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Preface


Enormous progress has been made in understanding how the brain works in the last 50 years. This book has the aim of showing how discoveries have been and are being made in understanding the brain. That is, the book aims to show the thought processes, collaborations, and the developments of this area of science in this golden era for making advances in understanding the brain processes that underlie behavior.

This is highlighted by the fact that when I was an undergraduate at the University of Cambridge reading medicine, almost always whenever I asked the distinguished members of the academic staff there: “What do we know about this part of the brain and how it functions?” the answer was usually and honestly “very little”. An aim of this book is to show the thinking that was behind many discoveries that have been made since then about how our brains work.

I hope that this book will help to show not only some of the thinking behind research discoveries, but will also be valuable to others, by encouraging others to see how some ideas in neuroscience have been generated, and to try the same processes themselves.

When providing insight to others on how discoveries in at least this area of science are made, it is important to be able to provide a first-person account of how some of the discoveries have been and are being made, for that will illuminate some of the thought processes involved, and is not the type of material that appears in scientific papers or in textbooks. The value of first-hand information about how scientists have made discoveries in neuroscience was highlighted in 2025 in an issue of the journal Hippocampus devoted to discoveries about the hippocampus (Hasselmo and Nadel, 2025).

For this reason, many of the discoveries highlighted in this book by a first-hand description are the discoveries made by Edmund Rolls, often in collaboration with colleagues from other disciplines such as theoretical physics and mathematics. Indeed, an aim of this book is to highlight the importance of multidisciplinary collaboration when making discoveries about the brain, for to understand the brain and how it computes, evidence from a very wide range of disciplines is needed, including from neuronal neurophysiology during behavior, functional neuroimaging, neuroanatomy, neuropharmacology, psychology, clinical neuropsychology, neuropsychiatry, theoretical physics, mathematics, and computer science, all of which feature in the discoveries described here.

The overall plan of the book is as follows.

In Chapter 1, background information is provided about the approach being taken to understanding What each part of the brain does, and about How it implements these functions. Chapter 1 also shows how relatively little was known about how the brain works until some of the discoveries made by David Hubel and Torsten Wiesel in the 1960s, which I built on by performing many investigations of neuronal activity in many brain regions during behavior, and complementing this with neuroimaging in humans, with clinical neuropsychology in patients with brain damage, and with computational neuroscience to provide an understanding of how the brain might work. Chapter 1 also provides an introduction to some of the different cortical regions and their functions.

Chapter 2 describes how some of my early discoveries on reward systems in the brain were made, and of the role of serendipity in them.

That research led to the research described in Chapter 3, in which brain reward systems such as the orbitofrontal cortex are being analyzed during behavior, and how this is leading to theories of emotion, and motivation, and to some of their disorders such as depression.

Chapter 4 describes how we wished to find how visual stimuli reach some of these brain regions involved in emotion, so we recorded in the inferior temporal visual cortex, and discovered not only face cells that encode face identity, but also face expression cells. Those discoveries led on to discoveries about the key properties of what is represented in these cortical regions: how the neuronal representations are invariant with respect to transforms such as different views or sizes of the stimuli. We went on to show how those invariant representations are fundamental for understanding the operation of memory and emotion brain system that receive from the temporal lobe visual cortical areas, for they enable generalization to other views etc of a person when they are shown later. This generalization enables our brains to automatically recall the appropriate memory and emotion-related associations of the person or object, even when it has transformed to a different view of the person or object. But to show how all of these representations and their properties that we discovered are computed, we needed to develop a theory and model of how these visual and cortical regions compute transform-invariant representations of objects and faces, etc. And we did go on to develop a biologically plausible theory of how the cortex builds these transform-invariant object, face and person representations for visual perception.

Chapter 5 describes how a revolution is taking place in our understanding of the hippocampal episodic memory system in our brains, in that the spatial representation in the brains of humans and other primates is typically the location in visual space at which we are looking. That discovery is in contrast to what is found in rodents (rats and mice), in which hippocampal neurons represent the place where the individual is located. Our discovery has major implication for what humans and other primates store and can later recall in our episodic memory systems that can associate what happened with where it happened as encoded by where we are looking. Our discovery also has major implications for how we navigate in the world using visual stimuli such as landmarks, instead of relying on place-to-place self-motion in the dark, which was the model of navigation developed for rodents. These discoveries on memory systems are complemented by discoveries about how these systems work using analytic computational models that show how the memory systems in our brains could work computationally, and by discoveries of the cortical connectivity of our memory systems in humans using tractography, fMRI and magnetoencephalography.

Chapter 6 describes how a foundation is being built for how the human brain functions. The foundation involves measuring the connectivity between the smallest cortical regions that can be anatomically and functionally delineated, and analyzing the computations performed in each of these cortical regions.

Chapter 7 describes how computational neuroscience is helping us to understand how the brain works probabilistically with ‘noise’ or randomness generated by the close to random spike firing times of individual neurons for a given mean firing rate; and how this stochastic cortical neurodynamics has major applications to understanding human decision-making, psychiatric disorders, and even creativity.

Chapter 8 describes how we have made progress in understanding the computations of many brain systems for sensory processing, memory, and emotion using biologically plausible computations with the synaptic connection strengths between neurons being learned by rules that rely on the presynaptic and postsynaptic firing rates. A key issue here is that these brain computations as presently understood are very different indeed from the deep learning error backpropagation methods that are applied in artificial intelligence algorithms. In order to understand the more complex processing involved in human language, will it be necessary and possible to develop deep learning methods that are biologically plausible; or does the human brain solve language in very different ways to those used in current AI machines? The book thus finishes by pointing to key questions that need to be addressed in future about how the human brain computes for language and reasoning, and what the relations are between the algorithms used for computations in the brain, and the algorithms used for AI, which may well be quite different. These are key issues for the future in neuroscience.

Part of the material described in the book reflects research performed over many years in collaboration with many colleagues, whose tremendous contributions are warmly appreciated. The contributions of many will be evident from the references cited in the text. In addition, I have benefited enormously from the discussions I have had with a large number of colleagues and friends, many of whom I hope will see areas of neuroscience in the text that they have been able to illuminate. Much of the work described would not have been possible without financial support from a number of sources, particularly the Medical Research Council of the UK, the Human Frontier Science Program, the Wellcome Trust, the McDonnell-Pew Foundation, and the Commission of the European Communities.

The book was typeset by the author in LATEXusing the WinEdt editor. The .pdf version of the book has clickable links.

Updates to the publications cited in this book and .pdf files of many papers are available at https://www.oxcns.org. A summary of some of my discoveries in neuroscience with links to the published papers is available at https://www.oxcns.org/Discoveries.html

Edmund T. Rolls dedicates this work to the overlapping group: his family, friends, and colleagues: in salutem praesentium, in memoriam absentium.


Edmund T Rolls, MA, DPhil, DSc, Hon DSc 
Oxford Centre for Computational Neuroscience 
Oxford, England 
https://www.oxcns.org 
ORCID ID: https://orcid.org/0000-0003-3025-1292






1
Introduction



1.1 Introduction

The overall aim of this book is to provide insight into how scientific discoveries have been and are being made about how our brains function.

This insight can come best from those who have made the discoveries, for then they can describe how one research idea provided the foundation for the next insight and step forward.

I am in the privileged position of having made many neuroscience discoveries from 1970 until the present, which has been a golden era of advance in understanding our brains. The aim of this book is to show what was known at the time of each discovery, and how the thought processes led to each new discovery. That is the type of information that is not typically provided in research papers or textbooks, where instead one is encouraged to provide a general overview of the field as an introduction to a research paper, rather than to how the new ideas for the research were actually generated. That is one reason why I think that books such as the present book thus may be not only interesting, but also valuable to others, by encouraging others to see how some ideas have been generated, and to try the same processes themselves.

Another aim of this book is to show how by being guided by one's previous research discoveries, one can build whole areas of research by moving steadily forward by allowing each discovery to build on the previous discovery. At least in neuroscience this is very important, because we are dealing with brain systems that need to be followed from their start in the brain forward through the system, in order to understand how each stage contributes to the overall function or computation being performed. Each system might be involved in vision, or taste, or smell, or touch, and an aim of this book is to show how by analyzing what occurs at each successive stage of each system, it is possible to generate clear hypotheses and eventually theories about how whole brain systems operate.

It is then possible to go beyond the individual brain system, and understand how the different systems combine to enable for example flavor to be built from the taste, smell, texture and even sight of food.

But it is possible to go beyond this, by moving ahead to how memory systems work based on the sensory inputs; and how reward and pleasure systems and emotional systems in our brains operate, again with inputs from sensory systems.

Now, all of this might provide an approach to what is being performed (or computed) by each brain region, but it is then necessary for a true understanding to move forward to how it is computed, that is to the mechanism level. This is what the title of my book Brain Computations: What and How (Rolls, 2021a) was aiming at. Understanding brain computation at the mechanistic level is very important, for it is typically at that level that we can understand some mental disorders, and how we can sometimes treat brain dysfunction, for example with drugs that operate on key brain systems.

Indeed, key aspects of my research in neuroscience are to combine evidence from neuronal activity in the brain with computational neuroscience approaches; to complement that by investigations of the connectivity between each computational region in the human brain to help understand what each brain region computes given its inputs and outputs; and to combine this with neuroimaging and neuropsychology in humans to help understand how brain systems work (compute) in humans in health and disease.

