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Sensory Plasticity


Neural Plasticity in Sensory Systems: Use It or Lose It!
MI Neuroscience

Kimberle Jacobs

Proper functioning of the nervous system depends on the underlying pattern of connectivity.  This pattern is relatively stereotyped from one individual to another.
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Sensory neural centers in the brainstem, thalamus and cortex contain topographic maps of the receptor surface.  Topographic map - representation of the sensory receptor surface, preserving the orderly arrangement of inputs from the periphery.    In the somatosensory system this is a body map (Fig. 1).  In this way, the area of cortex that receives information about somatic sensation on the hand (hand representation) can be distinguished from the region of cortex that responds to stimulation of the foot.  In individual subjects, this map and its boundaries are determined by recording from neurons within the cortex while stimulating the periphery (touching the skin).  A positive response occurs when the neurons respond with an increased number of action potentials fired coincident with the stimulus presentation.  In this way we examine the receptive field of individual (or small groups) of neurons.  Receptive Field - Area of receptor surface (skin) that when stimulated causes a neural response (action potentials).  So the receptive field is an area on the skin and the representation is an area of cortex for the somatosensory system.  The receptive fields would involve light stimulation of the retinas for the visual system, and sounds activating the basilar membrane for the auditory system, etc.  The general principles discussed here are true for all senses, and likely for motor cortex as well.
Fig. 1: Originally from Penfield & Rasmussen (1950).  Shows the homunculus (body map) in Somatosensory Cortex of humans.
While the general location of various representations is similar from one individual to another, the exact shape and borders are flexible. 
Changes in sensory input change the topographic map.

This is the ‘use it or lose it’ principle.  When you increase sensory input to one region of the receptor surface, for instance finger tips, the somatosensory representation (amount of cortex) for that region increases.  Merzenich demonstrated this by having monkeys hold the 2nd, 3rd, and 4th digits of one hand on a moving grating.  The grating varied in depth, creating a texture and continually changing input.  This increase in sensory input to digits 2-4 enlarged the representation of those digits within primary somatosensory cortex.  This increased amount of cortex presumably leads to an increase in the ability to perceive somatosensory information in that region of the receptor field.  This is also likely true since after the stimulation the size of the receptive fields was smaller, leading to increased spatial resolution (ability to detect two points as separate with a smaller spacing between them).  A second phenomenon also occurred when the finger tips were stimulated.  The adjacent, un-stimulated digits had a smaller representation.  So if you don’t use it – you lose it (‘it’ being the representation of the body region in cortex).  

Both the increase and decrease of activity can initiate changes in the map.  When a digit was amputated, the region of cortex that used to process somatosensory information from that digit did not sit idle.  Instead, it began to respond to the adjacent digits.  So the adjacent representations took over the cortex that had lost its main input.  If this type of manipulation is performed early in development, then the thalamocortical arbors projecting into layer IV may change their morphology and pattern of innervation.  Thus it would result in an anatomical change or measure of map plasticity.  When the manipulations are done in adulthood, the thalamocortical arbors can no longer change because they are past the critical period.  However it is still possible to change cortico-cortical connections.  In addition, some changes may occur quickly and not require anatomical changes.  This is particularly true at the borders of representations.  These changes can be observed using physiological recordings, demonstrating a functional change in the map.
Long term changes are produced by experience.

Within primary somatosensory cortex of normal humans and primates, receptive fields never span two fingers.  However when the experimental manipulation of suturing two fingers together was performed, there was a cortical representation of overlap for the two fingers and neurons within that region of cortex had receptive fields spanning the two sutured fingers.  This occurred because stimuli would simultaneously activate the two fingers that had been sutured.  This was a long term change in the cortical map that was the result of experience.  This fact could be demonstrated since immediately after the separation of the sutured digits, the map still had a region of overlap and individual cortical neurons still had receptive fields on both fingers.  
Map reorganization occurs progressively and utilizes a number of different neural mechanisms.

