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Preface

This book is for the student of medical physiology. The book contains clinical problems for preclinical students;
just following the preclinical test the clinical students face real life problems at the clinical courses. The book is
aimed at easing the transfer to the clinic and act as a refresher for medical doctors.

Medical physiology and pathophysiology integrates basic topics and the patho-physiological mechanisms
governing human life.

I wish to thank the illustrator and designer of the book, Kirsten McCord, who has drawn all illustrations and
acted as the prime technical editor.

We acknowledge the kind assistance of: Peter Bie, Jesper Brahm, Per Bredmose, Poul Dyhre —Poulsen, Lars
Findsen, Ole Frederiksen, Rolf Gideon, Albert Gjedde, Finn Gustavsson, Niels Henrik Holstein-Ratlou, Jgrn
Hounsgaard, Jens Ingeman Jensen, Finn Michael Karlsen, Paul P. Leyssac, Margrethe Lynggaard, Joop
Madsen, Miroslaw Pokorski, Ole Siggaard-Andersen, Jargen Skydsgaard, Marek Treiman, Thomas Zeuthen,
Jorgen Warberg and others. | apologize to the colleagues and students who have contributed without being
mentioned here.

To the student

The student is recommended to read this book in the following way. The first time reader of a Chapter is
advised to read first of all Highlights The next step is to read only Study Objectives, Definitions and the running
text Essentials - Definitions and Highlights are taken from the running text and represent repeated core
material. Typically, throughout the book, you will find links to illustrations (Fig.) and equations (Eq.).

After reading the book in this way, it is advisable to deal with the sections Pathophysiology, Equations, and Self-
Assessment just before the final examination. Some of the Case Histories in a Chapter present numeric
problems.

Poul-Erik Paulev

Copenhagen
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Section I: Cells and Action Potentials - Muscle Cells and Disorders

Cellular physiology - or biophysics - is a discipline covering basic characteristics of most cells. The following 2
chapters do not pretend to include all essential topics; however, it is important to clarify these topics initially,

because such concepts (the Na*-K™ -pump, radioactive decay etc.) will be referred to throughout the book. An

alphabetic list of abbreviations and symbols is present.
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Chapter 1.
Cells And Action Potentials

Study Objectives

« To define activity, activity coefficient, concentration, diffusion, flux, molality, molarity,
normality, osmolality, osmosis, pressure and radioactivity.

« To describe the diffusion potential, the equilibrium potential, facilitated diffusion, the
Donnan-effect, the resting membrane potential, the action potential, and membrane
transport including that of glucose.

« To calculate the equilibrium potential, osmotic pressure and other variables from
relevant variables given.

« To draw the action potential curve.

« To explain the colloid osmotic pressure of plasma, hyponatraemia, overbreathing,
radioactive decay and the elimination rate constant, the nerve conduction, signal
transduction, the function of the action potential, the Na*-K* -pump and the transport
proteins.

» To use the ideal gas law and the above concepts in problem solving and case histories.

Principles
« The ideal gas law relates the pressure P, the volume V, and the number of mol of the gas
n, to the Kelvin temperature T: (P x V = n*R*T). At standard temperature, pressure, dry
(STPD) the volume occupied by 1 mol of any ideal gas is 22.4 litre (I). - By analogy in
an ideal solution, one mol of solute will exert an osmotic pressure of one atmosphere, if
it is dissolved in 22.4 | of water. Van't Hoff’s law for ideal solutions is an equivalent to
the ideal gas law.

Definitions
Absolute temperature (T) is measured in Kelvin or K from the absolute zero point (-273 °C).

Activity is a corrected concentration measure of any species (ie, the free concentration
multiplied by the activity coefficient). The activity is often measured with ion selective

electrodes. - In diluted solutions - below 10~3 molar - there is no correction for uncharged
molecules.

Activity coefficient is the fraction of the free ions, which is chemically active. - For sodium
the activity coefficient is 0.75 in many biological solutions.

Action Potential (AP) is an all-or-none electrical signal, which appears as a positive wave
when recording internally. The AP is conducted with the same shape and size along the whole
length of a muscle cell or a nerve fibre.

Amphipathic molecules contain both a polar and a non-polar region.

The membrane potential difference is defined as the potential inside the cell minus the
potential outside the cell — the difference is transiently reversed during an AP.



Becquerel (1 Bq) is the preferred unit for disintegration rate of radioactive decay, namely one
radioactive disintegration per s. Disintegration rates were previously expressed in Curies (Ci),
in honour of Marie Curie, who discovered radium.

Concentration (C or brackets around a substance [Na*]) is the mass or moles (mol) per unit
of fluid volume.

Diffusion is a net transport of atoms or molecules caused by their random thermal motion in
an attempt to equalise concentration differences (DC).

The Donnan effect is the extra osmotic pressure of protein solutions caused by impermeable
protein molecules resulting in uneven distribution of small, permeant cations and anions (in
blood plasma).

The elimination rate constant (k) is the fraction of the total amount of a given substance in
the distribution volume of the body eliminated per time unit. Elimination with a constant rate is

exponential. The half-life for a substance eliminated exponentially is equal to 0.693 k™1. This is
just a simple mathematical deduction.

Flux (J) is the amount of a substance transported along a pressure gradient through an area
unit (A is measured in m2) of a membrane in moles per second (s). Convective flux is the net

amount of molecules transported through A per time unit (mol s* m-2), caused by a pressure
gradient and fluid (liquid or air) volume transport.

An ideal semipermeable membrane is permeable to water only, but impermeable to all
solutes. Most real semipermeable membranes are permeable to water and to low molecular
substances (crystalloids), but not to macromolecular substances (colloids such as proteins).

Molar concentration (molarity) is the number of moles of a substance totally dissolved per
litre (I) of solution - often given in mmol per | or mM. One mol of a substance is the amount

of that substance containing Avogadros number, 6.022 *1023 molecules per mol.

Molality is the number of mol totally dissolved substance per kg of solvent, frequently water.

One equivalent is the molar mass of all the ions that contain 6.022 *1022 single charges or
valences when fully dissociated.

Motility is the reciprocal resistance of a molecule towards movements.

Normality of a solution is the number of equivalents per | (Eq 1-).

Osmolality is a measure of the osmotic active particles in one kg of water. Plasma-osmolality
is given in Osmol per kg of water. Water occupies 93% of plasma in healthy persons.

Osmolarity is the number of osmotically active particles dissolved in a litre of solution.

A permeable membrane allows the passage of all dissolved substances and the solvent
(mainly water).

A selectively permeable membrane is permeable to a particular compound (sucrose, Na*,
Ca?*, anions only or to cations only).

« Pressure (P) is measured as force per area unit - that is in Newton per square m or
Pascal.



« Osmosis is transport of solvent molecules (mainly water) through a semipermeable
membrane. Osmotic pressure () is the hydrostatic pressure, that must be applied to the
side of a rigid ideal semipermeable membrane with higher solute concentration in order
to stop the water flux, so that the net water flux is zero.

 Radioactivity. Some nuclei are unstable or radioactive, because they release certain
particles such as helium nuclei or electrons. Other radioactive substances emmanate
gamma-rays with an extremely short wavelength. All radioactive decay processes follow
an exponential pattern. If N is the initial number of unstable nuclei, the number of

nuclei remaining after a time t (N) is given by N = N, * e kKt where k is a constant

characteristic of each nuclide, called the disintegration constant. This is the law of
radioactive decay (Eg. 1-6).

« Volume (V) in litres (I). Standard temperature, pressure, dry (STPD) is an abbreviation
for a volume at standard temperature of 273 K, standard pressure of 101.3 kPa or 760
mmHg, and dry air.

Essentials

Three topics are treated here: 1. Transport through membranes, 2. Resting membrane
potentials, and 3. Action potentials.
1. Transport through membranes
Membrane transport refers to solute and solvent transfer across both cell membranes,
epithelial and capillary membranes.

1la. Membranes

Biological membranes are composed of phospholipids stabilised by hydrophobic interactions
into bilayers (Eig. 1-1). The membranes contain approximately 50% lipids and 50% proteins.

Fig. 1-1: Model of a cell membrane built by phospholipids separating receptors, channels,
proteins (Pr-), glycoproteins (receptors, antigens etc) and glycolipids.

Phospholipids are amphipathic. One region is polar consisting of charged choline, etanolamine
and phosphate head-groups (bullets in Fig. 1-1). The other region is non-polar, consisting of
tails of fatty acyl chains (Fig. 1-1). The non-polar regions tend to avoid contact with water by
self-association. Any other arrangement with disruption of hydrogen bonds (between O and H
atoms) of water has a high energy cost. Integral proteins are deeply imbedded in the
membrane, and the model shows 3 protein molecules spanning the membrane (ie,
transmembrane proteins). Surface proteins are not shown. The proteins carry receptors to
which transmitter substance bind. Carbohydrate chains are shown forming glycolipids with
antigenic or receptor function, or glycoproteins with other receptor functions.

The molar concentration (molarity) is the number of mol totally dissolved substance per litre
() of solution - often given in mmol per | or mM. lons in plasma are conventionally measured

in mM with flame-photometry by the ability to absorb monochromatic light. Na* is mainly
dissolved in the water phase of plasma (93%). The [Na*] in plasma is therefore smaller than

the Na*-activity which is recorded in the water phase alone with ion selective electrodes. For
conventional reasons ion selective electrodes are calibrated to match the well-known flame
photometry values, although the activity is the biological important variable. Molality,
normality, and flux are described above in Definitions.

Mechanical, electrical, thermal, or gravitational forces drive migration of molecules. These
forces move the molecules passively in a direction determined by the vector of the force.

Diffusive flux (J9) is the movement of molecules by diffusion caused by a concentration
gradient (dC/dx) in the direction x. The diffusion coefficient (D) is a proportionality constant



that relates flux to the concentration gradient (dC/dx). Einstein defined D as (kxTxB), where T
is absolute temperature and B is motility of molecules. Moatility is the reciprocal resistance
towards movements (velocity/N or m*s~1*N1). The concept (k*T) is the thermal, molecular
energy. A molecule diffuses from higher to lower concentration that is down its concentration
gradient. Accordingly, dC/dx has a negative slope, when molecules diffuse in the direction x.
Then, it is easy to calculate the diffusive flux (per m2) according to Eq. 1-2. This relationship
was first recognized as early as in 1855 by the anatomist and physiologist Fick, and it has
since been named after him: Fick's first law of diffusion. The flux by simple passive diffusion
is directly proportional to the concentration of dissolved molecules (Eig. 1-2).

Fig. 1-2: Two types of passive molecular transport: Simple diffusion and the much larger
facilitated diffusion. C is concentration.

Einstein's relation states that for average molecules in biological media, the mean displacement
squared, (dx)?, is equal to 2 multiplied by D and by the time (t) elapsed, since the molecules
started to diffuse (see Eq. 1-3). For molecules with D = 10° m2s1, the time required to
diffuse 1 mm is 0.5 milli-second (ms). To diffuse 10 and 100 mm, the time required increases
100-fold each time: 50 ms and 5000 ms.

Facilitated diffusion takes place through transport proteins not linked directly to metabolic
energy processes (Fig. 1-2). Facilitated diffusion shows saturation or Michaelis-Menten
kinetics, because the number of transport proteins is limited. The saturation kinetics is different
from the energy limitation in primary active transport. Amino acids, glucose, galactose and
other monosaccharides cross many cell membranes by facilitated diffusion.

An ideal semipermeable membrane is permeable to water only, but impermeable to all solutes.
Most real semipermeable membranes are permeable to water and to low molecular substances
(crystalloids), but not to macromolecular substances (colloids such as proteins).

An ideal ion-selective membrane is permeable to anions only or to cations only (Na*, Ca2*, or
to CI” and NOj3). lon-selective membranes are used in ion-selective electrodes to measure the
activity of selective ions in plasma water (Box 1-1).

| Box 1-1: lon-selective membranes

[Selectivity: | Either anions or cations

Cation membranes distinguish between

Specificity: Nat Ca2* and K*.

Anion membranes distinguish between CI’
and NO3'".

The relation between the potential difference measured with an ion-selective electrode and the
activity (ionised or fully dissociated form) for a certain ion (eg, K*) is given by the Nernst
equation (Eqg. 1-5).

1b. Osmosis and osmotic pressure

Osmosis is transport of solvent molecules (mainly water) through a semipermeable membrane.
The water flows from a compartment of high water concentration (or low solute concentration)
to one of low water concentration (or high solute concentration). The greater difference
between the solute concentration of the two compartments, the more is water unevenly



distributed between the two compartments. Water diffuses down its chemical potential gradient
into the compartment with higher solute concentration, causing the chemical potential gradient
to be reduced until solute equilibrium is reached.

Osmotic pressure is the hydrostatic pressure, that must be applied to the side of an ideal
semipermeable membrane with higher solute concentration in order to stop the water flux, so
that the net water flux is zero.

The colligative properties of water are strictly related to the solvent or water concentration
alone. Water molecules are bound together by hydrogen bonds in clusters of several hundred
molecules, forming a structure looking almost like crystals. Sites between the clusters, where
the distance between water molecules are larger than elsewhere are called bubble nuclei
because these sites seem to initiate formation of gas bubbles in decompression sickness. These
sites are also likely locations for substances dissolved in water. With decreasing water
concentration, the water vapour tension, and the freezing point is reduced, whereas the boiling
point, and the osmotic pressure of the solution is increased as compared with pure water. The
size of the osmaotic pressure of a solution depends of the number of dissolved particles per
volume unit.

The osmotic pressure () depends on the absolute temperature (T Kelvin or K) and on the
number of dissolved particles per volume unit (N/V equal to the molar fraction).

This relationship was first recognized by van't Hoff and applies to ideal solutions only. Real
physiological solutions, such as the cytosolic phase and extracellular fluid, differ from the
ideal solutions, which are very dilute.

A correction factor called the osmotic coefficient (f) corrects for these differences in
osmolality. For physiologic electrolytes it is 0.92 - 0.96, and for carbohydrates it is 1.01.

A solution has the ideal osmolarity one, when it contains (6.022* 10%3) osmotically active
particles per I. Diluted solutions have an osmolar concentration or osmolarity (Osmol per I)
numerically equal to the sum total molarity of all dissolved particles (mol per I). In biological
solutions the molarity is different from osmolar concentration. The number of Osmol per | is:
(f N/V). - The corrected van't Hoff law is developed in Eq. 1-4.

Osmolality is simply the number of mol per kg of water in the fluid frequently given as

mOsmol kg™L. Fully dissociated molecules have twice the osmolality of undissociated
molecules. Plasma- osmolality can be approximated by the calculation expressed in Eq. 1-7.
Plasma-osmolality is measured by freeze point depression or by boiling point increase. The

osmolality of the ICV is approximately 290 mOsmol kg1, which is simplified to 300 mOsmol

kg in Fig. 1-4. The osmolality of the extracellular fluid must be the same, since cell
membranes are not rigid, so they cannot carry any essential pressure gradient. The total
number of mOsmol in the ICV and ECV of a standard person is thus 8400 and 4200,
respectively (Fig. 1-4).

The colloid osmotic pressure is equal in magnitude to the hydrostatic pressure, which must be
applied at the luminal side of the capillary barrier, in order to stop net transport of water
caused by uncharged colloids in the blood plasma. Colloids are mainly plasma proteins.

The osmotic pressure is equal in magnitude of a certain hydrostatic pressure. This pressure
column must be applied to the solution to restore the free energy or chemical potential of its
water to that of pure water. The tendency of water to pass a membrane depends on its chemical
potential (ie, vapour pressure). The chemical potential of water decreases with solutes present



and with decreasing temperature.

Uniformly distributed substances in diluted solutions behave like gas molecules at atmospheric
pressure (atm). The osmotic pressure can be expressed as Pogmot = C X RT, which is the

equivalent of the ideal gas equation (P x V = nRT). Here C is the concentration of dissolved
solutes, and the derivation of the relationship is based on the chemical potential of water. R is

the gas constant (= 0.082 | x atm x Osmol! x K-1). At standard temperature, pressure, dry
(STPD) the volume occupied by 1 mol of any ideal gas is 22.4 |. Thus, STPD is an
abbreviation for a volume at standard temperature of 273 K, standard pressure of 101.3 kPa or
760 mmHg, and dry air. In an ideal solution, one mol of solute will by analogy be dissolved in
22.4 | of water, and will exert an osmotic pressure of one atmosphere.

In biological solutions at 310 K, such as an ultrafiltrate of plasma (interstitial fluid, ISF), with
an osmolality of 0.300 Osmol per kg water, the osmotic pressure must be:

Posmot = 0.3 (Osmol kg™1) x 0.082 (kg x atm x Osmol! x K1) x 310 (K) = 7.63 atm
(=773 kPa) or the pressure exerted by a column of water 76 m high.

Only net gradients across endothelial and plasma membranes are important, and they depend
upon protein concentration gradients. This is because all the electrolytes (crystalloids) have
diffused to equilibrium across the capillary endothelial membrane, whereas proteins (colloids)
cannot.

The average colloid osmotic pressure (7o) Of plasma is approximately 3.6 kPa (27 mmHg).
The dissolved proteins have a molality of 1 mmol per kg water, and a net average of 17

negative charges per molecule (ie, 1 mmol kg™t or 17 mEq kg™1). Milli-Equivalents
abbreviates mEq. The proteins are directly responsible for 2.4 kPa (18 mmHg). The remaining
1.2 kPa (9 mmHg) of the colloid osmotic pressure is due to the unequal distribution of
permeable ions, the Gibbs-Donnan law or the Donnan effect (see below).

1c. The Donnan effect across the capillary membrane

Let us consider a closed system with two compartments separated by a rigid membrane that is
permeable to water and to small ions. In the presence of solutions with different NaCl
concentrations, water and ions permeate rapidly in both directions across the membrane.
Electrical neutrality in each of the two solutions requires that the simultaneous movement of

CI~ match any net movement of Na*, so the equivalents of anions and cations are the same.
The number of times the two ions collide with one side of the membrane is proportional to the
product of their concentrations: [Na*] x [CI]. At equilibrium the fluxes of NaCl in each
direction are identical, and ultimately the concentrations are the same all over.

Let us now add protein to one compartment (compartment, modelling streaming plasma),

which is separated by a membrane (modelling the capillary endothelial membrane) from the
other compartment (compartment,sg modelling interstitial or tissue fluid). The model still

contains only Na* and CI" that can cross the membrane. At equilibrium the product of
concentrations of the two ions on either side of the membrane must be equal, and the
transmembrane potential corresponds to the equilibrium potential of the small permeant ions
(the Nernst equation, Eq 1- 5). Transforming the Nernst equation reveals that the concentration
product of any pair of diffusible ions is identical on either side of the membrane at
equilibrium:

[Na*]jsg x [CI]jsF = [Na*], x [CI ],



On the plasma side, which contains impermeant anions (negative proteinates), the
concentration of permeant anion (CI" is the model) must always be less than on the interstitial

fluid side. The concentration of permeant cation (Na* is the model) must always be greater
than in the ISF.

The sum of permeant anion and cation concentrations in plasma is always greater than the sum
of the same anion and cation concentrations in ISF:

[Na*]sg = [CI]isF ; [Na], + [CI'], > [Na™] g + [Cl]isr

This is a simple mathematical argument: The sum of unequal sides of a rectangle is greater
than the sum of the sides of the square with the same area. It explains why the osmotic
pressure in plasma exceeds that of the tissue fluid. This is not due to the plasma proteins alone,
but is also due to the higher concentration of small, permeant ions in the plasma.

The Donnan effect is the extra osmotic pressure of protein solutions caused by the uneven
distribution of small, permeable cations and anions. The Donnan effect causes a 5% and 10%
concentration difference across the capillary barrier between the plasma and ultrafiltrate
concentrations of monovalent and divalent ions, respectively.

In the above equations Na*™ and CI™ are model ions for all the cations and anions. In our body

other anions and cations are present, the Na™ and CI™ concentrations are not alike, and the
capillary membrane is far from rigid. Nevertheless, the Donnan equilibrium implies an
accumulation of charges on the side with the negatively charged proteins. This potential
difference across the capillary membrane is termed the Donnan potential — a potential, which
is developed across cell membranes without a sodium-potassium pump.

The Donnan factor at the capillary membrane is 0.95, so a plasma- [ Na*! of 150 mmol
measured in each kg of plasma-water is in equilibrium with 142 mM in the interstitial fluid
between the cells.

Strictly speaking, there is no such thing as a cell with rigid cell walls in the animal kingdom,
so the Donnan effect is theoretically unfounded in animal cell membranes — except at the
capillary barrier.

1d. The Na*-K*-pump.
The Na*-K*-pump is a transmembrane protein in the cell membrane (Fig. 1-3). The pump
contains a channel, which consists of two double subunits: 2 a - and 2 b - subunits. The

catalytic subunit (a ) is an Na*-K*-activated ATPase of 112 000 Dalton, and the b -subunit is
a glycoprotein of 35 000 D.

Fig. 1-3: The Na*-K*-pump consists of 2 o - and 2 f - subunits (Pi = Phosphate).

The pump is a primary active transporter, because it uses the cellular energy of the terminal
phosphate bond of ATP (Fig. 1-3). The Na™-K™-pump transports 3 Na* out of the cell and 2
K™ into the cell for each ATP hydrolysed. This is a net movement of positive ions out of the
cell, and therefore called an electrogenic transport. The constant influx of Na™ is shown as

well as the leakage of K*- and CI". In a steady state the net transport of each ion across the
resting membrane is zero.

+ o+



The Na -K -pump is located in the basolateral exit-membrane of the epithelial cell (Eig. 1-3).
The primary active ion-transport provides metabolic energy for the secondary water absorption
through the luminal membrane. Hereby, the active pump in the exit-membrane drives the
luminal transport across the entry membrane. This transport of NaCl and water is surprisingly
nearly isotonic. The bulk flow can take place against a large osmotic gradient, and increases in
diluted solutions. The entry membrane is often highly permeable to water.

The Na*™-K™-pump builds up a high cellular electrochemical gradient for K* and indirectly for

CI" (Eig._1-3). The water outflux is coupled to the outward transport of K* and CI". The
interstitial fluid receives ions and glucose, causing its osmolarity to increase. The osmotic
force causes water to enter the interstitial fluid via the cell membranes and the gaps between
the cells (tight junctions). This in turn causes the hydrostatic pressure in the interstitial fluid to
rise. The hydrostatic force transfers the bulk of water, ions and molecules through the thin-
walled, tubular capillaries to the blood. When excess of water (solvent) passes through tight

junctions, they lose part of their tightness and the solvent water drags many Na*/Cl -ions out
(solvent drag).

In a healthy standard person nutrients and oxygen are transported into the cell interior from the
extracellular fluid through the cell membrane (Eig. 1-4). The intracellular fluid volume, ICV,
is 26-28 |. The extracellular fluid volume (ie, ECV of 14 |) consists of the circulating blood
plasma (3-3.5 1) and the interstitial fluid (ISF) with a volume of 10.5-11 | in the spaces
between cells. Total body water (here 42 I) accounts for 60% of body weight. The body is
cleared of 24 mol of carbon dioxide by the lungs in 24 hours and of other substances by the
kidneys (Fig. 1-4). A yellow tube on the diagram symbolises the gastrointestinal channel,
where nutrient molecules are absorbed and waste products are eliminated through the liver
bile.

Fig. 1-4: Salt- and water- transport through a cell membrane separating the intracellular
and extracellular compartment.

The diagram also shows the Na*-K*-pump together with leakage of K*, Cl- and water (Fig. 1-
4). The net transport of each substance is zero in the steady state.

The Na*-K*-pump is responsible for maintaining the high intracellular [K*] and the low
intracellular [Na*]. The energy of the terminal phosphate bond of ATP is used to actively
extrude Na™ and pump K* into the cell.