An aim of this book is thus to show that these are some of the ways in which a coherent body of research, about in this case brain function, can be generated. Indeed, what is described here and elsewhere (Rolls, 2023c, 2026d) shows how whole series of discoveries can be important in order to accumulate evidence of what is represented in different brain systems and in different parts of brain systems. This approach is essential for understanding the computational functions performed by different brain regions and by the brain as a whole (Rolls, 2023c, 2026d). I show how this integrative strategy with sets of related discoveries is important to understand how each function such as vision, memory, and emotion, is performed by our brains. However, neuroscientists who understand this integrative approach should also be aware that awards for scientific research are often given for single discoveries, rather than a set of integrated discoveries of the type necessary to understand how our brains work, that is, perform their computations.

Another aim of this book is to emphasize that conceptual advances, and theories about how a brain system works or computes, are an essential part of how neuroscience has been developing. Making conceptual advances about how our brains work is more important than just using the latest technique to perform a detailed analysis of what is essentially already known conceptually, although these technical advances are often what is reported in high impact factor journals. An aim is accordingly to provide insight into how some of these conceptual advances, and empirical advances that are far beyond anything known at the time, have been and are being made, using first-person knowledge about some of these discoveries made by me with my colleagues.

The aim to show how conceptual advances are made in understanding brain function happens is greatly facilitated by the fact that this book covers a period from about 1970 onwards when there was very little understanding of what was computed by each brain region and how it was computed, through the period up to the present day. This is a period in which major conceptual advances have been made in understanding our brains. In a sense, this is the amazing period for neuroscience when many conceptual advances were made, about for example the brain systems in primates including humans involved in emotion, reward, decision-making, vision, memory, and psychiatric disorders such as depression, that are described in this book.

It is important to emphasize that discoveries in the neurosciences typically involve a research group or team, and often benefit enormously from interdisciplinary collaboration. I therefore wish to acknowledge all of my collaborators who have been so important in the discoveries of my research group, on which much of this book is based. The book is based on the discoveries in which I have been involved, because a first-person account of how discoveries are being made in neuroscience is the aim here. The names of my collaborators in these discoveries will be evident from the authors on each research paper. In addition, an aim of this book is to highlight some of my interdisciplinary collaborations, as they are so important for making substantial advances in understanding systems as complex as our brains. Most of my research has been on humans or non-human primates (rather than rodents whose brain systems are somewhat different), because I read pre-clinical medicine at Cambridge, have a vocation for medicine, and want my research to be relevant to advancing understanding of the human brain in health and disease, including mental disorders.

The present book does not aim to be a comprehensive guide to our current understanding of the computations performed by many brain systems. Instead, this book focusses on how discoveries in neuroscience have been and are being made, and some of the thought processes involved. It is hoped that at least some parts of the book will be of interest to the non-specialist, and it does not matter given the aims of this book if not all the neuroscience can be understood, for the thinking that leads to discoveries is of interest in its own right. In fact, a wider guide to the computations performed by many brain systems is made available as an Open Access book Brain Computations and Principles; and AI (Rolls, 2026d), and that may be consulted for more details of the actual neuroscience research. A .pdf of that book (and many of my other books) with clickable links can be downloaded free from my website https://www.oxcns.org.



1.2 A start in neuroscience

Here I describe the early pathway that led me towards making discoveries in neuroscience, which is I think of interest for it illustrates how decisions have to be made along the pathway to discoveries. I made a start in neuroscience at school, and then at Cambridge University by reading preclinical medicine, and then I was offered the opportunity to perform research for a DPhil at Oxford University, as described next.

While at Hardye's School, Dorchester, Dorset, close to the College where my father lectured, I developed a vocation to train in medicine, and was offered a place at the London Hospital Medical School. I applied there because I had an interest in the brain and neurology, and knew that Lord Brain of Brain's Clinical Neurology (Brain, 1960) was there. My interest in how the brain works had been stimulated by reading Nerves, Brain and Man (Grayson, 1961), and while at school I built an oscilloscope from a 3.5 inch cathode ray tube (requiring 4,000 volts on its anode) and valves (vacuum tubes) that were easily available at that time, and a low noise valve preamplifier, and was able to record from earthworm giant axons. This experience in electronics was invaluable for my later research, for part of what helped my research was being able to perform every part of it, including the electronics required, and programming computers, and even building small computational devices to measure neuronal firing rates before computers became generally available.

The University of Cambridge offered a 3-year course in preclinical medicine, and I opted for that, and graduated with a preclinical medicine qualification from Cambridge (exemption from the 2nd MB), and a BA in Natural Sciences (which later became an MA). The Physiological Laboratory at Cambridge was outstanding in neurophysiology, with Lord Adrian who was the first person to record neuronal action potentials there, and also Alan Hodgkin, and a host of others including Horace Barlow, Fergus Campbell, John Robson, Giles Brindley (with whom David Marr was working), Pat Merton, and later Colin Blakemore. All taught me how to carefully evaluate experimental evidence. But the great disappointment was that when I asked: “What do we know about this or that part of the brain and how it functions?” the answer was usually and honestly “very little”.

That point emphasizes how little was known about neuroscience when I was an undergraduate. An aim of this book is to show the thinking that was behind many of the discoveries that have been made since then about how our brains work.

However, while I was an undergraduate and doing some study in a vacation in the University of Birmingham Medical School Library, I came across some of the early discoveries of David Hubel and Torsten Wiesel on the responses of visual cortex neurons to bars and edges (Hubel and Wiesel, 1962), and realized that for me, that was the way forward to start to understand better what each part of the brain was involved in, and the best way to find out how the brain worked. That early paper was a revelation to me, and I decided at that time that I would try to do some neurophysiological research, before coming back as I then intended to complete the clinical part of my medical training, at the London Hospital Medical School.

I was very fortunate as an undergraduate at Cambridge to be reading a Natural Sciences degree that also covered preclinical medicine, and was able to learn a great deal more about the brain by also reading Experimental Psychology. In Experimental Psychology I received lectures from Larry Weiskrantz, Alan Cowey, and Richard Gregory, especially about what was known about visual and memory systems in the brain. In fact, I and David Marr (who had recently graduated in mathematics) were both present at Larry Weiskrantz's lectures to undergraduates on the hippocampus and memory, and Larry's lectures inspired both of us.

As an undergraduate, I was able to perform research on the relation between retinal cone and ganglion cell density (which I counted in 6 micron sections of the retina that I prepared with wonderful help from the histology chief technical member of staff in the Physiological Laboratory at Cambridge), and cortical magnification factor in the primary visual cortex V1, which were published in due course with Alan Cowey (Rolls and Cowey, 1970; Cowey and Rolls, 1975).

But for graduate research, I really wanted to do neurophysiology as I felt that provided a new way forward for scientific discoveries in the brain. Larry Weiskrantz suggested that I might apply to the University of Oxford, where David Vowles had a neurophysiology lab. I decided to take up neurophysiology for a graduate degree. When I arrived in Oxford to start my DPhil on neurophysiology research in the then Institute of Experimental Psychology, I found that Larry Weiskrantz was just joining at the same time, as the new (and first) Professor of Experimental Psychology at Oxford, and that Alan Cowey and Nick Humphrey were coming from Cambridge to Oxford at the same time.

The neurophysiology lab at Oxford that I set up was for a project on hormonal effects on single neuron activity in the anaesthetized brain of doves, to investigate how hormones affect behavior. But the hormones took approximately 20 minutes to influence neuronal activity, so it was slow work, with hours spent seeking to obtain repeatable evidence for significant effects on neuronal activity. During my first few months, David Vowles decided to leave Oxford and take up a Chair at Edinburgh, and I decided to stay in Oxford to continue with neurophysiology. After my first 8 months as a graduate student, I had the opportunity to travel to the University of Pennsylvania for the summer with Barbara Simons, where she could do research on angiotensin and thirst with Alan Epstein her former mentor from the University of Pennsylvania, and James Fitzsimons from Cambridge, where she was the first female PhD student in Physiology.

While at the University of Pennsylvania for 4 months of the summer, I was very fortunate to be invited by Randy Gallistel of Psychology to set up a neurophysiology lab at Penn to work on the neurophysiology of brain-stimulation reward. Because we were using electrical brain-stimulation reward, I soon found that I could investigate which neurons were activated by the reward, for they typically responded within 2–10 ms, allowing rapid replication of effects, which was a contrast to the slow hormone effects I had been investigating previously in Oxford. In that 4 months at the University of Pennsylvania, I was able to show that in rats two separate pathways were being activated by the brain-stimulation reward, distinguishable by their refractory periods, and by the different brain regions in which they were found. Being able to trace different pathways in the brain involved in different aspects of reward was the subject of my first publication, in the journal Science (Gallistel, Rolls and Greene, 1969).

When I returned to Oxford in October to start my second year of DPhil research, I decided to work on the neural bases of brain-stimulation reward, as that area of research allowed new discoveries to be made more rapidly and easily. There was no supervisor at Oxford for this area of research, so I supervised myself, and in fact very soon while I was a graduate student, I had a DPhil student of my own to supervise, Peter Kelly, who wanted to join my lab after obtaining the top degree in Physiology at Oxford.

