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中  文  摘  要

	我的论文是从认知的角度出发，阐述了我对抉择作为一个高级认知行为的认识和在此基础上开展的一些研究，取得了一些令人振奋的结果。
世界充满着变化(variety)和不确定性(uncertainty)，我们每天的生活就是连续不断的抉择(decision-making)。生命就是抉择之链，不论是作为高等灵长类的人，还是低等如果蝇者，就这一行为能力对于生活的重要性而言，概莫如是。理解抉择就对人和社会的行为本质有了最深刻的认识。在经济学领域，已经有若干次因为对抉择问题的研究而获得诺贝尔奖的先例，包括最近的Daniel Kahneman由于对非理性条件下的抉择行为的描述于2002年获奖。但是同样作为经济学家的Thorstein Veblen在1898年曾经说过，“要正确的理解经济学的话，应该把它当作一个生物的分支”。抉择作为一种认知能力的行为表现，需要有什么样的神经生物学基础呢，这正是很多神经生物学家所感兴趣的问题。早期对抉择的脑功能的认识主要来源于有相应行为障碍的病人(如Phineas Gage和“Elliot”)。对其脑损伤区域的定位，帮助神经科医生及神经科学家们对参与这一行为的大脑相应区域有了初步认识。从20世纪90年代开始的在体单细胞记录技术，进一步为人们了解这些区域内的神经元到底在做什么提供了可能。近些年兴起的功能性核磁共振成像(functional magnetic resonance imaging，fMRI)技术则展现了不同脑区在抉择的脑处理过程中在时间上的依存关系。但是手段的局限决定了人们在需要同时考察不同脑区在环路中的角色时，面对人脑以及哺乳动物的大脑所展现出的过度复杂性，显得无能为力。

我认为要从神经生物学的角度理解一个行为，首先要解决两大问题，一个是环路基础的问题，一个是工作机制问题。果蝇作为一个简单而又好用的模式生物，在其进入生物学研究的一百年中，为遗传学和发育学理论的奠定做出了不可磨灭的贡献，同时也积累了极其丰富的特有的研究工具。在这些工具的帮助下，果蝇丰富的行为模式和高度发展的认知能力，已经在学习记忆的分子机制，周期性节律(circadian rhythm)的分子调控，成瘾行为(addiction)的调控，乃至退行性疾病发生的神经及分子基础的研究中展现出无可替代的优势。并且通过与高等动物中相应研究结果的比对，证明这些行为的表现和分子基础都是相当保守的。受益于果蝇中的遗传工具和脑结构令人愉悦的复杂程度，我希望它能在抉择的机制研究中发挥作用。我的论文总结了我和同事在这一想法指导下的工作和所取得的结果。我们的工作即是在果蝇中建立这样一个抉择模型，首先证明了果蝇存在抉择行为，并且这种抉择行为带有浓厚的理性特征，即其选择是基于预期的结果所代表的利益价值(value)的大小来做出的。然后我们的工作还揭示，果蝇中的抉择行为依赖于一个具有高级认知整合能力的中枢——蘑菇体(mushroom bodies)和一个负责释放调节性递质多巴胺的神经元集群(dopaminergic system)所共同组成的神经系统的完整性，而这一个复合网络的构成模式是和高等动物中所表现出的抉择的神经基础是一致的。最后我们的工作还描述了果蝇中，蘑菇体和多巴胺环路在这一行为中作用的时间特性和动力学特征。基于我们的实验结果，并且为了描述和解释抉择的神经生物学过程和相应的机制，我们提出了抉择环路中的门控抑制和增益控制共同作用模型(Gating and Gain Model)，我们希望这不仅作于一个解释抉择行为的开端，并且希望这最终也可以是一个理解认知行为机制的普遍适用的模型。