Jens Christian Skou of Denmark initiated the study of the Na™-K*-pump already in the
1950ties and received the Nobel Prize for his contribution to basic chemistry and physiology
in 1997.

The membrane also contains many K*- and Cl™-channels, through which the two ions leak
through the cell membrane.

Intestinal and kidney tubule cells transport substrates, such as glucose and amino acids, in a

substrate-Na™ cotransport in the luminal membrane, linked to the Na*-K*-pump of the
basolateral membrane. This is called a secondary active transport of substrate. Such a transport

is powered by an actively established gradient (ie, the Na*-gradient)

The many ion-transporting ATPases form classes or families showing amino acid sequence
homology.



le. Glucose transport proteins (GLUTS) and insulin receptors

A family of homologous carrier proteins that are coded by distinct genes mediates glucose-
transport. The transport proteins (GLUTSs) show a marked tissue-specificity, which reflects
differing transport needs of various tissues. This is facilitated transport (Eig. 1-2).

Five human glucose-transporters are cloned and identified (GLUT 1-5). The GLUT 1 resides
in placenta, brain, perineural sheaths, red cells, adipose and muscle tissues. GLUT 2 is found
in the liver, pancreatic b-cells, proximal renal tubule cells, and the basolateral membranes of
small intestinal cells. GLUT 3 is ubiquitously distributed, found predominantly in the brain
and in lower concentrations in fat, kidney, liver and muscle tissues. GLUT 4 is confined to
tissues with insulin-responsive glucose uptake (muscle, heart and fat stores). GLUT 5 is found
in the luminal membrane of small intestinal cells, and also in brain, muscle and adipose
tissues. Some of these transporters also allow fructose and galactose to pass.

Fig. 1-5: Insulin, insulin receptors, with D-glucose transport proteins (GLUTS) and their
translocation.

In adipocytes and muscle cells, glucose transport is profoundly influenced by insulin (Fig. 1-
5).

1. As insulin binds to its large T-shaped insulin receptor, many intracellular vesicles are
stimulated.

2. They contain a high number of membrane penetrating GLUTS, which translocate from
the intracellular pool towards the cell membrane.

3. When these vesicles - rich in glucose transporters - fuse with the cell membrane, the
number of glucose transporters increases substantially, thereby increasing D-glucose
uptake up to ten times.

4. As the insulin-receptor complex dissociates, the GLUTSs translocate again to the
intracellular stores in the vesicles (Eig. 1-5).

5. The glucose transport ceases.

The insulin receptor is a glycoprotein found in the cell membranes. The T-shaped receptor
protruding from the cell membrane contains 1370 amino acids forming two a- and two b-sub-

units. The two a-subunits are entirely extracellular, whereas the two b-subunits span the
membrane. Insulin binding on a-subunits stimulates a protein kinase on the intracellular part of
the receptor to phosphorylate tyrosine residues on the b-subunit and on endogenous proteins.

The exact molecular mechanism linking the receptor kinase activity to changes in cellular
enzyme activity and transport processes remain uncertain; but it is shown that the kinase
activity is essential for signal transduction.

2. Resting membrane potentials

A membrane potential difference is conventionally defined as the intracellular (j i) minus the
extracellular (j ©) electrical potential. The ion concentrations (activities) inside the cell and
outside the cell are called C' and C°, respectively.

When a microelectrode penetrates a membrane, it records a negative potential with respect to
an external reference electrode caused by different permeability of anions and cations. This is
the resting membrane potential (RMP values in Box 1-2). The resting membrane potential is

an essential mechanism in storing and processing information in neurons and other cells.

Concentration gradients across cell membranes are present for several ions, whereby they
diffuse from one location to another. The ion with the highest permeability and concentration



gradient, such as the potassium ion, establishes a membrane potential. This potential enhances
or inhibits the flux of other ions and the ultimate situation is an electroneutral flux.

The chloride ion diffuses extremely rapidly, but otherwise positive ions (cations) diffuse more
rapidly than negative ions (anions) through a membrane. However, as an example the

permeability for Na* is low (0.2 nm *s-1) compared to that of K* (5-40 nm/s) in neurons.

The equilibrium potential for a certain diffusible ion across a membrane that has a
concentration gradient over the membrane, is precisely that membrane potential difference,
which opposes the flux due to the concentration gradient so that the net transport of the ion
concerned is zero. The equilibrium potential is simply calculated by balancing the diffusion
potential of the ion with the opposing electrical force. The electrical force working on the ion
is proportional to the electromotive force of the field. As a consequence, the total driving force
on the ion and its diffusion flux is zero. Nernst introduced this equilibrium potential shortly

before year 1900. The Nernst equation for the equilibrium potential of Na* across a selective
permeable membrane at 310 K is found by insertion of the ion activities (concentrations) inside
and outside the cell (Eq. 1-5).

Box 1-2: Resting membrane potentials (RMP) and equilibrium potentials (Vgg) in
different cells.

RMP (mV) Vgq (MV)
Resting skeletal muscle - 80 - 80 for CI
and myocardial cells - 90 - 94 for K*
+ 60 for Na*
+ 130 for Ca?*

[Smooth muscle cells | - 40 to —60 (oscillations) | | Variable

INeurons |- 70 |As above

In skeletal muscle cells the resting membrane potential is -80 mV, and the equilibrium
potential of Na* is +60 mV. Hence, the electrical driving force is: (-80 - (+60)) = -140
mVolts. Accordingly, there is a net passive influx of Na* into these cells down an

electrochemical gradient (Box 1-2). The net influx is small because the resting Na* penetration
is almost exactly balanced by active extrusion.

The resting membrane potential (RMP) is calculated from the Millman equation (Eq. 1-8). The
RMP is mainly a diffusion potential (see above).

Neurons typically have four structures: The cell body, dendrites, axon and axon terminals (Eig.
1-6). Dendrites are elaborate branching processes that arise from the cell body, and they are
pathways for incoming signals from other neurons to the cell body. Integration of incoming
signals occurs mainly in the axon hillock. This is the part of the cell body, which gives rise to
an elongated tube called an axon, a fibre that can be up to 1.2 m long.

Fig. 1-6: The neuron with cell body, dendrites, axon and axon terminals.

Near its termination each axon divides into fine branches, each of which ends in an axon
terminal (ie, synaptic button or Bolton terminal). The axon terminals contain mitochondria and



synaptic vesicles filled with neurotransmitter. These presynaptic structures are the sites where
electrical signals are converted into chemical messages for transmission to nearby neurons.
Unipolar neurons only have a single major process extending from the cell body. Bipolar and
multipolar neurons have two or more major processes arising from the cell body. Most neurons
have only one axon, a few more than one and some neurons function without an axon. Their
location, structure and functional properties (Box 3-1) classify neurons. Communication from
an axon to a dendrite is called axodendritic, from a dendrite to another is termed dendro-
dendritic, from a dendrite to an axon is called dendro-axonal, from a dendrite to the soma is
called dendro-somatic, and between two axons is referred to as axo-axonal.

Neuronal membranes are composed of lipid bilayers stabilised by hydrophobic interactions,
and thus function as barriers to free diffusion for water-soluble molecules. The ability of the
neuronal membrane to control the movement and concentration of charged particles generates
ion gradients with a charge difference across the membrane. The potential difference across the
resting membrane is called the resting membrane potential (RMP).

lon channels and gates are classified according to the gating stimulus to which they respond.
Voltage-gated ion channels are located along the axon of a neuron and responsible for the

action potential. These ion channels are sensitive to local anaesthetics. Voltage-gated Na®-
K*- and Ca2*-channels contain membrane spanning helices — often with amino acid sequence
homology. Action potentials in cardiac muscle cells have a plateau phase, where Ca?* enters

the cytosol via slow CaZ*-channels. This Ca2*-entry plays an important role in excitation-
contraction coupling.

Ligand-gated ion channels are responsive to particular neurotransmitters. Ligand-gated ion
channels open in response to substances such as acetylcholine. These channels are permeable

to small cations (often unselectively: Na*- K*- NH,*- and Ca?*). These channels are involved
in generation of the postsynaptic potential and the endplate potential.

NaCl is found in high concentration outside the neurons, whereas [ K*1is high inside the cell.

These ion gradients maintain a constant leakage of NaCl into the cell, and a leakage of K* out.
The gradients are maintained by the Na*-K*-pump, which is thus controlling the resting

membrane potential. Cl “-ions distributes passively across most neuronal membranes and
contributes little to the resting membrane potential, but they are important for the modulation

of incoming signals. At rest, many K* -channels are open and K* moves down its
concentration gradient out of the cell, whereby the inside becomes negatively charged (until it

is difficult for K* to leave the cell, and the K*-outflux slows down). The RMP approaches the
equilibrium potential for K*.

3. The action potential

Neurons can carry electrical signals along their whole length without any loss of signal
strength. This electrical signal is an all-or-none phenomenon, termed the action potential. The
incoming signals to dendrites and cell bodies consist of small, graded changes (ie, small
synaptic potentials) in the resting membrane potential caused by the actions of
neurotransmitters and modulators. Synaptic potentials are spatially and temporally summated
in the axon hillock of the cell body. The synaptic potential is graded according to the stimulus
and shows decrement conduction in that its size decreases with increasing distance (wave
length several mm). The local synaptic potential cannot in itself initiate an action potential.
When the strength of the summated synaptic potentials is sufficient to reduce the resting

membrane potential at the axon hillock below the threshold it opens Na™ -channels. These Na™
-channels are voltage-gated, because the change in voltage opens or closes a gate over each



pore. The Na* -channels is usually closed at conditions with a normal resting membrane

potential. When the Na* -channels open and allow Na* to flow into the cell down its
concentration gradient, the influx itself depolarizes the neuron further, whereby more voltage-

gated Na* -channels open. A propagating action potential (approaches the equilibrium
potential for Na*) in the axon is generated with a positive voltage overshoot simultaneously
with the peak membrane conductance to Na* (gn, " in Eig. 1-7). This is followed by the
repolarisation phase (conductance for Na* goes down and up for K*), when the potential

returns toward the resting membrane potential. The potential may overshoot the resting value,
causing a transient hyperpolarization known as the hyperpolarising afterpotential (Eig. 1-7)

close to the equilibrium potential for K*.

Sustained depolarization inactivates the voltage-gated Na* -channels, and shuts off the Na* -
influx. Opening of voltage-gated K* -channels allows an increased outflux of K* to
counterbalance the influx of Na*. The membrane conductance to K* increases slowly, and
reaches a peak in the repolarization phase (gk* in Fig. 1-7). This K* -outflux causes the

neuronal membrane potential to return to its normal resting value, when the Na* -channel is

inactivated. The signal conduction is unidirectional, because newly opened Na* -channels
become refractory for a time, when they are inactivated. As these areas are blocked for further
depolarization for a time, the depolarization can proceed only in the forward direction towards

resting Na* -channels.

Fig. 1-7: Transmembrane potentials and Na*-K*- conductance (flux) in a neuron.

The action potential is an all-or-none electrical signal, which appears as a positive wave when
recording internally. The action potential is conducted with the same shape and size along the
whole length of a muscle cell or a nerve fibre.

The refractory periods
During the early part of the action potential the cell membrane is completely refractory. A new

stimulus, regardless of its size, cannot evoke an action potential. Almost all Na*-channels are
inactivated, and will not reopen until the cell membrane is repolarized. This is the absolute
refractory period covering most of the peak and lasting until well into the repolarizing phase
(ARP in Fig. 1-7).

During the hyperpolarizing afterpotential, a suprathreshold stimulus is able to trigger a new
AP, albeit of smaller amplitude than the first action potential. This period is called the relative
refractory period (RRP in Eig. 1-7). The cell membrane is relatively refractory, because some

Na*-channels are voltage-inactivated and at the same time K*-conductance is increased.

Nerve conduction
The lipophilic core of the cell membrane is an electrical insulator, but the salt solutions of the
cytoplasm and the extracellular fluid act as conductors of electrical current. Opening of many

voltage-gated Na*-channels, whereby the Na*-conductance is increased about 104-fold, so the
membrane is instantly depolarised, causes the action potential. The action potential essentially

spread by alterations of the voltage-gated Na*-channels.

Depolarization spreads along the membrane of excitable cells by local currents flowing to the
adjacent segments of the membrane. This is shown in Eig. 1-8A. The phenomenon is called the

local response or electrotonic conduction. The depolarization decreases mono-exponentially
+



from the excitation site. Na -channels will be recruited in all areas of the membrane, where

the threshold potential is exceeded. The Na*-channels behind the peak of the action potential
are refractory. This explains why an action potential travels in both directions, when it is
evoked in the middle of a nerve.

Fig. 1-8: Spread of the action potential along an unmyelinated (A) and a myelinated (B)
axon. The refractory channels prevent the action potential from proceeding in more than
one direction. The action potential (wavelength in cm) essentially jumps from node to
node or over several nodes facilitating high-speed conduction.

The myelin sheath consists of 20-300 layers of insulator substance produced by Schwann cells
wrapping round the axon. The nodes of Ranvier are the lateral spaces (1 mm wide) between
adjacent Schwann cells, which stretch 1-2 mm.

The effects of this arrangement are as follows:

Very little current is lost through the electrical insulation of the myelin sheath. Thus, the
electrotonic conduction is rapid with only a small decrement in amplitude. The electrotonic
conduction is virtually instantaneous. Because of the insulation the depolarization can
spreadmuch faster.

Saltatory or leaping conduction occurs, because the action potential is generated only at the

nodes (Fig. 1-8). The cell membrane below the myelin sheaths has hardly any Na*- channels
and is therefore inexcitable. Saltatory conduction is up to 50 times faster than the conduction
through the fastest unmyelinated axons. The action potential can also jump over a number of
nodes to that farthest away, because the action potential wavelength is several m.

The Na*-channels there are activated by the electrotonic conduction.

Since the ionic currents are restricted to the nodes of Ranvier in the myelinated axons, this
minimises disturbances in the Na*- and K*-gradients, that are restored by an active process in
which the Na*-K*-pump, driven by ATP, pumps Na* out and K* into the cell. The main
energy cost is to restore the Na*- K*- balance.

Myelination of the nerve fibre thus reduces energy cost of maintaining the resting membrane
potential following an action potential.

Typical values for normal ion concentrations (intracellularly and extracellularly) are given in
Box 1-3.

|Box 1-3: Normal ion concentrations in muscle cells and in plasma.

Intracellular osmolality Plasma concentration ranges
mmol * (kg of water)! mmol * (I of plasma)™L

Na* 10 135 - 146

K* 155 3.5-5.0

CaZ* 0.0001 1-1.2

Mg2* 12 07-1.1

CI° 5 95 - 106




HCO3" 10 22 - 27

The total calcium concentration in plasma is 2.2 — 2.7 mM, but only 45% is ionized (Chapter
30).

Pathophysiology

This paragraph deals with simple conditions, where the student needs no prior knowledge, so
only hyponatraemia, pseudo-hyponatraemia and overbreathing are described.

1. Hyponatraemia is defined as a plasma-[ Na*! below 135 mM. This is a common condition

caused by a high water intake (water intoxication), reduced water excretion in kidney disease,
salt loss or other causes described in Chapter 24.

Hyponatraemia must be distinguished from the rare condition pseudo-hyponatraemia.

Spuriously low [ Na*! are measured in plasma (Na* is predominantly confined to the water

phase), simply because its concentration is expressed per | of plasma. Normally, 93% of
plasma is water, and the non-water fraction is 7% (mainly proteins). In cases with too much
lipid, protein, glucose, urea, or alcohol in the blood plasma (ie, hyperlipidaemia,

hyperproteinaemia, hyperglucosaemia, uraemia, alcoholaemia etc), the normal [ Na*!is

reduced by dilution with the increased non-water fraction. Thus, the calculated plasma-
osmolality (Eq. 1-7) is less than the freeze-point-measured osmolality. This discrepancy is
called the osmolality-gap.

There is no need for treatment with salt-solutions in such spurious conditions. Pseudo-
hyponatraemia also occurs, when a blood sample is taken from an arm vein, where a glucose

solution is infused. The plasma-[ Na*! obtained from such a blood sample is low.

2. Overbreathing is also called hyperventilation. Overbreathing is frequently caused by panic
attacks (ie, hyperventilation tetany). The high ventilation washes out too much carbon dioxide
(COy)/carbonic acid, whereby the CO, tension of the arterial blood decreases simultaneously

with an increase in its pH. This is an alkalosis (arterial pH above 7.45). Alkalosis dissociates
proteins by mass action and form CaZ*-proteinate (Fig. 17-9). The falling extracellular

concentration of free CaZ*-ions reduces the threshold and opens Na*-channels in neurons,
muscle cells and myocardium. The resulting reduction in membrane potential increases the
excitability of the tissues, which causes continuous muscular contractions (ie, tetanic cramps).

Equations

« Uniformly distributed substances in diluted solutions behave like gas molecules at
atmospheric pressure (atm). The osmotic pressure can be expressed as:

EQ. 1-1: Pogmot = C * R*T,

which is the equivalent of the ideal gas equation (P = n/ V* R*T). C is the concentration of
dissolved solute. R is the gas constant (= 0.082 | atm mol-! K-1).

« Fick’s first law of diffusion deals with the diffusive flux per m? :
Eq. 1-2: 39 = -D* dC/dx.

The dimension of D is found by dimension analysis of the equation for Jir:



(397 moles s m2) = Dx (dC/dx moles m™3 m-1).

Accordingly, D has the dimension: m?sL. D is small, when the molecules are large and when
the surrounding medium is viscous. The permeability coefficient (ie, permeability) for a

membrane is the flux (mol m-2s1) divided by the concentration (mol m-3) for a given

substance and has the unit m s™L.

Einstein's relation states that the displacement squared, (dx)?, is equal to 2 multiplied by D
and by the time (t) elapsed, since the molecule started to diffuse:

Eq. 1-3: (dx)2=2*D *t.
The corrected van't Hoff law:

Eq. 1-4: m= TXxRxfXxN/Norx=TxRxDC

where R is the ideal gas constant (0.082 | x atm xmol™! x K1 or 8.31 J (K mole)1 ), and DC
is the concentration gradient. This is the law for ideal or extremely dilute solutions.

A membrane potential difference is conventionally defined as the intracellular (j i) minus
the extracellular (j °) electrical potential. The ion activities (concentrations multiplied by the

activity coefficient) inside the cell and outside the cell are here called Cland C°, respectively.

The Nernst equation for the equilibrium potential of Na* across an ion-selective membrane at
310 K reads:

Eq. 1-5:j - j = (R T/z F) In(C%,*/C'\a ™) Volts (V)
VEgna'™ = 61.5 log (CO\,*/Cly, ") mV.

In the equation above R is the ideal gas constant (8.31 J (Kx mole) 1), T is the absolute
temperature, z is valence of the ion with sign (z= +1), and F is the Faraday constant (96 500
coulombs per equivalent). The activity coefficient for sodium is 0.75 and used to convert
concentration to activity.

The law of radioactive decay: If N is the initial number of unstable nuclei, the number of
nuclei remaining after a time t (N) is given by:

Eq. 1-6: N = Ny * ekt
where K is a constant characteristic of each nucleide, called the disintegration constant.
Plasma-osmolality is calculated as follows:
Eq. 1-7: Plasma-osmolality = (2* [ Na*!) + [ glucose] + [ urea]

Normally, the plasma-[ Na*!is 140 mmol in 1 litre of water, and both plasma-[ glucose] and
plasma-[ urea] are around 5 mmol per | of water. The plasma-osmolality is given in mOsmol
per kg of water. One | of water is approx. equal to 1 kg of water.



The Millman equation. A convenient version to calculate the resting membrane potential
(RMP) at body temperature is:

Eq. 1-8: RMP = (9 "XEak ™ + gna "™¥Edna " + 9o1-XEdc)- )/ (Ok ™ + 9na ™ + 9c1-)

This equation shows that the RMP is determined by the conductance (g) of the membrane to
K*, Na* and CI, and by their equilibrium potentials.

Self-assessment

Multiple Choice Questions

I. Each of the following five statements have False/True options:
A. Positive ions (cations) diffuse more rapidly through a membrane than negative ions
(anions).
B. The Na*-K* -pump located in the cell membrane, is responsible for maintaining the
high intracellular [K*] and the low intracellular [Na*].

C. The permeability for Na* in cell membranes is high compared to that of K* and CI".
D. In skeletal muscle cells the resting membrane potential is -80 mV, and the equilibrium

potential of Na* is +60 mV.

A membrane potential difference is conventionally defined as the extracellular minus the
intracellular electrical potential.

I1. Each of the following five statements have False/True options:

A. The local, subthreshold response is graded according to the stimulus.
B. Accommodation is a progressive decrease in firing frequency despite maintained
depolarization.

C. Voltage inactivation of Na*-channels is involved in the accommodation and in the
refractory periods.
D. During the early part of the action potential the cell membrane is relatively refractory.

Voltage-gated Na*-, K*- and CaZ* -channels are comprised of subunits with membrane
spanning domains.

I11. Each of the following five statements have False/True options:

A. Saltatory conduction is up to 50 times faster than the conduction through the fastest
unmyelinated axons.

B. Saltatory conduction occurs because the cell membrane beneath the myelin sheaths has a
high density of Na*-channels.

C. At standard temperature, pressure, dry (STPD) the volume occupied by 1 mol of any
ideal gas is 22.4 1.

D. Elimination with decreasing rate is exponential.

Facilitated diffusion shows saturation kinetics, and takes place through transport proteins not
linked to the metabolic energy processes.

Each of the following five statements have False/True options:
A. Osmolarity is the number of osmotically active particles in each | of solution.

B. Facilitated diffusion does not show saturation kinetics but moves solutes up-hill.



A family of homologous carrier proteins that are coded by distinct genes mediates
facilitated diffusion.

C. Glucose-transport. The transport proteins (GLUTs) show a marked tissue-specificity
which reflects differing transport needs of various tissues.

D. The relation between the potential difference measured with an ion-selective electrode
and the activity is given by the Nernst equation.

E. The Donnan effect is the extra colloid osmotic pressure of protein solutions caused by
uneven distribution of small, diffusible cations and anions.

Try to solve the problems before looking up the answers.

Highlights
The ideal gas law relates the pressure P, the volume V, and the number of mol of the gas n,
and the Kelvin temperature T: (P x V = nRT).

« One mol is the amount of a given substance containing Avogadro’s number. The volume
occupied by any ideal gas is 22.4 | at STPD.

« Fick's first law of diffusion relates the diffusive flux per m? to the concentration
gradient.

« The Donnan effect of plasma is the extra osmotic pressure of protein solutions caused by
uneven distribution of small, permeable cations and anions.

« The membrane potential difference is conventionally defined as the intracellular minus
the extracellular electrical potential.

« The action potential is an all-or-none electrical signal, which appears as a positive
wave when recording internally during activity in a neuron or a muscle cell.

« Saltatory or leaping conduction occurs, because the action potential is generated only at

the nodes. The cell membrane below the myelin sheaths has hardly any Na*- channels
and is therefore inexcitable. Saltatory conduction is up to 50 times faster than the
conduction through the fastest unmyelinated axons.

« In cases with too much lipid, protein, glucose, urea, or alcohol in the blood plasma (ie
hyperlipidaemia, hyperproteinaemia, hyperglucosaemia, uraemia, and alcoholaemia)

etc, the normal plasma-[ Na*/is reduced by dilution with the increased non-water
fraction.