The development of this new research on brain systems involved in reward, appetite, and emotion, and how discoveries were made, is taken up in Chapters 2 and 3.



1.3 An introduction to some of the brain systems described in this book

Much introductory information useful for understanding brain function, and the background to many of the discoveries described in this book, is available in Chapter 1 of the Open Access book Brain Computations and Principles; and AI (Rolls, 2026d) available for free download at https://www.oxcns.org. In addition, many of the research papers for the discoveries described in this book are available at https://www.oxcns.org. Here I provide an introduction to some of the cortical regions and systems present in the human brain that are described in this book.

A key part of my research is to understand what is computed in different brain regions and systems, and how it is computed (Rolls, 2021a, 2023c, 2026d). To understand the computations in the brain, it is essential to understand the systems-level organization of the brain, in order to understand how the networks in each region provide a particular computational function as part of an overall computational scheme. Discoveries on several of these brain systems-level processing streams are described in this book. These discoveries are based primarily on studies in non-human primates and humans so that they are relevant to understanding human brain function in health and disease, for the systems-level organization of many brain systems is very different between rodents, and primates including humans, as described in Section 29.4 of Brain Computations and Principles; and AI (Rolls, 2026d).

Here I provide an overview of some of the cortical regions described in this book, using as a basis the cortical regions and divisions described in the Human Connectome Project Multimodal Parcellation (HCP-MMP) atlas (Glasser, Coalson, Robinson, Hacker, Harwell, Yacoub, Ugurbil, Andersson, Beckmann, Jenkinson, Smith and Van Essen, 2016a), which is becoming increasingly used (Rolls, 2023c, 2026d). This atlas provides a very useful parcellation of human cerebral cortical regions (Glasser et al., 2016a,b). The atlas is multimodal in that each region is defined by a combination of criteria: architecture (myelin content and cortical thickness maps); resting-state functional connectivity; and task-based fMRI activation in seven tasks (Glasser et al., 2016a). The HCP-MMP v1.0 atlas includes 180 cortical regions in each hemisphere, based on analyses in 210 participants. This approach and its use of a surface-based analysis to iron out problems associated with particular regions being found at different locations with respect to sulci and 3D coordinates potentially makes this atlas able to discriminate more reliably between different cortical regions with potentially different functions and connectivity than any other atlas based on evidence from a single modality such as only functional connectivity.

Given the usefulness of the parcellation provided in the HCP-MMP atlas (Glasser et al., 2016a), we have provided an extended version of the atlas, HCPex, that extends it with 66 subcortical areas (Huang, Rolls, Feng and Lin, 2022). HCPex is implemented in a volumetric form useful for many types of neuroimaging software (e.g. SPM (Friston et al., 2006) https://www.fil.ion.ucl.ac.uk/spm/ and FSL (Jenkinson et al., 2012; Smith et al., 2004) https://fsl.fmrib.ox.ac.uk), and provides a reordered version of the cortical areas with an option to revert to the original order (Huang, Rolls, Feng and Lin, 2022). The order of cortical regions defined in HCPex and shown in Tables A.1–A.6 is used throughout this book. This atlas helps in the analysis of brain structure and function, for many of the cortical regions defined in the HCP-MMP / HCPex atlas are known about functionally, many can be related to corresponding regions in macaques in which much detailed neurophysiology is available, and the atlas helps new investigations of the brain to be related to the known functions of those anatomically and functionally defined brain regions.

The cortical regions defined in the HCP-MMP / HCPex atlas are shown in Figs. 1.1 and 1.2, with a list of the cortical regions in Appendix A in Tables A.1–A.6 and of the subcortical regions in HCPex in Table A.7. Coronal slices to further help visualization of the locations in the brain of these cortical regions are provided by Huang, Rolls, Feng and Lin (2022). Descriptions of many of these cortical regions including their connectivity and functions are provided in the different Chapters of this book. Short summaries of some of the key Divisions in the HCP-MMP and HCPex atlases (Glasser et al., 2016a; Huang et al., 2022) are provided next with reference to Tables A.1–A.6.

[image: Lateral, medial and inferior views of the human brain with Human Connectome Project Multimodal Parcellation labels added for each cortical region.]
Fig. 1.1 Anatomical regions in the Human Connectome Project Multimodal Parcellation atlas (HCP-MMP) of the human cortical regions. Cortical regions are shown as defined in the HCP-MMP atlas (Glasser et al., 2016a), and in its extended version HCPex (Huang, Rolls et al. (2022)). The regions are shown on images of the human brain without the sulci expanded to show which cortical HCP-MMP regions are normally visible, for comparison with Fig. 1.2. Abbreviations are provided in Tables A.1–A.6.

[image: Lateral, medial, inferior and subcortical views of the human brain with Human Connectome Project Multimodal Parcellation labels added for each cortical region.]
Fig. 1.2 Anatomical regions in the Human Connectome Project Multimodal Parcellation atlas HCP-MMP of the human cortical regions. Cortical Regions are shown as defined in the HCP-MMP atlas (Glasser et al., 2016a), and in its extended version HCPex which includes the thalamus and the other subcortical areas shown (Huang, Rolls et al. (2022)). The regions are shown on images of the human brain with the sulci expanded to show all cortical HCP-MMP regions, for comparison with Fig. 1.1. Abbreviations are provided in Tables A.1–A.6.

The main visual processing cortical regions are illustrated in Figs. 4.1, 6.1, 5.8 and 6.3. Their connectivity and functions are described in Chapters 4, 5 and 6 of this book, and in Chapters 2 and 3 of Rolls (2026d), and by Rolls et al. (2023b); Rolls (2024c); Rolls et al. (2023e, 2024c). In the HCP-MMP atlas, these visual cortical regions are in the Primary Visual, Early Visual, Dorsal Visual Stream, Ventral Visual Stream, and MT+ Complex Divisions in Table A.1, and in the Lateral Temporal Division in Table A.3.

The main somatosensory and motor cortical regions are illustrated in Fig. 6.4 and described in Section 6.6 in this book, and in Chapters 6 and 15 of Rolls (2026d), and by Rolls et al. (2023c). The somatosensory and motor cortical regions are in the SomatoSensory, ParaCentral and MidCingulate, Premotor, and Posterior Opercular Divisions in Table A.2, and in the Insula / Frontal Opercular Division in Table A.3. Regions 23c, 24dd and 24dv are the midcingulate premotor cortex described by Vogt (2016) and Rolls et al. (2023g).

The main auditory cortical regions are illustrated in Fig. 6.6 and described in Section 6.7 in this book and in Chapter 7 of Rolls (2026d), and by Rolls et al. (2023f). The auditory cortical regions are in the Early Auditory, and Auditory Association Divisions in Table A.2. However some of the regions in the ‘Auditory Association’ Division are in fact multimodal, include visual and auditory responsiveness to social stimuli, and are also involved in semantic representations for language, as described in Chapters 8, 2 and 14 of Rolls (2026d), and by Rolls et al. (2022c, 2023b); Pitcher and Ungerleider (2021).

The hippocampal memory system regions are described in Chapter 5 and Section 6.10.5 of this book, in Chapters 9 and 10 of Rolls (2026d), and by Rolls et al. (2022a, 2023g,a); Rolls (2023a, 2022a); Rolls and Treves (2024); Rolls (2025a, 2026c). The hippocampal memory system regions are in the Medial Temporal Division in Table A.3, with its closely related regions in the Posterior Cingulate Division shown in Table A.4.

The human language-related cortical regions are illustrated in Figs. 6.7, 6.8, 6.9 and 6.11 and described in Section 6.10 of this book, in Chapter 14 of Rolls (2026d), and by Rolls et al. (2022c). The semantic language-related cortical regions are in the Temporo-Parietal-Occipital TPO Division in Table A.3, and regions 44, 45 and 47l (Broca's area) are in Table A.6.

The parietal cortex regions involved in visuo-spatial and related multimodal functions are illustrated in Fig. 6.5 and described in Section 6.5 of this book, in Chapter 10 of Rolls (2026d), and by Rolls et al. (2023a). The parietal cortex regions are in the Superior Parietal and Inferior Parietal Divisions in Table A.4.

The orbitofrontal cortex and ventromedial prefrontal cortex regions involved in reward valuation and emotion, and the anterior cingulate cortex regions involved in linking reward to action in action-outcome learning, are described in Chapter 3 of this book, in Chapters 11 and 12 of Rolls (2026d), and by Rolls et al. (2022b, 2023d); Rolls (2014a, 2019c, 2023b, 2025e). These regions are in the Orbitofrontal and Polar Frontal, and Anterior Cingulate and Medial Prefrontal Cortex Divisions in Table A.5.

The subcortical regions that are in the HCPex atlas (Huang, Rolls, Feng and Lin, 2022) and involved in many functions are listed in Table A.7, and their connectivity and functions are described in Chapter 16 and elsewhere in Rolls (2026d), and elsewhere (Rolls et al., 2023d, 2022b; Rolls, 2022a).



1.4 Introduction to three neuronal network architectures

A key part of my approach to neuroscience is to go beyond the phenomenological, empirical, investigation of hypotheses, and to combine this with theories and models of the computations performed by each brain region. I find it very productive to think about the brain computationally, for the brain is a computational system, and understanding it as such is helping to guide the empirical research towards addressing fundamental conceptual issues about how our brains work. At about the time that we were discovering cells that responded to the sight of food (Chapter 3), and face cells (Chapter 4), I was inspired by some of the books by Teuvo Kohonen (Kohonen, 1977, 1984) and by the book Parallel Models of Associative Memory (Hinton and Anderson, 1981), which helped to introduce models of how networks of neurons might perform well-defined computations.