Border changes occur in seconds

Digit amputation can be used as an example to demonstrate the timing of map changes within the cortex.  Immediately after digit amputation the borders of the cortical representation will begin to change, such that the representation of the amputated finger will shrink while those of the adjacent regions will expand into the ‘deafferented’ zone.  Deafferented means the loss of input, so the region of cortex that used to represent the amputated finger is deafferented because it has lost the input from the amputated finger.  This immediate map change likely occurs as a result of unmasking of weak inputs that are normally present.  These weak inputs can be called ‘subliminal’ because they are not normally observed, until the strong input is removed.  This can be seen in experiments from the cat where recordings were made in the gracile nucleus.  Initially neurons only responded to stimulation of the hindpaw.  Once that strong input was removed with a reversible cold block to the medial portion of the dorsal column system, the same neurons began to respond (increasing frequency of action potential firing) to stimulation of the abdomen.  Thus that input was anatomically present but functionally suppressed.  Removal of the strong input unmasked the weak one.  If this were to continue for a period of time, then the synaptic connections between those gracile neurons that used to represent the hindpaw and the afferents from the abdomen would strengthen.  These changes between border representations can occur within seconds.
Greater filling-in of the deafferented cortex by the adjacent representations occurs over hours to days
Hours after a digit amputation, there will be a smaller region of the cortex that used to represent that digit that is now unresponsive to any stimulation.  More of that cortex will begin to respond to stimulation of the body regions in the adjacent representations (adjacent digits in this case).  One neural mechanism that could account for this type of filling-in over hours to days is synaptic plasticity, including long term potentiation (LTP) and long term synaptic depression (LTD).  LTD processes may weaken the connection between the afferents representing the amputated digits and the postsynaptic neuron.  LTP processes may strengthen the connection between the afferents from adjacent representations and the postsynaptic neuron.
Large scale reorganization occurs over days to years and likely involves anatomical sprouting
Ultimately there will be no region of unresponsive cortex.  This process requires a longer period of time (days to years).  Such a large scale reorganization was demonstrated in the silver spring monkeys, whose somatosensory corticies were mapped 10 years after the sensory ganglia representing the trunk were lesioned.  In these cases the face representation took over the cortex that used to represent the trunk, including regions that were 10 mm from the normal face representation.  One way this might occur is anatomical sprouting of connections within the somatosensory pathway at levels lower than the cortex.  An example of this was demonstrated when neuronal tracer dye was injected in the arm nerves one year after hand amputation.  Instead of the usually focal regions of dye labeling within the cuneate nucleus, in the hand amputee, the dye labeled regions of the cuneate nucleus that used to receive input only from the hand.  So these regions now had anatomical projections from the arm (adjacent region).  This anatomical spread of the arm representation into the hand region would then be carried successively through the somatosensory pathway.
Phantom Limb Pain
Reorganization of the somatotopic map in adulthood may explain the clinical phenomenon of phantom limb sensations.  Phantom limb occurs when a human is touched on one part of their body, their face, for example, and they ‘feel’ that touch on a missing arm or limb.  Studies using fMRI have shown a medial shift in the face representation to a location where the hand representation should be, in cortex contralateral to an amputated hand.  Thus the adjacent representation appears to have taken over the deafferented cortex.  This type of reorganization does not appear to occur in people that do not have phantom limb sensations.  Sometimes touching produces pain in the phantom limb.  In these cases, the amount of pain produced is correlated with the amount of map reorganization that has occurred.  In these cases, the mind appears to remember the cortical region as associated with the missing limb, but the brain has given that cortical space to new inputs.
Why does the reorganization occur in some patients and not others?  For humans with an amputation, the more the adjacent body regions are activated, the more likely those representations are to expand into the deafferented zone within cortex.  
Treatment for phantom limb patients involves mirror visual feedback (MVF).

Patients with phantom limb sensations often have pain, feel that their phantom limb is chronically flexed in a painful position, or have painful spasms in the phantom limb.  One treatment for this involves MVF.  A mirror is placed in front of the intact hand to produce an image that appears to be the amputated hand.  Stimulation to the intact hand is then applied while the patient views the mirror image.  Over time the visual feedback changes the representation of the phantom limb.  Presumably this is due to visual input to some somatosensory neural centers.  This is one example of cross-modal plasticity.   Another example comes from fMRI studies of Braille reading.  These studies show that when blind patients read Braille, not only is their somatosensory cortex activated, but their visual cortex is also activated.  For sighted people that are blindfolded, at the beginning of Braille training there is no activation of the visual cortex.  However, after days of training, the visual cortex becomes activated during stimulation of their finger tips with Braille characters.  When the blindfold is removed, this effect immediately disappears.  In addition, blindfolding sighted subjects enhances their ability to learn Braille.  The subjects can learn Braille at a faster rate likely due to the recruitment of visual cortex.  These cross-modal plasticity experiments show that there are connections between sensory cortices that can be quickly unmasked, depending on the task.  These studies also show that even the adult brain is flexible.
Take home message: Use it or Lose it.  This refers to the fact that the more experienced you become with a particular sense, the more cortex will be devoted to processing that sense, if you use something less, then less cortex will be devoted to that area.
General Principles for Topographic Map Plasticity

1. There is an ongoing competition for neural space (between adjacent representations)

2. Proper formation of the topographic map requires normal experience during development

3. Changes in the map occur due to sensory experience, this is use-dependent plasticity

4. The pattern of thalamic input to cortical layer IV can only be altered during the critical period of development

5. Functional changes in some topographic maps can be altered into adulthood via intracortical connections
6. Presumably the larger a representation is, the finer (higher resolution) is the control and spatial perception for that body region