« Overbreathing is caused by panic attacks. The high ventilation washes out the carbon
dioxide (CO,)/carbonic acid, whereby the CO, tension of the arterial blood decreases

simultaneously with an increase in its pH. This is an alkalosis. Alkalosis dissociates
proteins and form Ca2*-proteinate. The falling extracellular concentration of free Ca2*-

ions opens Na*-channels in neurons, muscle cells and myocardium. The resulting
reduction in membrane potential increases the excitability of the tissues, which causes
continuous muscular contractions (ie, tetanic cramps).

Further Reading

Alberts B, Brady D, Lewis J, Raff M, Roberts K, and JD Watson. Molecular biology of the
cell. Garland Publ Inc, NY & London, 1994,

Apps DK, BB Cohen, and CM Steel. "Biochemistry.” Bailliere Tindall, London, 1994


















Section | Cells and Action Potentials - Muscle Cells and Disorders
Cellular physiology - or biophysics - is a discipline covering basic characteristics of most cells. The following 2

chapters do not pretend to include all essential topics; however, it is important to clarify these topics initially, because
such concepts (the Na*-K* -pump, radioactive decay etc.) will be referred to throughout the book. An alphabetic list of

Symbols Chapter 2

Chapter 2 Muscle and Cells Disorders
Muscle Cells and

Disorders
Study Objectives StUdy ObjeCtiveS

Principles « To define the concepts gap junction, motor unit, synaptic & neuromuscular transfer,
Definitions isometric and isotonic contraction, plasticity, post-synaptic potentials, and recruitment.
E:ﬁg“s'ss o » To describe the electromyogram, three types of motor units and three types of muscle
—ME Uations tissue (s_trlated, sm_oo_th, and myocardl_al tissue), modulation of neurotransmission with
Self-assessment facilitation, potentiation, neurotransmitters and receptors.

ANSWers « To explain the function of the neuromuscular junction, the synapses, the

Highlights neurotransmitters, and the control of the muscular force by frequency variation and
Eurther Reading recruitment. To explain disorders of the neuromuscular junction, the skeletal muscles,
Fig. 2-1 the smooth muscles and the myocardium.

Fig. 2-2 . To use the above concepts in problem solving.

Eig. 2-4 Principles

Fig. 2-6 « Waller’s law of neuronal degeneration: When a motor axon has been severed, the rough
Fig. 2-7 endoplasmic reticulum accumulates proteins required for repair of the axon. The axon
Fig. 2-8 and the myelin sheath distal to the injury die and are phagocytized. The neuroglial
Eig.2-9 Schwann cells remain alive, proliferate and form long rows along the pathway

Eig. 2-10 previously occupied by the dead axon. The severed axon regenerate along this pathway.
Fig. 211 « Dale’s law: A single neuron liberates only one neurotransmitter at all its synapses.
Fig.2-12 Although the law is frequently valid, there are several exceptions, where two or more

Box 2-1 . .
Box 2-2 co-transmitters are released at all the synapses of a single neuron.

Return to chapter 2 ..

Return to Content Definitions

« Excitatory postsynaptic potential (EPSP) refers to a transientdepolarization of a
neuron membrane. The combined effect of EPSPs from hundreds of presynaptic
terminals can summate to evoke an action potential.

« Gap junctions are transmembrane protein pores between cells. The pores represent a
low electrical resistance. Most electrical synapses contain many gap junctions allowing
free passage of ions and small molecules in both directions when open.

« Inhibitory postsynaptic potential (IPSP) is a transient hyperpolarization of a neuron
membrane. The negativity of the resting membrane potential increases (normally -70
mV) and summation of IPSPs may result in an effect.

« Isometric contraction is a muscular contraction at constant length.

« Isotonic contraction is a muscle contraction at constant tension (load).

« A miniature endplate potential is probably caused by the spontaneous release of a
single acetylcholine vesicle into the synaptic cleft. This is called quantal release.

« Motor unit refers to one motor neuron and the group of muscle fibres it innervates. All
muscle fibres belonging to a certain motor unit are of the same type.

« Neurotransmission refers to transfer of signals from one neuron to another mediated
electrically or chemically.

« The neuromuscular endplate is the contact zone between the axons of motor neurons
and striated muscle fibres. The acetylcholine containing vesicles of the axon terminals
dock on the release sites of the presynaptic membrane with high affinity. The muscle
cell membrane at the endplate is folded in junctional crypts. Nicotinic acetylcholine




receptors are concentrated at the openings of these crypts.

« Plasticity refers to mechanical plasticity of smooth muscle tissue or to an amplification
produced by synapses, which transmit better when frequently used.

« Recruitment refers to the increase in force and contraction velocity of a muscle by
activation of more and more motor units.

« Sarcomere is a contractile unit of a muscle fibril containing the halves of two I-bands
with the A-band in between (ie, the part of the fibril between two neighbour Z-lines).

« Synaptic transfer refers to the transmission of signals from one neuron to another, and
the site of contact between the two neurons is called the synapse.

Essentials

This paragraph deals with 1. Neuromuscular junctions, 2. Synapses, 3. Skeletal muscles, 4.
Smooth muscles and 5. Cardiac muscle tissue.

1. Neuromuscular junctions

The neuromuscular endplate is the contact zone between the axons of motor neurons and
striated muscle fibres. Axon terminals have vesicles containing acetylcholine (Eig. 2 -1). The
vesicles dock on the active zones or release sites of the presynaptic membrane with high
affinity. The muscle cell membrane at the endplate is folded in junctional folds or crypts (Fig.
2-1). Nicotinic acetylcholine receptors (Chapter 6) are concentrated at the openings of these
junctional crypts. The release sites are located directly over the acetylcholine receptors (Fig. 2-
1). The postsynaptic membrane has acetylcholinesterase all over its surface.

The nicotinic acetylcholine receptor is related to a ligand (acetylcholine)-gated ion channel
found not only in the neuromuscular junction, but also at all autonomic ganglia (Chapter 6)
and in the central nervous system (CNS). The receptor is fixed into the postjunctional
membrane, whereas acetylcholinesterase is loosely attached to its surface. The receptor has
five integral protein subunits (2a , 1b, 1g, 1d ), surrounding a central ion channel pore that is

opened by the binding of 2 acetylcholine molecules to the 2 a - proteins (Fig. 2-1). Opening of

the ion channel increases the conductance for small cations (Na* and K*) across the
postjunctional membrane, depolarising the membrane potential of the cell. These ion channels
are not voltage-gated (not dependent on changes in membrane potential), like most cation
channels in neurons, cardiac and skeletal muscle cell membranes.

Fig. 2-1: The neuromuscular junction and intracellular events. Acetylcholine = ACh. The
ACh-receptor to the right is magnified.

The acetylcholine-vesicles are probably already stored close to the release zones, awaiting the
release signal (Fig. 2-1). When the action potential (AP) reaches the axon terminals, the axon

membrane is depolarised, and voltage-gated Ca2*-channels are transiently activated. This
causes Ca2* to flow down its concentration gradient from the outside into the axon terminal.

The influx of Ca2* at the release zones causes the vesicles to fuse with the axon membrane,
and empty acetylcholine into the 50 nm wide cleft by exocytosis (Fig. 2-1).

After crossing the synaptic cleft by diffusion, acetylcholine binds to its receptor protein on the
muscle cell membrane. This binding complex opens the ion channel and increases the

conductance for small cations across the muscle cell membrane. The influxes of Na*
depolarise the endplate temporarily, the transient depolarization is termed the endplate
potential (EPP). The EPP dies away when acetylcholine is hydrolysed to acetate and choline
by the enzyme, acetylcholinesterase. The EPP has a large safety margin, as a single action
potential in the motor axon will produce an EPP that always reaches the threshold potential in
the muscle fibre.



Rapid contraction of the muscle fibre is achieved by propagation of the muscle action potential
along the whole length of the muscle fibre membrane and into the small, transverse tubules,
which penetrate all the way through the muscle fibre (T-tubules in Eig. 2-1).

The acetylcholine binding at the motor endplate increases endplate conductance and generates
an action potential (AP) in all directions from the end plate (Fig. 2-1). The electrical excitation
of the sarcolemma and the transverse tubules (T-tubules) during the AP triggers — by an

unknown mechanism - the sarcoplasmic reticulum to release a pulse of Ca®* (Fig. 2-1). The
Ca®*-channels opens transiently in the vicinity of each sarcomere (Fig. 2-1). The sarcoplasmic

[CaZ*] increases from 1077 to 107 M (which is the threshold). This Ca2* diffuses to the
adjacent myofilaments, where they bind strongly to troponin C on the active filament, and end
the troponin-tropomyosin blockade. This enables cyclic crossbridges to work as long as the

high [Ca2*] is maintained, whereby contraction occurs. A continually active CaZ*-pump
returns Ca2* to the sarcoplasmic reticulum, and another Ca2*-pump in the cell membrane also

reduces sarcoplasmic [ Ca2*] . Then the thin filament is off duty, because Ca2* is withdrawn

from its troponin C, the troponin-tropomyosin-blockade is re-established and relaxation
ensues. The terminal cisternae of the sarcoplasmic reticulum contain granules of calsequestrin,

a protein that can bind Ca2* and reduce the concentration gradient (Fig. 2-1).

Neurons with motor function have the ability to synthesise acetylcholine, because they contain
choline-acetyltransferase. This enzyme catalyses the production of acetylcholine from acetyl-
CoA and choline. Almost all cells produce acetyl-CoA and choline. Choline is also actively

taken up from the extracellular fluid via a mechanism indirectly powered by the Na*-K™-
pump. There is a 50% reuptake of choline from the synaptic cleft; hence some choline must be
synthesized in the motor nerve.

The postjunctional membrane depolarizes spontaneously - resulting in so-called miniature
endplate potentials (MEP-potentials). A miniature endplate potential is probably caused by the
spontaneous release of a single vesicle into the cleft. This is called quantal release.

An endplate potential is prolonged when cholinesterase-inhibitors are present in the synaptic
cleft. This is because these substances (eserine, edrophonium, malathion, parathion etc.)
inhibits the enzyme and thereby protects acetylcholine from being hydrolysed by the enzyme.
The life dangerous parathion poisoning is described in chapter 6. Under normal conditions, the
endplate potential is terminated by the rapid hydrolysis of acetylcholine by acetyl-
cholinesterase.

Acetylcholine is a transmitter in the CNS, in all motor neurons, in all preganglionic neurons of
the autonomic nervous system and postganglionic parasympathetic fibres, and in a few
postganglionic sympathetic fibres. The cholinergic receptor subtypes are shown in Table 6-2.

2. Synapses
Chemical synapses prevail in humans, but we also have electrical synapses in gap junctions.

A chemical synapse consists of a neuronal presynaptic terminal, a synaptic cleft and a
subsynaptic (or postsynaptic) membrane with associated receptor proteins (Eig. 2-2). The
chemical synapse is highly developed in the CNS. It conducts the signal one way only, and has
a characteristic synaptic delay.

The presynaptic axon terminal typically broadens to form a bouton terminaux (presynaptic
terminal).



Fig. 2-2: A synapse between a preganglionic and a postganglionic neuron.

1. The action potential, originating in the CNS, depolarises the axon membrane by
selective influx of Na™ , which has a large electrochemical gradient. Repolarization
follows rapidly by selective K*-efflux (Fig. 2-2).

2. When the action potential reaches the presynaptic membrane, Ca2* enters the terminal

through voltage-gated Ca2*-channels.
3. Vesicles containing transmitter, fuse with the presynaptic membrane and release their

contents of acetylcholine into the synaptic cleft (Ca2*-induced exocytosis).

4. Transmitter molecules (acetylcholine, ACh) diffuse across the synaptic cleft and bind to
specific receptors, which are located into the postsynaptic membrane (Fig. 2-2). This
ligand binding elicits a transient opening of pores, which are specifically permeable to
small cations. The synaptic cleft of a chemical synapse is about 30 nm.

5. The ACh-receptor opens and allows influx of Na™, whereby the membrane depolarizes
and an action potential is generated which propagates along the length of the
postganglionic axon (Eig. 2-2). This is an appropriate response of the postsynaptic cell
to the received signal.

6. The effect is rapidly terminated by the highly specific enzyme acetylcholinesterase,
which hydrolyses acetylcholine into two inactive products (acetic acid and choline).

Influx of Na™ or efflux of K* through the pores of such receptors changes the postsynaptic
membrane potential. If the presynaptic action potential (AP) results in a postsynaptic
depolarization, the transient is called an Excitatory Post-Synaptic Potential (EPSP). If the AP
results in a postsynaptic hyperpolarization, the transient is called an Inhibitory Post-Synaptic
Potential (IPSP). Excitatory synapses often use glutamate as the transmitter. The pores are

penetrated mainly by Na*, which enters the cell, depolarizes the membrane, and produces an
EPSP.

The axon hillock on the cell body has a high density of voltage-gated Na*- and K*-channels.
The axon hillock probably integrates the many synaptic potentials, and from here the action

potential is generated. The dendrites have voltage-gated channels for K* and for CaZ*. Recent

evidence suggests that dendrites also contain voltage-gated Na*-channels, which are involved
in electrogenesis (ie, movement of charge across the membrane).

Each neuron in the CNS is in contact with up to 10° presynaptic axon terminals. Synaptic
inputs are integrated at the axon hillock by either spatial or temporal summation.

Spatial summation occurs when inputs from several axons arrive simultaneously at the same
postsynaptic cell. Their postsynaptic potentials are additive. EPSPs summate and move the
membrane potential closer to the threshold level for firing. Conversely, EPSPs and IPSPs
cancel each other out.

Temporal summation occurs when successive APs in a presynaptic neuron follow in rapid
succession, so that the postsynaptic responses overlap and summate. Summation is possible
because the synaptic potential lasts longer than action potentials by a factor of 10-100 times.

Each individual synapse contains receptors, ion channels, and other key molecules, which are
sensitive to the neurotransmitters released at the site. These specific protein molecules are
involved in synaptic plasticity and summation.

Electrical synapses. A gap junction is a transmembrane pathway of low electrical resistance
that connects the cytoplasm of adjacent cells. A gap junction allows the membrane potential of



the adjacent cells to be electrically coupled. Gap junctions form electrical synapses, which
differ from chemical synapses in that transmission, is instantaneous.

An electrical synapse consists of several protein pores, which close in response to increased

intracellular [Ca2*] or [H*] in a cell, thereby increasing their resistance. Open gap junctions
exchange ions and small molecules up to a molecular weight of 1000 Dalton.

Gap junctions are found in simple reflex pathways, where rapid transfer of the electrical
potential is essential, and between non-neural cells such as epithelial and myocardial cells,
smooth muscle cells and hepatocytes.

Neurotransmitters are divided into classical, rapidly acting non-peptides (Box 7-1) and
putative, slowly acting neuropeptides (Box 7-2) - all dealt with in Chapter 7.

Here is only described the function of GABA, neuropeptides and dopamine.

The major inhibitory transmitters are GABA (gamma-aminobutyric acid) in the brain and
glycine in the spinal cord. Binding of GABA to the GABA-receptor opens the pore for CI°

influx, whereby the subsynaptic cell membrane hyperpolarises (Eig. 2-3). The increase in CI
conductance stabilises the membrane potential and decreases the efficacy of excitatory

transmission. The GABA-receptor pore is permeable to K* besides Cl~. The GABA-receptor
has a major inhibitory role in brain function and is the binding site for barbiturates (used as
hypnotics in anaesthesia) and for benzodiazepines (used to relieve anxiety).

Fig. 2-3: A GABA , -receptor in an inhibitory synapse.

The GABA 5-receptor shown here is related to sedation and mood, whereas the GABAg-
receptor controls spasticity (Chapter 7). Picrotin blocks the GABA-channel.

Glutamate, aspartate and related acidic amino acids are the most important excitatory
transmitters in the brain and spinal cord. Excitatory neurons possess excitatory amino acid
(EAA) receptors. EAA receptors are a family of receptors with at least four different ions
channels: The N-methyl-D-aspartate-receptor (NMDA), and three so-called non-NMDA

receptors - one of which is the glutamate receptor. The NMDA-receptor operates with K*-
efflux, while Na* and CaZ* enters the subsynaptic neuron. Mg2* and many antiepileptic drugs
block the NMDA-receptor channel (Chapter 7). Opening of Na*- and Ca2*-channels, which
allow an increased influx of Na* and Ca2*, cause the membrane potential to approach the

threshold level for excitation. Both a reduced Cl -influx to the neuron and a reduced K*-
efflux move the membrane potential towards the threshold level and possible excitation. The
NMDA-receptor has a separate glycine site.

Neuropeptides (Box 7-2) have slow excitatory or inhibitory transmitter actions. Peptides
cannot be synthesized locally in the axon terminals, because they do not have ribosomes.

Fig. 2-4: Peptide neurotransmitters

Peptides are water soluble, and act as hormones by binding to specific cell-surface receptors.
Cell-surface receptors are a family of guanosine triphosphate-binding proteins, so-called
GTP-binding or G-proteins, which control and amplify the synthesis of second messengers.
Cell-surface receptors for neurohormones can function as transport protein and possess
enzyme activity (Fig. 2-4).

Neuropeptides are build by a sequence of amino acids. Neuropeptides are synthesized in the



cell bodies of the neurons and transported to the terminal buttons by rapid axonal transport
(Fig. 2-4). Some neuropeptides are released together with a non-peptide co-transmitter (Box
7-2).

Some neuropeptides are produced when a large mother-peptide is cleaved into several active
neuropeptides. Neuropeptides are released from the nerve terminal near the surface of its target
cell, and diffuse to the receptors of the target cell. Low concentrations of neuropeptides
typically affect the membrane potential by changing the conductance of the target cell to small
ions. The action of neuropeptides usually lasts longer than that of enzyme-inactivated
transmitters. Following prolonged synaptic transmission, neuropeptides are deactivated by
proteolysis.

Dopamine and other catecholamines derive from tyrosine via DOPA, which stands for the
precursor 3,4-dihydroxy-phenylalanine. Dopamine is the actively accumulated into storage
vesicles in the nerve endings together with noradrenaline and ATP. Dopamine activates both
presynaptic and subsynaptic D,-receptors (Fig. 2-5).

Fig. 2-5: Dopamine receptors and the interactions with noradrenaline (NA).

Noradrenaline can be oxidatively deaminated by monoamine oxidase (MAQ) located on the
external membrane of mitochondria (Fig. 2-5). The enzyme COMT (catechol-O-methyl
transferase) can also methylate noradrenaline to nor-metanephrine. MAO and COMT are
important in metabolising circulating catecholamines. Re-uptake of noradrenaline is the most
important terminator of its actions.

Activation of both D,-receptors opens K*-channels and the increased outflux of K*
hyperpolarizes the membrane. Blockage of the presynaptic D,-receptors in substantia nigra

with antipsychotic drugs reduces K*-outflux and increases dopamine production and release.

Loss of dopamine-containing neurons in substantia nigra results in the lack of dopamine at the
D,-receptors of the striatal neurons. These neurons degenerate in Parkinson's disease causing

muscular rigidity and hand tremor (Chapter 4).

3. Skeletal muscles

Skeletal or striated muscles are attached to a skeleton. Striated muscles are called striated,
because they have a striking banding pattern. Microscopy with polarised light reveals dark
(optically anisotropic) striations or A bands alternating with light or optically isotropic
striations or | bands. Running along the axis of the muscle cell or muscle fibre is the myofibril
bundles of filaments that are visible on electron micrographs. The A band contains the thick
filaments of myosin, and the | band contains thin filaments of actin and tropomyosin (Eig. 2-
6). The thin filaments are anchored to a transverse structure termed the Z disc (Fig. 2-6). Each
contractile unit contains the halves of two I-bands with the A-band in between. This unit is a
sarcomere. Sarcomeres have a length of 2.3-2.5 mm between the two Z discs at rest. The
central A band is a relatively isotropic substance - also termed the H-band - with an M-line of
darkly stained proteins that link the thick filaments into a fixed position. Contraction takes
place by sliding of the filaments.

The sliding of filaments against each other is called the sliding filament hypothesis, and since
contraction works by cycling of millions of crossbridges, it is also called the theory of
crossbridge cycling.

The thin filaments are 1-1.2 mm long and consist of small globular proteins that form two helic
pearl strings. The double helix of actin is supported by a long, thin molecule of tropomyosin



that is situated along the groove of the double strands of actin (Fig 2-6). Each tropomyosin
molecule interacts with 7 actin molecules on each side. Troponin is composed of 3 subunits:

Troponin-C binds Ca2*, troponin-T reacts with tropomyosin, and troponin-I inhibits the actin-

myosin-interaction, when Ca2" is absent. Dystrophin is another normally occurring
cytoskeletal muscle protein.

The thick filaments are 1.6 mm long, and consist of large myosin molecules. Myosin is a dimer
of almost 500 kD. Each monomer consists of one heavy chain and two light chains. The heavy
chain consists of a helical tail and a globular head (Fig. 2-6). The light chains are associated
with the head of the heavy chain. Since myosin is a dimer, the double-helix tail must end in
two globular heads (Fig. 2-6). The globular heads contain the ATPase activity and the actin-
binding site. The light chains control the rate of cross bridge cycling.

Fig. 2-6: Thick and thin filaments. The crossbridge cycle.

The crossbridge cycle theory states that there are multiple cycles of myosin-head attachment
and detachment to actin during a muscle contraction. When myosin binds to actin, an
actinomyosin complex is formed - with an extremely active ATPase. The interaction between
actin and myosin and the hydrolysis of ATP is the basic process that converts chemical energy
into mechanical energy.

Each crossbridge consists of two heads. At rest the crossbridge from myosin is not attached to
actin. The globular myosin heads are oriented perpendicular to the filament axis (Fig. 2-6), and
they have a high standard affinity for actin.

1. Stimulation of a muscle liberates Ca%* in the sarcoplasma, which removes the troponin-
tropomyosin blockage of the actin, and actin can react with the binding sites on the
globular heads. The crossbridge is now bound to the thin filaments (Fig. 2-6).

2. The binding accelerates the release of ADP and P; from the actin-myosin complex, and

the attached global heads change conformation by 45° with respect to the filament axis.
The head of the crossbridge drags the thick filament 10 nm along towards the Z-disc or -
at constant length - a proportional force is developed. Multiple repetitions of this short
sliding process is necessary to result in an appreciable muscle shortening. In the absence
of ATP, the crossbridge cycle stops here and the binding is immobile (rigor link and
rigor mortis).

3. The following stage is the binding of ATP to the myosin heads, which weakens the
binding to actin and disrupts the rigor link.

4. Then ATP is partially hydrolysed on the myosin head, and the resulting energy is stored

in the perpendicular head, which has a renewed high standard affinity for actin. If Ca2*
is present, a new crossbridge cycle is initiated and may occur 100 times each s. With a
cycle movement of 10 nm this is 1000 nm per s for each half of the sarcomere.

Fig. 2-7: Force-length diagram

Force is required to stretch a relaxed muscle, because muscle tissue is elastic, and the force
increases with increasing muscle length (Fig. 2-7). The passive blue curve reflects the
properties of the elastic, connective tissue, which becomes less compliant or stiffer with
lengthening (Fig. 2-7).

A muscle contraction at constant length is termed isometric. Force is measured in Newton (N),
and one N is the force required to accelerate a mass of one kg with an acceleration of one m s~

2 In muscles, the traditional expression for force is stress or tension in N per cross-sectional
-2



area of the muscle (N m ), which is actually pressure (Pascal, Pa). Here, the ordinate is force
expressed as a percentage of the maximal force (Eig. 2-7).

1. The length at which maximum active contractile force is developed is called L,
corresponding to a sarcomere length of 2.15 m m (Fig. 2-7). L, is the length of the muscle in
the body when at rest. At this length there is a maximum number of active crossbridges (Fig.
2-7). When an isolated muscle in an isometric force or stress-meter is stimulated, the active
muscle force decreases with the decrease in overlap between thin and thick filaments; at a
sarcomere length of 3.65 m m the isometric force reaches zero (Fig. 2-7). The force is always
proportional to the number of cycling cross-bridges interacting with the thin filament.

