
 

学校编码：10384                                分类号      密级       

学号：20520131151665                                       UDC      

                    

 

 

 

 

 

 

硕  士  学  位  论  文 

 

超高灵敏流式检测技术 

在线粒体融合定量检测中的应用 

Quantitative Measurement of Mitochondrial Fusion in vitro 

by High-Sensitivity Flow Cytometry 

 
 

韩锦艳 
 
 
 

指导教师姓名：颜晓梅 教授 

专  业 名 称：化学生物学 

论文提交日期：2016年 4月 

论文答辩时间：2016年 5月 

学位授予日期：2016年  月 

答辩委员会主席：             

评    阅    人：             

2016年 5 月 

厦
门
大
学
博
硕
士
论
文
摘
要
库



 

 

厦门大学学位论文原创性声明 

 

本人呈交的学位论文是本人在导师指导下,独立完成的研究成

果。本人在论文写作中参考其他个人或集体已经发表的研究成果，均

在文中以适当方式明确标明，并符合法律规范和《厦门大学研究生学

术活动规范（试行）》。 

另外，该学位论文为（                            ）课题（组）

的研究成果，获得（               ）课题（组）经费或实验室的

资助，在（               ）实验室完成。（请在以上括号内填写课

题或课题组负责人或实验室名称，未有此项声明内容的，可以不作特

别声明。） 

 

声明人（签名）： 

                             年   月   日 

 

 

 

 

 

 

 

厦
门
大
学
博
硕
士
论
文
摘
要
库



 

 

厦门大学学位论文著作权使用声明 

 

本人同意厦门大学根据《中华人民共和国学位条例暂行实施办

法》等规定保留和使用此学位论文，并向主管部门或其指定机构送交

学位论文（包括纸质版和电子版），允许学位论文进入厦门大学图书

馆及其数据库被查阅、借阅。本人同意厦门大学将学位论文加入全国

博士、硕士学位论文共建单位数据库进行检索，将学位论文的标题和

摘要汇编出版，采用影印、缩印或者其它方式合理复制学位论文。 

本学位论文属于： 

（     ）1.经厦门大学保密委员会审查核定的保密学位论文，

于   年  月  日解密，解密后适用上述授权。 

（     ）2.不保密，适用上述授权。 

（请在以上相应括号内打“√”或填上相应内容。保密学位论文

应是已经厦门大学保密委员会审定过的学位论文，未经厦门大学保密

委员会审定的学位论文均为公开学位论文。此声明栏不填写的，默认

为公开学位论文，均适用上述授权。） 

 

 

                             声明人（签名）： 

年   月   日 

厦
门
大
学
博
硕
士
论
文
摘
要
库



目录 

 

目录 

摘 要 .................................................................................................. I 

Abstract ........................................................................................... III 

第一章 绪论 ...................................................................................... 1 

1.1 线粒体结构与功能简介 ............................................................................. 1 

1.2 线粒体融合分裂 ......................................................................................... 2 

1.2.1 线粒体融合分裂的分子机制................................................................ 3 

1.2.2 线粒体融合分裂的意义..................................................................... 12 

1.2.3 线粒体融合分裂与人类疾病............................................................. 15 

1.3 线粒体融合的分析方法 ............................................................................ 18 

1.4 超高灵敏流式检测技术（HSFCM） .................................................... 21 

1.4.1 超高灵敏流式检测装置简介............................................................. 21 

1.4.2 HSFCM 在单线粒体检测中的应用 ................................................... 22 

1.5 本论文的选题思路以及研究内容 ........................................................... 25 

1.6 参考文献 .................................................................................................... 26 

第二章 线粒体荧光标记的单颗粒水平高通量评估方法的建立 39 

2.1 引言 ........................................................................................................... 39 

2.2 材料与方法 ............................................................................................... 40 

2.2.1 仪器与设备.......................................................................................... 40 

2.2.2 实验试剂与溶液配制.......................................................................... 43 

2.2.3 实验方法.............................................................................................. 45 

2.3 结果与讨论 ................................................................................................ 55 

厦
门
大
学
博
硕
士
论
文
摘
要
库



目录 

 

2.3.1 质粒扩增与质粒提取......................................................................... 55 

2.3.2 瞬时转染条件优化............................................................................. 60 