In this section I introduce some key neuronal network architectures found in the brain, and show what they compute. These networks are important in our current understanding of how computations are performed by the brain (Rolls, 2026d). Reference to these networks is made in the Chapters in this book. These networks are biologically plausible in that the information required to change a synaptic weight by learning is available at the synapse, from the activity in the presynaptic terminal onto a neuron, and the activity of the postsynaptic neuron. Deep learning using error backpropagation as commonly used in Artificial Intelligence does not, at least so far, seem biologically plausible because it does not use a local learning rule of the type just described (Rolls, 2026d), so for now is not used in the biologically plausible models that I have developed for understanding brain function (see Chapter 8 and Rolls (2026d)). Details of the neuronal network architectures introduced next are provided in Brain Computations and Principles; and AI (Rolls, 2026d).

In the first architecture (see Fig. 1.3a and b), pattern associations can be learned. The output neurons are driven by an unconditioned stimulus (for example the taste of food). A conditioned stimulus (for example the sight of food) reaches the output neurons by associatively modifiable synapses wij. These associatively modifiable synapses increase in strength if there is high presynaptic firing (e.g. of the Conditioned Stimulus Inputs in Fig. 1.3a) and high post-synaptic firing or activation (e.g. firing of the output neuron shown in Fig. 1.3a). This is sometimes termed Hebbian synaptic modification, after Donald Hebb who proposed that a learning rule such as this might be present in the brain (Hebb, 1949), which it is (Takeuchi, Duszkiewicz and Morris, 2014; Rolls, 2023c; Morris, Amaral, Bliss, Duff and O’Keefe, 2025). If the conditioned stimulus is paired during learning with activation of the output neurons produced by the unconditioned stimulus, then later, after learning, due to the associative synaptic modification, the conditioned stimulus alone will produce the same output as the unconditioned stimulus. The networks can be used for many types of associative learning between two stimuli, including associating a visual stimulus with a reward to generate the expected value of the visual stimulus. Pattern association networks are described in Appendix B.2 of Rolls (2026d).

In the second architecture, an autoassociation or attractor network, the output neurons have recurrent associatively modifiable synaptic connections wij  to other neurons in the network (see Fig. 1.3c). When an external input causes the output neurons to fire, then associative links are formed through the modifiable synapses that connect the set of neurons that is active. Later, if only a fraction of the original input pattern1 is presented, then the associative synaptic connections or weights allow the whole of the memory to be retrieved. This is called completion. Because the components of the pattern are associated with each other as a result of the associatively modifiable recurrent connections, this is called an autoassociative memory. It is believed to be used in the cortex for many purposes, including short-term memory; episodic memory, in which the parts of a memory of an episode are associated together; and helping to define the response properties of cortical neurons, which have collaterals between themselves within a limited region. Autoassociation or attractor networks are described in Appendix B.3 of Rolls (2026d).

In the third architecture, a competitive network, the main input to the output neurons is received through associatively modifiable synapses wij (see Fig. 1.3d). Because of the initial values of the synaptic strengths, or because every axon does not contact every output neuron in what is termed ‘diluted connectivity’, different patterns tend to activate different output neurons. When one pattern is being presented, the most strongly activated neurons tend via lateral inhibition to inhibit the other neurons. For this reason the network is called competitive. During the presentation of that pattern, associative modification of the active axons onto the active postsynaptic neuron takes place. Later, that or similar patterns will have a greater chance of activating that neuron or set of neurons. Other neurons learn to respond to other input patterns. In this way, a network is built that can categorize patterns, placing similar patterns into the same category. In this way, somewhat similar flavors of a food could be placed in the same category, and different flavors into different categories. This is useful as a preprocessor for sensory information, self-organizes to produce feature analyzers, and finds uses in many other parts of the brain too. Competitive networks are described in Appendix B.4 of Rolls (2026d), and, importantly, perform unsupervised learning in that there is no teacher specifying how each neuron should respond. Instead, the categories are learned from the statistics present in the inputs. In contrast, in deep learning trained by error backpropagation, there is an external target or teacher for how each output neuron should respond to every input stimulus, and any error for each output neuron must be corrected by training the whole deep network (LeCun, Bengio and Hinton, 2015; Rolls, 2023c, 2026d).

Competitive networks enable new representations in the brain to be formed, by learning to respond to different combinations of inputs. The inputs are sometimes referred to as features. An example in vision might be that a common co-occurrence of two input features, such as a horizontal and vertical line, might enable a ‘T’ junction to be learned. Combinations of just a few features (termed low order combinations) need to be learned at any one stage, otherwise there would be a combinatorial explosion in the number of feature analyzers needed (Feldman, 1985). The building of feature analyzers using competitive learning is a key aspect of the operation of hierarchical networks, as described in Section 4.7.

All three architectures require inhibitory interneurons, which receive inputs from the principal excitatory neurons in the network (usually the pyramidal cells shown in Fig. 1.3) and implement feedback inhibition by connections to the pyramidal cells. The inhibition is usually implemented by GABA neurons, and maintains a small proportion of the pyramidal cells active.

[image: Pattern association, autoassociation, and competitive neuronal network architectures.]
Fig. 1.3 Three network architectures that use local learning rules: (a) pattern association network introduced with a single output neuron; (b) pattern association network; (c) autoassociation network; (d) competitive network. Cortical pyramidal cell bodies are represented by triangular shapes, and the dendrites of each cell are shown above, with the axons shown below. The negative feedback inhibitory neurons are not shown.

These three architectures illustrate some of the important types of learning that can be implemented in Neural Networks, as described in more detail in Appendix B of Rolls (2026d). First, competitive learning is an example of unsupervised learning, in that the system self-organizes based on the statistics of the inputs being received, without an external teacher to guide its learning. This is used in the model of invariant visual object recognition, VisNet, described in Section 4.7. This type of learning must be very common in the brain, in that there is often no external teacher to help the system self-organise, let alone an external teacher for every neuron. Unsupervised learning is relatively little used in the machine learning community at present, and there are likely to be important lessons learned from how unsupervised learning is used in the brain.

Pattern association learning is an example of supervised learning, in that each output neuron has an external input that specifies the output that each neuron should produce. This external input is ei in Fig. 1.3b. In the pattern association networks shown in Fig. 1.3b the inputs xj learn to produce the required outputs just by associative synaptic modification, and this type of learning is common in the brain. In machine learning, the learning rule may be much more powerful, and may involve calculating an error between the output that is required for each neuron, and the actual output that is being produced by the inputs xj. A one-layer network with such error correction learning is referred to as a one-layer error correction network or one-layer perceptron, and is described in Section B.11 of Rolls (2026d). The brain does in general not have the architecture required for this type of learning, as there is no separate teacher for each neuron to specify what its firing should be for every input, and no way to compare the actual firing with the target firing to compute an error to correct the appropriate synaptic weight. The only part of the brain where the architecture might be suitable is the cerebellum, where there is a single climbing fibre for each Purkinje cell, as described in Chapter 17 of Rolls (2023c).

The error correction type of learning can be implemented in machine learning in a multilayer network, in which inputs are applied to the bottom layer of the network, and every neuron in the output layer has a teacher. In the backpropagation of error algorithm (LeCun, Bengio and Hinton, 2015) (see also Appendix B of Rolls (2026d)), the error is backpropagated though all the layers of the network to calculate the error that should be used to correct the firing of every neuron in all the hidden layers not connected to the input or output. This is a non-local type of synaptic modification, and could not easily be implemented in the cortex, partly because there is no teacher for each neuron, and partly because of the implausibility of computing the backpropagated errors through every layer or level in the hierarchy, although attempts have been made (O’Reilly and Munakata, 2000; Guerguiev, Lillicrap and Richards, 2017; Lillicrap, Santoro, Marris, Akerman and Hinton, 2020; Song, Lukasiewicz, Xu and Bogacz, 2020). Although deep learning trained by error backpropagation is used widely for classifying inputs in machine learning, there is no clear evidence yet that it is or could be implemented in the cortex (Lillicrap et al., 2020; Rolls, 2026d; Song et al., 2024). The brain may solve similar problems, but in other ways, with one example being invariant visual object recognition as described in Section 4.7.

Another type of learning is reinforcement learning, in which there is a single reward signal for the whole network (Sutton and Barto, 2018; Rolls, 2023c, 2026d). This type of learning may be implemented in the brain for the slow learning of stimulus-response habits in the basal ganglia, using dopamine to provide a reward prediction error signal (Schultz, 2024, 2006, 2016a; Rolls, 2023c, 2026d).



1 Pattern refers here to which neurons are active in a vector of neuronal activity. Each element of the vector is the activity of a neuron, indicated in the brain by the neuron's firing rate.





2
Reward produced by Brain Stimulation



2.1 Introduction

One of my first interests in the neurosciences was brain systems involved in reward and emotion (Rolls, 2014b). This interest started in the last part of my first year as a DPhil graduate student at Oxford, as described in Section 1.2.

