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Evidence for Dopamine Abnormalities Following Acute Methamphetamine Exposure Assessed by Neuromelanin-Sensitive Magnetic Resonance Imaging
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Background: Neuromelanin-sensitive magnetic resonance imaging (NM-MRI) is a newly developed MRI technique that provides a non-invasive way to indirectly measure of dopamine (DA) function. This study aimed to determine NM concentrations in brain regions following acute methamphetamine (MA) administration using NM-MRI and to explore whether NM-MRI can be used as a biomarker of DA function in non-neurodegenerative diseases.

Methods: Baseline NM-MRI, T1-weighted and T2-weighted images were acquired from 27 rats before drug/placebo injection. The control group (n = 11) received acute placebo (Normal saline), while the experimental group (n = 16) received acute MA. NM-MRI scans were performed 5, 30, 60 and 90 min after injection. Regions of interest (ROIs), including the caudate putamen (CP), nucleus accumbens (NAc), hippocampus (HIP), substantia nigra (SN) and crus cerebri (CC), were manually drawn by an experienced radiologist. NM-MRI signal intensity in five brain regions at different time points (baseline and 5, 30, 60, and 90 min) were analyzed.

Results: In both the control and experimental groups, at each time point (baseline and 5, 30, 60, and 90 min), the SN exhibited significantly higher NM-MRI signal intensity than the other brain regions (P < 0.05). In addition, acute MA administration resulted in a continuous upward trend in NM-MRI signal intensity in each brain region over time. However, there was no such trend over time in the control group. The NM-MRI signal intensity of SN in the experimental group was significantly higher at the 60 and 90 min compared with that in the control group (P values were 0.042 and 0.042 respectively). Within experimental group, the NM-MRI signal intensity of SN was significantly higher at the 60 and 90 min compared with that before MA administration (P values were 0.023 and 0.011 respectively). Increased amplitudes and rates of NM-MRI signal intensity were higher in the SN than in other brain regions after MA administration.

Conclusion: Our results indicated that NM was mainly deposited in the SN, and the conversion of DA to NM was most significant in the SN after acute MA exposure. Increased DA release induced by acute MA exposure may lead to increased accumulation of NM in multiple brain regions that can be revealed by NM-MRI. NM-MRI may serve as a powerful imaging tool that could have diverse research and clinical applications for detecting pathological changes in drug addiction and related non-neurodegenerative diseases.
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INTRODUCTION

The dopaminergic system plays a crucial role in a broad spectrum of neuropsychiatric disorders (e.g., Parkinson’s disease (PD), schizophrenia and addiction) (Poulin et al., 2020), and dopaminergic dysfunction has been hypothesized to underpin drug addiction-related behavior (Lin et al., 2016). Drug addiction is a non-degenerative disease, which results in elevated levels of extracellular monoamine neurotransmitters in all brain regions with a magnitude of increase that varies between brain regions (Zhang et al., 2001; Bubenikova-Valesova et al., 2009). Methamphetamine (MA) is one of the most widely abused psychostimulants that may cause addiction (Shi et al., 2000; Saha et al., 2014). Brain dopaminergic pathways are activated by MA exposure, which promotes dopamine (DA) release from presynaptic nerve endings, inhibits DA transporter (DAT) reuptake, results in increased extracellular DA levels (Cruickshank and Dyer, 2009; Kim et al., 2020), and damages the dopaminergic system in all animal species including humans (Moratalla et al., 2017; Granado et al., 2018). Compulsive drug-seeking and drug-taking are important drug abuse-related behaviors that have been linked to alterations in dopaminergic neurotransmission and to impaired inhibitory control (Groman et al., 2012). Regarding DA, MA activates the mesolimbic and nigrostriatal dopaminergic pathways, and the clinical response to the drug in humans includes euphoria, arousal, reduced fatigue, positive mood, and anxiety. MA administration in rats induces behavioral sensitization which is characterized by augmentation of locomotor activity (Ares-Santos et al., 2014). Behavioral sensitization has been postulated to result from enhanced DA release in the mesolimbic and nigrostriatal dopaminergic terminals. DA cell bodies in the midbrain are the primary source of dopaminergic input to the caudate putamen (CP) and nucleus accumbens (NAc), and DA neurons in the ventral tegmental area (VTA) and the substantia nigra (SN) send their axons to the NAc and CP, respectively (Lammel et al., 2014; Thanos et al., 2016). DA is the major neurotransmitter in the neostriatum (Björklund and Dunnett, 2007), and neural activity of DA neurons in the somatodendritic field may influence the synthesis and release of DA in the terminal regions (Poulin et al., 2020; Lu et al., 2021). In vitro studies have shown enhanced DA release from NAc and striatum tissue slices from rats sensitized to psychostimulants such as MA (Desai et al., 2010; Granado et al., 2010). In vivo measurement of DA function is critical for understanding how this key neuromodulator contributes to addiction and may provide objective markers of DA function in MA addiction. Currently, positron emission tomography (PET) is the main imaging method to measure DA function (Huang et al., 2019). However, PET is limited by the risk of radioactivity exposure and costly specialized infrastructure. The non-invasive measurement of DA function abnormalities by optimal imaging method remains challenging.