2.3.3 稳定转染条件优化以及细胞筛选..................................................... 61 

2.3.4 单细胞水平对比瞬时转染与稳定转染的细胞转染效率.................. 65 

2.3.5 单线粒体水平对比瞬时转染与稳定转染的线粒体标记效率和荧光

亮度....................................................................................................................... 67 

2.3.6 单线粒体水平对比稳定转染蛋白标记与染料标记的稳定性和荧光

亮度....................................................................................................................... 69 

2.4 本章小结 ................................................................................................... 71 

2.5 参考文献 .................................................................................................... 72 

第三章 线粒体融合的高通量定量检测方法的建立 .................... 74 

3.1 引言 ........................................................................................................... 74 

3.2 材料与方法 ............................................................................................... 75 

3.2.1 仪器与设备.......................................................................................... 75 

3.2.2 实验试剂与溶液配制.......................................................................... 76 

3.2.3 实验方法.............................................................................................. 77 

3.3 结果与讨论 ................................................................................................ 80 

3.3.1 线粒体融合实验的 HSFCM 检测初步尝试 ..................................... 80 

3.3.2 线粒体融合的 HSFCM 检测条件优化 ............................................. 86 

3.3.3 HSFCM 数据处理：荧光补偿 ......................................................... 102 

3.3.4 线粒体融合缓冲液组分对融合效率的影响................................... 106 

3.3.5 线粒体同色融合与异色融合........................................................... 108 

3.3.6 透射电子显微镜验证线粒体融合.................................................... 109 

3.4 本章小结 ................................................................................................. 110 

厦
门
大
学
博
硕
士
论
文
摘
要
库



目录 

 

3.5 参考文献 .................................................................................................. 111 

第四章 线粒体融合的高通量定量检测方法的应用 .................. 113 

4.1 引言 ......................................................................................................... 113 

4.2 材料与方法 ............................................................................................. 115 

4.2.1 仪器与设备........................................................................................ 115 

4.2.2 实验试剂与溶液配制........................................................................ 115 

4.2.3 实验方法............................................................................................ 116 

4.3 结果与讨论 .............................................................................................. 116 

4.3.1 线粒体融合与膜电位关系的研究.................................................... 116 

4.3.2 线粒体融合与氧化还原平衡关系的研究....................................... 120 

4.4 本章小结 ................................................................................................. 122 

4.5 参考文献 .................................................................................................. 123 

第五章 总结与展望 ...................................................................... 125 

5.1 HSFCM 应用于单线粒体水平融合定量检测的工作总结 ................ 125 

5.2 HSFCM 应用于单线粒体水平融合定量检测的研究特色 ................ 126 

5.3 后续研究方向展望.............................................................................. 127 

5.4 参考文献............................................................................................... 128 

在校期间发表论文 ........................................................................ 129 

致谢................................................................................................. 130 

 

 

厦
门
大
学
博
硕
士
论
文
摘
要
库



Contents 

 

Contents 

Abstract (in Chinese) ................................................................................ I 

Abstract (in English) .............................................................................. III 

Chapter 1. Preface..................................................................................... 1 

1.1 Introduction of mitochondrial structure and function ................................ 1 

1.2 Mitochondrial fusion and fission .................................................................. 2 

1.1.1 Mechanisms of mitochondrial fusion and fission .................................. 3 

1.1.2 Significance of mitochondrial fusion and fission ................................ 12 

1.1.3 Human diseases relate to mitochondrial fusion and fission ................. 15 

    1.3 Methods for measurement of mitochondrial fusion ................................ 18 

    1.4 High-sensitivity flow cytometry (HSFCM) ................................................ 21 

1.3.1 Introduction of HSFCM ....................................................................... 21 

1.3.2 Applications of HSFCM in mitochondrial analysis ............................. 22 

    1.5 Objectives and main contents of this dissertation ..................................... 25 

    1.6 References ..................................................................................................... 26 

Chapter 2. Development of high-throughput assessment method for 

mitochondrial fluorescence labeling at the single-particle level ........ 39 

    2.1 Introduction .................................................................................................. 39 

    2.2 Materials and methods ................................................................................ 40 

2.2.1 Instruments and equipments ................................................................ 40 

2.2.2 Reagents and solution preparation ....................................................... 43 

2.2.3 Experimental methods ......................................................................... 45 

厦
门
大
学
博
硕
士
论
文
摘
要
库



Contents 

 

