580. 422 Biological Systems II

Lecture 1: Introduction to the anatomy of the nervous system

Reza Shadmehr

The human brain is a 3 pound mass of fatty tissue that controls all body activities, ranging from heart rate and sexual function to movements, emotion, learning, and memory.  It is where our thoughts and dreams form.  It is what makes us human, and what makes you different from your neighbor.
In this course, we have the daunting task of deciphering the mystery of this most complex of all “machines”.  We are going to ask how is that about a trillion nerve cells organize themselves into a system that controls our every sense of being.  Our most important tool is going to be mathematical modeling.  That may seem a little strange, as models seem far removed from neuroscience.  To help explain our rationale, let us consider a bit of history.
Wright brothers and the influence of modeling

A century ago, in 1903, Orville and Wilbur Wright invented the airplane. You might wonder why a course about neuroscience should begin with the Wright brothers, but I think that their experience offers several relevant lessons. One involves the concepts of reverse- and forward engineering. For example, the earliest attempts at aircraft design emulated flying birds, an approach called reverse engineering. You can find many examples of this, but Leonardo da Vinci surely produced the most famous one. To practice reverse engineering, you take an existing system, try to understand how it works, and perhaps design something like it. If you are a neuroscientist or studying to be one, you should recognize reverse engineering; it is more or less what neuroscientists do. The Wright brothers, however, did not rely on reserve engineering—at least not at first. In fact, something more like the reverse of reverse engineering occurred. Instead of an analysis of bird flight leading to better aircraft design, aircraft design led to an improved understanding of bird flight. How? The accomplishments of the Wright brothers led to better theories of aerodynamics, and this body of theory led to the improved understanding of bird flight. So Lesson 1 from the Wright brothers is that sometimes engineering advances lead to a better understanding of biological systems.
Another lesson from the Wright brothers concerns the importance of models in understanding complex systems. The Wright brothers based their designs on mathematical models, in the form of equations. Their experience shows that models, even flawed ones, can sometimes lead to something important. For example, after more than two years of work with gliders, the Wright brothers realized that their aerodynamic models had problems. Years earlier, an aviation pioneer named Otto Lilienthal had developed those models to predict the amount of upward force, called lift, produced by wings of various designs. The Wright brothers used Lilienthal’s equations, but they soon learned that wings designed in accord with his models produced only about a third of the predicted lift. Given the fact that Lilienthal had died years earlier in a glider crash, the Wrights might have been more skeptical of his theories, but—reasonably enough—they began with what they had. Through frustration and failure, the Wright brothers eventually realized that they needed to develop their own models, and—in an astounding leap into modernity—they built a wind tunnel to test their theories. As a result, the Wright brothers developed better mathematical and physical models of airplane wings. Lesson 2 from their experience, then, is that models can help in understanding the behavior of complex systems, but they need to be both tested and improved.
After solving the lift problem, the Wright brothers’ glider experienced continued difficulties with stability and control. Thus, Lesson 3 regards stability and control, problems with which the Wright brothers struggled for four years. Stability and control are general problems for moving systems, and your motor system is no exception. Temporarily stymied, Wilbur Wright returned to an examination of bird flight. That is, in a tight spot he resorted to reverse engineering. Wright noticed that bird wings warp during flight and, fiddling around with a flexible box, he saw how wing surfaces could warp in a similar way. Through such observations, the Wright brothers developed wing-warping controls to promote aircraft stability. Lesson 4: Combining reverse- and forward engineering seems like a good idea.
After that breakthrough, the Wrights’ glider no longer behaved erratically. Stability had been achieved, but problems remained with control. When, as pilots, the Wright brothers made maneuvers that should have turned the glider to the left, it often slid to the right instead. The addition of vertical tail fins alleviated that problem, but generated new problems with stability. At that point, the Wright brothers must have begun to wonder whether stability and control were mutually exclusive. It is tempting in such situations to break down a complex system into its components and, by better understanding how each part works, hope to comprehend the overall system. This approach, called reductionism, has its place in understanding complex systems. However, the Wrights’ biggest breakthrough came from enlarging the problem, not by reducing it. They recognized that it made no sense to study turning left or right in isolation from rolling the plane along its long axis; they saw that airplanes turn by rolling. If you want to turn an airplane to the right, you roll it so that its right wing rotates downward. This clockwise roll changes the direction of lift to the right, and the plane moves in that direction. Lesson 5, then, is that complex systems can only be understood at the systems level; reductionist methods help, but only in a limited way.
In late 1903, Orville Wright took off on the first powered flight. He flew about 35 m, moving across the ground at less than 10 km/h. The era of aeronautics had begun. (The era of really small seats and screaming infants followed shortly thereafter.) It is difficult in hindsight to appreciate the magnitude of the Wright brothers’ breakthrough, but a few facts might help: Just five years later, Wilbur Wright flew his plane for two hours; eight years later, a pilot flew across North America; 24 years after the first flight, a pilot flew an airplane from New York to Paris; and just 65 years after the Wright brothers’ plane first took off—within the lifetime of many people—the aerodynamic theories that they pioneered allowed three people to return safely from a voyage around the Moon.
The Wrights’ breakthrough resulted from three factors that can help you understand the neurobiology of the brain: combining reverse- and forward engineering, joining theory in the form of mathematical modeling with empirical testing, and a systems-level approach. The Wright brothers’ success depended on the combination of these factors. For example, most of their competitors had envisioned controlling aircraft through a system of rudders, by analogy with ships at sea. Unlike the Wright bothers, those engineers did not test their models in wind tunnels. If they had, they might have realized that a maritime analogy has little relevance to flying machines. Remember that airplanes turn by rolling. Rudders can control watercraft because a ship’s buoyancy makes rolling largely irrelevant to turning (although too much roll can, of course, make for a bad day). Lesson 6: Do not go out to sea in bad weather (see Sebastian Junger, A Perfect Storm: A True Story of Men Against the Sea, Harper, New York, 1998).
Anatomy of the central nervous system
The central nervous system is divided into seven parts:  

· The spinal cord.  Receives and processes sensory information from skin and muscles; sends commands to muscles; houses simple reflexes and controls locomotion.
· Medulla.  Autonomic function: digestion, breathing, heart rate.  Sleep function: maintaining quiet.
· Pons.  Control of posture and balance.

· Cerebellum.  Learning, memory, and control of movement
· Midbrain: eye movements

· Diencephalon: thalamus and the hypothalamus.
Thalamus: nearly all sensory information (except the sense of smell) arrives here from the primary sensory neurons before being sent to the cortex.
Hypothalamus: Regulates autonomic and endocrine function.

· Cerebral hemispheres
Hippocampus:  Memory of facts, events, places, faces, etc.
Basal ganglia:  Major components of this structure include the putamen and the caudate.  These structures contribute to control of movements, expectation of reward, and selection of action.
Amygdala:  Autonomic and endocrine response in emotional states.
Cerebral cortex:  

· Frontal lobe: Planning of action and control of movement.

· Occipital lobe.  Vision.  Information from the eyes arrives here.
· Parietal lobe.  Sense of position, and vision for action (where is this object with respect to my body?).

· Temporal lobe: Hearing, and vision for perception (what is this object that I am looking at?).  In its deep structures lies the hippocampus, an important location for memory.

Sulci and Gyri:  Our cortex has crevasses and humps.  Each crevasse is called a sulcus.  Each hump is called a gyrus.  We are born with fairly smooth brains, and within 40 weeks get deeper sulci and higher gyri.  One theory has posited that the brain regions that are densely connected “pull” the cortical sheet together, forming a gyrus.