Dopamine neurons contain a melanin pigment known as neuromelanin (NM) that is mainly distributed within the SN (Zucca et al., 2014). NM normally accumulates with age in human SN neurons (Zecca et al., 2002). A neuronal pigment has also been observed in the SN of adult rats (Rabey and Hefti, 1990), and its concentration seems to depend upon age (DeMattei et al., 1986). Indeed, DA is one of the precursors in NM synthesis. NM is synthesized via iron-dependent oxidation of cytosolic catecholamines and subsequent reaction with proteins and lipids in midbrain DA neurons (Karlsson and Lindquist, 2013). NM biosynthesis is driven by an excess of cytosolic DA that not collected in synaptic vesicles (Sulzer et al., 2000). Excess cytosolic DA can be removed by converting it into a stable compound such as NM. The main iron compound in DA and norepinephrine neurons is the NM-iron complex, since NM is an effective metal chelator. NM serves to trap iron and provides neuronal protection from oxidative stress (Zucca et al., 2017). The biological function of NM is controversial. On one hand, NM plays a neuroprotective role in physiological states by combining with metal ions or drugs (Zecca et al., 2004). On the other hand, NM interacts with excessive Fe3 + and α-synuclein in the cytoplasm, damages Ca2 + homeostasis, and overactivates microglia, resulting in toxic effects and a pathological state (Zecca et al., 2008; Kim et al., 2020). When NM is combined with iron or other metals, other paramagnetic complexes result in T1-shortening effects in neuromelanin-sensitive magnetic resonance imaging (NM-MRI) (Trujillo et al., 2017; Salzman et al., 2021). Brain tissue signal intensity is reduced, and NM-containing nuclei show high signal intensity due to shortened T1 relaxation times (van der Pluijm et al., 2021). Thus, NM-MRI can enhance the T1-related contrast between NM and the brain tissue (Wengler et al., 2020), which allows NM-MRI to be used to detect NM accumulation. As NM is located in the cell bodies of dopaminergic neurons of the nigrostriatal pathway (Reneman et al., 2021), NM-MRI can also be used as a proxy measure for DA function. It provides the possibility for indirect measurement of DA function in non-neurodegenerative conditions.

Recent studies have suggested that NM-MRI may provide a complementary non-invasive proxy measure of DA function (Sulzer et al., 2018; Cassidy et al., 2019; Martín-Bastida et al., 2019). Interindividual variability in DA function may result in varying levels of NM accumulation in the SN, which can be detected by NM-MRI (Cassidy et al., 2019). Although the potential of NM-MRI as a candidate biomarker for dopaminergic pathology in patients with neurodegenerative disorders like PD has been demonstrated, studies in patients with non-neurodegenerative diseases are sparse. Critically, NM-MRI can reliably capture not only NM depletion in the SN in those with neurodegeneration disorders (Reimão et al., 2015; Fabbri et al., 2017) but also alterations in DA function in those without neurodegeneration (Shibata et al., 2008; Jauhar et al., 2017; Cassidy et al., 2019), based on in vitro evidence that stimulating DA synthesis boosts NM synthesis (Rice et al., 2016; Ashok et al., 2017). In addition, research on addiction and psychosis-related disease has shown that NM-MRI can be used to capture increases in NM accumulation in the SN (Weinstein et al., 2017; Cassidy et al., 2020).