抉择是一种基于知识和经验，权衡利弊得失，从可供选择的全部方案中，选择最为有利者的能力。最能体现抉择能力的行为，即是个体在面对冲突环境，或者说两难条件时的表现。我们在实验中，以水平条作为视觉刺激，用水平条所负载的颜色和位置信息构建冲突线索来建立果蝇在飞行模拟器中的抉择行为范式。通过结合热惩罚，训练果蝇学习初始设置的水平条重心高度和颜色，使果蝇学会将重心和颜色信息(突显性，saliency)与惩罚信息联系起来。当我们重新设置水平条的位置和颜色后，新的环境中重心和颜色信息与先前训练形成的记忆构成冲突，果蝇即被要求在这样的两难条件下进行抉择。实验结果表明，在这样的条件下，果蝇会根据重心和颜色分别代表的惩罚概率的多少进行选择，实现其趋利避害的本能。利用温度敏感型的突触传递突变体(shibirets1，shits1)和增强子陷阱系统(enhancer trap system)，通过控制果蝇在冲突环境中做选择时的温度(限制温度，restrictive temperature，>29℃；允许温度，permissive temperature，<25℃)，我们可以快速并且可逆的阻断特定脑区或者神经元的突触传递，从而剥夺其功能，来确认其是否参与基于目标突显程度的视觉抉择环路和神经机制。我们发现在抉择过程中提升环境温度，阻断蘑菇体结构和多巴胺能神经系统其中任一的突触传递都会造成果蝇出现线性的抉择表现，而同样的果蝇在常温下，保持各部分脑结构功能正常时，其抉择表现为全或无的S形曲线。这一结果说明，果蝇脑中的蘑菇体结构和多巴胺能神经系统共同构成的环路对抉择过程中的价值比较功能非常重要，两者中的任一部分缺失则会造成这一环路的瘫痪，从而使得基于价值比较的抉择变为基于感觉信息差异比较的抉择。进一步通过设置给予限制温度的时间窗口发现，抉择过程可以根据对蘑菇体和多巴胺能神经系统环路的需要与否分为两个阶段。第一个阶段为抉择建立期，这个阶段需要蘑菇体和多巴胺能神经系统环路的突触传递功能；第二个阶段为抉择结果的执行期，这一阶段既定的抉择行为的维持不依赖于蘑菇体和多巴胺能神经系统环路的功能。

通过免疫荧光组织化学实验，结果显示，蘑菇体结构和多巴胺能神经元系统在解剖结构上关系紧密。多巴胺能神经纤维在果蝇脑内富集在蘑菇体区域，其轴突侵入到蘑菇体的分叶中，并且这一部分侵入的轴突的发育依赖于蘑菇体结构的完整，提示蘑菇体和多巴胺能神经系统存在功能上的联系，并且多巴胺系统可能对蘑菇体存在突触前调节。这一环路对于前述基于目标突显程度的视觉抉择的正常完成是必需的。组织化学的结果为之前的行为学实验的解释提供很好的神经系统结构上佐证。多巴胺在动物中广泛的被作为一种神经调制而存在，这里结果提示蘑菇体和多巴胺系统构成的环路可能以多巴胺突触前调节蘑菇体从而改变其对接受的传入的反应效率，而使得动物在抉择过程中对较小的价值差异能做出全或无的反应。作为嗅觉和视觉共同的认知中枢，有实验证明蘑菇体在分选信号，压抑噪声的功能中扮演重要角色。在此基础上我们提出了门控抑制和增益控制共同作用模型，认为蘑菇体主要起门控抑制分选信号的作用，而多巴胺则负责放大被分选出的信号，从而使有效的或者重要的信号被进一步削尖，有利于动物做出正确并且高效的选择。

我的论文描述了我们以果蝇为模式生物的实验，在基因—脑—行为—认知相结合的框架下，从演化的角度，探索脑认知的基本原理。研究所的发现果蝇的“两难抉择”及抉择的脑结构，为理解抉择的神经机制提供了更为强大的模式生物和简明的抉择范式，改变了认为抉择是灵长类的“专利”的传统科学观念；探明的多巴胺和蘑菇体共同参与抉择，对理解抉择的脑机制有重要意义；学习与记忆协同双赢和相互传递和某些特征泛化和概念生成的发现，对研究人及高等动物的“脑—思维”的难题有借鉴作用。果蝇小型化的脑在它的小型认知世界里的简约的认知行为可能提供关于决策的神经环路和基因方面的信息，会有助于理解某些认知和精神活动的“门控”、“聚焦”和“放大”的基本原理，进而开启阐述智能本质及其产生方式的大门。同时我们的研究对交叉学科如人工智能的研究或“自然计算”或许会有启发作用。
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Study on the Saliency-Based Visual Decision-Making in Drosophila Zhang Ke
ABSTRACT