2. Force also declines at muscle lengths less than L, (Eig. 2-7). Thin filaments overlapping,

and thick filaments colliding against Z-discs cause this. The isometric force (stress) decreases
as the sarcomere length is reduced, as shown with the sarcomere length of less than 2.15 m m
(Fig. 2-7).

3. When the active muscle length is stretched beyond any overlapping between the thin and the
thick filaments the muscle can only develop a force of zero (see the sarcomere length of 3.65
m m with an A-band of 1.6 m m in Fig. 2-7).

The lengths of the thick and thin filaments of human striated muscles are similar (1.6 and 1.2
m m, respectively). They generate maximal tension forces at L, corresponding to a sarcomere

length of 2.2 m m, namely 300 kN per m? or kPa.

Muscle power or work-rate (Eg. 2-1) is the product of muscle force (N) and shortening
velocity (m s°1). The maximal work rate of human muscles is reached at a contraction velocity

of 2.5 m s*1. The maximal work-rate is thus (300 kPa *2.5 m s™1) = 750 kW per square meter
of cross sectional area.

Hill developed an equation for the shortening velocity of isotonic muscle contractions (Eq. 2-
2). The equation is illustrated in Hills force-velocity diagram (Eig. 2-8).

The maximum force is developed at the initial length (Fig. 2-8 right: 18 g of load). At 18 ¢
there is no shortening — the length is unchanged. Stimulation of the unloaded muscle results in
maximum shortening velocity (100%). An unloaded crossbridge can cycle at maximal rate,
indicated by maximal shortening velocity (Fig. 2-8 right).

The shortening velocity decreases rapidly as the afterload is increased describing a hyperbola
(Eig. 2-8 right). With increasing loads the latency is increased and the shortening is reduced (4
and 9 g in Eig. 2-8 left). The latency depends on the length of thepreceding isometric phase.
The maximal velocity of shortening is directly proportional to the myosin ATPase activity. We
increase the velocity of muscle shortening under a given load by the recruitment of additional
motor units.

The long human arm muscles shorten at a rate of 8 m per s. Muscles can bear a load of 1.6
times the maximal force before the crossbridges are broken, but under such extreme conditions
the work-rate (power) of the muscle approach zero (no shortening in Fig. 2-8 left). This is also
the case when a person attempts to lift a motor car - the speed of shortening is zero (isometric
contraction). On the other hand, the speed at which a pocket thief operates is probably
impressive, although the force is minimal.

Maximal work-rate occurs at a load of 1/3 of the maximal isometric force of the muscle. Here



the contractile system has optimal efficiency in converting chemical energy into mechanical
energy.
Fig. 2-8: Hill's force-velocity diagrams (right) and related shortening curves (left).

A further rise in filament velocity seems to reduce the potential for actin-myosin interaction.
The crossbridge cycling rate falls as the load on the crossbridges increases (Fig. 2-8 right).

In a muscle, the force of contraction is graded by increasing the frequency of action potentials,
and by recruiting more muscle cells. Prolonged crossbridge contraction results in physiological

tetanus. This is a prolonged muscle contraction maintained by the prolonged Ca2*-influx
caused by repetitive stimulation.

Human skeletal muscles consist of three functional types of motor units. A motor unit is a
motor neuron with the muscle fibres it innervates. All muscle fibres belonging to a motor unit
are of the same type. The three types of muscle fibres are characterised in Box 2-1.

Box 2-1. Structural, functional and histochemical characteristics of twitch fibres.
Classification Red (1) Red (11A) White (11B)
Slow oxidative (SO) | FOG FG
Intermediate Red White
Slow FR FF
Slow-twitch Fast-twitch red Fast-twitch white
Myoglobin High High Low
Oxidative enzymes High Intermediate Low
Glycolytic activity Low Low High
Glycogen Low High Intermediate
Mitochondria Intermediate High Low
Mitochond.ATPase Intermediate High Low
Sarcoplasmic retic. Intermediate Dense Dense
Fibre diameter Small Intermediate Large
Contractions Postural Endurance Powerful
Shortening velocity | Low (I) Intermed. (11A) High (11B)
Recruitment First Second Last

Most human skeletal muscles are a mixture of all three types of motor units, although the
proportions vary considerably.




Type I: The slow motor units contain slow-oxidative (SO) red slow-twitch fibres.They are
adapted to continuous postural muscle activity. The fibres have many mitochondria and a high
content of myoglobin (red fibres). They depend on aerobic metabolism and the glycogen
content is high. Slow motor units have weak but long lasting contractions (slow reaction to a
signal or twitch). The fibres are small and are first to be recruited. During light work these
highly excitable motor units activate red fibres suited for prolonged activity or endurance
activities. Endurance training increases the oxidative capacity of the activated motor units,
whereas strength training increases cellular hypertrophy.

Type IIA: Fast-twitch, fatigue-resistant (FR) motor units have type I1A twitch fibres with a
high or intermediate content of mitochondria, myoglobin, and glycogen. These fibres also rely
upon oxidative metabolism (fast oxidative glycolytic = FOG) and have a high level of both
oxidative and glycolytic metabolism. The motor units provide contractions of intermediate
force and duration, and they resist fatigue. FOG fibres are of intermediate size, and they are
recruited before the white fibres. This is in accordance with the size recruitment principle:
Small or intermediate motor units are easier to activate by excitatory postsynaptic potentials
(EPSPs) than large neurons.

Type IIB: Fast-twitch fatiguable (FF) motor units produce fast contractions (fast-twitch), and
fatigue easily, as the name implies. Their large white fibres, with their dense sarcoplasmic
reticuli, are adapted to activities requiring large forces with rapid control of contraction and
relaxation. The fast-twitch white fibres (also called type 11B due to the highest shortening
velocity) have few mitochondria, small amounts of myoglobin (white fibres), and depend on
glycolysis (high anaerobic metabolism). They have only small amounts of glycogen (fast
glycolytic = FG). The FF motor neuron is large, the axon is thick and it branches so greatly
that the FF motor unit innervates more muscle fibres. This is why FF motor units are capable
of powerful contractions. The cell body receives type la afferents. The FF units are recruited
last and mainly during maximal efforts such as sprinting. The production of ATP by glycolysis
matches the high rate of ATP consumption.

We have three major metabolic sources of ATP:

1. Phosphocreatine, which is an immediate energy source used for intense white fibre
activity such as sprinting. Lohmann's creatine kinase catalyses the efficient reforming of
ATP from ADP by the conversion of a small phosphocreatine pool to creatine.
Following exercise the oxygen debt is repaid and the phosphocreatine pool is restored
(Chapter 18).

2. The glycogen stores of the muscle produce ATP rapidly but inefficiently by glycolysis,
with lactate as the end product.

3. Glucose, free fatty acids, triglycerides and amino acids in plasma are substrates for
oxidative phosphorylation. This is a most efficient pathway and the slowest source of
energy due to the many steps in the process (Chapter 20).

4. Smooth muscles

The same molecules as in striated muscle essentially cause contraction in smooth muscle, but
the intracellular organisation and the dynamic characteristics are entirely different (Box 2-2).

Box 2-2: Characteristics of skeletal, cardiac and smooth muscle cells.

Skeletal Cardiac Smooth muscle

Diameter (m m) Up to 100 10 Upto5




Length (m m) 200 000 50 Up to 200

T-tubules Yes Yes No -Simple caveoli

Regular sarcomers Distinct Distinct No -Look smooth

Regular Z-discs Yes Yes No- but dense
bodies

Regular myofibrils Yes Yes Irregular myofibrils

Troponin Yes Yes No

Sarcoplasmic Yes Yes Simple reticulum

reticulum

Gap junctions No Yes Yes (single-unit)

Extracellular Ca2* | No Yes Yes

Refractory period Short Long (300ms) Long

Latency (ms) 10 10 200

Twitch (ms) 10-100 300 3000

Resting membrane -80 -90 -50

pot.( mV)

Force High High Low maintained for
days

Energy cost 300-fold High Low

Disorders Atrophy Cardiac Asthma,
hypertension

Smooth muscles are called so because they lack the distinct sarcomeric bands of striated
muscles. Smooth muscle cells are spindle-shaped and line the hollow organs and the vascular
system; the smooth muscle cells are extremely small (Box 2-2). Smooth muscle cells contain a
few thick myosin-filaments, and many thin actin-filaments attached to dense bodies by a-actin
(helical sarcomers). The cells are without regular sarcomers, Z disc's, myofibrils and T-
tubules. Smooth muscle cells lack troponin. Dense bodies are analogous to Z disc's, and some
dense areas are attached to the cell membrane. Smooth muscle cells do not contain a typical

sarcoplasmic reticulum, which can store and release Ca*. Instead some fibres possess an
analogous simple reticular system located near the caveoli of the cell membrane. Caveoli are
small invaginations of the membrane, similar to the T-tubules of striated muscles. The more
extensive the reticular system is in the smooth muscle fibre, the higher is its shortening

velocity due to release of Ca2* mediated by IP3. Smooth muscle cells maintain large forces
almost continually at extremely low energy costs.

The same tension or tone is maintained for days in smooth muscle organs (intestine, urinary
bladder, gall bladder) and can be obtained in striated muscle at high energy cost (up to 300



times the smooth muscle rate of ATP consumption).
Smooth muscle cells are extremely sensitive to extracellular [CaZ].

During an action potential the inward flux of ions is not Na*, but Ca2* through slow Ca2*-
channels. They open mainly in response to a ligand binding, but we have also voltage-

dependent Ca2*-channels.

The force-length relation is qualitative similar to that of striated muscles, so the sliding-
filament mechanism is probably analogous (Eig. 2-6).

The smooth muscle mechanism is special, because stimulation results in a maintained
isometric force with strongly reduced velocities. Smooth muscle contractions are extremely

slow. Ca2* probably regulates the number of active crossbridges in smooth muscle slowly and
indirectly.

Smooth muscle cells contain some mitochondria, and they show a slow contraction pattern
superimposed on the lasting tonus. Smooth muscle contractions typically last for 3 s, in
contrast to striated muscle with total contraction periods of 10-100 ms. Since the energy
demand in smooth muscle is extremely low, it is balanced by the oxidative ATP synthesis.
Smooth muscle cells do not have an oxygen debt as striated muscles do, although they produce
large amounts of lactate. This is probably because the ATP-synthesising glycolytic mechanism

is located in the cell membrane and is linked to the ATP-utilising Na*-K*-pump. Smooth
muscle contains far fewer myosin filaments than striated muscle. The myosin crossbridge
heads of smooth muscle contain an isoenzyme with much less ATPase activity than that of

striated muscle. Ca2*-entry through the cell membrane is much slower than internal release of
Ca?*.

A contracting smooth muscle fibre releases Ca2* from two pools. The large extracellular fluid
pool is essential. In the fibre that possesses a sarcoplasmic reticulum similar to the
sarcoplasmic reticulum of striated muscle, there is a fast intracellular pool. The smooth muscle

cell membrane contains a 3Na*-2K™-pump, a delayed K*-channel, a ligand-activated and a

voltage-dependent Ca2*-channel, a sarcolemmal Ca2*-pump, and a Na*- Ca2*-exchanger
(Eig. 2-9).

1. A stimulatory ligand is bound to membrane receptors for G-proteins and for ligand-
gated CaZ*-channels (Fig. 2-9). The major Ca2*-influx takes place through the ligand-
gated (noradrenaline) and the voltage-gated CaZ*-channels. The Ca2*-influx depolarizes

their membrane, whereby CaZ* further permeates the membranes. The depolarization by
ligand binding thus indirectly opens the voltage-gated channels.

2. When a stimulus acts on reticular receptors via a G-protein it activates phospholipase C.
Phospholipase C hydrolyses phosphatidyl inositol diphosphate (PIP,) into IP3 and

diacyl-glycerol, DAG (Fig. 2-9).
Fig. 2-9: Contraction and relaxation in smooth muscle cells. The ligand is acetylcholine in

visceral cells and noradrenaline, ATP and peptide hormones in vascular smooth muscle
cells.

3. IP3is bound to a receptor on the simple sarcoplasmic reticulum and this second

messenger binding elicits a controlled release of Ca2* from the reticulum. Hereby, the
sarcoplasmic [Ca2*] rapidly increases above the threshold for contraction (0.1 m M).



4. The crossbridge cycling is regulated by a myosin light chain kinase (MLC kinase)
dependent upon both Ca2* and calmodulin. The phosphorylation of myosin to myosin-

phosphate is drastically accentuated by the binding of 4 Ca2*-calmodulin to MLC kinase
forming a complex. The phosphorylated light chain myosin reacts with actin in the thin
filaments and contracts. The rate of sliding and of ATP-splitting is up to 1000-fold
slower than in striated muscles.

5. Ca®* is actively pumped out of the cell by an ATP-demanding Ca2*-pump and through

a Na*- Ca?*-exchanger (antiport). The antiport uses the energy of the Na*-gradient for
influx. Reuptake into the poorly developed sarcoplasmic reticulum and the mitochondria
is slow compared to cardiac and skeletal muscle tissue.

6. Below the Ca?*-threshold the myosin light chains are dephosphorylated by myosin light
chain phosphatase and the contractile structures relax.

7. The Na*-K*-gradient across the cell membrane is maintained by the Na*-K*-pump

(Eig. 2-9).

When the high intracellular [Ca2*] during an action potential is lowered again towards the
resting level, the cell relaxes. This is accomplished by stimulation of the sarcolemmal Ca2*-
pump, and by blockade of both CaZ*-input and Ca2*-release.

Metarterioles and precapillary sphincters without nerve fibres can still respond to the needs of
the tissue by the action of local tissue vasodilatators. The following factors cause smooth
muscle relaxation, and therefore vasodilatation: Adenosine, NO, lack of oxygen, excess CO5,

increased [H*], increased [K*], diminished [Ca2*], and increased [lactate].

Endothelial-derived relaxing factor (EDRF) is recently shown to be nitric oxide (NO).
Activation of endothelial cells produces NO from arginine, and NO diffuses into the smooth
muscle cells. NO stimulates directly the enzyme guanylate-cyclase, and by that intracellular
[cGMP] elevates.

Circulating acetylcholine contracts the arterial smooth muscles when bound to cholinergic
receptors.

Smooth muscle cells grow (hypertrophies) as a response to the needs of the body, and they
also retain the capacity to divide.

During hypertension the lamina media of the arterioles hypertrophies which increases the total
peripheral vascular resistance in the systemic circulation. These topics are further developed

in_Chapter 9.

During pregnancy the (single-unit, see below) smooth muscles of the myometrium are
quiescent and contain few gap junctions under the influence of progesterone. At term the
myometrium grows and the number of gap junctions increases, due to the high oestrogen
concentration. Now the myometrium is well prepared for the co-ordinated contractions during
parturition (see Chapter 29).

Smooth muscle changes length without marked changes in tension. Initially, there is a high
tension developed upon stretching; then the tension falls as the myosin and actin filaments are
reorganised by slowly sliding against each other. A sudden expansion of the venous system
with blood results in a sharp rise in pressure followed by a fall in pressure over minutes. The
smooth muscle fibres in the walls of the venous system are highly compliant, because they
have accepted a large blood volume without much rise in pressure (delayed compliance).



Smooth muscle cells are frequently involved targets in diseases such as hypertension,
stroke,asthma, and many gastrointestinal diseases.Smooth muscle cells can be divided into
multi-unit smooth muscle and single-unit smooth muscle.

Fig. 2-10: Contraction of multi-unit smooth muscle cells (vascular). A single contraction
is elicited by an electrical stimulus and later acetylcholine elicits tetanus. Contraction of
multi-unit smooth muscle is controlled by extrinsic innervation or by hormones.
Mechanical contact junctions between the cells are not found.

1. In multi-unit smooth muscle tissues each cell operates entirely independent of other cells
and the cell does not communicate with other muscle cells through gap junctions. The
discrete cells are separated by a thin basement membrane and often innervated by a
single neuron, and their main control is through nerve signals. Thousands of smooth
muscle cells belonging to the multi-unit type join by the common innervation in a
functional syncytium. Multi-unit smooth muscle is found in the eye (the ciliary muscle
and sphincters as the iris muscle of the eye), in large arteries, in the vas deferens, and in
the piloerector muscles that cause erection of the hairs. These muscle cells are normally
quiescent, insensitive to stretch and they are activated only through their autonomic
nerves. Each muscle is composed of multiple motor units, hence the name: multi-unit
smooth muscles. The nerve fibre branches on a bundle of smooth muscle fibres, and
form junctions with varicosities filled with transmitters. These junctions are analogous to
the neuromuscular junctions of striated muscles. The neurotransmitters are acetylcholine
and noradrenaline. Multi-unit smooth muscles have developed a contact junction with
shorter latency than the slowly operating diffuse junctions mainly found in the single-
unit type.

2. Single-unit smooth muscle cells are arranged in bundles such as the arrangement in a
viscera eg. intestine, uterus and ureter (Eig. 2-11). These smooth muscle cells commun-
icate through hundreds of gap junctions, separating the cell membranes by only 2-3 nm,
and from pacemaker tissue of variable location, action potentials are generated initiating
a contraction of the muscle. In this respect single-unit cells resemble the cardiac muscle.

Fig. 2-11: Single-unit smooth muscle cells resemble cardiac muscle. Activity propagates
from cell to cell through gap junctions forming an electrical syncytium. The dense bodies
and dense areas contain alpha-actin.

Action potentials generated in one cell can activate adjacent cells by ionic currents spreading
rapidly over the whole organ and securing a co-ordinated contraction as though the tissue
were a single unit or a syncytium. These cells are characterized by their spontaneous motility
and by their sensitivity to stretch. The spontaneous activity is usually modified by the
autonomic nervous system. Visceral smooth muscle undergoing peristalsis, generates
propagating action potentials from cell to cell.

Other cell-to-cell contacts are desmosome's and intermediary junctions subserving structural
contact. These intermediary junctions transfer mechanical force from one smooth muscle cell
to another on the plasma membrane, causing the single-unit smooth muscle cell to function
like a stretch transducer.

5. Cardiac muscle tissue

Myocardial cells are built of regular sarcomers just like the skeletal muscles, and they are
contracting fast. Myocardial cells form an electrical syncytium in the same way as the single-
unit smooth muscle cells. The characteristics of myocardial, skeletal and smooth muscle cells
are presented in Box 2-2. Myocardial cells are mononuclear and the myoglobin, enzymatic and
mitochondrial content are large just as the red fibres of skeletal muscles. The metabolism of
myocardial cells is similar to that of red skeletal fibres, both being designed for endurance




rather than speed and strength. The oxygen supply to the heart muscle must be maintained, if it
is to synthesise ATP at a sufficient rate. Myocardial cells deprived of oxygen for 30-s cease to
contract.

Myocardial cells most resembles smooth muscle in its auto-rhythmicity and syncytial function.
Pacemaker cells in the sinus node determine the normal cardiac frequency, because they send
out spontaneous action potentials along the conduction system of the heart with a higher
frequency than any other cells in the heart. VVagal stimulation releases acetylcholine at the

pacemaker cells. Acetylcholine increases the K*-permeability, whereby K™ leaves the cell and
hyperpolarizes the cell membrane. This is why the pacemaker (cardiac) frequency is reduced

by vagal nerve stimulation. Sympathetic stimulation or adrenaline reduces the K*-permeability,
so the depolarization is shortened, and the pacemaker frequency increased.

The prolonged action potential characteristic for myocardial cells is initiated by an abrupt Na*-
influx (phase 0) through fast Na*-channels just as in the striated muscles. The AP plateau is
due to a slow Na*-Ca?*-channel, which deliver Ca2* for the contraction activation. The action

potential releases Ca2* from the sarcoplasmic reticulum to the sarcoplasma. The effect is
distributed by the cardiac T-tubule system.

Cardiac contraction by crossbridge cycling depends on the presence of extracellular Ca2* just
as in smooth muscle tissue. Therefore, use of Ca2*-antagonists reduces the contractile force of
the heart, whereas drugs, which increase Ca2*-permeability across the membrane, improve the
contraction. In the heart, Ca2*-influx tends to prolong the depolarization just as in smooth
muscle cells. The cardiac glycoside, digoxin, selectively binds to and inhibits the sarcolemmal
3Na*-2K*-pump, which leads to an increase in intracellular [ Na*!. Although the Na*-efflux
is inhibited, the redundancy of Na* affects the Na*-Ca2*-exchanger (3 Na* out for one Ca?*

into the cell), leading to an increase in cellular [ Ca2*! and in the force of contraction. This is
the mechanism of the increase in contractile force by digitalis glycosides.

Pathophysiology

This paragraph deals with 1. Disorders of the neuromuscular junctions (myasthenia gravis), 2.
Skeletal muscle disorders (dystrophia, dystonia, muscle injuries), 3. Smooth muscle disorders
(asthma, hypertension etc) and 4. Myocardial disorders (coronary artery disease, arrhythmias,
and chronic heart disease).

1. Disorder of the neuromuscular junction (Myasthenia gravis)

This serious disease is acquired, but the cause is unknown. The development of this
autoimmune disorder may be related to other diseases. Rheumatoid arthritis treated with D-
penicillamine has resulted in myasthenia gravis. More than 50% of the myasthenia patients
have thymic hyperplasia and some patients have a real thymoma.

Many of these patients have an increased blood concentration of antibodies against their own
acetylcholine receptor protein. There is a decreased density of receptor proteins on the
postjunctional membrane. This was shown by the use of radioliganded toxins from poisonous
snakes (which bind irreversibly to the acetylcholine receptor protein).

The patients are tired and the muscles are extremely weak. This is particularly so for the
proximal limb muscles, the extraocular muscles and the neck muscles, whereby the patient has
difficulties in lifting the head. Mastication and swallowing is a difficult process.

Fig. 2-12: Neuromuscular junction with antibodies and decreased density of



acetylcholine-receptors in a patient with myasthenia gravis.

As just mentioned the blood of most patients with myasthenia gravis contains autoantibodies
against acetylcholine (ACh) receptor proteins on the cell surfaces of the motor end plates etc.
The autoantibody competes for the ACh receptor and inhibits synaptic transmission, so
muscular contraction is greatly inhibited. Deposition of immune complexes eventually destroys
the ACh-receptor protein.

Intravenous injection of an anticholinesterase improves the muscle strength immediately, but
the beneficial effect is gone within 3 min.

Thymectomy improves the condition and the prognosis also in the group of patients without
thymoma.

Oral anticholinesterase (such as pyridostigmine) has beneficial effect over 2-4 hours. They
inhibit the enzyme acetylcholine-esterase, and thereby prolong the effect of naturally occurring
acetylcholine on the receptors. In severe cases this treatment is inefficient, and immune-
suppressants such as corticosteroids are sometimes favourable.

2. Skeletal muscle disorders

Muscular dystrophy is an inherited disorder of skeletal muscles. Duchenne muscular dystrophy
is an X-linked recessive muscle disorder characterized by the absence of dystrophin in the
striated muscles and in the myocardium. The locus is localised to the Xp21 region of the X
chromosome. Dystrophin is a normally occurring cytoskeletal muscle protein. The patient is a
boy, who has to climb up his legs in order to reach the erect posture. Typically, there is
proximal weakness with compensatory pseudohypertrophy of the calves. There is no cure and
the patient dies from myocardial damage.

Dystonias are prolonged muscle contractions leading to muscular spasms. There is a
simultaneous action of opposing agonist and antagonist groups that produce abnormal
postures. Dystonia is painful and particularly resistant to treatment.

Dystonia musculorum deformans begins in childhood with generalized spasms that affect gait
and posture. In most cases the cause is a genetic defect.