In this study, we aimed to investigate the feasibility of using NM-MRI to measure NM concentrations in rats following acute MA administration and to explore whether NM-MRI signal intensity can be used as potential biomarker of DA function in non-neurodegenerative diseases.



MATERIALS AND METHODS


Animals

Male Sprague–Dawley (SD) rats (180–220 g upon arrival) were purchased from Hunan Slack animal company (Changsha, China). The rats were housed in single cages in clean animal room on a 12-h light-dark cycle, with air humidity of 50–70% and room temperature controlled at 22–24°C. The experiment began after 7 days of adaptation to the environment. The weight of the rats before intubation surgery was up to 280–320 g, and the rats were reared in single cages after surgery. To control body weight levels, the rats were given 18–20 g of food daily during the experiment and had ad libitum access to water. Experimental protocols involving the animals were in accordance with the Guiding Opinions on Treating Experimental Animals well issued by the Ministry of Science and Technology of China in 2006. All experiments were conducted after obtaining approval from the institutional review board.



Drug Treatment

A total of 27 rats were included in this study and divided into the experimental group (n = 16) and control group (n = 11). Intravenous administration was chosen because this route of administration is consistent with the most common administration methods in individuals who use MA, and the measurement in animal models is accurate and controllable (Cruickshank and Dyer, 2009). Intravenous administration delivers a higher concentration of the drug to the brain tissue than intraperitoneal injection. All subjects were surgically treated with jugular vein catheterization before administration. The intravenous intubation was ensured to be patent in each rat, and the rats with blocked catheters were eliminated. To prevent motion artifacts during MRI examinations, all subjects were anesthetized by an intraperitoneal injection of 30 mg/kg pentobarbital sodium solution (3%) and 0.2 ml atropine sulfate solution (0.5 mg/ml) before the MRI scan. Then, subjects in the experimental group were injected with MA (0.2 mg/kg of body weight; 0.2 mg/ml concentration of injected solution), and those in the control group were injected with placebo (0.9% normal saline; 0.2 mg/ml concentration of injected solution) through the jugular vein catheterization in their home cages. MRI scans were performed before and after acute drug injection. Because the amount of anesthesia required for the scan may have a significant impact on the rats’ survival, the experiment excluded rats that died from an anesthetic overdose or woke up midway through the scan with a low dose of anesthesia. Basic materials used in the experimental group and control group are shown in Table 1.


TABLE 1. Basic materials used in the experimental group and control group.
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Magnetic Resonance Imaging Acquisition

Magnetic resonance imaging scans were performed on a 3.0 T MRI system (μMR 790, United Imaging Healthcare, Shanghai, China) with a 12-channel rat coil. The study protocol included the following sequences: (1) 3D T1-weighted gradient-recalled echo (GRE) sequence [repetition time (TR)/echo time (TE) = 10.16/4.6 ms, flip angle (FA) = 12°, 26 slices, slice thickness = 1.2 mm, field of view (FOV) = 50 mm × 72 mm, and matrix = 167 × 240]; (2) T2-weighted fast spin echo (FSE) sequence (TR/TE = 6372/103.36 ms, FA = 145°, 26 slices, slice thickness = 1.2 mm, FOV = 50 mm × 72 mm, and matrix = 250 × 360); (3) NM-MRI sequence. NM-MRI was performed by using the GRE sequence with magnetization transfer (MT) pulse: TR/TE = 62/5.2 ms, FA = 40°, 6 slices, slice thickness = 1.2 mm, FOV = 50 mm × 72 mm, matrix = 167 × 240, MT frequency offset = 2,000 Hz, and duration = 10 ms. This protocol provided coverage of SN-containing portions of the midbrain and surrounding structures.

