was decreased in the ECS of excited brain areas (Shi et al., 2015). Indeed, t1/2 values were affected by neural activity during the sleep and wake states (Xie et al., 2013). By this logic, decreased neuronal excitability in PD did not favor the brain clearance of harmful substances. Consistent with this hypothesis, t1/2 was decreased in the Madopar group compared to the PD group, but was still higher in the Madopar group than that of the sham group.

Finally, we observed a positive correlation between Vd-max% and D*in the SN of PD model rats. Increased D*-values in the PD group were likely due to the loss of dopaminergic neurons, leading to decreased tortuosity of the brain ECS. Yet, there was no correlation between Vd-max% and k' in other groups. Moreover, t1/2 was negatively correlated with k' in the PD group. If the rate of water molecule diffusion was higher, it can be expected that the value of t1/2 would be smaller. Given that Vd-max% and t1/2 values reflected a wider distribution and lower clearance rate of tracer in the ECS of PD group animals, we speculated that Vd-max% was mainly affected by D*, and t1/2 was mainly affected by k'.

CONCLUSION

In conclusion, Vd-max% and t1/2 values reflected a wider distribution and lower clearance rate in the SN ECS of PD model rats. Additionally, we speculated that k' was more sensitive than D* for monitoring morphological and functional changes in the ECS of the rat SN. These findings have important implications for the treatment of PD via the direct application of therapeutics to the brain ECS as a new approach for drug delivery.
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