Spasmodic torticollis causes the head to turn (torticollis) or change posture. Patients with a
trigger zone on the jaw benefit from acupressure here.

Muscle injuries are dealt with in Chapter 18.

3. Smooth muscle disorders

The most important disorders are asthma (Chapter 14) and systemic hypertension (Chapter
12). Smooth muscles are also involved in a disorder of swallowing (achalasia), where the
myenteric plexus and the lower oesophageal sphincter fail to respond with receptive
relaxation, and the food accumulates in the oesophagus. Other disorders of the gastro-
intestinal smooth muscles are also treated there.

4. Disorders of the myocardium

Coronary artery disorders (smooth muscles and myocardial disease) and congestive heart
disease are treated in Chapter 10, and cardiac arrhythmias in Chapter 11.

Only direct therapeutic uses of the systems developed till now are described here.

Nitro-glycerine, nitroprusside and similar drugs relax smooth muscles by transfer of NO from
endothelial cells. NO increases intracellular [cGMP] (Eig.11-1), which is the basis for the



beneficial effect of the drugs on cardiac cramps. These second messengers activate protein
kinases that phosphorylate effector proteins such as Ca2*-pumps and K*-channels. Such
vasodilatators stimulate the sarcoplasmic Ca2*-pump, inhibit Ca2*-influx and stimulate K*-
efflux through the delayed K*-channel (reduces the excitability). Hereby, the high intracellular

[Ca2*] during an action potential is lowered towards the resting level (10" mM), and the
smooth muscle cell relaxes producing vasodilatation.

Equations
« Muscle power (or work rate) equals the product of muscle force and shortening velocity

Eq. 2-1: Power (W) = Force (N) * Velocity (m s1).

« Hill’s equation. The force-velocity curve is shown in Eig. 2-7. The curve fits Hill’s
equation:

Eq. 2-2: Initial shortening velocity (v) = (Po - P)*b/(P + a)

where P is the force or load acting on the muscle, Po is the maximal isometric force or load, a
is a constant with the dimensions of a force, and b is a constant with the dimensions of
velocity.

Self-assessment

Multiple Choice Questions

I. Each of the following five statements have False/True options:

« A. Motor neurons synthesise acetylcholine unrelated to their content of choline-
acetyltransferase.

« B. There is a high density on the subsynaptic membrane of specific acetylcholine
receptors.

« C. The receptor protein for acetylcholine contains a voltage-gated channel for cations.

« D. Binding of acetylcholine elicits a transient opening of ionophores, which are
specifically permeable to small ions.

« E. Parkinson's disease is possibly caused by loss of dopamine containing neurons in
the substantia nigra.

I1. Each of the following five statements have False/True options:

A. Nitro-glycerine, nitroprusside and similar drugs contract smooth muscles by transfer of
nitric oxide from endothelial cells.

B. All myasthenia patients have a thymoma.

C. During hypertension the lamina media of the arterioles hypertrophies which increases
the total peripheral vascular resistance in the systemic circulation.

D. The nicotinic acetylcholine receptor is related to an acetylcholine-gated ion channel
found not only in the neuromuscular junction, but also at all autonomic ganglia and in
the central nervous system.

E. When the high intracellular [Ca2*] during an action potential is lowered again towards
the resting level, the cell contracts. This is accomplished by stimulation of the

sarcolemmal Ca2*-pump, and by blockade of both Ca2*-input and Ca2*-release.



Try to solve the problems before looking up the answers.

Highlights

Recruitment is the increase in force and contraction velocity of a muscle by activation of
more and more motor units.

Synaptic transfer refers to the transmission of signals from one neuron to another, and
the site of contact between the two neurons is called the synapse.

A chemical synapse consists of a neuronal presynaptic terminal, a synaptic cleft and a
subsynaptic membrane with associated receptor proteins. The chemical synapse is highly
developed in the CNS. It conducts the signal one way only, and has a characteristic
synaptic delay.

A gap junction or electrical synapse is a pathway of low electrical resistance that
connects cytoplasm of adjacent cells. A junction couples adjacent cells electrically and
thus allows synaptic transmission without delay.

Neurons with motor function have the ability to synthetize acetylcholine, because they
contain choline-acetyltransferase.

GABA (gamma-aminobutyric acid) in the brain and glycine in the spinal cord are
inhibitory neurotransmitters. Binding of GABA to the GABA-receptor opens the pore for

CI™ influx, whereby the subsynaptic cell membrane hyperpolarizes. The GABA-receptor
has a major inhibitory role in brain function and is the binding site for barbiturates
(used in anaesthesia) and for benzodiazepines (used towards anxiety).

Glutamate, aspartate and related acidic amino acids are the most important excitatory
transmitters in the brain and spinal cord. Excitatory neurons possess excitatory amino
acid (EAA) receptors. These EAA-mediated synapses predominate in the CNS.

Each neuron in the CNS is in contact with up to 10° presynaptic axon terminals.
Synaptic inputs are integrated by either spatial or temporal summation.

Neuropeptides are built by a sequence of amino acids. Neuropeptides are synthesized in
the cell bodies of the neurons and transported to the terminal buttons by rapid axonal
transport.

Loss of dopamine-containing neurons in substantia nigra results in lack of dopamine at
the D,-receptors of the striatal neurons. These neurons degenerate in Parkinson’s

disease causing muscular rigidity and hand tremor.
Blockade of the presynaptic D,-receptors in substantia nigra with antipsychotic drugs

reduces K™ -outflux and increases dopamine production and release.

The crossbridge cycle theory states that there are multiple cycles of myosin-head
attachment and detachment to actin during a muscle contraction. When myosin binds to
actin, an actomyosin complex is formed - with an extremely active ATPase.

Muscle power or work-rate is the product of muscle force (afterload in N) and

shortening velocity (m s™1). The maximal work rate of human muscles is reached at a

contraction velocity of 2.5 m s™1. The maximal work-rate is thus (300 kPa *2.5 m s'1) =
750 KW per square meter of cross sectional area.

Tetanus is a prolonged muscle contraction maintained by the prolonged Ca2*-influx
caused by a high stimulation frequency.

Smooth muscle cells are frequently involved targets in diseases such as hypertension,
stroke, asthma, and many gastrointestinal diseases.

Smooth muscle cells maintain large forces almost continually at extremely low energy
costs. The same tension or tone is maintained for days in smooth muscle organs
(intestine, urinary bladder, and gall bladder).

Myocardial cells form an electrical syncytium in the same way as the smooth muscle
cells do.

Myocardial cells deprived of oxygen for 30-s cease to contract.



The most important smooth muscle disorders are asthma and hypertension.

» The most important myocardial disorders are coronary artery disease, arrhythmias, and
chronic heart disease.

« Myasthenia gravis is a disorder of neuromuscular contraction. The patients frequently
have an increased blood concentration of antibodies against their own acetylcholine
receptor protein and thymic hyperplasia.

« Duchenne muscular dystrophy is an X-linked recessive muscle disorder characterized by
the absence of dystrophin in the striated muscles and in the myocardium.

Further Reading

« Kupfermann, I. "Functional studies of cotransmission." Physiol. Rev. 71: 683, 1991.

« Pollack, G.H. "Muscles and molecules: Uncovering the principles of biological
motion." Seattle, Washington, 1990. Ebner & Sons.

« Alberts, B. et al. "Molecular biology of the cell.” Sec. Ed., 1989, Garland Publishing,
Inc., New York & London.
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SECTION 1.
The Nervous System

My colleagues Jgrn Hounsgaard and Poul Dyhre-Poulsen have contributed importantly to this
section.

The nervous system is the essential control system for the human body. It consists of a central
nervous system (CNS) and a peripheral nervous system. All information originates in sensory
receptors and, enters the CNS via the peripheral nervous system. The CNS controls all the
activities of the human body ranging from contractions of striated and smooth muscles to the
exocrine and endocrine secretions.

The nervous system is an extremely rapid signal transduction system and the most important
communication network in our body. The main integrative functions allow selection and
processing of incoming signals to produce an appropriate response.

The nervous system includes sensory receptors that detect events in the body as well as in the
outer world. Signals or action potentials from the sense organs travel through peripheral,
afferent nerves to the CNS, where they are processed. The CNS controls the various activities
of the body by motor mechanisms that generate movements and glandular secretions through
efferent nerves. The afferent and efferent nerve fibres distributed throughout the body form the
peripheral nervous system that is subdivided into a somatic and an autonomic part.

Neurons are highly specialised cells that are excitatory, inhibitory and sometimes
neurosecretory. Neurons receive and transmit signals (action potentials) to other neurons or
effectors. Neuronal networks account for information in a memory, evaluation of available
knowledge, decision making, and transmission of response signals to appropriate effectors. The

human nervous system contains about 1012 neurons forming at least 101° synapses.

Frequently used abbreviations in this section are CSF for cerebrospinal fluid, EAA for
excitatory amino acids, ECF for extracellular fluid, ECV for extracellular fluid volume, EEG
for electroencephalogram, and REM for rapid eye movements. A complete list of abbreviations
is present in Chapter 35.

Chapter 3.
The Somatosensory System And Disorders
Study Objectives

» To define adaptation, adequate stimulus, coding, sensory receptors including taste and
smell, molecular receptors, receptor potential, stimulus transfer, types of sensory nerve
fibres, conduction velocity, and threshold stimulus.

« To describe skin receptors, articular receptors, nociceptors and central pathways, the
effect of chordotomy, thalamic surgery, and prefrontal lobotomy.

« To draw Hills force-velocity curve and the voltage-duration curve for nervous
stimulation.

« To calculate one variable from relevant information’s given.

« To explain cortical somatotropic and columnar organisation, the control of taste and
smell, the control of nociceptive transmission (gatecontrol), central analysis, central pain,
headache, referred pain, allodynia, causalgia, hyperalgesia, trigeminal neuralgia,
thalamic syndrome, phantom limb pain, hyperalgesia, and Brown-Sequards syndrome.

« To use the concepts in problem solving and case histories.
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Principles

« Critical empiricism. In brain research any scientific observation presupposes a theory
that can be falsified. Theories that fail to be falsified in repeated scientific projects are
temporarily acceptable. This philosophy is generally applicable.

« Sherrington’s integration law. The integrative action of the nervous system unifies
separate organs to form an individual personality.

Definitions

Adaptation or accommodation of sensory receptors refers to a progressive decrease in firing
frequency despite maintained depolarisation.

Adequate stimulus refers to the stimulus, for which the receptor has a lower energy threshold
than for other stimuli - ie, the stimulus to which the receptor is most sensitive.

AMPA is an abbreviation of alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid.
This is an excitatory amino acid (EAA) and one of the EAA-gated ion channels carries
AMPA -receptors with high affinity for a subclass of glutamate receptors.

Causalgia means hyperalgesia (hypersensitivity to pain) elicited by a cold stimulus.
Coding: In neurons the stimulus intensity is coded by the frequency of action potentials.

Dermatomes: Every spinal dorsal root is destined to a segment of the skin called a
dermatome.

Endogenous opioids are substances in the CNS with opiate-like effects.

GABA is the abbreviation for gamma-amino butyric acid — the most common inhibitory
transmitter in the brain.

The gate-control hypothesis of pain states that pain transmission is suppressed by innocious
signals in thick myelinated afferents (group Il), whereas the pain sensation is enhanced by
signals in thin afferents.

Headache is pain on the surface of the head, which is actually due to anomalies in intracranial
or extracranial structures.

Hyperalgesia means hypersensitivity to pain.

NMDA is the abbreviation for N-methyl-D-aspartate.

Nociceptors or nocireceptors are responsive to stimuli that potentially cause injury.

Plasma membrane receptors consist of a protein or glycoprotein molecule, an ion channel
pore or a specific enzyme (G-protein).

Receptor potential: The stimulation of a receptor elicits a generator potential that is graded
according to the stimulus strength. When the stimulus is strong enough to reach the threshold,

an action potential is fired. Sensory receptors translate stimulus intensity to impulse activity in
sensory afferents.

Sensory receptors are either neurons in the case of vision, smell and cutaneous senses, or
modified epithelial cells in the case of auditory, vestibular and taste senses.

Threshold stimulus refers to the weakest stimulus to which the receptor will react.

Trigeminal neuralgia (French: Tic douloureux) is a condition with daily paroxysms of violent
pain in part of the trigeminal area lasting only some seconds. The pain is provoked by eating,
washing the face or by cold in the face.

Essentials

This paragraph deals with 1. Sensory receptors and nerve fibres, 2. Blood-brain barrier and

CSF, 3. Regeneration of nervous tissue, 4. Sensory pathways, 5. Central opiate receptors, 6.
Taste and smell.

1. Sensory receptors and nerve fibres
Sensory receptors are either neurons in the case of vision, smell and cutaneous senses, or



modified epithelial cells in the case of vision, auditory, vestibular, smell and taste senses. The
special sensory receptors for vision, hearing and balance are described in Chapter 5.

Some sensory receptors have characteristics similar to the well-known plasma membrane
receptors. Plasma membrane receptors consist of a protein or glycoprotein molecule, an ion
channel or a specific enzyme (G-protein).

The stimulation of a receptor elicits a receptor potential (generator potential) that is graded
continuously with stimulus intensity. When the stimulus is strong enough to reach the
threshold, action potentials (APs) are fired. In neurons the stimulus intensity is coded by the
frequency of action potentials.

Sensory receptor systems are biological transducers with a dynamic range of up to 1012 in the
most sensitive organ, the ear. The threshold is the reciprocal of the sensitivity. The threshold is
the weakest stimulus to which the receptor will react. The sensitivity of a sensory receptor is
greater the smaller its threshold stimulus is.

The Pacinian corpuscles in the skin are gigantic receptors (almost 1 mm long) consisting of
concentric layers like onion-scales in the microscope. There is a single axon in the axis of
each corpuscle (Fig. 3-1). Stimulus intensity is coded by the single axon. Compression

deforms the axon and depolarises the membrane by opening of Na*-channels.
Fig. 3-1: The Pacinian corpuscle (1 mm long) is a vibration detector.

The depolarisation generates a graded receptor potential forcing a current towards the first
node of Ranvier with maintained stimulus. The receptor potential rapidly decreases (rapid
adaptation), because the adequate stimulus is alterations in the deformity rate (vibrations in the
range 150-300 Hz). At the first node of Ranvier, a propagating action potential along the axon
is released, provided the generator potential is sufficiently large (Fig. 3-1). The Pacinian
corpuscle is located in the deeper layers of the skin and connective tissue. The afferent fibres
are thick (Type Ab or I1), and they lead the signals to synapses in nucleus gracilis and cuneatus

of the spinal cord.

Steven proposed the power law that is given as Eq. 3-1. The interpreted stimulus strength
(1SS) is equal to a constant (k) multiplied by the actual stimulus strength (SS) raised to the
power n. The situation n equal to 1 describes a linear relation between stimulus and resulting
activity in the conducting neuron (Fig. 3-2).

Perception of taste, heat and angular acceleration are described by power functions or transfer
functions with n just above 1, whereas hearing and smell are described by functions with n
lower than 1. The only sensation with a particularly large value of n (about 3) is pain, which is
why pain is felt so severe with increasing stimulus intensity!

Fig. 3-2: A graphical description of the power law.

However, the power law and other types of curve fitting with transfer functions have hardly
improved our understanding of sensory modalities.

Both conduction velocity and size is used in classification of nerve fibres. The fibres are
divided into types A, B and C, based on the three main conduction velocities shown in the
record of the compound action potential from a mixed nerve. Type A, B and C refer to phases
in the combined action potential. Type A fibres are the fast conducting myelinated fibres
(thick fibres subdivided intoa , b, g, and d), type B are preganglionic sympathetic fibres, and
type C are the small, unmyelinated fibres. Another classification is based on the thickness of
the axons (I-1V). The size classification became necessary, when Aa - fibres were separated
into two subgroups: la and Ib.

In Box 3-1, the velocity classification (A-C) is written first, and the size classification (I-1V) is
given in parentheses.




Box 3-1: Classification of nerve fibres

Fibre type Function Axon diameter m m | Conduction
/ Myelin + - velocity, m per s
Aa (1) motor a - fibres 9-18/+ 70-120

spindle afferents (l1a)

tendon organs (Ib)

Ap (1) touch and pressure 5-12/+ 30-75

Ay (1) motor to muscle 3-6/+ 18-36
spindles

Ad (1) pain, pressure, 1-5/- 4-30
temperature

B (1) preganglionic 3/- 3-12

C (V) pain, touch, heat 1/- 1-2

The Aa (1) fibres are motor « -fibres and proprioceptors from the annulospiral endings of
muscle spindles (la) and from Golgi tendon organs (Ib).

The Ab (I1) fibres conduct discrete touch and fine pressure signals from cutaneous tactile
receptors.

The Ag (1) fibres are motor fibres to muscle spindles. They have their origin in the spinal
cord.

The Ad (I11) fibres transfer pain sensations, decline in skin temperature as well as crude,
passive touch and deep pressure.

« The B fibres (I11) are autonomic preganglionic fibres.

« The C fibres (IV) are unmyelinated and lead pain, touch and signals from heat
receptors from the skin. The C fibres have no myelin sheath.

Sensory receptors in the nervous system are classified as exteroceptors (located on the body
surface), proprioceptors (located in muscles, tendons and joint capsules), interoceptors
(located in the viscera), and telereceptors (stimulated by events far from the person).

Cutaneous receptors are exteroceptors (Fig. 3-3). Pacinian and Meissner corpuscles are rapidly
adapting (dynamic) touch velocity detectors in glabrous skin. In hairy skin, hair-follicle
receptors are velocity detectors (they adapt rapidly). Meissner corpuscles are located in the
papillae of the hairless skin such as fingertips, lips and clitoris. Merkels discs and Ruffini-end
organs are slowly adapting (static) touch intensity detectors both in hairless and hairy skin.
Merkels discs are found in elevated dome corpuscles in hairy skin (up to 50 Merkel discs in a
corpuscle of 0.5 mm in diameter). These so-called Iggo dome receptors are extremely sensitive
and transmit touch signals to a single nerve fibre. In this way, even weak tactile stimuli can



create sensation in the CNS.

Fig. 3-3: Cross section through an area of hairless and a hairy skin showing 6 types of
sensory mechanoreceptors. All the mechanoreceptors are supplied by afferent nerve
fibres of group 11, except the free nerve endings (group V).

The free nerve endings, with unmyelinated afferents (group 1) conduct signals with low
velocity (Box 3-1), and register passive touch, such as, slow strokes with a piece of cotton.

Thermoreceptors are also exteroreceptors. We have cold-receptors just below the skin surface
(200 nm deep). Cold receptors respond to changes in temperature. Heat receptors are also
located in the skin. The location of certain heat and cold points in the skin is determined by
bringing a thin hot or cold object in contact with the skin. Thermoreceptors react to
temperature changes. Cold receptors and heat receptors in the skin are located close to the
surface. Both types of receptors are also located in the deep tissue and in the CNS. Both types
of receptors discharge spontaneously at normal temperature, dynamically when skin
temperature is changing rapidly, and adapt slowly.

Proprioreceptors, located in muscles, joints and joint capsules, are mechanoreceptors (muscle
spindles, Golgi-receptors, Pacinian and Ruffini corpuscles, and free nerve endings). The
Ruffini mechanoreceptors are also called joint receptors, because they are located in
ligaments, tendons and articular capsules. They provide information for the CNS concerning
articular movements, movement velocity and joint position. Joint receptors of the proximal
joints are particularly sensitive. The static and dynamic receptors inform the CNS about the
position and movement of the joint, respectively. These receptors enable us to sense the
position of the joint with great accuracy.

Accommodation of sensory receptors or adaptation is a progressive decrease in firing
frequency despite maintained depolarization. The frequency of action potentials from
stimulated receptors fall, although the stimulus is maintained at constant strength.

Accommodation or adaptation occurs, when a proportion of the voltage-gated Na*-channels is

rapidly inactivated by depolarisation, which also opens K*- channels. This makes the cell
more refractory to stimulation. Accommodation can also be caused by a hyperpolarization

induced by gradual activation of Ca2* -dependent K* -channels.
Fig 3-4: Accommodation or adaptation curves from different sensory receptors.

Pain- and cold-receptors, Merkel discs and Ruffini-end organs adapt extremely slowly and
incompletely (Fig. 3-4). Joint receptors, smell-taste-receptors, muscle spindles, carotid sinus-
and pulmonary stretch receptors, and the optic nerve, all adapt somewhat better (Fig. 3-4).

Hair-follicle receptors, Meissner corpuscles and Pacinian corpuscles adapt rapidly, just as
many free nerve endings (Fig. 3-4).

Nociceptors or nocireceptors (pain receptors) are responsive to stimuli that potentially cause
injury. Nociceptors are free nerve endings of two types. The fast adapting Ad fibre mechanical
nociceptors (group I11) are high-threshold, finely myelinated afferents that originate
superficially in the skin. The slowly adapting C-polymodal nociceptors (group 1V) are
unmyelinated afferent fibres that originate in the deeper cutaneous tissue, and respond to
various mechanical, thermal and chemical stimuli (Fig. 3-5). In the spinal cord nociceptive
afferents synapse with secondary neurons in lamina | and Il. These sensory neurons ascent in
the spinothalamic tracts.

The fast adapting pain through group Il fibres is bearable (acute, sharp, stinging, somatic
pain), compared to the slowly adapting unbearable pain (diffuse, burning, prolonged
secondary, visceral pain) through group 1V fibres.

Fig 3-5: Mechanical, polymodal and visceral nociceptors. A visceral pain afferent
synapses in the spinal cord with the neuron of the lateral spinothalamic tract on which
the cutaneous group 1V pain afferent terminates.




When nociceptors become sensitised (ie, more responsive), their thresholds are reduced, thus
causing hyperalgesia (ie, hypersensitivity to pain). Many substances such as bradykinin,
histamine, leucotrienes, prostaglandins, serotonin, and K+ that are often released near damaged

or dying cells sensitise nociceptors. K* activates the nociceptors. Substance P is also released
from polymodal nociceptors through an axon reflex with antidromal signal transduction in
afferent group 1V fibres, causing hyperalgesia, vasodilatation and increased capillary
permeability (Fig. 3-5). Glutamate may be co-released with substance P from the polymodal
C-fibre terminals.

The gate-control hypothesis of pain states that pain transmission is suppressed by innocious
signals in thick myelinated afferents (group 1), whereas the pain sensation is enhanced by
signals in thin afferents. Inhibitory interneurons of the lamina Il in the dorsal horn of the spinal
cord perform the gate-control through a special type of presynaptic inhibition called primary
afferent depolarization (PAD), and the receptors on the cell body of the secondary neuron is
the gate. The gate control hypothesis explains why innocuous signals, mediated by large
myelinated afferents, can inhibit pain mediated by thin myelinated afferents.

The adequate stimulus is the stimulus, for which the receptor has a lower energy threshold
than for other stimuli (ie, the stimulus to which the receptor is most sensitive). The adequate
stimulus for pain receptors is mechanical deformation, extreme temperature or tissue damage.
The sense impression depends on the site in the brain which receives the sensory signal (ie,
central analysis) and on the receptor localisation (ie, peripheral analysis). This is how
different neurons transmit different types of sensations, even though they may transmit the
same electrical signals (see Chapter 8).

The CNS discards more than 99% of all incoming signals as irrelevant.

The visual system is an example of a specific information line for a certain modality of
sensation. The neurons in the retina, the optic nerve, the lateral geniculate nucleus, and the
visual cortex describe just such a dedicated neuronal pathway. The specific information line
through which the signal is conducted determines the way in which a suprathreshold stimulus
is perceived (eg, pressure applied on the eye will be perceived as light).