The NM-MRI scan before the drug injection was defined as the baseline scan. From the baseline NM-MRI scan before drug injection, T1-weighted images and T2-weighted images were acquired from all rats. One acute intrajugular injection of MA and normal saline were given after baseline NM-MRI scanning in the experimental group and control group, respectively. MA can quickly pass through the blood-brain barrier after entering the blood and takes approximately 5 min to act in the brain tissue. The peak time is approximately half an hour, and the concentration decreases after approximately an hour (Zhang et al., 2001). Thus, NM-MRI scans were performed 5, 30, 60 and 90 min after acute drug injection. The MRI room temperature was maintained at 22–24°C during the scan. The rats were wrapped in blankets to prevent hypothermia. The quality of NM-MRI images was visually inspected for artifacts immediately after acquisition by two experienced radiologists. Images of rats with severe motion artifacts affecting the midbrain or incorrect image-stack placement during scanning were excluded. One rat with a blocked catheter, three rats with inadequate anesthesia, and two rats that woke up midway through the procedure (and had severe motion artifacts affecting the midbrain) were excluded from the experimental group. Two rat with inadequate anesthesia and one rat with motion artifacts in the control group were excluded. Finally, MRI data from 10 rats in the experimental group and 8 rats in the control group were analyzed. All rats were euthanized after MRI scanning. The experimental flow chart is shown in Figure 1.


[image: image]

FIGURE 1. Experimental flow chart. MRI data from the experimental group (n = 10) and the control group (n = 8) were finally analyzed. SD, Sprague–Dawley; MA, methamphetamine; NM, neuromelanin; NM-MRI, neuromelanin-sensitive magnetic resonance imaging; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging.




Image Analysis

To show the signal intensity changes in NM-MRI before and after acute MA administration, regions of interest (ROIs) in each subject, which included the SN, CP, NAc, and hippocampus (HIP) were manually drawn by one experienced radiologist (10 years of experience in brain MRI interpretation) with reference to a brain atlas (Marinković et al., 2020). The crus cerebri (CC) is a white matter tract known to have minimal NM content and was drawn as a reference region. This approach captures topographic alterations presumably corresponding with DA neurons that are functionally altered in drug addiction, and this approach was previously shown to have high sensitivity to dopaminergic pathophysiology (Cassidy et al., 2019). All the ROIs were first delineated on the T1-weighted image and then transferred to the NM-MRI images. Mean values of NM-MRI signal intensity in the bilateral ROIs at different time points were recorded. Representative images of brain regions are shown in Figure 2.
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FIGURE 2. Representative NM-MRI images of brain regions of interest. CP, caudate putamen; NAc, nucleus accumbens; HIP, hippocampus; SN, substantia nigra; CC, crus cerebri.




Statistical Analysis

All statistical analyses were conducted using SPSS Statistics version 22 (IBM, NY, United States). Rat body weights, anesthesia, and MA dose for all subjects are listed in Table 1. To exclude irrelevant variables, a series of Pearson correlation analyses were adopted to evaluate the relationships between NM-MRI signal intensity and weight, anesthesia, and MA dose for each subject. For each of the five brain regions, the mean values of the NM-MRI signal intensity at different time points of both groups were compared using ANOVA. In addition, the average signal intensity values in different brain regions at the same time point were calculated and compared using ANOVA. Significance was at the 95% confidence level. Multiple comparison correction was performed by the false discovery rate (FDR) method.




RESULTS


Neuromelanin-Sensitive-Magnetic Resonance Imaging Signal Intensity in the Substantia Nigra Was Higher Than in Other Brain Regions

There was no significant correlation between the NM-MRI signal intensity after MA administration and the rat weight, anesthesia, and MA dose in the experimental and control groups. The average signal intensity values in the bilateral SN, HIP, NAc, CP and CC in the experimental and control groups are shown in Table 2. As shown in Figure 3, at each time point (baseline and 5, 30, 60, and 90 min), lowest to highest NM-MRI signal intensity were detected in the CC, CP, NAc, HIP and SN in both the experimental and control groups. The SN had the highest signal intensity, while the CC had the lowest signal intensity. In addition, NM-MRI signal intensity values in the SN were significantly higher than those in the other brain regions at each time point in both the experimental (P < 0.05) and control (P < 0.05) groups.


