Appendix:  Techniques for studying the brain

This Appendix briefly outlines the main experimental techniques that can be used to discover the anatomical pathways within the brain, and how they relate to function.  Some purely technical limitations are mentioned here, but the wider problems of functional interpretation are covered in Chapter 1 (p. xxx).  

The four main weapons at our disposal are the classical ones of path-tracing, recording, stimulation and lesions. 

Path tracing

Single-cell visualisation 

Just looking with the naked eye at sections of the brain, one can make out the grosser nuclei and tracts; but a microscope is needed to make out the details of neuronal connections.  Since neuronal tissue is virtually transparent, some kind of stain is needed; the problem then is that if we stain all the nerve cells, the brain is such a densely knotted structure that the whole thing will simply come out black and we shall be no better off: what is needed is a selective stain.  One such is the Golgi silver stain, discovered 130 years ago by Camillo Golgi, which has the odd property that it is only taken up by a very small percentage (about one in a hundred) of the neurons in the tissue to which it is applied, apparently at random; those cells that do take it up do so completely, resulting in a complete and often very beautiful delineation of their dendritic and axonal microstructure (Fig. A1).  This is capable of providing two distinct kinds of information:

1. Detailed knowledge of a neuron’s local morphology (see for example Fig. 12.7): knowing something about how spatial and temporal summation works, we can then make an informed guess about what sort of computational function the neuron is carrying out.  With modern computer models, these guesses can be quite precise.

2.  Demonstration of the connections of neurons carrying information over long distances, by using serial sections (for example Fig. 14.13).  This can tells us with extreme precision exactly where neurons project to and the pattern of their innervation when they reach their destination: techniques that average over large number of neurons cannot do this.

Fig. A1  Golgi stain

Silver staining is not the only technique that enables one to visualise entire neurons, and horseradish peroxidase (HRP) may in fact give an even more complete delineation of a neuron than the Golgi technique.   Another technique is to inject a dye such as Procion Yellow into a neuron through a micropipette inserted into it; the dye then diffuses into most parts of the cell but not outside it, and provides a good way of marking a cell whose electrical responses have previously been recorded with the same micropipette (Fig. A2), since a series of different colours can be used.

Fig. A2 Intracellular dye

Histochemical staining

Another method for selective staining that relates more obviously to function is to use substances that relate to neurotransmitters.  They may be analogues to actual transmitters, such as serotonin, or they may be antibodies to enzymes associated with particular transmitters.  An example of the latter is the tyrosine hydroxylase found in neurons that use dopamine or noradrenaline.  In addition, one may deploy labelled antibodies to neuropeptides themselves.  In this way one may be able to identify groups of cells within a nucleus that share a common function.

Transport

Some marker substances are trans​ported along axons, either from the cell body to the terminals (orthograde or anterograde) or in the opposite direction (retrograde) (Fig. A3).  Labelled amino acids (tritiated leucine, for example) are taken up by cell bodies and transported towards the terminals, enabling one to identify the areas to which a particular nucleus projects.  At least two transport mechanisms seem to be involved: one is fast (some 100-300 mm per day) and the other slow (1-10 mm/day).  An attractive feature of this technique is that the transport may be transneuronal, the marker crossing the synapse to the next neuron along.  Figure A4 shows a striking example of the use of this technique: dominance columns in monkey primary visual cortex are selectively stained after unilateral ocular injection of labelled amino acid.   HRP is an example of a substance showing retrograde transport: after extracellular injection at a particular site, it is taken up by axon terminals and carried back to the cell body.  In this way one may identify the origin of efferents to a particular region of the brain, revealing for example subdivisions of nuclei according to their destinations.  