The auditory system also forms a specific or labelled line all the way from receptor to cortex.
In all cases the specific region in the cerebral cortex, where the nerve fibre ends determines the
modality of sensation.

Now, where is the sense interpretation localised and what is its intensity?

1. Coding in the sense organ is peripheral analysis, which is based on the peripheral
location of the receptor. External energy is transformed to a receptor potential that
triggers APs in afferent nerve fibres. Peripheral analysis depends upon the location and
the special structure and sensitivity of the receptor. The pattern of firing of APs is the
only possible variable for coding information in a single neuron. Examples of firing
patterns are on-off patterns with mean frequencies, off-on patterns, transient patterns or
adaptation, long-lasting patterns, firing with latency etc.

2. Central location coding in the CNS is termed central analysis, which is related to the
sense impression.

2. Blood-brain barrier and CSF

The blood-brain barrier consists of tight junctions between the endothelial cells of the
capillaries in the CNS and of neuroglia. This barrier only allows extremely small or
hydrophobic molecules to pass into the brain. The cerebral microcirculation consists of strong
arterioles that can constrict to carry a high arterial pressure without brain oedema.

Many large molecules cannot pass from the blood to the cerebrospinal fluid (CSF) across the
choroid plexus, a tight junction barrier that is called the blood-cerebrospinal fluid barrier.

The blood-CSF barrier of the choroid plexus allows some large molecules to pass from the


file:///Users/fiddlesticks/Desktop/Textbook%20in%20Medical%20Physiology%20And%20Pathophysiology%20Paulev%20(Copenhagen%20Medical%202000)/paulev/chapter8/default.htm

blood to the CSF.

Fig. 3-6: The blood-brain and blood-CSF barriers showing the daily formation of 500 ml
of CSF.

The blood-brain and the blood-CSF barriers exist in all areas of the brain, except in the so-
called circumventricular organs (hypothalamus, the pineal gland, and the area postrema).
These discrete organs have highly fenestrated capillaries that are easily penetrated by large and
small molecules as well as ions. The circumventricular organs are located close to essential
control centres in the hypothalamus and brain stem regions regulating respiration, blood
glucose concentration, and extracellular fluid osmolality.

The two brain barriers are almost impermeable to large molecules such as plasma proteins, but
highly permeable to CO,, oxygen, water, alcohol, anaesthetics, hallucinogens, and other

lipophilic substances. The blood-brain barrier is almost completely impermeable to water-
soluble molecules, electrolytes such as H*, whereas CO, passes through the barrier to the
medullary chemoreceptors (Fig.16-3).

Humans produce 500 ml of CSF daily. The total CSF volume is only 1/3 of the daily
production. Most of the 500 ml of CSF is produced in the choroid plexuses in the four brain
ventricles, and the remaining is produced across the blood-brain barrier.

The ventricular system and the central spinal channel are covered with ependyma. The
absorption of CSF takes place through the arachnoidal granulations, which protrude, into the
sinus sagittalis. The rate of absorption is directly related to the pressure in the cranial cavity -
in particular the CSF- pressure. Proteins can pass through large holes in the endothelial cells.
The CSF is separated from the brain cells by the thin pia mater. Substances that enter the CSF
can easily diffuse into the brain interstitial fluid. Drugs that cannot pass the blood-brain
barrier can enter the brain through pia mater, when infused into the CSF (Eig. 3-6).

The CSF passes from the lateral ventricles (I and 1) through the foramen of Monroe into the
third ventricle (111), through the aquaduct of Sylvius, the fourth ventricle (IV), and out into the
subarachnoid space through the foramina Luschkae & Magendie (Fig. 3-7).

Fig. 3-7: Anatomical structures involved in CSF-formation and absorption.
The normal CSF-pressure in a supine person is up to 10 mmHg (1.3 kPa) or 136 mm of water.

The secretion of fluid by the choroid plexus depends on the active Na*-transport across the
cells into the CSF. The electrical gradient pulls along CI-, and both ions drag water by
osmosis. The CSF has lower [K*], [glucose], and much lower [protein] than blood plasma, and

higher concentrations of Na* and CI". The production of CSF in the choroid plexuses is an
active secretory process, and not directly dependent on the arterial blood pressure. The CSF is
separated from the brain cells by the extremely thin pia mater. All natural substances that enter
the CSF can easily diffuse into the brain extracellular fluid (Fig. 3-6).

CSF leaves the four ventricles through the roof of the 4th ventricle, traverses the subarachnoid
space, and is reabsorbed into the blood of the venous sinuses via the arachnoidal villi. The
absorption here is directly related to the CSF pressure in the cranial cavity. Large holes
through the endothelial cells allow proteins to enter the blood.

3. Regeneration of nervous tissue

Severe injury to nervous tissue causes cell death. Neurons are postmitotic cells. For this reason
lost neurons cannot be replaced.

There is, however, considerable capacity for regeneration of axons in the peripheral nervous
system. Both growth and maintenance of axons require the nerve growth factors (NGF). NGF
is an essential survival factor for neurons outside the CNS - in particular sensory neurons.
NFG binds to receptors belonging to the insulin receptor family (tyrosine kinase family).

When a motor axon has been severed, the cell body undergoes chromatolysis. This is a



neuronal reaction, where the rough endoplasmic reticulum (the Nissl bodies) becomes active.
The Nissl bodies accumulate proteins required for repair of the axon. The axonal reaction is an
attempt to repair the fibre by production of new protein structures that are transported along
the axon. Therefore, proteins distend the rough endoplasmic reticulum. The axon and the
myelin sheath distal to the injury die and are phagocytized. The neuroglial Schwann cells that
had formed the myelin remain alive. This is the so-called wallerian degeneration named after
Waller.

The Schwann cells proliferate and form long rows along the pathway previously occupied by
the dead axon. The severed axon regenerates along this pathway, and growth cones may
eventually reinnervate the target organ.

Neurological injury probably involves excessive glutamate receptor stimulation as a common
pathway.

Glutamate is the most important of the excitatory amino acids (EAAS) in the spinal cord and
the brain. Glutamate stimulates the family of EAA-receptors including AMPA-, NMDA-and
metabotropic receptors. NMDA means N-methyl-D-aspartate. - Effective glutamate
antagonists are applied in clinical studies of pain.

The inhibitory amino acids, GABA and glycine, and the monamines and endogenous opiods
inhibit the second-order neurons of the spinothalamic tract.

Fast axonal transport of organelles in the cytosol occurs as rapidly as 0.4 m per day. At this
rate synaptic vesicles can travel along the motor axon from the spinal cord to a patient's foot
within three days. Fast axonal transport of enzymes and organelles occurs on microtubuli in the
axons, and is not interrupted by resting periods in cell compartments outside the transport

system (Fig. 3-8). Oxidation of glucose in the mitochondria provides ATP for the Na*™-K™-
pump and for transport filaments and microtubules embedded in the axonal cytoplasm (Fig. 3-
8).

Fig. 3-8: Axonal transport of vesicles, organelles and proteins by microtubuli.

Slow axonal transport occurs as diffusion of cytosolic proteins and organelles such as
mitochondria. This transport occurs at a rate 100 times more slowly than fast axonal transport.
Organelles or enzymes are stored in different cell compartments on their way or their direction
of transport reverses.

Axonal transport can be anterograde, when it occurs in the direction from the soma to the
axonal terminals. Axonal transport can also be retrograde, when it occurs in the opposite
direction. Here vesicles are degraded by lysosomes, when returned to the soma. A typical
example of slow transport is the transfer of the many mitochondria towards the terminal of an
axon.

In the CNS, fast neurotransmission is inhibitory or excitatory. In the neuromuscular junction,
each signal is always excitatory and sufficient to trigger a muscular contraction. In the
neuromuscular junction, acetylcholine is the only neurotransmitter, whereas in the CNS there
is a large variety of neurotransmitters (see Box 7-1 and 7-2).

The sensory system transmits signals from sensory nerve receptors in the body. The nerve
receptors are located in the skin, muscles, tendons, joints and viscera. The signals are
transferred to the CNS by a pathway of first, second, third, and higher-order neurons. The
third and higher order neurons are located in the thalamus and the cortex. The cell body of the
first order afferent neuron is located in the dorsal root or in the cranial nerve ganglia. The
signals pass through the spinal cord, the brain stem, and the thalamus before reaching the
cerebral cortex.

4. Sensory pathways

Several sensory tracts and pathways synapse in the nuclei of the thalamus (the spinothalamic
tracts). The somatosensory thalamus is a relay station for most sensory modalities. The sensory
inputs are processed in somatotopic areas of the thalamus, and are then transferred to



appropriate cortical areas. The somatotopic organisation is maintained all the way to the
cortex.

The reticular activating system (RAS) of the brainstem is involved in arousal acting in concert
with the thalamus.

The spinothalamic tract conveys pain and temperature (lateral tract), and also crude passive
touch (ventral tract). The first-order neurons are afferent Ad fibres (I11) which have cell bodies
in the spinal ganglia. Second-order neurons cross immediately to the opposite side of the
spinal cord, and ascend in the lateral and ventral spinothalamic tract.

Fig. 3-9: The spinothalamic tracts and their sensory function.

Pain and temperature reach the thalamus in the lateral spinothalamic tract (in the lateral
funiculus). The second-order axon terminates in the somatosensory thalamus (the ventral
posterior lateral nucleus and the central lateral nucleus). The third-order neurons pass from the
somatosensory thalamus via the thalamocortical fasciculus to the somatosensory cortex or the
primary sensory cortex (somatic sensory area I, or area 1, 2, 3 in Fig. 4-2) with the sensory
homunculus. Some third-order neurons also pass to the somatic sensory area Il of both
hemispheres.

Proprioception and active tactile signals are transmitted through sensory nerve fibres to the
spinal cord. Primary afferent fibres ascend in the dorsal columns all the way to the medulla
oblongata. These primary axons synapse with second-order neurons in the gracile and the
cuneate nuclei. These second order neurons cross the midline in the medulla, and ascend in the
medial lemniscus to end in the somatosensory thalamus. The medial lemniscus pathway
transmits proprioception and fine tactile senses.

The spinothalamic tract is the most important pathway for pain. The second order neurons of
the spinal tracts have their cell bodies in the lamina I, 1l and V of the spinal cord. These cells
receive excitatory signals from nociceptors in the skin, muscles and viscera. The action
potentials from the nociceptors are conducted along the axon to the spinal cord and release
neurotransmitters such as the excitatory amino acid, glutamate, and different neuropeptides.
When these neurotransmitters bind to the receptors on the postsynaptic membrane of the
secondary neurone, they increase the permeability to small ions, and excite secondary,
postsynaptic neurons. The secondary neurons of the spinothalamic tract projects mainly to the
contralateral thalamus by crossing over immediately through the anterior commissure to the
opposite side of the spinal cord within the incoming segment.

5. Central opiate receptors

The endogenous analgesia system is a pain control system descending from brainstem to the
spinal cord (Fig. 3-10).

As an example, this system may explain why a runner who twists his leg during a competition
may finish the run before he really feels the pain. As soon as he has passed the goal and stop
running the pain often becomes severe, and he cannot run at all.

The cell bodies of the neurons belonging to this system are located in the periaqueductal grey
area of the midbrain, the periventricular areas, locus coeruleus, and the areas surrounding the
aqueduct of Sylvius (Fig. 3-10). Signals from these cell bodies reach the medullary raphe
magnus nucleus and the medullary nucleus reticularis gigantocellularis with nucleus reticularis
paragigantocellularis lateralis. The nuclei transmit signals via the descending pain-
suppressing pathway in the dorsolateral column to a pain inhibitory complex. Stimulation or
increased tone of the analgesia system can suppress strong pain signals entering the spinal cord
through the dorsal spinal horn. These regions contain opioid receptors. There are at least 4
types of central opiate receptors and their subtypes: u for morphine-like drugs, d and k for

enkephalins, and the non-selective s -receptors.

Endogenous opioids are substances with opiate-like effects. These substances are naturally
occurring in the nervous system (b -endorphin, met-enkephalin, leu-enkephalin, dynorphin and



many others). Endogenous opioids are derivatives of three large protein molecules encoded by
three different genes. These mother-molecules are pro-opio-melanocortin (POMC),
proenkephalin and prodynorphin.

Fig. 3-10: Opiate receptors in the CNS. Enkephalin, b-endorphin and dynorphin (3
peptides) appear in normal human cerebrospinal fluid.

Enkephalins inhibit both type C and type Ad (111) pain fibres presynaptically in the dorsal
horns. Enkephalin is the endogenous ligand for the d -opiate receptors. Dynorphin has much
higher affinity than morphine and is only found in small quantities close to the dynorphinergic
k -opiate receptors. b -endorphin is present in the hypothalamo-hypophysary system.

Presynaptically located opiates inhibit depolarization of nerve terminals and reduce synaptic
transmission. The purpose of pain is to protect the body from further or imminent harm.

A special type of burning pain is provoked by noxious heat or by capsaicin (which contain a
vanillyl-group) in chilli, paprica and pepper. These spices and heat stimuli seem to activate a
vanniloid receptor subtype 1 in sensory nociceptors with terminals in the dorsal horn of the

spinal tract. Activation opens Ca2*-channels and the CaZ*-influx is probably involved in the
burning sensation.

Gyrus cinguli has the highest density of central opiate receptors. Pyramidal cells are contacted
by opiate secreting interneurons that inhibit arriving pain signals.

6. Taste and smell

The sensations from the anterior 2/3 of the tongue travel with the trigeminal nerve fibres,
through the chorda tympani into the facial nerve (VIIth), and eventually reach the solitary tract
of the brain stem. Taste signals from the back of the tongue and surrounding tissues are
transmitted through the glossopharyngeal nerve (IXth) into the tractus solitarius. All taste fibres
synapse in the nuclei of the solitary tract and the axons of these neurons project to the
thalamus. From the thalamus third-order neurons reach the lower part of the primary sensory
cortex in the postcentral gyrus (somatosensory area | = area 1 in Fig. 4-2).

Fig. 3-11: Taste buds and taste pathways from the tongue.

Acids evoke sourness, because H* stimulates special H*-receptors in the taste buds. Saltiness

is produced by the anions of inorganic salts. The Cl™-receptor is particularly effective in
registering saltiness. Our taste buds at the base of the tongue also have bitter-receptors
stimulated by many long-chain organic compounds. Many alkaloids (quinine, caffeine, and
nicotine) also taste bitter. Sweet-receptors are stimulated by sucrose, glucose, lactose, maltose,
glycerol, alcohol, aldehyde, ketone, and organic chemicals.

In the upper nasal cavity the mucous membrane is yellow and termed the olfactory membrane.
It contains 100 million bipolar neurons called olfactory cells. They contain hairs or olfactory
cilia. The olfactory cells are smell receptors. They work as telereceptors, and the smell
pathways do not include the thalamic relay station and a neocortical projection area. Instead,
the olfactory cells pierce the cibriform plate and synapse in the olfactory bulb. The olfactory
tract then transmits the olfactory signals to the olfactory cortex at the surface of the temporal
lobe. In the limbic system (Eig. 4-3), olfactory information is correlated with feeding behaviour
and emotional-motivational behaviour.

Fig. 3-12: The olfactory region, its receptors and pathways.
Pathophysiology

This paragraph deals with 1.The thalamic syndrome, 2. Brown-Sequards syndrome, 3. Special
sensory pain disorders, 4. Taste and smell disorders.

1. The thalamic syndrome

The thalamic syndrome is frequently caused by thrombotic blockade of bloodflow to the
somatosensory thalamus. The destruction of thalamic neurons in one hemisphere leads to



ataxia and loss of sensations from the opposite side of the body. After a few months different
types of sensations return, but they are accompanied by pain.

2. The Brown-Sequards syndrome

The Brown-Sequards syndrome or paresis includes all effects of transection of only one half
of the spinal cord at a certain level. All motor functions on the side of the lesion are blocked in
the segments below the level (paresis, spasticity, and loss of vasoconstrictor tone). Sensations
of pain and temperature from all lower dermatomes on the opposite side of the body are lost,
because of transection of the contralateral spinothalamic tract. The only sensation left on the
side of transection is crude touch, because it is transmitted in the opposite ventral
spinothalamic tract. The total sensory loss is therefore termed dissociated anaesthesia.

3. Pathological pain

Hyperalgesia means hypersensitivity to pain. Hyperalgesia is caused by either hypersensitive
pain receptors (sunburned skin), or by facilitated transmission. Facilitated transmission is due
to abnormal stimulation of peripheral nerve fibres and neurons of the spinal cord or of the
thalamus.

A special type of hyperalgesia is present when herpes virus infects one or more dorsal root
ganglia. The virus excites the neurons and causes pain in the dermatomal segment subserving
the ganglion. The segmental pain circles halfway around the truncus on the affected side. The
virus is also transported by axonal flow to the cutaneous terminals, where it causes a
characteristic rash confined to the dermatome. The disease is called herpes zoster.

Causalgia is hyperalgesia and heat-cold-sensations accompanied by sweat secretion in a
region with nerve lesion. The hyperactivity in sympathetic efferent neurons and in nociceptive
afferents running along arteries is unexplained.

Even the lightest touch at sensitised trigger areas release - within seconds - severe lancinating
pain throughout the affected branch of the trigeminal nerve. The cause is unknown, and
therapy is usually unsuccessful.

Referred pain and central pain

Pain that originates from deep organs is poorly localised and often referred coming from
superficial structures. This may be explained by the fact that pain signals from viscera are
transmitted through neurons in the CNS that also transmit pain signals from a specific area of
the skin. Pain due to myocardial ischaemia (angina pectoris) is commonly described as pain
originating from the inner side of the left arm, and termed referred pain.

Dermatome anaesthesia

The mammalian embryo is segmented into so-called somites, which are innervated by an
adjacent part of the spinal cord. Every spinal dorsal root is destined to a segment of the skin
called a dermatome. Also muscles (myotomes) bone (sclerotomes), and viscera are related to
specific segments of the spinal cord or brain stem. The dermatomes are drawn with sharp
borders, which is unrealistic (Fig. 3-13). There is considerable overlap and several successive
dorsal roots must be interrupted to produce dermatome anaesthesia. In case of serious spinal
cord injury the dermatome map is useful for determination of the level and extent of the
lesion.

Fig. 3-13: Dermatomes

Central pain is a sensation of pain in absence of peripheral nociceptive stimuli. Central pain is
processed in the cortical pain areas, and caused by lesions along the nociceptive pathways
(peripheral nerves, the spino-thalamo-cortical tract and the thalamus).

Amputation of a limb is sometimes followed by phantom limb pain. The patient suffers from
severe pains, and the sensation is projected to the amputated limb. It is not known whether the
mechanism is central or peripheral.

Trigeminal neuralgia (tic douloureux) is a condition with daily paroxysms of violent pain in



part of the trigeminal area lasting only some seconds. The pain is provoked by eating, washing
the face or by cold in the face. The mandibular and maxillary area is involved. The paroxysm
finishes with saliva-tears- and sweat secretion. The disease is probably located to the
trigeminal Gasserian ganglion, but the cause is usually unknown. Drugs or surgical procedures
on the ganglion have variable effect.

Headache
Headache is caused by anomalies in intracranial or extracranial structures.

1. Intracranial headache is released from nociceptors in the meninges or in the arteries and
veins at the base of the skull. The brain tissue itself hardly contains pain receptors. The
intracranial types cover frontal, occipital, migraine, and meningeal psychogenic and pressure
headache.

Nociceptors are stimulated by stretch (dura or tentorium), by dilatation (vessels), or by
chemical means (eg. histamine, 5-hydroxytryptamine etc). The pain signals reach the CNS

through the 51 and 9t cranial nerve and the cervical sensory fibres.

Stimulation of supratentorial nociceptors is referred to the frontal area via the 5" cranial nerve

as frontal headache. Subtentorial nociceptors cause occipital headache through the 2" cervical
nerve.

Migraine headache

Migraine or hemicrania means unilateral headache, which is frequently but not always
present. Migraine is defined as recurrent attacks of headache associated with gastrointestinal
and visual disorders. There is evidence for a genetic aetiology of migraine: an autosomal
dominant inheritance with reduced penetrance (ie, expression only in permissive
environments).

Classical migraine has prodromal symptoms (aura) with visual disturbances due to ischaemia
in the retina. The onset is often in the eye region with spread towards the vertex or towards the
other eye and typically accompanied with nausea, emesis, photophobia and scintillating
scotomata. Sometimes sensorimotor abnormalities occur on one side of the body with ataxia,
dysphasia and syncope.

Frequently migraine occurs without aura, which make the diagnosis difficult.

Migraine is of unknown origin, but it is sometimes associated with prolonged psychological
stress. A hypothesis claims that prolonged emotional stress in sensitive individuals causes
reflex vasoconstriction of intra- and extra-cranial arteries. The brain ischaemia explains the
prodromal phenomena, and leads to accumulation of vasodilatating substances such as
adenosine, ADP, NO etc. At the onset of the aura, the plasma concentration of 5-
hydroxytryptamine rises, and it falls during the migraine attack.

After a brief period of aura the vessels dilatate, pulsate forcefully, and the walls become
oedematous. These changes are believed to cause the migraine headache.

Food containing nitrites and tyramine may precipitate migraine attacks.

Severe attacks of migraine are treated with 5-hydroxytryptamine; agonists, such as
sumatriptan, or with ergotamine tartrat.

Prophylaxis of migraine is carried out with 5-hydroxytryptamine antagonists (pizotifen,
methysergide) and b -adrenergic blockers.

Psychogenic headache varies in severity and location. This headache is generally accentuated
by conflicts or by anxiety with excessive sweating, tachycardia and hyperreflexia. This type of
headache can be the first sign of depression, if the condition is worse in the morning following
sleep disturbances.

Meningitis headache is accompanied by contraction of the neck muscles (stiff neck). The dura
and the venous sinuses are inflamed, and the headache is severe.



Pressure headache. Intracranial mass lesions (tumours, abscess, bleeding, and traumata) are
usually surrounded by brain oedema, whereby the basal vessels and the meninges are displaced
and generate pain. This causes a special pressure headache, which is exaberated by supine rest,
bending over, straining, sneezing and coughing. Any elevation of intracranial pressure induces
this type of headache. Pressure headache is often accompanied by vomiting.

Subdural haematoma must be suspected after head trauma with pressure headache.
Suddenly occurring headache following a trauma may be caused by subarachnoid haematoma.

When combined with fever, neck stiffness, back stiffness, and vomiting the cause may also be
meningitis, where a history of sore throat is frequently obtainable.

Fig. 3-14: The cutaneous innervation of the head and types of headache.

2. Extracranial headache is common and released from nociceptors in extracranial vessels, in
the muscles of the head and neck or by inflamed mucous membranes of the sinuses, sinus pain
(Fig. 3-14). The pain is felt directly over the frontal or the maxillary sinuses in the case of
sinusitis.

Typical is the muscle contraction headache located in the frontal or occipital muscles. The
frontal and/or occipital-nuchal muscles are tender. Frequently, both the occipital and the
cervico-trapezial muscles are tense and tender with specific pain points (loci dolendi).
Acupuncture or lazer therapy of these points is often effective. Treatment is difficult when
depression or accident sequelae is the underlying cause.

3. Taste and smell disorders

The geniculate ganglion is a sensory ganglion for taste, which lies at the genu of the facial
nerve. The nerve fibres join the facial nerve in the chorda tympani and carry taste from the
anterior two-thirds of the tongue. Cranial lesions involving the petrous temporal bone cause
loss of taste in this area together with an unpleasant loud distortion of noise called
hyperacusis. Hyperacusis is due to paralysis of the stapedius muscle.