TABLE 2. Average NM-MRI signal intensities in different brain regions at each time point (mean ± SD).
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FIGURE 3. Average signal intensities in each brain region at different time points in the experimental group. At all the time points (baseline and 5, 30, 60, and 90 min), the lowest to highest NM-MRI signal intensity across brain regions were observed in the CC, CP, NAc, HIP and SN. NM-MRI signal intensities in the SN were significantly higher than those in other brain regions at each time point (P < 0.05).




Neuromelanin-Sensitive-Magnetic Resonance Imaging Signal Intensity in Each Brain Region Showed a Continuous Upward Trend After Acute Methamphetamine Administration

As shown in Figure 4, in the experimental group, acute MA administration resulted in continuous upward trends in NM-MRI signal intensity in the SN, HIP, and NAc over time, but there was no significant change in the CC. Although the magnitude of the increase varied between brain regions, signal intensity in all brain regions peaked at 90 min. After MA administration, signal intensity in the SN increased from 176.38 at baseline to 186.10 at 90 min, signal intensity in the HIP increased from 162.02 to 169.10, and signal intensity in the NAc increased from 159.93 to 165.20. However, signal intensity in the CP increased gradually at 5 and 30 min after MA administration, decreased slightly at 60 min, and finally increased at 90 min to reach its highest value. In contrast, in control group, signal intensities in all the brain regions did not significantly change over time after injection of normal saline. To assess a potential difference between the experimental group and the control group due to MA injection, we assessed the statistical difference in signal intensity between the two groups at each time point using ANOVA. The results showed that the NM-MRI signal intensity of SN in the experimental group was significantly higher at the 60 and 90 min compared with that in the control group (P values were 0.042 and 0.042, respectively, with FDR correction). In addition, in the experimental group, the NM-MRI signal intensity of SN was statistically significant higher at the 60 and 90 min compared with that before MA administration (P values were 0.023 and 0.011 respectively). In addition to the SN, the NM-MRI signal intensity in other brain regions were not statistically significant at any time point. In the control group, there was no statistical significance in each brain region at any time point.
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FIGURE 4. NM-MRI signal intensity changes in each brain region at different time points. The solid line represents the experimental group (n = 10), and the dotted line represents the control group (n = 8). NM-MRI signal intensities in addiction-related brain regions (SN, HIP, NAc, and CP) showed upward trends after acute MA administration, but no significant changes were observed in the control group. The NM-MRI signal intensity of SN in the experimental group was statistically significant higher at the 60 and 90 min compared with that in the control group (P values were 0.042 and 0.042, respectively, with FDR correction). In the experimental group, the NM-MRI signal intensity of SN was statistically significant higher at the 60 and 90 min compared with that before MA administration (P values were 0.023 and 0.011 respectively).


As shown in Figure 5, from baseline to 5 min, from 5 to 30 min, from 30 to 60 min, and from 60 to 90 min after MA administration in experimental group, the growth rates in the SN signal intensity were 0.43, 0.18, 0.04, and 0.07, respectively; those in the HIP were 0.42, 0.06, 0.07, and 0.05, respectively; those in the NAc were 0.11, 0.01, 0.08, and 0.06, respectively; and those in the CP were 0.21, 0.11, −0.06, and 0.13, respectively. However, there were no significant increases in CC signal intensity across any of these time periods. Although no significant differences were found, the growth rates in the NM-MRI signal intensities in the SN, HIP, NAc and CP were the highest within 5 min after acute MA administration compared with other time periods. In contrast, during the periods from 5–30 min, 30–60 min, and 60–90 min, the growth rates decreased to varying degrees between brain regions.
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FIGURE 5. Signal intensity growth rates from baseline to 5 min, from 5 to 30 min, from 30 to 60 min, and from 60 to 90 min in the experimental group. The signal intensity growth rate is calculated by dividing the increase signal intensity by time. NM-MRI signal intensity growth rates in each brain region were the highest from baseline to 5 min after acute MA administration compared with other time periods.