	Decision-making is so pervasive that everyone, professionally or personally, is involved with making a variety of decisions. It is so important an problem that three Nobel Prize Winners in Economics were owing to their findings on the features of this behavior in the history, including Daniel Kahneman in 2002 for his and his teacher (Amos Tversky)’s investigation to the human’s decision on the unratioal condition with great uncertainties, which is more likely to the reality. At the aspect of behavior study, decision making is a cognitive process of choosing an opinion or an action among a set of two or more alternatives to pursue the greatest interests at the present situation, with several defining characteristics should be emphasized. First, choice alternatives are not merely reflexive responses but involve goal-directed actions for which the expected outcomes can be assessed to some degree and taken into account in a decision process. Second, a hallmark of controlled decisions is the process of information accumulation and deliberate consideration. Third, risk is inherent in virtually all interesting decisions; indeed, one can say that the essence of decision making is to make a right choice in the face of uncertainty about its long-term consequences.
Whereas decision-making is a problem beyond economics obviously, especially to the biologists. Life is a series of sequential choices in the world of varieties and uncertainties, no matter to the President, or to a fly. So decision-making is a pivotal capacity of cognitive behavior evolutionally and should be conserved from species, even their brain structures could look totally distinct. But how can it happen that the similar function comes from brains with different complexities? What determines that animals forage for food or choose a mate? What the disciplines a brain follows in this behavior? All these questions can not be interpreted from human social knowledge, unless we take economics as a branch of neuroscience which may help people understand it in essence. Then neuroeconomics, the subject jointing neuroscience and economics, emerges thereby, and attracts the attention from both professional and public increasingly. The cores of neuroeconomics are the evaluation of competing values or utilities and how brains achive it. It has been reported that there are two types of decision behavior in primates. One is value-based decision mode concerning economic interests or physical reward (punishment) in a winter-takes-all manner. The other is perceptual decision which determined by the intension of the stimuli and the performance of the subjects always is linear accordingly to the enhancement of the stimuli progressively. My thesis offers some clues in Drosophila melanogaster about this theme, presenting the two types of decision performance in flies and addressing how these two modes transfer in flies. 

The brain and central nervous system are made of circuits that process stimuli and evoke bodily responses substantially, after all. In spite of a central role of decision making in cognition, little was known about its neuronal underpinning until recently. As a matter of fact, neurologists and neuroscientists have been engaged in the exploration of the secret underlying for hundred years. In 1848, a young American railway builder named Phineas Gage survived in an explosion accident and had his forebrain injured. After that, he displayed a severe behavioral defect in emotion control, program projection and decision. It was noticed by neurologists and the lesion in the frontal cortex was assigned to the behavioral change, which resulted in the birth of the modern neuroscience eventually. But in a quite long period over hundred years, there has been no breakthrough beyond this until recent decades. Antonio Damasio, a neurologist at USC, got quite a number of patients (“Elliot” as an example) with the similar hehavioral defect to Gage and found they also have the similar lesion in the ventromedial prefrontal cortex. Based on these findings, he raised Somatic-Marker Hypothesis (Damasio, 1996). Since then, many other brain areas have been verified to involve decision-making processing, including higher sensory cortex, association cortices taken as integration centers and limbic dopamine neurons containing cortices or nuclei. From 1990s, neurophysiologists begun to apply the technique of electrophysiological single cell recording in vivo to the studies of decision mechanisms. By in vivo recording on behaving primates in decision task, they found many neurons with decision task related activities in variety of cortices (Shadlen and Newsome, 1996; Hanes and Schall, 1996). They called neurons like this “decision neurons” and identified their biophysiological characteristics. And successive stages during decision processing have been separated, register, choice and action (Schall, 2001; Reddi, 2001). So we can imagine the generation of a decision in the brain. Information of the environment floods in the brain and concentrates to several options at present according to the prior experience for choose. Every potential selection branch will be evaluated for the outcome and valued accordingly. Consequentially, the subject will pick the option with greatest value and take action. Every stage may occupy different neural parts and they combine into a decision-making circuit collaborative. The powerful technology fMRI (functional magnetic resonance imaging) fast spread in recent years, provides us an opportunity to discover the temporal and spatial relationship between the distinct brain areas activated in the decision related tasks and helps us to hypothesize the neural processings of decision better. But since the extreme complexity of the brain, it is still a nightmare if we are required to address the details of this behavior on a circuitry level. We can not tell what happens in these areas respectively and we also can not address how they cooperated with each other.  