The sensory fibres of the glossopharyngeal nerve carry taste from the posterior third of the
tongue. Cranial lesions involving the jugular foramen may damage the glossopharyngeal nerve
often together with the vagus and the accessory nerve.

Loss of the ability to smell is called anosmia. Head injuries involving the cibriform plate or
tumours damaging the sensory pathway may cause anosmia. Damage of the olfactory receptors
in the nasal mucosa by upper respiratory infections may lead to anosmia.

Equations

« Stevens proposed the power law to account for the non-linearity of most physiological
mechanisms. The interpreted stimulus strength (ISS) is equal to a constant (k) multiplied
by the actual stimulus strength (SS) raised to the power n:

o Eq.3-1: ISS = k*SS™.

In his original version, only the exponent n differed for each type of sensation. The equation
can be modified by subtracting different constants from SS before raising it to the power n, or
by changing the value of k.

Self-Assessment

Chapter 3. Multiple Choice Questions

I. Each of the following statements has True/False options:

« A. The somatosensory thalamus is a relay station for most sensory modalities.

 B. Glutamate is the main inhibitory transmitter in the CNS, whereas GABA is the
dominant excitatory transmitter.



C. Pain and temperature reach the thalamus through the lateral spinothalamic tract.

« D. Presynaptic transmission of opiates inhibits depolarization of nerve cell
membranes.

« E. The adequate stimulus of the cutaneous mechanoreceptors is deformation of the
receptor.

I1. Each of the following statements has False/True options:

« A. The Nissl bodies are stacks of rough endoplasmic reticulum.

B. Taste, heat and angular acceleration follow transfer functions, so the interpreted
stimulus strength decreases with the rise in actual stimulus strength.

C. Sensory receptor systems are biological transducers with a dynamic range up to 1012,

D. The B nerve fibres are autonomic preganglionic axons with a diameter less than 3
m m and a conduction velocity of 3-12 m per s.

E. The CSF has higher concentrations of K*, glucose, and protein than blood plasma,
and lower concentrations of Na* and CI".

Case History A

A female of 32 years is admitted to a neurosurgical ward with a discrete lesion in the spinal
cord caused by a traffic accident. Her vital functions are unaffected. The most important signs
are a complete lack of cutaneous temperature sensibility and pain sensibility in the left leg and
the lower left side of the trunk below the umbilicus (the navel).

Where in her spinal cord is the lesion localised?
Try to solve the problems before looking up the answers
Highlights

« The nervous system is a rapid signal transduction system and the main communication
network in our body. The integrative functions allow selection and processing of
incoming signals to produce an appropriate response.

« The nervous system includes sensory receptors that detect events in the body as well as
in the outer world. Several sensory tracts and pathways synapse in the nuclei of the
thalamus (the spinothalamic tract). The somatosensory thalamus is a relay station for
many sensory modalities.

 Neuroglia is supportive cells that sheath and protect neurons. Myelinated axons
propagate APs up to 50 times faster than unmyelinated with the same diameter.
Neuroglia also eliminates transmitters more rapidly from the synapse. The neuroglia

constitutes half of the brain volume, and there are about 1012 to 1012 glial cells in the
human brain.

« Sensory receptors in the nervous system are classified as exteroceptors (located on the
body surface), proprioceptors (located in muscles, tendons and joint capsules),
interoceptors (located in the viscera), and telereceptors (stimulated by events far from
the person).

« Sensory receptors are either neurons in the case of vision, smell and cutaneous senses,
or modified epithelial cells in the case of auditory, vestibular, smell and taste senses.

« Cfibres (IV) are unmyelinated and lead pain, touch and heat signals from the skin.

« The gate-control hypothesis of pain states that pain transmission is suppressed by
innocious signals in thick myelinated afferents (group I1), whereas the pain sensation is
enhanced by signals in thin afferents. Inhibitory interneurons in the dorsal horn of the
spinal cord perform the gate-control through a special type of presynaptic inhibition



called primary afferent depolarization (PAD), and the receptors on the cell body of the
secondary neuron is the gate.

« All taste fibres synapse in the nuclei of the solitary tract and the axons of these neurons
project to the thalamus. From the thalamus third-order neurons reach the lower part of
the primary sensory cortex in the postcentral gyrus (somatosensory area ).

« Dermatome anaesthesia. The mammalian embryo is segmented into so-called somites,
which are innervated by an adjacent part of the spinal cord. Every spinal dorsal root is
destined to a segment of the skin called a dermatome. Also muscles (myotomes) bone
(sclerotomes), and viscera are related to specific segments of the spinal cord or brain
stem.

« Loss of the ability to smell is called anosmia. Head injuries involving the cibriform plate
or tumours damaging the sensory pathway may cause anosmia. Damage of the olfactory
receptors in the nasal mucosa by upper respiratory infections may lead to anosmia.

« The thalamic syndrome is frequently caused by thrombotic blockade of bloodflow to the
somatosensory thalamus. The destruction of thalamic neurons in one hemisphere leads
to ataxia and loss of sensations from the opposite side of the body. After a few months
some of sensations return, but they are often accompanied by pain.

« Meningitis headache is accompanied by contraction of the neck muscles (stiff neck). The
dura and the venous sinuses are inflamed, and the headache is severe.

« Migraine headache begins with prodromal nausea and vision disturbances, often
occurring about one hour prior to the headache. The pain is located on one side of the
head in classical cases.

Further Reading

« Caterina, MJ, MA Schumacher, M Tominaga, TA Rosen, JD Levine, and D Julius.
The capsacain receptor: A heat-activated ion channel in the pain pathway. Nature 389:
816-24, 1997.

« Kandel, E.R., J.M. Schwartz and Jessop. "Principles of neural science.” New York:
Elsevier Science Publ. Co., 1991.

 Russell, M.B. and J. Olesen. "The genetics of migraine without aura and migraine with
aura." Cephalalgia 13 (4): 245-8, 1993.
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Chapter 4

Brain Function,

L ocomotion and Brain Function, Locomotion And Disorders

Disorders

Study Objectives Study Objectives

Principles

Definitions « To define akinesia, amnesia, aphasia, arousal, coma, rigidity, a motor unit and three

Essentials different unit types, habituation and non-associative learning, conditioning, and long-

Pathophysiology term potentiation.

W « To o_Iescri_be the primary motor cortex, the corticospinal pathways, da}m_age to the

Highlights cortlgo_splnal pathways, t_he contro_l of nucleus _ruber_, the symptoms rigidity and

Further Reading spasticity, nerve conduction velocity, monoaminergic transmission, postural control,

Fig. 4-1 neck-and labyrinthine reflexes, the control of voluntary movements, the cerebellar

Fig. 4-2 cortex and its pathways, cerebellum and motor learning, damage to the cerebellum,

Fig.4-3 damage to the basal ganglia, cause and therapy of Parkinson’s syndrome, the main

Eig.4-4 functions of the brain lobi and the hippocampus with effects of typical lesions, synaptic

Fig.4-5 plasticity in brain growth and brain damage.

E_:g% « To draw a model of the basal ganglia with pathways, a muscle tendon with efferent and

Fig_m afferent pathways, and a model of recurrent inhibition of motor neurons.

Fig. 4-9 « To explain the components in a reflex arch, the muscle tendon, the Golgi tendon organ,
the flexor reflex, the crossed extensor reflex, reciprocal innervation and inhibition,

Returtnto content alpha-gamma-coactivation, the effect of gamma-efferents on muscle length, the effects

Retumn to chapter 4 of a spinal cross sectional lesion, the orientation reflex, exteroceptive and proprioceptive

reflexes, and muscular force. To explain the electromyogram, autonomic movements,
damage to the capsula interna, damage to the pyramidal system, the techtospinal
pathways, nucleus raphe, locus coeruleus, the EEG during different conditions, sensory
and motor aphasia, and hemispheric dominance.

« To use the concepts in problem solving and case histories.
Principles

The functional unit of the nervous system is the neurone with its cell body, dendrites and axon,
which terminates in a synapse.

Action potentials passing down the axon release chemical neurotransmitters at the synapse.
Definitions

« Agnosia refers to lack og ability to recognise and interpret a sensory stimulus. Agnosia
is related to a lesion of the sensory cortex.

« Akinesia or hypokinesia or bradykinesia means inability to initiate normal movements.
Akinesia is a typically finding in Parkinsons disease.

« Anterograde amnesia is a lack of ability to learn anything new. This is a consequence
of bilateral removal or damage of the hippocampi.

« Aphasia is a condition with disorders of the language function. Lesions of the left
hemisphere produce deficits in the language function of most people.

« Apraxia refers to lack of ability to perform certain practical actions (unbutton a jacket
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etc) — often found with parietal-lobe syndromes. The apraxia of gait (failure of skilled
walking) is due to frontal-lobe disease.

Arousal is a high level of consciousness also called alertness.

Ataxia refers to uncoordinated movements in particular found as ataxic gait in cerebellar
disorders.

Athetosis refers to slow, serpentine, writhing involitional movements of the hands or of
most of the body. Athetosis is seen following neonatal insults (cerebral palsy).

Coma is an unresponsive state of unconsciousness from which the patient cannot be
awakened even with the most vigorous stimuli.

Chorea refers to rapid involitional hyperkinesia with jerky movements of the limbs.
Chorea is found in Huntingtons disease.

Dominant hemisphere is the hemisphere that controls the expressed language. Lesions
of the left hemisphere produce deficits in language function of most people. These
deficits are called aphasia.

Electroencephalogram (EEG) is a recording of a rhythmic electrical activity from the
surface of the skull. In humans, the EEG is recorded from a grid of standard leads.
Flexor withdrawal reflex is a nociceptive (pain) reflex involving all muscles of a limb
in flexor withdrawal. This is an attempt to protect the limb from further damage. The
reflex can activate extensor muscles of the opposite limb (the crossed extension reflex).
Habituation refers to a gradual diminution of the response to a repeated stimulus
without behavioural consequences.

Hemiballism refers to violent swinging movements of one side of the body almost
simulating the throwing of a ball. Hemiballism is caused by lesion of the contralateral
nucleus subthalamicus.

Learning is a change of behavior caused by neural mechanisms affected by experience.
Long-term memory (long term potentiation) is a prolonged storage and retrieval of
new information.

Memory refers to the neural storage mechanisms for experiences.

Non-associative learning means that the learning is unassociated to the stimuli.
Orientation reflex is a fundamental change of behaviour, where the eyes, head and
body are turned toward an alarming external stimulus.

Prosophenosia refers to the inability to recognize faces following extensive damage of
both occipital and temporal lobes.

RAS is an abbreviation for a large region of the reticular formation of the brainstem
termed the reticular activating system (RAS). Stimulation of this system causes arousal
and an arousal reaction in the electroencephalogram.

Retrograde amnesia refers to a condition, where the patient cannot recall information
from the memory.

Rigidity is a clinical condition with muscle stiffness caused by a high tonus level in the
alpha-motor units of limb muscles. The muscle resistance is increased towards slow,
passive movements of the limb and it is equal in opposing groups of muscles. This
condition is called lead-pipe rigidity and it is found in Parkinson’s disease.
Sensitisation is the opposite of habituation. The increased response upon repetition of a
stimulus has important behavioural consequences in order to avoid the threat.

Sensory aphasia refers to damage of the Wernicke area with difficulties in
understanding written or spoken language, although single words can be heard.

Sopor or clouding of consciousness is a term for reduced wakefulness.

Spasticity is a clinical phenomenon following lesion of one pyramidal tract. Loss of the
inhibitory effect of the corticospinal pathway increases the spinal reflex activity of the
gamma-loop. The muscle tone is increased towards rapid, passive movements of the
limbs resulting in a sudden clasp-knife effect. Stroke, spinal cord lesions, neonatal
insults (cerebral palsy) or multiple sclerosis causes spasticity.

Stupor is a sleepy state from which the patient can be aroused by vigorous stimuli.
Tone. Skeletal muscle tone is a low level contractile activity in some motor units driven



by reflex arcs from muscle receptors. Normally, the muscles feels relaxed and flaccid
during passive movements of the limbs. — Increased muscle tone is called hypertonia.
Hypertonia is found as spasticity in cerebral palsy and as rigidity in Parkinsons disease.
Low muscle tone is called hypotonia and found in cerebellar disorders.

« Tremor. Rest tremor with pill-rolling movements of the fingers is found in Parkinsons
disease. Intention tremor or action tremor is characteristic of cerebellar lesions.

Essentials

This paragraph deals with 1. The cortex and the reticular activating system, 2. Higher brain
functions, 3. The limbic system and the hippocampus, 4. Spinal organization of the motor
control, 5. Descending motor pathways, 6. Motor control by the brain.

1. The Cortex and reticular activating system

Six cell layers are recognized in typical regions of the cerebral neocortex and they are
numbered layers I-VI (Eig. 4-1). The neocortex first appears with the mammals, and its
structure is phylogenetically younger than the allocortex.

All six layers contain glial cells and more or less of the three typical neurons: Stellate cells,
pyramidal cells and fusiform cells. The superficial layers receive and process information,
whereas the deep layers are the sites of origin of most cortical efferents.

The six neocortical layers are as follows:

I. The molecular layer contains numerous dendrites, axons and axon terminals almost
without cell bodies.

I1. The external pyramidal layer contains mainly densely packed stellate cells, which are
GABAergic (inhibitory) interneurons.

I11. The external pyramidal layer contains small pyramidal cells. Pyramidal cells use
excitatory amino acids (aspartate, glutamate) as transmitters. Layers I, I, 111 connect
adjacent cortical regions and integrate cortical functions.

IV. The internal granular layer resembles layer Il with many stellate cells. Most of the
sensory signals project to layer IV.

V. The internal pyramidal layer resembles layer I11. The pyramidal cell bodies increase in
size inwards.

VI. The multiform layer consists of long spindle-shaped or fusiform cells arranged
perpendicular to the cortical surface.

VII. The perpendicular collections of neurons, axons and dendrites in the cortical areas form
the so-called cortical columns.

Fig. 4-1: The cerebral neocortex with pyramidal, stellate and fusiform cells.

The pyramidal and fusiform cells of layers V and VI provide the output from the cortex. The
pyramidal cells have long axons passing to other cortical regions to the brain stem and to the
spinal cord.

Thalamocortical afferents mainly project to layers I, 1V, and VI, whereas corticothalamic
projections have their origin in pyramidal cells in layers V and V1. These connections form a
reverberating thalamocortical system, which excite the cortex and contribute to the patterns of
the electroencephalogram (EEG).

A large region of the reticular formation of the brainstem is termed the ascending reticular
activating system (RAS), which determines our state of consciousness, by its connection with
the thalamocortical system (Eig. 4-2). The RAS transmits facilitatory signals to the thalamus.



The thalamus excites specific regions of the cortex, and the cortex then excites the thalamus in
a reverberating circuit with fast acetylcholine and long-lasting neuropeptides as transmitters.
Such a positive feedback loop is what wakes us up in the morning. External stimuli and
internal factors (inhibitory interneurons) serve to create a balance of different activity levels
during the day. RAS maintain the ascending thalamic activity, but also a certain descending
activity level in our antigravity muscles and reflexes. An inhibitory region in the medulla can
inhibit RAS and thus both its ascending and descending activity.

A high level of consciousness is called arousal or alertness, which is recognized in the EEG as
a high frequency-low voltage shift (see below). An orientation reflex, a fundamental change of
behaviour following an external stimulus, often accompanies arousal. The eyes, head and body
are turned toward the external stimulus.

Impaired consciousness is caused by malfunction of the neurons in the RAS, and the
impairment has at least three levels. Sopor or clouding of consciousness is a term for reduced
wakefulness, stupor is a sleepy state from which the patient can be aroused by vigorous
stimuli, and coma is a unresponsive state of unconsciousness from which the patient cannot be
awakened even with the most vigorous stimuli. Brain stem compression at the mesencephalon
leads to coma and death.

Fig. 4-2: The RAS and the thalamocortical system.

The electroencephalogram (EEG) is a rhythmic electrical activity recorded from the surface of
the skull. In humans, the EEG is recorded from a grid of standard leads (Fig. 4-2). During
neurosurgery the electrical activity is recorded from the surface of the cortex as an
electrocorticogram. In normal adult persons, the dominating frequencies are 8-13 Hz (a-
rhythm) over the parietal and occipital lobes, as long as the subject is awake and relaxed with
his eyes closed. With open eyes, the EEG becomes desynchronized with low amplitude (10
mV) and the dominant frequency increases to 50 Hz. The theta- (3-7 Hz) and delta rhythms
(0.5-2 Hz) are observed during light and deep sleep, respectively.

A thalamocortical rhythm produces coordinated extracellular currents, when the brain is not
exposed to external stimuli (Fig. 4-2). The EEG recording is due to large synaptic potentials
by whole groups of mainly pyramidal cells. The EEG pattern is desynchronized by sensory
inputs through the thalamus. The level of alertness (in RAS) also modifies the EEG pattern.

Each pyramidal cell - as with each Purkinje cell in the cerebellum - posses an extraordinarily

large number of synapses (108). The potentials recorded on the surface of the skull are 50-100
mV. The large pyramidal cells form a dipole with one pole directed toward the surface of the
cortex, and the other toward the white matter.

When an external stimulus evokes an EEG change, the change is termed a cortical evoked
potential. The large numbers of synaptic potentials in the cortical region are summated to form
an evoked potential recorded on the skull by an electrode placed over the associated cortical
area. However, evoked potentials are small, so measurement requires repeated stimulation and
signal averaging. The evoked potentials over the auditory, visual, and somatosensory cortex
(areas | and I1) are used clinically to assess the integrity of the respective sensory pathway.

Circadian periodicities are changes in biological variables that occur daily. The circadian
controller is the so-called biological clock, probably located in the suprachiasmatic nucleus of
the hypothalamus. The biological clock receives many projections from sense organs including
projections from the retina signaling light and darkness. These signals are transmitted further
to the pineal gland according to one hypothesis. Darkness probably stimulates melatonin
secretion by the pineal gland, which inhibits the secretion of gonadotropic hormones from the



anterior pituitary, and thus reduces sexual drive. Melatonin secretion decreases with age.

Destruction of the biological clock disrupts many biological rhythms, such as oscillations in
body temperature, other vegetative functions and the sleep-wake cycle.

The astronomic 24-hour cycle is shorter than the biological sleep-wake cycle (normally 25
hours). When flying east the astronomic cycle is shortened further acerbating the discrepancy
between the two cycles. This increases the problems of adjusting the circadian systems, which
often require a week to regain their normal phase relation to the biological clock. Problems
caused by changes of biological rhythm are summarized in the term jet lag. Melatonin is used
clinically to reduce the jet lag.

The endogenous circadian periodicity of the sleep-wake cycle is normally 25 hours - see
above. Sleep is divided into four stages based on EEG. The relaxed individual with eyes closed
has 8-13 Hz a-rhythm. As he falls asleep, he passes through the four stages of sleep. During
these stages the muscles are relaxed, all vital functions are decreased, and the gastrointestinal
motility is increased.

Stage 1 is light sleep, where a-rhythm is interspersed with theta rhythm. Stage 2 is somewhat
deeper sleep dominated by slow waves and by sleep spindles (periodic spindle-shaped bursts
of a-rhythm) and by large, irregular K-complexes. Stage 3 is characterized by delta waves and
by occasional sleep spindles. Stage 4 is recognized by the very slow delta waves with
frequencies around 0.5-1 Hz. The subject is difficult to wake up.

A different form of sleep with complete loss of muscle tone occurs periodically every 90-min
during stage 1 sleep. This is termed rapid eye movement sleep or REM sleep. Eye movement
artifacts and a desynchronized EEG (low voltage, fast activity as in the arousal reaction when
awake), is characteristic for REM sleep. The subject is difficult to wake up, so the condition is
therefore also termed paradoxical sleep.

Fig. 4-3. Differences in sleeping pattern between three age groups.

Spontaneous erection occurs during REM sleep, and an irregular heart rate and respiration are
often observed. Dreams occurring during REM sleep are often recalled by the person when
awake.

Children and young adults have all 4 stages of sleep and several periods of REM sleep (Fig. 4-
3). The depth of the non-REM sleep diminishes through the night and the REM periods
increase in duration (Fig. 4-3).

Stage 4 sleep disappears with age, and stage 3 sleep decreases in duration (Fig. 4-3). The REM
sleep is also reduced, and wake periods occur in increasing number. This is why elderly people
believe that they do not sleep sufficiently.

The passive theory of sleep claim sleep to be caused by reduced activity in RAS. However,
transecting the brainstem in the midpontile region produces an animal that never goes to sleep.
Stimulation at the nucleus of the solitary tract can induce sleep, suggesting that sleep be an
active process related to centres below the midpontile level.

The question is difficult to address. An educated guess is that sleep is an active, energy saving
condition, preferable to most animals. The metabolic rate during sleep falls to 75% of the basal
metabolic rate.

2. Higher brain functions



Each hemisphere consists of the following four lobes: the frontal - occipital - parietal and
temporal lobes.

The frontal lobe, located in front of sulcus centralis (central fissure), is involved in motor
behaviour. The frontal lobe contains the primary motor (area 4), the premotor (area 6), and the
supplementary motor areas (frontal eye areas 8 and 9 of Fig. 4-4). These cortex areas are
responsible for planning and execution of voluntary movements.

The motor speech areas (44 and 45 or Broca's area) are located close to the motor cortex, on
the inferior frontal gyrus of the dominant hemisphere in humans (the left hemisphere is
controlling the expressed language in most people). Lesions here cause motor aphasia
(difficulties with speech and writing). Patients with lesion of Broca's area (in the dominant
hemisphere) frequently suffer from paralysis of the opposite side (right) of the body.

Fig. 4-4. The human cerebral cortex of the left hemisphere controls the expressed
language.

The frontal cortex is also involved in personality and emotional behaviour - including attention,
intellectual and social behaviour.

The occipital lobe is located behind the parietal and temporal lobe, and involved in visual
processing and visual perception. Adjustments for near vision are controlled by the primary
visual cortex in area 17 and in the cortex around the calcarine fissure occipital lobe. The
conscious visual perception takes place in the primary visual cortex. The secondary visual
cortex is in area 18 and 19, where visual impressions are compared, interpreted and stored
(Fig. 4-4).

The important primary somatosensory area | is located on the postcentral gyrus (area 1,2 and 3
in Fig. 4-4). There is a distinct spatial representation of the different areas of the body in the
postcentral gyrus (the sensory homunculus). The secondary somatosensory area Il is located in
the rostral part of area 40, close to the postcentral gyrus (Eig. 4-2). The somatic association or
interpretation areas (areas 5 and 7) are located in the parietal cortex just behind the
somatosensory area | (Fig. 4-2).

Each side of the cortex receives information exclusively from the opposite side of the body.

Widespread damage to the somatosensory area | causes loss of sensory judgement including
the shapes of objects (astereognosis).

Auditory and vestibular signals are processed and perceived by the superior temporal gyrus
(area 41 in Fig. 4-2). Area 42 is the secondary auditory centre, where auditive signals are
interpreted and stored.

The medial temporal gyrus helps control emotional behavior in the limbic system and all the
functions of the autonomic nervous system.

Signals from the auditive (area 42), visual (areas 18 and 19) and somatic (areas 7 and 40)
interpretative areas are integrated in the posterior part of the superior temporal gyrus. This
large gnostic area is specially developed in the dominant hemisphere, where it is called the
general interpretative or language comprehension area (Wernicke's area). Damage in
Wernicke's area causes sensory aphasia (i.e., difficulties in understanding written or spoken
language, although single words can be heard).

Learning processes



Learning is a change of behavior caused by neural mechanisms affected by experience.
Memory refers to neural storage mechanisms for experiences. The hippocampus is involved in
learning and memory.