Increased Amplitude and Rate of Change in Neuromelanin-Sensitive-Magnetic Resonance Imaging Signal Intensity in the Substantia Nigra Were Higher Than That in Other Brain Regions After Acute Methamphetamine Administration

Increases in signal intensity in different brain regions at different time points compared to baseline were calculated. In the experimental group, the NM-MRI signal intensity at 5 min after MA administration, compared with baseline, in the SN, HIP, CP, and NAc increased by 2.17, 2.08, 1.06, and 0.57, respectively. At 30 min compared with baseline, NM-MRI signal intensity in the SN, HIP, CP and NAc increased by 6.55, 3.58, 3.87 and 0.93, respectively. At 60 min compared with baseline, NM-MRI signal intensities in the SN, HIP, CP and NAc increased by 7.75, 5.55, 2.18 and 3.34, respectively. At 90 min compared with baseline, NM-MRI signal intensities in the SN, HIP, CP and NAc increased by 9.73, 7.08, 5.99 and 5.27, respectively. There were no significant changes in the CC over time. As shown in Figure 6, although there was no statistically significant difference, the increased amplitudes in the NM-MRI signal intensities in the SN were higher than those in other brain regions at each time point after acute MA administration compared to baseline. In addition, the increased rates of change in the NM-MRI signal intensity in the SN were also higher than those in other brain regions. Statistically, the NM-MRI signal intensity in the SN increased significantly more at 30 min than in the NAc (P < 0.05). The NM-MRI signal intensity in the SN increased significantly more at 60 min than in the CP (P < 0.05).
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FIGURE 6. Amplitude of signal growth at four time points after MA administration compared to baseline in the experimental group. The increased amplitudes in NM-MRI signal intensity in the SN were higher than those in other brain regions at each time point compared to baseline after acute MA administration.





DISCUSSION

The present study assessed the effect of acute MA exposure on functional changes in dopaminergic pathways by NM-MRI. The results demonstrated that the NM-MRI signal intensity in the SN was significantly higher than that in other brain regions at all the time points. This is consistent with the fact that NM is mainly deposited in the SN as presented in a previous study (Zecca et al., 2001). This study further demonstrated that NM-MRI is sensitive enough to detect regional variability in concentrations of NM in brain tissue, which presumably depends on interindividual and interregional differences in DA function (Poulin et al., 2020). NM-MRI has the ability to directly demonstrate different signal intensities based on the NM content of their constituent neurons. This is a prerequisite for its use as a biomarker of interindividual variability in DA function following MA exposure. Since the results indicated that NM-MRI signal intensity corresponded to regional tissue concentration of NM, particularly in the midbrain region of the SN, NM accumulation probably correlated with higher DA release from nigrostriatal SN neurons. Together, these findings open the possibility that NM-MRI could be used as a proxy measure assessing DA function.

Interestingly, this study found that the lowest to highest NM-MRI signal intensity across brain regions were observed in the CC, CP, NAc, HIP and SN before and after MA administration. The SN had the highest signal intensity compared to other brain regions at each time point. NM has been shown to be richest in the SN but it is practically ubiquitous throughout the brain as it is diffusely distributed in smaller amounts in neurons of other brain areas (Zecca et al., 2008; Ward et al., 2009). Our results suggested that the deposition of NM in the CC, CP, NAc, HIP and SN, which showed a gradual increase from low to high, with highest levels in the SN and lowest levels in the CC. These results probably related to the cellular heterogeneity of midbrain dopaminergic neurons (La Manno et al., 2016), and NM-MRI has the ability to detect regional heterogeneity based on NM content. Interindividual variability in DA function may result in varying levels of NM accumulation in the SN (Cassidy et al., 2019). Therefore, the differences in NM content across brain regions may be related to the diverse array of DA functions. The heterogeneity in the cell populations in the midbrain suggests that DA function may differ substantially between neuronal tiers projecting to other regions (Joel and Weiner, 2000; Rice et al., 2016; Weinstein et al., 2017). Moreover, according to prior research, the SN contains the vast majority of DA neurons among the traditionally defined midbrain DA groups (Anderegg et al., 2015),which is consistent with higher signal intensity in the SN in our study.