My thesis here introduces my research work with colleagues on decision behavior that deepen my comprehension of cognition and intelligence. As I mentioned above, to understand a behavior (e.g. decision-making) at the aspect of neuroscience, we may concern two problems first naturally. One is what is the circuit basis of this behavior and the other is what is the mechanism underlying that drive it work. We employed Drosophila melanogaster, the most famous arthropod, as our subject to help us to find out the answers of these questions. Drosophila melanogaster is a two-winged insect that belongs to the Diptera, and is one of the most commonly used model organisms in biology, including studies in genetics, development, physiology and life history evolution. Since it is easy to raise and has a short life cycle, after it was introduced into the studies of genetics, it pushed the advance of biology hugely. Many genetics techniques and tools were generated and accumulated in the past one hundred years. So we can take the advantages of the model organism in techniques. Meanwhile Drosophila melanogaster has a highly developed cognitive capacity and abundant behavior essays to examine it, which is also helpful. It has contributed a lot to the molecular and circuitry mechanism investigations, such as learning and memory, circadian rhythm, addiction and degeneration disease and demonstrates the behavioral performance and the molecular basis in these behaviors are evolutional conserved. Furthermore, its brain has a happy complexity, which is simple than mammal’s and is complicated than C. elegans’ and is quite suitable for circuit study, so we hope Drosophila can give us a hand on the way of decision-making study. We established a paradigm for the evaluation of decision behavior in Drosophila firstly. We find that Drosophila does display decision behaviors with rational features, ad. it makes choices based on the values the result may represent. Our results demonstrate that the normal decision in flies depends on the intact of a circuit containing two brain parts, mushroom bodies (MB), the center of integration, and dopaminergic neurons (DA), a neuron assembly releasing neural transmitter or modulator, which is consistent with the combination of the circuit in mammals. We also observed the dynamics and the temporal features of this circuit. Based on the identification of the characteristics in this circuit and the performance of flies in decision task, we propose a gating-and-gain model, and we hope this model can not only be occupied to address the phenomenon in decision behavior, but also can be generate broadly to other cognitive behaviors.

In the experiments, we set horizontal bars in the panorama of flight simulator with compound color and center of gravity (COG) cues as visual stimuli. After training, Drosophila melanogaster can make appropriate choices among alternative flight options based on the relative value of competing visual color/shape cues to avoid the potential punishment. We established a dilemma with conflict color and center of gravity (COG) cues and tested the flies’ performance at this situation with a temperature sensitive synaptic transmission blocker shits1(shibirets1) controlling the specific neural parts activities. With these methods we showed that this choice behavior consists of early and late phases; the former requires activation of the dopaminergic system and mushroom bodies, while the latter phase is independent of these activities. 
Mushroom bodies in flies are bilaterally symmetric multi-lobed brain structures, composed of Kenyon cells, calyces and lobes. It is well established that they are the critical sites of associative olfactory memories (Dubnau et al., 2001; McGuire et al.,2001; Keene and Waddell，2005；McGuire et al.,2005). It is also generally accepted that MBs are not directly involved in elementary visual learning (Wolf et al., 1998). But recently we have demonstrated that MB may plays a key role in very diverse high level visual cognitive activities, such as visual experience based feature extraction (Peng et al.,2007), visual selective attention (Xi et al., 2008) and salience based decision-making (Tang and Guo, 2001; Zhang et al., 2007) as well. All the mentioned results converge on the thesis that MB may be central to the selective inhibitor to the less salient neural activities. It is consistent with the hypotheses about the function of MB based on the studies of locomotor activity and singing behavior in crickets in 1960s ( Huber, 1963; Huber, 1965; Otto, 1971) and also locomotor activity in MB mutant flies (Martin, 1998). In addition, recent data indicate that MB can promote sleep in Drosophila which are correlated with global changes in brain activity in the adult flies (Pitman, 2006; Joiner, 2006). It has been reported more recently that the GABAergic system may be a noise filter required by the MB for optimal learning (Liu et al., 2007). Thus MB may really endow flies with some “degree of free will or intelligent control over instinctive actions” as suggested by a French biologist Félix Dujardin (Dujardin, 1850).