Fig. A3  Transport

Fig A4   Dominance cols

Degeneration

A related technique for tracing axonal pathways is to study the degeneration that results from injury to a nerve fibre.  Two kinds of degeneration follow damage to an axon: orthograde or Wallerian degeneration, distal to the cut; and retrograde degeneration, in the direction of the cell body.  In the first case, one may use the Nauta stain that identifies certain of the degeneration products such as degenerating myelin sheaths and terminal boutons.  In retrograde degeneration one may see various characteristic changes in the cell body (Fig. A5): the nuclei and ribososomes show granule dispersion, which shows up with the Nissl stain.  

Fig A5     Degeneration

Sometimes these degenerative changes may actually extend beyond the synapse to affect the next neuron along, and are then described as transneuronal orthograde or retrograde degeneration.  In monkeys, for instance, removal of the eye results in shrinkage of the neurons in the thalamus with which the fibres from the eye make contact.  Thus by making a lesion in a particular nucleus one may in principle trace both the afferent and efferent pathways associated with it, and in some cases one may identify the second-order cells with which these fibres synapse as well.  A problem with degeneration studies, but not with HRP or labelled amino acids, is that they do not distinguish between fibres that genuinely begin or end in a particular region, and those fibres of passage that merely happen to pass through it. 

Metabolic labelling 

Local metabolic effects may also be used to pinpoint neural activity.  One example is to treat an animal with labelled 2-deoxyglucose (2DG), and then present it with a particular task, such as looking at a specific kind of visual stimulus.  Those cells that are most active during that period take up the 2DG preferentially, and their localisation becomes apparent when the brain is subsequently sectioned (Fig. A6): this technique has a resolution of some 50μ.    

Fig. A6    2DG dominance

Recording.  

Individual neurons

All neurons generate electrical currents when they are active, and these electrical effects may be picked up by means of electrodes.  The choice here is between intracellular microelectrodes that are small enough to impale single nerve cells and record their activity in isolation from whatever else may be going on around them, and extracellular electrodes that record the external effects of currents generated by active cells.  Intracellular electrodes normally have the form of micropipettes, made by heating glass capillary tubing and then very rapidly drawing it out (Fig. A7).  By starting with fused pairs of tubes, double-barrelled electrodes can be made which enable more sophisticated measurements to be made, for instance the of modification of response caused by injected currents or pharmacological substances (Chapter 3).   Though 'micro', intracellular electrodes are not much smaller than the neurons themselves (Fig. A8), and there is a danger of bias in making such recordings since populations of smaller cells may be missed entirely.  Some workers have experimented with arrays of electrodes, which have the advantage that one may then be able to observe something of the spatial pattern of activity, which of course is what its all about: trying to find out how the brain works by recording from single neurons has been described as like trying to read a book by looking at just one letter on each page.   

Fig A7    Microelectrodes

Fig. A8  Cortical cells plus electrode

Paradoxically, by recording extracellularly with a large electrode one may then pick up activity of cells too small to be pierced by microelectrode, and it is then also possible to record from several cells at once (Fig. A9), using a computer to sort out the different sizes of spikes from different neurons.   Extracellular electrodes are also more stable than intracellular ones when chronically implanted in alert, behaving animals – an essential technique for studying higher aspects of brain function.

Fig A9  mixed APs

Gross potentials

In addition we may use gross electrodes that look at the average responses of many hundreds of neurons at once and are non-invasive.  Just as electrodes on the skin can pick up the summed activity of the muscles below (the electromyogram), electrodes outside the skull can be used to record the average activity of very large numbers of cortical neurons over a wide area.   An array of electrodes of this kind is used to measure the spontaneous electroencephalogram or EEG, discussed in Chapter 14 (Fig. A10).  But the same technique can also record evoked potentials from sensory stimulation: because they are very small in relation to the electrical noise created by the background activity of other cortical cells, it is necessary to repeat the stimulus many times, and average the evoked potential to get rid of the noise. 