Olds and Milner (1954) had discovered that electrical stimulation at some sites in the brain is rewarding, in that animals including humans will work to obtain the stimulation. James Olds told me about how the discovery was made. James had noticed that a research seminar had been advertised at McGill University to be given by Neal Miller, and remembered that the word ‘reinforcement’ was in the seminar title. James did not go to the seminar, but if he had, would have found that the seminar was about negative reinforcement, and systems involved in avoidance learning. But perhaps seeing the word ‘reinforcement’ had remained in James Olds’ mind. What happened then was that James was performing an experiment that involved electrical stimulation of the brain that was not to do with reward. James noticed that when the weak electrical stimulation was being delivered via an electrode, the rat seemed to have an ‘excited happy look’. The next time that the rat went to the same corner of the open field environment, James delivered the stimulation again. Within about 3 such trials of electrical stimulation in that place, James could see that the rat was returning to that place for more. Thus the discovery was made that electrical stimulation of the brain could be rewarding in some brain regions, that is, that the stimulation could be positively reinforcing. Perhaps the word ‘reinforcement’ in the seminar title had helped? In any case, this is an example of where a scientific discovery was made because an experimenter was doing an experiment with a different hypothesis, but noticed something interesting. Chance may have played a role in this discovery, but being open to seeing something unusual happening in an experiment, and being able to follow it up, was important in this discovery (Olds and Milner, 1954; Olds, 1977).

I have found the same about many of the discoveries that I have made. In many cases, as described in this book, we were among the first to record neuronal activity in many brain regions of awake behaving primates, and frequently it would take us 6 months of research in which we performed what I termed ‘clinical tests’ (like the clinical testing one might perform in neurology to reach a diagnosis) before we had clear hypotheses about what the neurons were responding to and encoding, that could then be tested in hypothesis-driven research. Interactive testing of neuronal activity to develop new hypotheses is not possible with methods in which hundreds of neurons are recorded simultaneously in fixed paradigms, and then the neuronal activity is analyzed afterwards offline. That style of research does not provide a possibility to refine and test hypotheses about exactly what individual neurons may be responding to. I do think that there is advantage to performing some testing of neurons with natural stimuli in natural environments. Using natural stimuli in the real world is how we discovered sight of food neurons, the brain pathways involved in natural rewards such as food and social and emotional stimuli (Chapter 3), face identity and face expression neurons (Chapter 4), and hippocampal spatial view neurons (Chapter 5).

As a matter of fact, the discovery that neurons in the primary visual cortex can be driven by bars and edges also involved acute observation that was followed up, at a time when other hypotheses were being tested (Hubel and Wiesel, 1962). Hubel and Wiesel were testing their visual cortex neurons with slides in a projector that showed the conventional circular visual stimuli; and the discovery that bars or edges were much more effective was made when they noticed a neuronal response when the slide dropped into position in the projector, and an edge stimulus was unintentionally delivered, which made a cortical neuron respond (see e.g. Hubel and Wiesel (1962) which was referred to in Chapter 1).



2.2 Neuronal activity produced by brain-stimulation reward in rodents

To understand the neural mechanisms of brain-stimulation reward it is first necessary to know where brain self-stimulation sites are located. Therefore I decided to extend earlier research (Olds and Olds, 1965) by showing that one group of brain-stimulation reward sites is located along the general course of the medial forebrain bundle, which passes lateral to the midline from the ventral tegmental area of the midbrain posteriorly, through the lateral hypothalamus, preoptic area and nucleus accumbens, to reach the prefrontal cortex (orbitofrontal cortex in the monkey) anteriorly (Rolls, 1971, 1974, 1975, 1976; Rolls and Cooper, 1974). Many cell groups and neural pathways follow this path or much of this general course. For example, there is the medial forebrain bundle itself, interconnecting forebrain and brainstem regions with hypothalamic systems. There are fibres connected to neurons in prefrontal self-stimulation sites, which pass many self-stimulation sites in their course through the brain (Rolls and Cooper, 1973, 1974).

We showed that a second group of brain-stimulation reward sites is in limbic and related areas such as the amygdala, nucleus accumbens, and prefrontal cortex (orbitofrontal cortex in the monkey) (Rolls, 1974, 1975).

The discovery that reward sites in the brain extend into the orbitofrontal cortex was a seminal discovery, which stimulated my interest in the orbitofrontal cortex and reward. That started me on the journey of all the discoveries about the orbitofrontal cortex and its connected regions in reward, emotion, and motivation described in Chapter 3 and elsewhere (Rolls, 2005, 2014a, 2023c, 2026d, 2023b).

A key new discovery then came from the neuronal recording that I performed next, to analyze which neuronal systems are activated by reward. I discovered that this second group of brainstimulation reward sites is highly interconnected neurophysiologically with the first group lying along the general course of the medial forebrain bundle, in that stimulation in any one of these reward sites activates neurons in the others, not only in rodents, but also importantly in primates (Rolls, 1974, 1975, 2005) as described next, allowing the research to become directly relevant to understanding the functions of the orbitofrontal cortex in humans. That is important, because the orbitofrontal cortex is greatly developed in primates including humans from what is present in rodents (Rolls, 2023c, 2026d, 2023b; Passingham, 2021).



2.3 Neuronal activity produced by brain-stimulation reward in primates

I extended my research on neuronal activity elicited by brain-stimulation reward in rodents to primates (squirrel monkeys and macaques), because my real interest and continuing interest is to understand the human brain better in health and disease.

[image: Brain sites in primates at which electrical stimulation of the brain can produce reward, including the orbitofrontal cortex, nucleus accumbens, amygdala, lateral hypothalamus, ventral tegmental area, and locus coeruleus.]
Fig. 2.1 Some brain sites in primates at which electrical stimulation of the brain can produce reward. The arrows indicate that stimulation at any one of these sites activates neurons in all of the other sites connected by arrows, as shown by Rolls, Burton and Mora (1980). The scales show the stereotaxic base planes. Abbreviations: as, arcuate sulcus; cal, calcarine sulcus; cs, central sulcus; lf, lateral (or Sylvian) fissure; lun, lunate sulcus; ps, principal sulcus; io, inferior occipital sulcus; ip, intraparietal sulcus (which has been opened to reveal some of the areas it contains); sts, superior temporal sulcus (which has been opened to reveal some of the areas it contains). AIT, anterior inferior temporal cortex; FST, visual motion processing area; LIP, lateral intraparietal area; MST, visual motion processing area; MT, visual motion processing area (also called V5); PIT, posterior inferior temporal cortex; STP, superior temporal plane; TA, architectonic area including auditory association cortex; TE, architectonic area including high order visual association cortex, and some of its subareas TEa and TEm; TG, architectonic area in the temporal pole; V1–V4, visual areas V1–V4; VIP, ventral intraparietal area; TEO, architectonic area including posterior visual association cortex. The numerals refer to architectonic areas, and have the following approximate functional equivalence: 1,2,3, somatosensory cortex (posterior to the central sulcus); 4, motor cortex; 5, superior parietal lobule; 7a, inferior parietal lobule, visual part; 7b, inferior parietal lobule, somatosensory part; 6, lateral premotor cortex; 8, frontal eye field; 12, part of orbitofrontal cortex; 46, dorsolateral prefrontal cortex.

In the monkey we discovered that neurons in the lateral hypothalamus, orbitofrontal cortex, amygdala, nucleus accumbens, and ventral tegmental area are activated during self-stimulation of any one of these sites or of the nucleus accumbens (see Fig. 2.1) (Rolls, 1974, 1975, 1976; Rolls, Burton and Mora, 1980c; Mora, Avrith and Rolls, 1980). Thus in the monkey, there is a highly interconnected set of structures, stimulation in any one of which will support self-stimulation and will activate neurons in the other structures.

Following a review paper on this research on brain-stimulation reward (Rolls, 1974), I was invited to write a book about reward systems in the brain, and that was my first book, The Brain and Reward (Rolls, 1975), which started to open up some of my later ideas (Rolls, 2023b) about reward systems in the brain, and how they relate to the brain systems involved in emotion, appetite, and motivation.

The discovery of the role of the orbitofrontal cortex in brain-stimulation reward in primates was foundational for later discoveries on the functions of the orbitofrontal cortex in reward, non-reward, and emotion in primates including humans, and their disorders including depression in humans (Rolls, 2014a, 2019c; Rolls et al., 2020b; Rolls, 2023b; Zhang et al., 2024a).



2.4 Neuronal activity produced by brain-stimulation reward and natural reward

But then I realized that to advance understanding it would be important to investigate whether these neurons activated from brain-stimulation reward sites are involved in natural rewards, such as the taste of food, for that offered an avenue to advance our understanding of brain systems involved in food reward, obesity, and potentially other types of rewarded / emotional behavior (Rolls, 2016f). So I set up to record from single neurons in the brain of behaving primates, which led to the research described in Chapter 3, with the initial findings relating to brain-stimulation reward and natural rewards described next.

We discovered when recording in the lateral hypothalamus and substantia innominata (which is lateral and rostral to the lateral hypothalamus) from neurons activated by brain-stimulation reward, that some of the neurons activated by brain-stimulation reward (approximately 13% in one sample of 764 neurons) altered their activity in relation to feeding (Rolls, 1974, 1975, 1976, 1979; Rolls, Burton and Mora, 1980c). In fact, we discovered the neurons with feeding-related responses when we sought to determine what functions are performed by the hypothalamic neurons activated by brain-stimulation reward.