Having shown that NM-MRI measures the disparity in regional concentrations of NM in the SN and other brain regions, we then focused on evaluating the signal intensity changes in different brain regions over time after acute MA administration, to test whether increased NM-MRI signal intensities correlated with DA function in vivo. By analyzing the signal intensity changes at different time points after acute MA administration, the results showed that acute MA administration contributed to a continuous upward trend in NM-MRI signal intensities in four brain regions, all regions except for the CC, from baseline to 90 min, although the magnitude of increase varied across brain regions. However, this upward trend in signal intensity was not seen in the control group following the normal saline injection. These results suggested that MA administration activated the mesolimbic (NAc and HIP) and nigrostriatal (SN and CP) pathways, and enhanced DA release at the dopaminergic terminals, leading to an increase in NM-MRI signal intensity in addiction-related brain regions. One interpretation is that MA exposure is associated with a redistribution of DA between cytosolic and vesicular pools (Cassidy et al., 2020). MA inhibits vesicular monoamine transporter 2 (VMAT2) and promotes DA release from synaptic vesicles into the cytoplasm. Subsequently, available cytosolic DA is reverse transported by DATs into the extracellular space, resulting ultimately in increased extracellular DA (Fleckenstein et al., 2007; Skinbjerg et al., 2010; Nickell et al., 2014). A decrease in VMAT2 could account for the increased NM-MRI signal intensity; that is, decreased VMAT2 expression would decrease vesicular DA and increase the cytosolic DA pool from which NM is synthesized (Sulzer et al., 2000; Markov et al., 2008; Zucca et al., 2014). Excess cytosolic DA is thought to copolymerize with cysteine into a polymer of ill-defined composition which is eventually packaged into larger double-membrane bound vesicles (NM granules), leading to increased accumulation of NM (Haining and Achat-Mendes, 2017). Sulzer et al. (2000) showed that NM forms in cultured dopaminergic neurons when cytoplasmic concentrations of DA are artificially increased. Another explanation is that NM synthesis itself acts as a protective mechanism, clearing out excess cytoplasmic catecholamines and increasing NM synthesis (Zecca et al., 2002). Oxidative stress is necessitated for the handling of high concentrations of catecholamines, while the protective role of NM in dopaminergic neurons lies in its prevention of neurotoxicity from quinones that are formed during DA oxidation. When DA is oxidized to dopamine o-quinone, aminochrome and 5,6-indolequinone are formed and typically undergo polymerization to form the dark pigment NM (Muñoz et al., 2012b). The product of oxidative stress (i.e., NM) could then function to alleviate the very thing that created itself (i.e., excess DA). As has been pointed out, sequestration into vesicles apparently alleviates this toxicity and stress on the cell. This process suggests that the accumulation of NM itself could serve as a storage, protection, and rerelease mechanism for DA, possibly acting as an actual molecular memory loop. This could partly explain the reinforcement of addictive memories and behavior that are associated with DA-releasing drugs. Previous studies have shown that PD is characterized by the loss of DA neurons, resulting in decreased NM concentration and NM-MRI signal intensity (Sasaki et al., 2006; Sulzer et al., 2018; Martín-Bastida et al., 2019). However, MA exposure produces the opposite effects. Acute MA exposure is characterized by increased DA concentrations in most brain regions (Czoty et al., 2004; Desai et al., 2010), and our results indicated that the increased NM-MRI signal intensity may have been due to increased NM concentrations, which may indirectly reflect the elevated DA availability in DA neurons and is consistent with the idea that NM accumulation depends on DA function in the soma (Sulzer et al., 2000; Cebrián et al., 2014; Cassidy et al., 2019). Thus, our results supported the idea that NM-MRI captures an addiction-related aspect of DA dysfunction in the nigrostriatal pathway.

In this study, across each of the brain regions, the signal intensity growth rate within 5 min of acute MA administration was the highest compared with other time periods, which indicated that DA release in the four brain regions occurred most rapidly within 5 min after acute MA administration compared with other time periods. A previous study showed that extracellular DA concentrations in the SN, CP and NAc increased with a peak response at 30 min after acute MA injections (Zhang et al., 2001). One possible explanation for the current results was the delay in scanning. In particular, it took 20 min to complete the NM-MRI scan after the MA injection. Another explanation is that MA was administered differently in this study. Intraperitoneal injections were used in a previous study (Zhang et al., 2001), while jugular vein injections were used in this study, a route by which the drug has a faster effect.