    2.3 Results and discussion ................................................................................. 55 

2.3.1 Plasmid amplification and extraction ................................................... 55 

2.3.2 Optimization of transient transfection ................................................. 60 

2.3.3 Optimization of stable transfection and cell selection ......................... 61 

2.3.4 Comparison of transient transfection and stable transfection at the 

single-cell level ..................................................................................................... 65 

2.3.5 Comparison of labeling stability and fluorescence intensity upon 

transient transfection and stable transfection at the single-mitochondrion level .. 67 

2.3.6 Comparison of labeling stability and fluorescence intensity upon stable 

transfection and dye labeling at the single-mitochondrion level .......................... 69 

    2.4 Conclusion .................................................................................................... 71 

    2.5 References ..................................................................................................... 72 

Chapter 3. Development of high-throughput in vitro method for the 

quantitative measurement of mitochondrial fusion ............................ 74 

    3.1 Introduction .................................................................................................. 74 

    3.2 Materials and methods ................................................................................ 75 

3.2.1 Instruments and equipments ................................................................ 75 

3.2.2 Reagents and solution preparation ....................................................... 76 

3.2.3 Experimenal methods........................................................................... 77 

    3.3 Results and discussion ................................................................................. 80 

3.3.1 Initial attempt of measuring mitochondrial fusion in vitro by HSFCM

............................................................................................................................... 80 

3.3.2 Optimization of HSFCM measurement conditions for mitochondrial 

fusion..................................................................................................................... 86 

厦
门
大
学
博
硕
士
论
文
摘
要
库



Contents 

 

3.3.3 Data processing for HSFCM: fluorescence compensation ................ 102 

3.3.4 Influences of mitochondrial fusion buffer compositions on 

mitochondrial fusion efficiency .......................................................................... 106 

3.3.5 Measurement of mitochondrial fusion between mitochondria labeled 

with the same colour or different colours ........................................................... 108 

3.3.6 Validation of mitochondrial fusion by transmission electron 

microscope .......................................................................................................... 109 

    3.4 Conclusion .................................................................................................. 110 

    3.5 References ................................................................................................... 111 

Chapter 4. Applications of the quantitative HSFCM method for 

mitochondrial fusion measurement in vitro ........................................ 113 

    4.1 Introduction ................................................................................................ 113 

    4.2 Materials and methods .............................................................................. 115 

4.2.1 Instruments an equipments ................................................................ 115 

4.2.2 Reagents and solution preparation ..................................................... 115 

4.2.3 Experimenal methods......................................................................... 116 

    4.3 Results and discussion ............................................................................... 116 

4.3.1 Research on the relationship of mitochondrial fusion and membrane 

potential............................................................................................................... 116 

4.3.2 Research on the relationship of mitochondrial fusion and redox 

homeostasis ......................................................................................................... 120 

    4.4 Conclusion .................................................................................................. 122 

   4.5 References .................................................................................................... 123 

Chapter 5. Summary and prospects .................................................... 125 

厦
门
大
学
博
硕
士
论
文
摘
要
库



Contents 

 

5.1 Summary ....................................................................................................... 125 

5.2 The features of present research .................................................................... 126 

5.3 Prospects ....................................................................................................... 127 

5.4 References ..................................................................................................... 128 

Publications ........................................................................................... 129 

Acknowledgements ............................................................................... 130