In the original sample of 764 neurons, we discovered that some neurons altered their activity only during the eating of some substances, so that their activity appeared to be associated with the taste of food. But we were then amazed to discover that many more of these hypothalamic neurons (approximately 11% of the total sample) altered their activity before food entered the mouth, while the monkey was looking at the food (Rolls, Burton and Mora, 1976; Rolls, Sanghera and Roper-Hall, 1979). We then discovered that the activity of this second set of neurons only occurred to the sight of food if the monkey was hungry (Burton, Rolls and Mora, 1976), and becomes associated during learning with the sight of an object when it is a food (Mora, Rolls and Burton, 1976). These discoveries showed that these neurons were responding to food reward value, and to stimuli learned by association to be related to expected reward value, that is, to expected value.

An example of one of these investigations is illustrated in Fig. 2.2 (Rolls, Burton and Mora, 1980c). This shows that some of the hypothalamic neurons activated from other brain-stimulation reward sites were also activated by the sight of food; and that self-stimulation occurred through the recording microelectrode when it was close to these neurons activated by the natural reward of food.

[image: A microelectrode track shown on a drawing of the macaque brain showing neurons in the lateral hypothalamus activated by the sight of food, where low current stimulation could elicit reward.]
Fig. 2.2 a. Neurons activated by both brain-stimulation reward and the sight of food were found at the lower end of this microelectrode track in the macaque lateral hypothalamus. Neurons higher up the track in the globus pallidus were activated by brain-stimulation reward and also by head movements. The neurons were trans-synaptically (S) or possibly in some cases directly (D/S) activated with the latencies shown in ms from self-stimulation sites in the orbitofrontal cortex (OF), nucleus accumbens (NA), mediodorsal nucleus of the thalamus (MD), or lateral hypothalamus (hl). b. Self-stimulation through the recording microelectrode occurred with low currents if the microelectrode was in the hypothalamus close to the neurons activated by the sight of food. (Data from Rolls 1975 The Brain and Emotion: Pergamon Press; and Rolls, Burton and Mora 1980 Neurophysiological analysis of brain-stimulation reward in the monkey. Brain Research 194: 339-357.)

The implication of these discoveries is that brain-stimulation reward can occur because it activates neurons activated by natural rewards, such as in this case food reward. Consistent with this discovery, the brain-stimulation reward at these sites was dependent on hunger, and was attenuated after feeding to satiety, providing further evidence that the brain-stimulation reward at these sites was acting like the natural reward of food.

The discovery of the importance of the orbitofrontal cortex in brain-stimulation reward (Rolls, Burton and Mora, 1980c; Rolls, 2005) is highly relevant to the search more recently for brain sites where electrical stimulation in humans may relieve depression, with one brain site the subcallosal anterior cingulate cortex (Mayberg et al., 2005; Lozano et al., 2012; Lujan et al., 2013; Mayberg et al., 2016; Holtzheimer et al., 2017; Riva-Posse et al., 2018, 2020; Siddiqi et al., 2021; Zhu et al., 2021). Our results described here and in Chapter 3 provide evidence that the orbitofrontal cortex is a key brain area that deserves further investigation in humans as a reward site. I have proposed that the human orbitofrontal cortex may be a key brain region in which electrical stimulation may relieve depression (Rolls, 2018b, 2019a,e,c; Rolls, Cheng and Feng, 2020b; Rolls, 2023b,c, 2026d; Zhang, Rolls, Wang, Xie, Cheng and Feng, 2024a).

Extending the research on reward systems and emotion to primates from rodents was important, because I had been trained in preclinical medicine at the University of Cambridge, and had and have a vocation to understand brain function in humans not only in health, but also in disease. It turns out that this was important foresight, for we now know that there are many systems-level differences from rodents in the organization of the primate including human brain, some of which are set out in Section 29.4 of Brain Computations and Principles; and AI (Rolls, 2026d).

Part of the importance of the discoveries described in this Chapter is that we made fundamental discoveries about the sites of reward systems in the primate brain. One of the reward sites that we discovered was the orbitofrontal cortex, and that discovery provided a foundation for future discoveries on the functions of the orbitofrontal cortex in reward value, emotion, and motivation in primates including humans (Rolls, 2014a, 2023b). Another part of the importance of the discoveries was the identification of neurons in primates, in for example the lateral hypothalamus, that respond to natural rewards such as the taste or sight of food. These were the first or among the first discoveries of reward neurons, that is neurons that respond to the reward value of a stimulus such as food, in any species, and as far as I know the first in primates.






3
Natural rewards: brain systems involved in reward value, emotion, and motivation, and their disorders including depression



3.1 Introduction

As described in Chapter 2, I discovered that brain systems involved in brain-stimulation reward in primates as well as rodents include the lateral hypothalamus and structures along the medial forebrain bundle, and in addition the orbitofrontal cortex and the amygdala (Rolls, 1974; Rolls et al., 1980c; Rolls, 2005). But then I realized that to advance understanding it would be important to investigate whether these neurons activated from brain-stimulation reward sites are involved in natural rewards, such as the taste of food, for that offered an avenue to advance our understanding of brain systems involved in food reward, obesity, and potentially other types of rewarded / emotional behavior. So, as introduced in Chapter 2, I set up to record from single neurons in the brain of behaving primates, and some of the discoveries that followed are described in this Chapter.



3.2 The discovery of lateral hypothalamic neurons responding to the sight and taste of food reward

We soon discovered that neurons in the primate lateral hypothalamus activated from brain-stimulation reward sites could also in many cases be activated by the taste of food, a specific natural reward, providing an explanation for why brain-stimulation reward of some sites occurs (Rolls, Burton and Mora, 1980c; Burton, Rolls and Mora, 1976), as described in Chapter 2.

But on one occasion during such an experiment on taste reward I pulled a peanut out of my lab coat, and offered it to the primate for being so cooperative in the investigations. I was amazed to find that the taste reward neuron had a very large increase in firing rate to the sight of the peanut. This occurred even before the peanut was close enough for the monkey to reach out for the peanut, place the peanut in its mouth, and eat it. I then repeated this three times, first showing the peanut and then letting the monkey eat it, and each time the neuron responded to the sight of the peanut with a large increase of firing rate. I checked the firing rate values being printed out on the ASR33 teletype by the PDP11 computer which I had programmed in Fortran, and found that the lateral hypothalamic neuron was indeed responding to the sight of food (Rolls, Burton and Mora, 1976; Rolls, Sanghera and Roper-Hall, 1979).

We performed many investigations that showed that these were food reward neurons. We showed that they gradually stopped responding when the food reward was devalued by feeding to satiety (Burton, Rolls and Mora, 1976), as shown for example in Fig. 3.1. We also showed that these neurons would learn to respond to a visual stimulus such as the sight of a triangle if it signaled taste reward in a visual discrimination task. Moreover, we discovered that these neurons would reverse their response in one trial if another visual stimulus such as the sight of a square was associated with food reward, and would stop responding to the triangle if it was now in the reversal associated with very mildly aversive salt solution (Mora, Rolls and Burton, 1976). We had discovered neurons that responded to the sight and usually also the taste of food, and that represented the reward value of the food (Rolls, 2023c, 2026d, 2014a).

[image: An experiment showing a reduction in the firing rate of a lateral hypothalamic neuron when a food was fed to satiety, but neuronal responses to other food, demonstrating sensory-specific satiety.]
Fig. 3.1 The effect of feeding the monkey to satiety with 20% glucose solution on the responses of a lateral hypothalamic neuron to the sight of the glucose (filled circles) and to the sight of other foods (open circles). After the monkey had fed to satiety with glucose, the neuron responded much less to the sight of glucose, but still responded to the other foods. The mean responses of the neuron (± s.e.m.) are shown to the stimuli at different stages of the experiment. The satiety of the monkey, shown below, was measured by whether he accepted or rejected the glucose. After satiety with glucose, a second satiety experiment was performed in which banana was fed to satiety, and after this, the responses of the neuron decreased to the sight of the banana, but remained to the sight of peanut and orange, for which he still had an appetite. (Data from Rolls E T, Murzi E, Yaxley S, Thorpe S J, and Simpson S J. 1986 Sensory-specific satiety: food-specific reduction in responsiveness of ventral forebrain neurons after feeding in the monkey. Brain Res 368: 79-86; and Rolls E T. 1981. Central nervous mechanisms related to feeding and appetite. British Medical Bulletin 37: 131-134.)



3.3 The discovery of reward-specific satiety: sensory-specific satiety

While performing these experiments in which the macaques were fed to satiety and a lateral hypothalamic food reward neuron stopped responding to the sight of food such as fruit juice, one day, after the monkey was satiated with fruit juice, I offered the monkey a peanut, and was amazed to see a large response from the lateral hypothalamic neuron to the different food (Rolls et al., 1986). I fed the macaque to satiety with the peanut, and the neuron gradually stopped responding to the sight of the peanut. But then I offered another food, a piece of banana, and discovered that the neuron, still unresponsive to the fruit juice and peanut, now responded to the sight of the banana, which the monkey readily accepted and ate avidly (see Fig. 3.1) (Rolls et al., 1986; Rolls, 1981b).