Accumulating evidence suggests that MB can be regulated by the activities of the dopamine system. DAMB (Han et al., 1996) and dDA1 (Kim et al., 2003), two types of D1 dopamine receptors, are densely distributed in the MB lobes of Drosophila. Further, dopamine receptor homologs are distributed in the MB of honeybees (Kokay et al., 1999). The dDA1 in the MB are essential for fly aversive and appetitive learning (Kim et al., 2007). Dopamine neurons branch into the MB with their axons instead of dendrites, which suggest a presynaptic regulation mode from the dopamine system to the MB (Zhang et al., 2007). In Drosophila, the dopamine system is responsible for the reinforcement signal (Riemensperger et al., 2005), which is conserved in mammals. However, the electrophysiological properties of dopamine neurons are still far from clear. In mammals, dopaminergic neurons are involved in mediating the reactivity of the organism to the environment over different time scales, from fast phasic impulse responses related to reward to slower tonic changes associated with uncertainty (Schultz, 2006). Increases in tonic activities, in contrast, can typically last from seconds to minutes (Floresco et al., 2003). The time delay associated with choosing in conflict situations may reflect the tonic modulation effect of the dopamine system in complex cognitive behavior and the delay course may reflect the difficulty of the task. Thus, the circuit from the DA to the MB in Drosophila brain is crucial for choice behaviors (Zhang et al., 2007). In primates, the neural circuits from the DA to some cortical areas have been identified as being involved in salience-based decision making (Sugrue et al., 2005; Schultz, 2006). Computational neuroscience studies have demonstrated that the DA can result in bi-stability in the response function in a model of medium spine neurons (MSN) (Gruber et al., 2006). These authors demonstrated that the dual enhancing/suppressing nature of the DA modulation of MSN activity significantly affects the gating properties of the basal ganglia (BG), and consequently the response function of the prefrontal cortex (PFC) memory units to visual targets. From an evolutionary viewpoint, the general computational rule underlying decision-making processes may be conserved. 
Additional immunohistological analysis showed that mushroom bodies lobes are densely innervated by dopaminergic axons, while the calyx not. The development of the innervating parts of dopaminergic fibers is mushroom bodies structure dependent. Thus, mushroom bodies and dopaminergic system may have some functional cooperation and the circuit from the dopamine system to mushroom bodies is crucial for choice behavior in Drosophila. 

The cooperation between MB and the dopamine system in Drosophila cognitive behavior is an attractive candidate mechanism for decision-making behavior, and electrophysiological study of this interaction may reveal the basic neural circuitry of decision making. Electrophysiological recording in the brains of mutant flies suggests that the output of a subset of the neurons in the MB are required for the 20–30 Hz electrical brain response, which is correlated with the salience-based fixation (van Swinderen and Greenspan, 2003). There are 3 types of putative transmitter that can be stained in the MB intrinsic neurons—aspartate, glutamate, and taurine. These transmitters can function in either excitation or inhibition (Sinakevitch et al., 2001). Taken together, we suggest that the basic functions of the MB are more likely to provide an inhibition mechanism that suppresses an animal’s reaction to the less important stimuli, and thereby modulates the consequent behavioral outputs. 

The functional DA-MB circuit throws light onto another aspect of the above mentioned cognitive behaviors. It is possible that, while MB implement the inhibition-gating function, the dopamine system offers a possibility to highlight the small discrimination between two adjacent cues. Dopamine, as a common neurotransmitter, may be the regulator of the MB. By presynaptic modulation of the terminal branches of the MB, dopamine can selectively amplify the signals screened out by the MB and thus promote MB efficiency. Consequently, the DA-MB circuit buildups a gating-gain unit, through which specific stimuli can be extracted from a confusing environment. DA is more likely to be a modulator that is released to regulate presynaptic components of some particular MB intrinsic neurons. This may help these neurons to inhibit deeper adjacent neurons and thus reduce the feedback inhibition of itself. This hypothesis can address the simultaneous inhibition and amplification functions of the MB; however, the proposed system still requires further examination and refinement. Based on the aforementioned evidence, it appears that at a functional level, the MB-DA circuit is more likely to provide a gain and gating mechanism for the suppression of weaker background stimuli and enhancement of the more relevant salient stimuli, thereby modulating consequent behavioral outputs.
My thesis described our experiment on the study focusing on the decision-making behavior in Drosophila and introduced our prospects on the framework of gene-brain-behavior. I hope our results can provide some clues to investigators on cognitive behaviors and also hope my methods can be helpful to the researchers in other fields.
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