厦
门
大
学
博
硕
士
论
文
摘
要
库



摘要 

I 

摘 要  

线粒体是高度动态的细胞器，在真核细胞能量代谢和信号转导中发挥重要的

调控作用。线粒体融合分裂与细胞代谢、线粒体自噬、细胞凋亡等多种生命活动

息息相关，融合分裂失衡会导致多种人类疾病，包括神经退行性疾病、心血管疾

病、癌症等。因此，建立快速的线粒体融合检测方法并对该过程进行定量检测显

得尤为重要。目前线粒体融合的检测手段主要是采用荧光显微镜和透射电子显微

镜对线粒体融合现象进行观察，但这两种方法都在检测速度和定量方面存在很大

的局限性。线粒体融合的相关研究迫切需要发展高灵敏、高通量的单线粒体水平

检测技术。 

结合瑞利散射和鞘流单分子荧光检测技术，我们课题组研发了超高灵敏流式

检测技术（high sensitivity flow cytometry, HSFCM），实现了单个线粒体的散射

和多色荧光信号的同时检测，检测速率高达每分钟上万个颗粒。本论文旨在利用

实验室自行研制的超高灵敏流式检测装置，结合基于质粒转染的线粒体荧光标记

手段，建立线粒体融合的高通量定量检测方法，并将其应用于线粒体融合与膜电

位和氧化还原平衡的研究。第一章对线粒体融合分裂的分子机制、意义及其与人

类疾病关系进行介绍，并简介线粒体融合的研究手段以及超高灵敏流式检测技

术。实验部分的主要内容如下： 

1. 建立线粒体荧光标记的高通量评估方法。分别将 pAcGFP1-Mito 质粒和

pDsRed2-Mito 质粒瞬时转染至人宫颈癌 HeLa 细胞中，再用抗性筛选试剂

G418 分别筛选出两种稳定转染细胞。单线粒体水平的荧光定量分析表明，相

比瞬时转染和染料标记，稳定转染具有荧光亮度高且标记稳定性好的独特优

势，能更好地应用于需要线粒体稳定标记的线粒体融合研究中（第二章）。 

2. 建立线粒体融合的定量检测方法。分别从两种稳定转染细胞中提取表达绿色

荧光蛋白或红色荧光蛋白的线粒体，等量混合后诱导线粒体融合，采用

HSFCM 在单颗粒水平对样品中线粒体的散射、绿色和红色荧光信号进行同

时检测。如果能同时检测到颗粒的绿色和红色荧光信号，就可以判定这是一

个融合线粒体。 在优化的融合条件下，测得的线粒体融合效率约为 22~23%，
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II 

与文献报道相吻合。此外，采用透射电子显微镜观察到线粒体融合中间体。

相比于 TEM 检测，线粒体融合的 HSFCM 测定在速度和定量表征方面具有独

特的优势（第三章）。 

3. 线粒体融合定量检测方法的应用。分别考察了线粒体融合与膜电位、氧化还

原平衡的相互关系。实验结果表明，融合过程需要线粒体维持膜电位；在一

定工作浓度范围内，氧化剂能促进线粒融合，而抗氧化剂会抑制线粒体融合

（第四章）。 

4. 由于线粒体融合过程与多种细胞活动息息相关，我们希望能将所建立的线粒

体融合定量检测方法用于探究参与调控线粒体融合的其他影响因素。论文的

结尾总结了现有的研究工作，并对后续的研究方向提出了初步展望（第五章）。 

 

关键词：超高灵敏流式检测技术；单线粒体分析；稳定转染；线粒体融合
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Abstract  

Mitochondria play a central role in the regulation of energy metabolism and 

signal transduction in eukaryotic cells. Besides, mitochondria are highly dynamic 

organelles that continually undergo fusion and fission. Mitochondrial dynamics 

actively contributes to a lot of cellular activities, such as cell metabolism, mitophagy 

and apoptosis, and dysfunction of which will lead to several human diseases, 

including neurodegenerative diseases, cardiovascular disease and cancers. As a result, 

developing a quantitative method for the rapid measurement of mitochondrial fusion 

is urgently needed. The techniques commonly used for mitochondrial fusion study are 

confocal microscopy and transmission electron microscopy (TEM), both of which are 

of low-throughput and limited quantification capability. A sensitive, high-throughput, 

and quantitative method for mitochondrial fusion measurement at the 

single-mitochondrion level is in high demand.  

By combining Rayleigh scattering with strategies for single-molecule 

fluorescence detection in a sheathed flow, our laboratory have developed a high 

sensitivity flow cytometer (HSFCM) which can achieves real-time light-scattering 

and multicolor fluorescence detection of single mitochondrion at a throughput of up to 