Fig A10     EEG, evoked potential

Brain scans

A fashionable and colourful technique is the brain scan, of which there are various kinds.   PET (positron emission tomography) relies on the prior injection of a radioactive marker: it essentially measures regional blood flow rather than neuronal activity, and has rather low spatial resolution (5-10mm).  An example is shown in Figure 13.31.   Even less invasive is MRI (magnetic resonance imaging), that depends on proton density.  In its static form it can be used to visualise brain anatomy with a resolution somewhat better than a millimetre.  But an extension of the basic technique, fMRI (functional MRI) is capable of providing information almost impossible to obtain in other ways.  Here, a computer looks at the difference in the image between one set of circumstances and another, for instance when doing a particular task as opposed to not doing it.  Because the technique can be used on conscious humans, it can be used to provide answers to questions such as which areas are differentially active when thinking of moving rather than actually moving.   However, the interpretation of fMRI is fraught with difficulties of various kinds.  The reason that neural activity influences MRI is that proton density is a function of degree of oxygenation: but it is not obvious that this bears a simple relation to activity itself, rather than something like the difference between actual activity and the oxygen supply, determined by local blood flow.  Because of over-simplistic and over-enthusiastic interpretation, the technique has acquired a poor reputation: sometimes it is described as the return of phrenology (cf. Fig. 1.20).     

Stimulation

Stimulation is a natural way to try to investigate the motor system, though for reasons discussed more fully in Chapter 1 and Chapter 9 it has not often proved a very helpful technique.  Stimulation of single cells is usually inadequate to achieve any overt response at all, while simultaneous stimula​tion of large numbers of them with gross electrodes and heavy currents has proved in general to be too 'unphysiological' to give meaningful results.  However, stimulation at one site while recording from another is often a good way to establish the existence of functional connecting pathways. Stimulation can be electrical, using intracellular or extracellular stimulation; selective activation or inhibition of sub-sets of neurons within a nucleus may be achieved by application of pharmacological agonists, for instance muscimol mimicking GABA.  

A relatively recent technique is transcranial magnetic stimulation (TMS).  This is a non-invasive technique that can be used on conscious human subjects, and uses the principle that a change in magnetic field strength induces currents in a conducting medium.  Since magnetic fields penetrate the skull without hindrance and are not in themselves painful, by placing a large electromagnet on the skull and passing through it a sudden pulse of current, voltages are evoked in the underlying neurons that causes them to be stimulated (Fig. A11).  This technique does not have good spatial resolution, and is limited to neural structures such as cerebral cortex that are close to the surface; but nevertheless is it has been used to good effect in studying various aspects of sensory and motor cortical function.   In addition, by combining it with evoked potential measurements it can be used for tracing neural pathways in living human subjects.  

Fig A11    TMS

Lesions

Apart from their use in demonstrating anatomical pathways through degeneration, lesions may also be used to try to associate particular functions with particular regions of the brain.  Basically there are three ways of damaging the brain: natural pathology, or deliberate damage that may be irreversible or reversible.

Natural lesions

Pathological and developmental disorders are by far the least useful, for two reasons.  First, that though there may be a very visible lesion in one particular place, it may be due to an underlying condition that is causing invisible impairment in other places as well; and also because apart from traumatic injuries, most conditions develop slowly, giving time for all kinds of adaptational compensation to occur.  Consequently conclusions from studying neurological conditions such as Parkinsonism can only be of the most general kind, though provided one does not try to read more into them than is justifiable, such broad-brush conclusions, if clearly formulated, can still be perfectly secure (see Chapter 12).  

Experimental lesions

Deliberate local irreversible destruction can be done in many ways.  Apart from the relatively crude traditional techniques of actual excision, or arresting blood supply, more localised destruction can be performed by using local heat, or by passing substantial currents through neural tissue that cause electrolytic lesions.  All these techniques of course damage not only the neuronal cell bodies at a particular site, but also fibres that happen to pass through the region, which creates extra problems of interpretation.   Chemical lesions - the blocking of particular pathways by the local application of appropriate pharmacological agents, or with toxins - have the advantage of being both more specific and more reversible, as well as being free of some of the objections outlined above.   For instance, excitotoxins such as ibotenic acid are specific for cell bodies and do not affect fibres of passage; other toxins are selective for neurons that use particular transmitters, e.g. 6-hydroxydopamine which only affects noradrenergic and dopaminergic neurons.  Better still is reversible block, which provides the experimental control of comparing behaviour during the block and after.  Reversible blockage can be done by using pharmacological antagonists (for example bicuculline, blocking GABA), or local cooling by electrodes utilising the Peltier effect.