Having validated that the signal intensity increased in most brain regions over time, we then proceeded to analyze the differences in increased signal intensities in different brain regions at different time points. In this study, the NM-MRI signal intensity of SN was significantly higher at the 60 and 90 min both in within-groups and inter-group comparison. There was no significant result in other brain regions, which suggested that a significant effect from MA administration in SN. The rate of increase and amplitude of NM-MRI signal intensities in the SN were higher than those in other brain regions at each time point after acute MA administration. These results suggested that the conversion of DA to NM was most significant in the SN after acute MA administration, which was consistent with the SN being where most NM accumulates. Given that a previous imaging study showed that cocaine users had higher locus coeruleus (LC) NM signal intensity but the VTA/SN did not show significant group differences (Wang et al., 2021), the finding of NM-MRI signal intensity increases being most significant in the SN provides additional insight into the pathophysiology of MA exposure. The combination of increased NM-MRI signal intensity and elevated NM in the SN suggests that DA neurons are differently distributed after MA exposure. The SN is DA-rich and contains both redox-available NM and a high iron content (Zucca et al., 2014). There are several interrelated mechanisms involving iron, DA, and NM in SN neurons (Zucca et al., 2017). NM accumulates during aging and is the catecholamine-derived pigment in the dopaminergic neurons in the SN, but it is relatively depleted in the SN of patients with PD. On one hand, NM is an effective metal chelator and serves to trap iron and provides neuronal protection from oxidative stress. The high concentration of NM in SN neurons seems to be linked to the presence of a considerable amount of cytosolic DA that has not been sequestered into synaptic vesicles. Excess cytosolic DA can be removed by converting it into a stable compound like NM, and this process rescues the cell, that is, NM serves a protective role (Muñoz et al., 2012a). Our results could be explained by this neuroprotective effect in that NM synthesis was most significant in the SN. On the other hand, many cellular redox reactions rely on iron, however, an altered distribution of reactive iron is cytotoxic (Wang et al., 2021).

In this study, we first demonstrated that NM-MRI is sensitive enough to detect regional heterogeneity in NM content and found that the SN itself accumulates the most NM. Secondly, the NM-MRI signal intensity in each brain region showed an upward trend after MA administration. consistent with the evidence that DA dysfunction is closely related to drug addiction, and thus, our data support the notion that the increase in DA concentration would lead to increases in NM deposition over time, which can be captured by NM-MRI. Finally, the conversion of DA to NM was most significant in the SN, which also confirmed that NM is mainly deposited in the SN. Our work suggested that NM-MRI has the ability to capture this addiction-related phenotype consisting of nigrostriatal DA excess by demonstrating an increase in NM accumulation in the SN. These findings promote the development of this candidate biomarker for addiction-related psychiatric disorders and treatment selection.

There are several limitations in this study. First, this study lacked an absolute gold standard. It is critical that future studies should provide direct evidence for a relationship between NM-MRI signal intensity and concentration of DA and NM measured in ex vivo rat brain tissue using biological methods. Second, similar to other neuropsychiatric diseases, our results showed that the NM-MRI signal intensity is sensitive but not necessarily diagnosis-specific for MA addiction; applications in other non-degenerative diseases remain to be studied. Third, there was no monitoring of physiological parameters during the experiment and that a potential bias due to a change in the animal’s body temperature cannot be excluded. Finally, our study was limited to animals and needs to be validated in the context of a clinical application in the future.



CONCLUSION

This study was an investigation to identify evidence for abnormal NM-MRI signal intensity in NM-containing dopaminergic neurons in the SN after acute MA exposure. Given the central role of DA in drug addiction and the non-invasiveness of NM-MRI data acquisition, NM-MRI has the potential to advance our understanding of DA alterations in the context of drug addiction. Our findings further underscore the promise of NM-MRI as a method to identify clinically useful biomarkers for non-neurodegenerative conditions associated with DA dysfunction.
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