10000 particles per minute. Employing the unique advantage of HSFCM in the 

sensitive, rapid, and quantitative multiparameter analysis of individual mitochondria, 

here, we aim to develop a high-throughput method for the quantitative measurement 

of mitochondrial fusion via the integration of mitochondria labeling with transfected 

plasmid. The applications of the as-developed method in the relationship study 

between mitochondrial fusion and the mitochondrial membrane potential and redox 

homeostasis have been conducted. The first chapter introduces the mechanisms and 

significance of mitochondrial fusion and fission, along with their relationship with 

human diseases. The conventional methods for mitochondrial fusion measurement are 
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described and technology of high sensitivity flow cytometry is introduced. The 

experimental parts contents of this dissertation are summarized as follows:  

1. High-throughput assessment of mitochondrial fluorescence labeling at the 

single-particle level. Plasmid encoding mitochondrial-targeted fluorescent 

proteins, pAcGFP1-Mito and pDsRed2-Mito, were transiently transfected to HeLa 

cells, respectively. Stable transfection was achieved by G418 selection. The strong 

fluorescence intensity and good labeling stability make stable transfection an 

excellent method to label mitochondria stably (Chapter 2). 

2. Development of high-throughput quantitative method for mitochondrial fusion 

measurement in vitro. Mitochondria isolated from HeLa cells with stable 

transfection of pAcGFP1-Mito or pDsRed2-Mito plasmid were mixed at equal 

concentration. The HSFCM was used to analyze the sample, and the side scatter, 

green fluorescence, and red fluorescence of individual mitochondria were 

measured simultaneously. The event with concomitant detection of both the green 

and red fluorescence signals was identified to be a fused mitochondrion. The 

fusion condition and the HSFCM detection condition were optimized. 

Mitochondrial fusion buffer was used to promote mitochondrial fusion and the 

fusion efficiency was measured to around 22~23%. These results agreed well with 

the literature reports. On the other hand, we observed the structure of intermediate 

state by using TEM measurement. Compared with TEM measurement, the 

HSFCM exhibits unique advantages in the rapid and quantitative measurement of 

mitochondrial fusion (Chapter 3). 

3. Applications of the as-developed HSFCM method for the quantitative 

measurement of mitochondrial fusion in vitro. The relationships of the fusion 

efficiency and mitochondrial membrane potential or redox homeostasis were 

studied. Results show that mitochondrial membrane potential is essential for 

mitochondrial fusion, and oxidants effectively induce mitochondrial fusion 

whereas antioxidants inhibit mitochondrial fusion (Chapter 4). 

4. Due to the essential roles of mitochondrial dynamics in cellular activities, in the 

future we hope to apply the as-developed HSFCM method for the quantitative 
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V 

measurement of mitochondrial fusion to study other factors involved in the 

regulation of mitochondrial fusion. Prospects on the future development are 

discussed in the end of this dissertation (Chapter 5). 

 

Keywords: high sensitivity flow cytometry; single mitochondrial analysis; stable 

transfection; mitochondrial fusion 
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第一章 绪论 

1 

第一章 绪论 

1.1 线粒体结构与功能简介 

在真核细胞中，线粒体不仅是细胞的能量工厂，还是多种信号转导的调控中

枢。单个细胞内含有的线粒体的数目可以从几十个到数千个不等[1]，能量需求越

高的细胞含有的线粒体数目越多[2]。线粒体尺寸微小，直径一般为 0.5-1.0 µm，

长度为 1.5-3.0 µm，且形态和功能存在高度的异质性（heterogenity）[3-7]。 

 

图 1.1 线粒体结构示意图[8]。M，基质；IM，内膜；IMS，膜间隙；OM，外膜；

CS，胞浆。 

Fig. 1.1 Scheme of a mitochondrion
[8]

. M, matrix; IM, inner membrane; IMS, 

intermembrane space; OM, outer membrane; CS, cytosol. 

 

线粒体的结构如图 1.1 所示[8]，其由双层膜包被，划分为四个部分：外膜（outer 

membrane, OM）、膜间隙（intermembrane space, IMS）、内膜（inner membrane, IM）

和基质（matrix, M）。外膜将线粒体与胞浆隔离，可以通过电压依赖性阴离子通

道（voltagedependent anion channel, VDAC）[9]与胞浆进行代谢物传递，借助外膜

转运酶（translocase of the outer membrane, TOM）[10]转运核编码蛋白质。内膜可

以分为内边界膜（inner boundary membrane, IBM）和嵴（cristae）[11]。内边界膜

上含有将蛋白运转至基质的内膜转运酶（translocase of the inner membrane, TIM）
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