I had discovered sensory-specific satiety in these neurophysiological investigations, and the effects that a variety of food could have in increasing food intake, at least in a single meal, and the results were very replicable (Rolls et al., 1986).

I then organised some practical classes at the University of Oxford for undergraduate students, to test whether I could extend my discovery of sensory-specific satiety to humans at the behavioral level, and the experiments worked beautifully. I invited my former wife, Dr Barbara Rolls, who was working on thirst at the time, to participate in these practical classes on the appetite for food, and she became interested, and collaborated with me in a number of studies on sensory-specific satiety in humans that we published together (Rolls et al., 1983; Rolls and Rolls, 1982; Rolls et al., 1982a, 1981b, 1982a, 1981a)2.

To illustrate sensory-specific satiety in action, in one experiment that I designed we fed Oxford schoolboys either one color of Smarties to eat, or four different colors. (Smarties, similar to M&Ms, are small discs of chocolate covered with a thin, colored sugar.) We found that the decrease in the pleasantness of the color of Smartie eaten was significantly greater for the color eaten than for the other colors, even though the flavors and nutritional content of the particular Smarties used in this experiment were identical (Rolls et al., 1982b). This experiment thus shows that just the color of a food is sufficient to produce some reward-specific satiety. The effect was nothing to do with the nutrient content, which was identical. That is why I named this reduction in the reward value and subjective pleasantness of a food eaten to satiety ‘sensory-specific satiety’. Consistently, some sensory-specific satiety for the odor of a food was produced over the typical timecourse of a meal even when the food was not eaten or even placed in the mouth (Rolls and Rolls, 1997). Importantly, sensory-specific satiety is not a sensory adaptation, for the intensity of the food eaten to satiety hardly changes, whereas its pleasantness decreases to zero (Rolls and Rolls, 1997). Consistently, we found that effects of satiety including sensory-specific satiety are not found in sensory regions such as the primate primary taste cortex and inferior temporal visual cortex (Rolls, 2023c, 2026d, 2015a, 2016f,c; Rolls et al., 1977). Because the change found is in the pleasantness and reward value of the stimulus, sensory-specific satiety can also be termed ‘reward-specific satiety’ (Rolls et al., 2025b).



3.4 The discovery of orbitofrontal cortex neurons responding to reward, implementing sensory-specific satiety, and leading towards a theory of the functions of the orbitofrontal cortex in emotion and motivation

I next thought it important to discover where the representation of reward value and its modulation by appetite (hunger in the case of food reward) is first evident in the visual and taste cortical pathways, in order to understand the information processing for rewards in the brain. Some of the brain regions and pathways described next are shown in Fig. 3.2.

[image: Lateral view of the primate brain showing taste, olfactory, visual, and somatosensory paths to the orbitofrontal cortex.]
Fig. 3.2 Some of the connections of the primate orbitofrontal cortex and amygdala shown on this lateral view of the brain of the macaque monkey, showing the connections from the primary taste and olfactory cortices. Connections are also shown in the ‘ventral visual system’ from V1 to V2, V4, the inferior temporal visual cortex, etc., with some connections reaching the amygdala and orbitofrontal cortex. In addition, connections from the somatosensory cortical areas 1, 2, and 3 that reach the orbitofrontal cortex directly and via the insular cortex, and that reach the amygdala via the insular cortex, are shown. as, arcuate sulcus; cal, calcarine sulcus; cs, central sulcus; lf, lateral (or Sylvian) fissure; lun, lunate sulcus; ps, principal sulcus; io, inferior occipital sulcus; ip, intraparietal sulcus (which has been opened to reveal some of the areas it contains); sts, superior temporal sulcus (which has been opened to reveal some of the areas it contains). AIT, anterior inferior temporal cortex; FST, visual motion processing area; LIP, lateral intraparietal area; MST, visual motion processing area; MT, visual motion processing area (also called V5); PIT, posterior inferior temporal cortex; STP, superior temporal plane; TA, architectonic area including auditory association cortex; TE, architectonic area including




[image: Sensory specific satiety in an orbitofrontal cortex neuron, which decreases its firing rate to the food eaten to satiety (glucose) but not to another food (blackcurrant juice).]








[image: a. A graph to show an orbitofrontal cortex fat-sensitive neuron responding with a high firing rate to oral stimuli with a low coefficient of sliding friction. b. A graph to show that the same neuron did not respond to viscosity.]






3.5 Pleasure and reward value in the human brain


3.5.1 Representations of reward value and pleasure in the human brain







[image: Sites in the medial orbitofrontal cortex and pregenual anterior cingulate cortex activated by pleasant stimuli, and sites in the lateral orbitofrontal cortex and supracallosal anterior cingulate cortex activated by unpleasant stimuli.]



3.5.2 Social rewards, and abstract, monetary, rewards




[image: Brain diagrams and graphs to show large activation of the medial orbitofrontal cortex by winning, and large activation of the lateral orbitofrontal cortex when not winning.]



3.5.3 Effects of cognition and attention on reward value and pleasure in the brain



[image: Image illustrating that word-level labels about pleasantness can influence brain activations to olfactory stimuli.]



[image: Brain diagrams and graphs showing how word-level cognitive descriptors can modulate the brain responses in the anterior cingulate cortex and amygdala, and subjective pleasantness, of olfactory stimuli.]












3.6 A mechanism for reward-specific satiety and for reward-specific motivation



[image: Neuronal network architecture for reward-specific satiety.]







3.7 The discovery that the orbitofrontal cortex encodes non-reward when reward is removed, and in reward reversal and extinction


[image: Rastergram showing a macaque orbitofrontal cortex neuron responding during visual discrimination reversal when an expected reward was not obtained.]





[image: A. Brain maps showing activation of the lateral orbitofrontal cortex and supracallosal anterior cingulate cortex during social visual discrimination reversal. B. Brain map of activation of the right orbitofrontal cortex to reward reversal for points.]



3.8 Discoveries on the effects of damage to the human orbitofrontal cortex









3.9 The systems-level processing of reward value in primates including humans


[image: Schematic diagram showing the connectivity to and from the orbitofrontal cortex and amygdala.]













3.10 Discoveries on the connectivity of the human orbitofrontal cortex, and its relation to function



[image: Effective connectivity map between orbitofrontal and cingulate cortex and area 10 cortical regions with the 180 left hemisphere regions in the Human Connectome Project Multimodal parcellation atlas.]



3.10.1 Human medial orbitofrontal cortex connectivity


[image: The human brain showing the connectivity of the medial orbitofrontal cortex.]









3.10.2 Human lateral orbitofrontal cortex connectivity


[image: The human brain showing the connectivity of the lateral orbitofrontal cortex.]






3.10.3 Connectivity of the orbitofrontal cortex to the hippocampal memory system, and memory consolidation






3.10.4 Connectivity of the orbitofrontal cortex to the cholinergic basal forebrain nucleus of Meynert, and memory consolidation


[image: Schematic diagram showing the connectivity of the orbitofrontal cortex, vmPFC and anterior cingulate cortex.]



3.10.5 Connectivity of the orbitofrontal cortex to the supracallosal anterior cingulate cortex for action-outcome learning




3.10.6 Connectivity of the orbitofrontal cortex to the basal ganglia and dopaminergic system






3.11 A theory of emotion and motivation, and their brain systems


3.11.1 A theory of emotion




[image: Emotions associated with the delivery of reward or punishment, or the termination or omission of reward or punishment.]








3.11.2 A wide range of emotions



	1. The reinforcement contingency (e.g., whether reward or punishment is given, or withheld) (see Fig. 3.17).

	2. The intensity of the reinforcer (see Fig. 3.17).

	3. Any environmental stimulus might have a number of different reinforcement associations. (For example, a stimulus might be associated both with the presentation of a reward and of a punisher, allowing states such as conflict and guilt to arise.)

	4. Emotions elicited by stimuli associated with different primary reinforcers will be different, as described above, with different primary reinforcers each producing different affective states.

	5. Emotions elicited by different secondary reinforcing stimuli will be different from each other (even if the primary reinforcer is similar). For example, the same touch to the arm but by different people might give rise to very different emotions. Cognitive states and semantic knowledge can contribute to emotion in these ways, as well as in other ways that might arise because for example of reasoning in the rational brain system.

	6. The emotion elicited can depend on whether an active or passive behavioral response is possible. (For example, if an active behavioral response can occur to the omission of a positive reinforcer, then anger might be produced, but if only passive behavior is possible, then sadness, depression or grief might occur: see Fig. 3.17.)







3.11.3 The functions of emotions








3.11.4 The functions of the orbitofrontal cortex vs. amygdala in emotion







3.11.5 A reasoning, rational, route to action, vs. the emotional route to action


3.11.5.1 The reasoning, rational, route to action





3.11.5.2 Decisions between the emotional and reasoning systems





3.11.5.3 The Selfish Gene vs. The Selfish Phenotype, and evolution







3.11.5.4 The relation between the mind and the brain, causality, and levels of explanation






3.11.6 Consciousness and emotional feelings: a Higher Order Syntactic Thought theory












3.11.7 A theory of motivation





[image: Motivational states associated with the delivery of reward or punishment, or the termination or omission of reward or punishment.]