The future

Technological developments over the last decade or two have resulted in huge improvements to the tools at our disposal for investigating the brain, but there is still plenty of room for making them even better.  What we would like is the ability to record the action potentials of many individual neurons simultaneously, anywhere in the brain, using apparatus that is portable and non-invasive.  As Figure A12 shows, the spatial and temporal resolutions of the techniques currently available can only achieve some of these criteria at the expense of others.  But in any case, we saw in Chapter 1 that our understanding of the brain is limited not so much by the technological constraints as by the conceptual problems that arise when we try to turn measurements into meaning.

Fig A12 - Resolutions

Figure captions

Fig A1.  Stellate cell from cerebral cortex, stained with Golgi method (left) and HRP (right) (adapted from Freidlander et al., 1981)

Fig A2.  'Starburst' amacrine cell from rabbit retina, injected with Lucifer Yellow   (ref)
Fig. A3.  Tracing connections by means of injected markers that are transported anterograde and possibly transneuronally (above) or retrograde (below).  

Fig A4.  Dominance columns in visual cortex revealed by uniocular injection of tritiated proline, monkey   (ref Barry)
Fig A5.  Schematic representation of the types of degeneration that may follow injury to a neuron.   

Fig A6.  Dominance columns in monkey visual cortex, delineated using 2DG while one eye was covered.    (ref nerve cells an mem connectiosn)
Fig A7.  Microelectrodes.  Above, common method of manufacture, by rapid drawing out of softened glass capillary tubing.  Below, microelectrode filled with potassium chloride and inserted in typical ventral horn cell.

Fig A8.  Pyramidal cells from cerebral cortex with an intracellular electrode, showing the relative sizes of each (Hubel, 1988)

Fig A9.  Single and multi-unit recordings.  Above and middle, schematic representation of responses from a single-unit preparation at rest and undergoing stimulation.   the action potentials are all the same size, and changes in the internal between spikes are relatively gradual.  Bottom, multi-unit recording, evident from the different sizes of spikes, and the relationships between the times of occurrence.

Fig A10.  Electroencephalography.  left, simultaneous recording of spontaneous EEG with many electrodes attached at defined locations on the scalp.  Right, recording evoked potentials: the stimulus is repeated many times, and the resultant activity averaged to eliminate background noise.

Fig A11.  Schematic representation of transcranial magnetic stimulation.  A brief and very intense magnetic pulse is applied by means of an electromagnetic placed on the scalp, inducing currents in the underlying neural tissue, that stimulate neurons.   

Fig. A12  Spatial and temporal resolution of some techniques used in brain research: highly approximate.   (Modified, after Churchland and Sejnowski, 1988)
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Notes

p. PET scans - dynamic phrenology?   See for instance Raichle, M. E. (1994) Visualizing the Mind. Scientific American April, 36-42.

People

Camillo Golgi (1843 - 1926) discovered his silver stain in the kitchen of the Casa degli Incurabili at Abbiategrasso, near Milan, when he was in his twenties.  He later taught at the University of Pavia

Santiago Ramón y Cajal (1852 - 1934) tried to improve Golgi's staining method, and as a result became convinced that neurons did not fuse with one other, as was commonly believed (for instance very firmly by Golgi), but were independent entities separated by what were later named 'synapses' by Sherrington.  Both Cajal and Golgi received Nobel prizes for their contributions to the histology of the nervous system.  He is shown here at the age of 77 in Pavia, besieged by bottles of staining agents. 