3.12 Reward-related decision-making






3.12.1 An attractor decision-making network



[image: Neuronal network architecture of an attractor or autoassociation network.][image: Neuronal populations and type of receptor in a decision-making network.][image: The attractor basins for the two decision states and for the spontaneous state.]



3.12.2 A model of reward-related decision-making mechanisms in the orbitofrontal cortex




[image: Circuit diagram for an integrate-and-fire neuron.]



[image: Rastergrams and firing rates of neurons in an attractor decision-making network on easy and difficult trials.]




[image: Graphs of firing rates, reaction times, and percent correct as a function of the difference Delta between the two decision variables.]







3.12.3 Prediction of the fMRI BOLD signals on difficult vs. easy decision-making trials from the decision-making model




[image: Graphs of simulated functional magnetic resonance imaging signals of the decision-making model, showing a larger response on easy trials.]



3.12.4 Comparison of the fMRI BOLD signals on difficult vs. easy decision-making trials with those predicted from the decision-making model


[image: Graphs of functional magnetic resonance imaging signals in a human decision-making task  showing a larger response on easy trials from the ventromedial prefrontal cortex area 10.]











3.13 A theory of depression: the orbitofrontal cortex, and attractor dynamics


3.13.1 Introduction








3.13.2 A non-reward attractor theory of depression


[image: Reciprocal connectivity between an orbitofrontal cortex non-reward attractor network and a language area network that could produce ruminating thoughts in depression.]









3.13.3 The orbitofrontal cortex, and the theory of depression



[image: Brain diagrams showing reduced functional connectivity in depression of the medial orbitofrontal cortex with the medial temporal lobe; and increased functional connectivity of the lateral orbitofrontal cortex in depression.]








3.13.4 Altered connectivity of the orbitofrontal cortex in depression


[image: Brain diagrams showing reduced functional connectivity in depression of the medial orbitofrontal cortex and increased functional connectivity of the lateral orbitofrontal cortex in depression, summarizing many investigations.]


3.13.4.1 Precuneus: higher connectivity with the lateral orbitofrontal cortex






3.13.4.2 Parahippocampal gyrus / medial temporal lobe memory system, and temporal lobe visual cortex: lower connectivity with the medial orbitofrontal cortex






3.13.4.3 Posterior cingulate cortex: higher functional connectivity with the lateral orbitofrontal cortex in depression






3.13.4.4 Anterior cingulate cortex: higher connectivity with the orbitofrontal cortex in depression








3.13.4.5 Inferior frontal gyrus: increased connectivity with the lateral orbitofrontal cortex in depression






3.13.4.6 Amygdala: reduced connectivity with the orbitofrontal cortex in depression




3.13.4.7 Sleep, depression, and increased lateral orbitofrontal cortex connectivity





3.13.4.8 Effective connectivity in depression









3.13.5 Increased activations to non-reward of the lateral orbitofrontal cortex, and decreased sensitivity to reward of the medial orbitofrontal cortex, are related to depression scores



[image: Shows reduced sensitivity to reward of the medial orbitofrontal cortex and increased sensitivity of the lateral orbitofrontal cortex to non-reward in individuals with high scores on Adolescent Depression Rating Scale in Monetary Incentive Delay task.]





3.13.6 Implications, and possible treatments for depression




















3.14 Evaluation



	We discovered reward value neurons in the lateral hypothalamus and orbitofrontal cortex, using criteria such as devaluation and rapid learning and reversal of stimulus-reward associations. We showed that the representations were of stimulus reward value, and were not related to behavioral responses or actions such as reaching with the arm to obtain a reward.

	We discovered reward-specific (sensory-specific) satiety, and showed that it is represented in the orbitofrontal cortex. We produced a theory of how it is computed, pre-synaptic adaptation.

	We discovered non-reward neurons in the orbitofrontal cortex.

	We mapped the visual and taste pathways through their hierarchies of processing in primates including humans, and discovered that reward value is represented in the orbitofrontal cortex but not at earlier stages such as the inferior temporal visual cortex and insular primary taste cortex.

	We discovered that oral texture, including fat texture, and viscosity, are represented in the insular primary taste cortex and a region to which we proved it projects, the orbitofrontal cortex.

	We discovered face expression and face identity neurons in the orbitofrontal cortex, and related these to the functions of the orbitofrontal cortex in social behavior.

	We extended these discoveries of reward and non-reward systems to humans using fMRI, and, importantly in relation to emotion, showed that the activations of the medial orbitofrontal cortex are linearly related to subjectively experienced pleasure.

	We discovered that there is topology within the human orbitofrontal cortex, with many rewards, including monetary reward, represented in the medial orbitofrontal cortex, and many punishers, and non-reward, represented in the lateral orbitofrontal cortex.

	We discovered that cognition and attention have top-down effects that modulate reward value representations in the human orbitofrontal cortex.

	We showed how the connectivity of the human orbitofrontal cortex relates to these functions, with especially interestingly, major connectivity in part via the anterior and posterior cingulate cortex, to the hippocampal episodic memory system. This not only provides a route for reward value and affective components to be incorporated into episodic memory, but also indicates how the orbitofrontal cortex may play a role in memory consolidation. We also showed how the human orbitofrontal cortex connects to different parts of the anterior cingulate cortex, providing a route for the orbitofrontal cortex to provide reward outcome information for action-outcome learning in the anterior cingulate cortex.

	We discovered how the emotional changes associated with damage to the human orbitofrontal cortex can be related to the rapid reward-related reversal leaning that it implements, and to its functions in representing rewards and punishers, including socially relevant reinforcers such as face and voice expression. Part of the importance of these investigations is that they provide evidence that the human orbitofrontal cortex is causally involved in the functions described.

	We showed that the amygdala in primates including humans may be less important in emotion than the orbitofrontal cortex, with the amygdala having less clear reward representations, less rapid reward reversal learning, and less connectivity in humans back to neocortical regions. In contrast, the lateral orbitofrontal has effective connectivity with cortical language regions in Broca's area, which provide a route for emotional states to become reported.

	These discoveries provide key foundations for Rolls’ theories of emotion and motivation (Rolls, 2014a, 2023b, 2025e).

	Part of these theories is that in humans and perhaps some other related animals there are two main routes to action, an emotion-related route with the goals set by our genes, and a rational, reasoning route to action that can act in the interests of individuals.

	We developed a theory of depression based on these discoveries about the functions of the lateral orbitofrontal cortex in non-reward, and of the medial orbitofrontal cortex in reward. The theory illustrates how it is possible to build an understanding of brain function in health and disease by combining research from different disciplines, including neurophysiology, connectivity, neuro-imaging including pioneering studies of functional connectivity at the voxel level in depressed people vs controls, task-related functional neuroimaging, neuropsychology, and computational neuroscience.

	We developed computational neuronal network theories and models for how rule-based, one-trial, reward reversal learning (Deco and Rolls, 2005b), and the detection of non-reward (Rolls and Deco, 2016), could be computed in the orbitofrontal cortex.

	We also utilized integrate-and-fire neuronal network models of decision-making to make predictions about the fMRI BOLD signals in decision-making brain regions, and performed fMRI investigations that found such signals in a region implicated in reward-related decision-making, the ventromedial prefrontal cortex (Rolls et al., 2010a,b). We also developed integrate-and-fire neuronal networks models in which the decision could be predicted (from the stochastic fluctuations) before the decision stimuli were applied (Rolls and Deco, 2011a), and how the confidence in a decision is reflected in the firing rate in the winning attractor of a decision-making network (Insabato et al., 2010). We developed these concepts about the importance of stochastic dynamics as a principle of brain function in the book The Noisy Brain: Stochastic Dynamics as a Principle of Brain Function (Rolls and Deco, 2010), with these concepts developed more and applied to different mental disorders (Rolls, 2026d).
















2 Barbara Rolls later told me that she was subsequently awarded a prize for the discovery of sensory-specific satiety, which she accepted. I mention this, so that those who may take up research in the neurosciences should know in advance that they will sometimes not be recognized for discoveries that they have made. I suspect that this is quite common (and indeed Candace Pert felt the same about her discovery of opiate receptors, for which she was not included in the Nobel prize (Pert, 1997)). However, I was very pleased to hear about the award of the prize for the discovery of sensory-specific satiety (to Barbara Rolls), for sensory-specific satiety and its associated brain mechanisms are probably the most important factors in how much food is eaten in a single meal (Rolls, 2016f; Rolls et al., 2025b; Rolls, 2026b). Sensory-specific satiety is thus very relevant to over-eating and obesity (Rolls, 2016f, 2026d). Not only did I discover sensory-specific satiety and its brain mechanisms and how relevant it is to human behavior, but I also discovered that there is a long-term form of sensory-specific satiety that can build up over months if the same foods are eaten. I discovered this with one of my Oxford undergraduate students in an Ethiopian refugee camp (Rolls and de Waal, 1985), and we recommended that the foods should be changed from time to time so that people will want to keep eating the nutritionally good food that is being provided. I also went on to discover that even only smelling or tasting a food for as long as it would be eaten in a meal can produce some sensory-specific satiety, in an investigation with Juliet Rolls (Rolls and Rolls, 1997), whom I was bringing up in Oxford. This was Juliet's undergraduate research project, for which she was awarded a prize. This discovery is important, for it helps to elucidate the mechanisms of sensory-specific satiety (Rolls and Rolls, 1997; Rolls et al., 2025b).
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