1. Non-associative learning means that the learning is unassociated to the stimuli.

Habituation refers to a gradual diminution of a response by repetition of a stimulus, because
experience show that the stimulus is unimportant. Sensitization is the opposite of habituation.
Firstly, a strong threatening stimulus triggers a certain response, but repetitions of the stimulus
increase the size of the response in order to avoid the threat. This evaluation is called the
reward and punishment hypothesis. The neural processes are probably related to the function
of the hippocampus.

In the snail aplysia a facilitating interneuron releases serotonin onto the presynaptic terminal of
a neuron. This stimulates adenylcyclase and the formation of intracellular cAMP in the
presynaptic terminal. The resulting protein kinase activation causes phosphorylation and

blockage of K*-outflux. The K™ -outflux is necessary for recovery from the action potential.
Lack of K*-outflux prolongs the presynaptic action potential considerably. This causes a

prolonged Ca2*-influx into the presynaptic terminal with increased release of neurotransmitter
and facilitated synaptic transmission.

2. Associative learning is the process of learning by associations between stimuli. The free
radical nitric oxide (NO) modulates learning.

Conditioning refers to a neural process of associative learning, where there is a temporal
association (optimum 0.5 s) between a neutral stimulus (eg, a sound before food) and an
unconditioned stimulus (food) that elicits a response (gastro-intestinal secretion). Repetition of
the sound-food manoeuvre develops into a conditioned reflex, where the sound alone elicits
salivary secretion.

In operant conditioning the response is associated with reinforcement, which changes the
probability of the response. Positive and negative reinforcement increases the probability of
the response, whereas punishment reduces its probability. Learning is highly improved by
happiness. Light stress is an advantage in learning something new. However, substantial stress
is not helpfull in the recall process, and stress can completely block the memory.

Strategic behavior is the basis for our social life. Strategic or motivated behavior is related to
homeostasis in general (defence, reproduction, temperature and appetite control). Previously,
strategic behavior was explained by negative feedback with the purpose as a fixpoint, and with
the human brain playing a minor role. Today it is generally accepted that the cerebral drive is a
dominant determinant for strategic or motivated behavior. The drive that arouses individuals
from inactivity originates in the limbic system (including the hypothalamus), that is acting in
close relation to the thalamus and the cerebral cortex. The limbic system is connected to the
autonomic control functions of the brainstem reticular formation by the medial forebrain
bundle. These vital functions are thermocontrol, appetite control and sexual behavior (Chapter
6).

The dominant hemisphere is the hemisphere that controls the expressed language. Lesions of
the left hemisphere produce deficits in language function of most people. These deficits are
called aphasia. The left planum temporale in the floor of the lateral fissure of Sylvii is larger
than that of the right hemisphere in most people - not only right-handed. The right hemisphere
is dominant for functions related to language (intonation, body language), and to
mathematically related functions. Each hemisphere controls the contralateral side of the body.



Information between the two hemispheres is transferred through the anterior commissure and
the corpus callosum. The language centres on the left hemisphere cannot influence the right
hemisphere unless the corpus callosum is intact. The two hemispheres can operate relatively
independently with language. One hemisphere can express itself through spoken language. The
other communicates non-verbally.

If an animal with intact corpus callosum and optic chiasm learns a visual discrimination task
with one eye closed, the task can still be performed with the untrained eye alone, even when
the optic chiasm is transected before the animal is trained. Therefore, visual information is
transferred as long as the corpus callosum is intact.

Surgical transection of the corpus callosum has been performed to prevent epilepsy from
spreading. When such a patient fixate his vision on a point on a screen, it is possible to
stimulate only one hemisphere by showing an object to one side of the visual field. Similar
objects (key, ring, nail, fork etc) can be manipulated (but not seen) through an opening below
the screen. Healthy persons can locate the correct object with either hand. Split-brain patients,
with the picture of the object transferred to the right hemisphere, can locate the correct object
with the left hand (ie, right hemisphere), not with their otherwise preferred right hand.

Jigsaw puzzles are solved with such manipulo-spatial capabilities. Right-handed patients with
split brain can solve three-dimensional puzzles, if the visual signals can reach the motor cortex
for the hand to explore. The visual and motor cortex are connected to each other only in the
same hemisphere, when the corpus callosum is cut.

Memory research has characterized three temporal stages in human memory processes.

« 1. An immediate memory holds sensory information for a few hundred milliseconds to
seconds for analysis and further processing. The immediate memory is erased by new
incoming signals, so we can only remember a few new telephone numbers at a time.

Accumulation of Ca2* in the presynaptic terminals with each signal possibly causes
prolonged release of neurotransmitter at the synapse (synaptic potentiation).

« 2. The short-term memory is covering seconds to a few minutes, and the short-term
memory receives selected information from the immediate memory. Information is
erased as new items displace old data. If a person sees a rapid succession of slides, it is
the last slide that remains in the short-term memory. We store recent events in the short-
term memory, by a neural activity with improved synaptic efficacy that lasts for seconds
to minutes. The improved synaptic efficacy is possibly due to synaptic potentiation,
presynaptic facilitation, or impulses circulating in neuronal circuits for a restricted
period.

« 3. The long-term memory is a large and permanent memory. The long-term memory
receives information from the immediate and the short-term memory. Recycling of
information through the short-term memory is termed rehearsal. The likelihood of a
successful storage in the long-term memory increases with the number of cycles. When
the long-term memory is searched for a certain information, it may take minutes to recall
the memory. The long-term memory is subdivided into the intermediate long-term
memory, which lasts for days or weeks and can be disrupted, and the long lasting long-
term memory, which lasts for years.

« 4 The long lasting long-term memory is the storage in the brain of highly overlearned
information as one's own name and address. This memory is difficult to disrupt, and it is
seldomly affected in retrograde amnesia (see below).



The long-term memory and consolidation of memory relate to effector protein
synthesis at the synapses. Electron microscopy suggests an increased number of
vesicular release sites in the presynaptic terminals.

Retrograde amnesia is a term used for a condition where the patient cannot recall information
from the immediate and short-term memory. The mild form of retrograde amnesia is typical
following head lesion with loss of consciousness (cerebral commotion). The short-term
memories have only been rehearsed a few times and probably stored only discretely.

The long term-memories are widespread in the cortex as structurally maintained modifications
of the synapses after many rehearsals. Only in severe cases is the long-term memory involved.

3. The limbic system, the hippocampus and emotions

The limbic system is the neuronal network that controls emotional and motivational behavior.
Motivational behavior include control of vegetative functions such as body temperature,
respiration, circulation, osmolality of body fluids, sexual behavior, smell, thirst, appetite and
body weight.

Hypothalamus constitutes the major part of the limbic system, and is located in the middle of
the other limbic elements.

Fig. 4-5. The limbic system. The corpus callosum is transected, and we are looking at the
medial aspects of the right hemisphere.

The limbic cortex begins in the frontal lobe as the orbitofrontal cortex, extends upward as the
subcallosal gyrus, over the corpus callosum and into the cingulate gyrus (Fig. 4-5). The limbic
cortex finally passes caudal to the corpus callosum down towards the hippocampus, para-
hippocampal gyrus and uncus at the medial surface of the temporal lobe (Fig. 4-5). The fornix
connects the hippocampus to the mamillary body. The mamillothalamic tract connects the
mamillary body to the anterior nucleus of the thalamus. Thalamus connects to the cingulate
gyrus, and its cortex is associated with the hippocampus. Stria terminalis connects the
amygdaloid body to the midbrain septum and to the mamillary body (Eig. 4-5).

The limbic paleocortex links the subcortical limbic structures to the neocortex. Hereby, the
limbic system relates behavior and emotions to the intellectual cortex functions.

Another important pathway is the medial forbrain bundle, which connects the limbic system to
the autonomic control functions of the brainstem reticular formation.

The hippocampus connects with the cerebral cortex, the midbrain septum, the hypothalamus,
the amygdaloid and the mamillary bodies and acts both as a store and a recall centre (Fig. 4-
5). The hippocampus is the decision-maker, determining the importance of incoming signals.
Hippocampus becomes habituated to indifferent signals, but learns from signals that cause
either reward (pleasure) or punishment. Hippocampus is the "brain librarian” (helps the cortex
to store new signals into the long lasting long-term memory). The signal molecule, nitric oxide
(NO), modulates aspartate responses related to hippocampal long-term potentiation.

Bilateral removal of the hippocampi in epileptic patients permanently disrupts the ability to
learn anything new (anterograde amnesia). Other lesions of the hippocampi reduce previously
learned memory material (retrograde amnesia - see above). Long-term alterations imply a rise
in the number of synapses. Cholinergic synapses in the midbrain septum are essential to our
memory, and these neurons are dependent upon the nervous growth factor. Repeated activation
of a sensory pathway increases the reaction of pyramidal cells. Such a reaction may last for
weeks in the hippocampus and be involved in storage and retrieval of new information in the



long-term memory.

Our memory (cortex and hippocampus) works as a filter. Perhaps only 1 per mille of all
received signals contain useful or emotional information and are catched in the memory.
Unfortunately, we are unreliable witnesses, because we invent emotional "information”
concerning a factual experience. The easiest facts to remember are those that make sense. All
facts, concepts and acquired skills are stored in a ready-to-use fashion. Feelings play a large
role in memory, and strong impressions that are charged with emotion etch themselves into our
memory.

A recollection is split up into numerous subunits in different regions of the brain. Later, all
subunits are brought together by the hippocampus into a complete memory (eg, a certain smell
act as a strong clue to a clear memory from way back). One individuals recollection of a
particular incident can trigger off anothers, whereby new associations can be created.

4. Spinal organization of motor control

Motor activity can be voluntary or involuntary. Voluntary movements are planned and started
by feedforward control, and when maintained for a while they are regulated by feedback loops.
Involuntary movements comprise reflexes, such as the stretch reflexes, and autonomic
functions, such as the respiratory muscle movements. We have motor centres in the cerebral
cortex, the brainstem, the spinal cord, the cerebellum, and the basal ganglia. Motor centres all
receive sensory information in an organized neural structure termed a somatotopic map (see
the motor homunculus).

We have 200 different skeletal muscles, which are controlled by more than 300 000 motor
units.

A motor unit is comprised of a a-motor neuron, all its axon terminals, and the skeletal muscle
fibres it innervates. The number of muscle fibres in a motor unit varies from 2 in highly
regulated eye muscles (entirely red fibres) to 2000 in the quadriceps femoris muscle. The
motor unit is the final common pathway, because all muscle fibres of the unit contract when a
motor unit is activated. Adjacent motor units interdigitate, so they can support each other. The
muscle power is increased by recruitment of more motor units and by increased frequency of
discharge in each unit.

We have three types of motor units (a-motor neurons) in a mixed muscle such as the
gastrocnemius. The three types of motor units are characterized in Chapter 2, Box 2-2.

The myotatic stretch reflex

A spinal reflex is a stereotyped motor reaction to an input signal. The myotatic stretch reflex is
the most crucial monosynaptic reflex for the maintenance of the erect body posture in humans.

Fig. 4-6: The phasic myotatic stretch reflex and reciprocal innervation (F-).

The reflex has two components. Firstly, the primary annulospiral endings (group la) of the
muscle spindles trigger the phasic stretch reflex. Secondly, both primary and secondary
endings elicit the tonic stretch reflex.

« 1. The phasic stretch reflex is elicited in the clinic by a light tap on a muscle tendon.
When the patellar tendon from the quadriceps muscle is stretched quickly by the tap, a
discharge is elicited in the afferent fibres (Ia) from the primary endings of the muscle
spindle (Fig. 4-6). This is the phasic myotatic stretch reflex or the so-called patellar
reflex. These la fibres synapse directly (monosynaptically) on a-motor neurons that
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supply the extensor muscles of the knee (E+ in Fig. 4-6). The response elicited is a brief
contraction of the latter. Of all the presynaptic terminals arriving to the motor neuron up
to 90% are located on the surface of the dendrites. The remaining 10% synapse on the
soma of the motor neuron.

 The la afferent fibres also synapse with small group la inhibitory interneurons in the
grey matter of the spinal cord, as the one synapsing with the upper a-motor neuron in
Fig. 4-6. This neuron innervates the semitendinosus muscle, which flexes the knee joint
(F- in Fig. 4-6). The reflex inhibition of antagonist muscles when synergistic muscles
are contracted is called reciprocal innervation. In pathologic conditions, the phasic
stretch reflexes may be depressed or hyperirritable.

« 2. Passive bending of a joint triggers the tonic stretch reflex. This elicits a discharge in
both groups la and Il afferents from the muscle spindle. The tonic stretch reflex
contributes to the erect body posture and helps maintain posture by increasing the tone
of the physiologic extensor muscles (ie, antigravity muscles).

Renshaw inhibition and presynaptic inhibition

Renshaw inhibition. Cajal found that the a-motor axons give off thin recurrent (antidromal)
collaterals in the grey matter of the spinal cord (Fig. 4-6). These collaterals synapse with
Renshaw interneurons in the ventral horn (Fig. 4-6). The Renshaw cells synapse with a-motor
neurons of synergistic muscles, and thus inhibit monosynaptic reflexes (postsynaptic
inhibition). Stimulation of each a-motor unit inhibits adjacent motor units (ie, recurrent
inhibition). This is also called the principle of lateral inhibition, whereby the motor response is
confined to selected units only.

Descending signals from the brain can either amplify the postsynaptic inhibition or reduce its
effect. Renshaw cells make it possible for the higher brain centres to influence spinal reflexes
by central inhibition or facilitation.

Presynaptic inhibition. Presynaptic terminals contain a large number of voltage-gated Ca?*-

channels. Ca2* must enter the presynaptic terminal from the extracellular space before the
vesicles can release their neurotransmitter at the synapse. Presynaptic inhibition takes place at
presynaptic contact sites on the presynaptic terminals. Activation of these sites closes many

Ca2+-channels, and thus inhibits transmitter release.
The Golgi tendon organ

The Golgi tendon organs are the serially located terminals of group Ib fibres wrapped around
bundles of collagen fibres in the tendons. Golgi tendon organs monitor the force in the tendon;
they are activated either by stretch or by contraction of the muscle. The adequate stimulus is
the force developed in the tendon.

The inverse stretch reflex or the Golgi tendon reflex completes the stretch reflex by a force-
controlling feedback. The Golgi tendon organs monitor force in the tendons. Golgi tendon
organs are in series with the muscle fibres - not parallel as the muscle spindles. If the extensor
muscles of the thigh are fatigued, as during standing, the force in their tendons begins to
decrease. This reduces the discharge of the Golgi tendon organs. This acts as a compensating
feedback, which excites the a-motor neurons and increases the force of contraction. The
inverse stretch reflex helps maintain the force of muscular contraction and posture during
standing. During the rapid contraction of the myotatic stretch reflex, the inverse stretch reflex
reduces the force of contraction. The stretch reflexes regulate the length of the muscle, and



provide a length-force feedback to the CNS.
The muscle spindle

The muscle spindle monitors muscle length and rate of change of length (velocity); they are
particularly abundant in muscles that are capable of fine movements and in large muscles that
are dominated by slow twitch fibres. The organ is shaped like a spindle, which lies in parallel
to the large, regular, extrafusal muscle fibres. Each organ contains two main types of intrafusal
muscle fibres: Nuclear bag fibres which swell in the equatorial region due to all the nuclei
located here, and thin nuclear chain fibres which have central nuclei arranged in line (Fig. 4-
7). The primary afferent fibres (la) twine around the equatorial regions of both the bag and
chain fibres like a corkscrew or annulospiral; the annulospiral nerve endings signal length and
velocity. The secondary afferent fibres originate mainly from the nuclear chain fibres and with
a few branches originating from the nuclear bag fibres (Fig. 4-7). They monitor only the length
of the muscle.

Two types of g-motor neurons innervate the muscle spindle. The dynamic g-motor axons form
plate endings (P5) on the nuclear bag fibres, while static g-motor axons form creeping trail
endings on nuclear chain fibres (Fig. 4-7). The intrafusal fibres receive a Ab-motor fibre,
which terminates with P, plate endings on both extra- and intrafusal muscle fibres (Fig. 4-7).

The Ab-motor fibres may be involved in a-g-coactivation.

When the extrafusal fibres contract, the muscle spindles shorten, whereby the discharge rate of
their afferents decreases.

Fig. 4-7: The structure of a muscle spindle with a bag and a chain fibre.

Activity of the g-motor neurons causes the polar spindle regions to contract on either end. This
elongates the equatorial regions so that muscle spindles can adjust to stretch (Fig. 4-7).

Descending commands from the brain often cause contraction of both extrafusal and intrafusal
fibres simultaneously so that the muscle spindle is sensitive to stretch at all muscle lengths.
When the muscle is stretched, the muscle spindles are simultaneously stretched with it, and the
discharge rate of the afferents is increased.

The flexion reflexes

The flexion reflexes are triggered by various flexion reflex afferents including nociceptors. The
flexion reflexes have a long latency, because it involves polysynaptic interneurons. The
afferent discharge causes excitatory interneurons to activate a-motor neurons that innervate
ipsilateral flexor muscles. The afferent discharge also causes inhibitory interneurons to inhibit
a-motor neurons, supplying the ipsilateral extensor antagonists.

The flexor withdrawal reflex is crucial. This reflex is also called a nociceptive reflex or a pain
reflex, and involves all the muscles of a limb in flexor withdrawal in order to protect from
further damage. In addition, the reflex can activate the extensor muscles of the opposite limb.
This contralateral activity is termed the crossed extension reflex by reciprocal innervation.

The locomotor pattern generator controls flexion reflexes involved in locomotion.

Severe visceral disease can trigger contraction of the chest and abdominal muscles, which
reduces pain by limiting movement of the body. When examining the abdomen of such a
patient it will be observed that the muscles are tense. This sign is called defence musculaire,



which is a viscero-somatic protective reflex.
Coordination of limb movements

We possess pattern generators or neural circuits in the spinal cord, for every limb and for
respiration, chewing etc. The midbrain locomotor centre, via the reticular formation and
through the reticulospinal tracts, organizes the commands. Such spinal pattern generators also
account for other movement patterns like scratching, dancing etc.

5. Descending motor pathways

Clinical dichotomy traditionally subdivides the descending fibres into the pyramidal and the
extrapyramidal pathways; this is based on the fact that the corticospinal tract passes through the
medullary pyramids. Therefore, interruption of the corticospinal or pyramidal tract was
supposed to cause pyramidal tract disease (see later). The problem, however, is that the loss of
the corticospinal tract does not explain all the classical signs of pyramidal tract disease.

The concept of extrapyramidal pathways raises other problems. The concept of extrapyramidal
tract diseases is generally used to designate one or more disorders of the basal ganglia. While,
extrapyramidal pathways do play a role in basal ganglia diseases (as in cerebellar disease), the
main motor pathway involved in basal ganglia diseases is the corticospinal tract!

The descending motor pathways can also be dichotomized based on their endpoint in the spinal
cord, and hence which muscles they control and how. Pathways ending in the lateral horn of
the spinal cord (on motor neurons or interneurons) are called the lateral descending motor
system (the rubrospinal tract and the lateral corticospinal tract). Pathways ending on the medial
ventral horn interneurons are termed the medial descending motor system (containing reticulo-,
tecto-, and ventriculo-spinal tracts).

The lateral corticospinal, the corticobulbar (to the facial motor and hypoglossal nucleus) and
the rubrospinal tracts control the manipulative movements of the limbs and the lower face and
tongue muscles. The corticospinal and corticobulbar tracts originate from areas 4, 6, 8, 9, and
somatosensory area | (areas 1, 2, 3 in Fig. 4-4). The large and small pyramidal cells and the
giant pyramidal cells of Betz are the cells of origin of these tracts. The corticospinal tract
descends through the internal capsule and brainstem. At the medullary pyramid 80% of the
fibres cross to the opposite side and descend in the dorsal lateral funiculus as the lateral
corticospinal tract. The fibres of this tract end on motor neurons and interneurons in the lateral
horn of the spinal cord. These motor neurons innervate distal muscle groups. Interruption of
the lateral corticospinal tract implies loss of the fine control of the digits. Interruption of the
corticobulbar tract to the facial motor and hypoglossal nucleus implies loss of voluntary
movements of the lower face and tongue. Interruption of the rubrospinal tract from the red
nucleus combined with corticospinal lesions give rise to difficulty in separating finger, hand
and arm movements. The red nucleus is closely linked to the deep cerebellar nuclei.

The lateral or dorsolateral descending system allows the primary motor cortex to modify the
reflexes and pattern movements at the level of the spinal cord.

The medial or ventromedial descending system involves the ventral corticospinal tract and
much of the corticobulbar tract ending in the medial group of brainstem and spinal cord
interneurons. The ventral corticospinal tract continues caudally in the ventral funiculus on the
same side and ends bilaterally on the medial interneurons. They control the axial muscles and
bilateral activity including chewing and wrinkling of the eyebrows.

Other medial system pathways originate in the brainstem:



« 1. The lateral vestibulospinal tract excites motor neurons that innervate proximal
postural muscles. It receives input from all compartments of the vestibular apparatus and
from cerebellum to the lateral vestibular nucleus.

« 2. The medial vestibular tract receives signals from the semicircular ducts and from
cerebellum, and excites motor neurons in cervical and thoracic segments. Thus, it
controls the head position in response to angular accelerations of the head.

« 3. The pontine reticulospinal tract excites motor neurons to the proximal extensor
muscles to support posture.

« 4. The medullary reticulospinal tracts have mainly inhibitory effects on many spinal
reflexes.

« 5. The tectospinal tract from the superior colliculus causes contralateral movements of
the head in response to touch and auditory stimuli. This tract allows the integration of
hearing and vision with motor performance.

« 6. Pathways from the solitary nucleus and the interstitial nucleus of Cajal are involved
in the pharyngeal stage of swallowing. The solitary nucleus receives all sensory signals
from the mouth including taste, and is involved in cardiovascular and respiratory
control.

The ventromedial system is important for the normal muscle tone and body posture.
Monoaminergic descending pathways

« 1. The neurons of the pontine locus coeruleus and nucleus subcoeruleus contain nor-
adrenaline (NA). These nuclei project to and inhibit interneurons and motor neurons of
the spinal cord through the lateral funiculi.

« 2. The neurons of the raphe nuclei in the medulla, which are connected to the limbic
system also, contain serotonin. The serotonergic nuclei project to and inhibit dorsal horn
interneurons reducing pain transmission, and they also project to and excite ventral horn
motor neurons of the spinal cord, thereby enhancing motor activity.

« 3. There is also a descending dopamine pathway.
The three monoaminergic pathways function as motor system amplifiers.
6. Motor control by the brain

The primary motor cortex (area 4) on the precentral gyrus controls distal muscles of the
extremities. Area 4 is organized parallel to the somatosensory cortex. The face is represented
laterally near the Sylvian lateral fissure, and the legs on the medial part of the hemisphere. The
cortical representation is somatotopic and disharmonic, as indicated by the motor homunculus.

The premotor cortex helps control proximal and axial muscles.

The supplementary motor cortex is involved in motor planning and in coordination of
movements. The frontal eye fields initiate saccadic eye movements.

Corticospinal neurons discharge before voluntary muscle contraction, and the size of the
discharge is related to the size of the contractile force. The somatosensory cortex and the
posterior parietal association cortex receive feedback from the sensory neurons system, which



helps correct motor feed-forward commands.
The role of the cerebellum

The little brain, also termed the motor autopilot, helps regulate movements and posture,
influences muscle tone, eye movements and balance.

Cerebellum is particularly concerned about the timing of rapid muscular activities including the
interplay between agonist and antagonist muscle groups. Motor learning is programmed in the
cerebellum. Cerebellum compares the proprioceptive input from the actual movements, with
the movements intended by the motor control areas of the brain. Cerebellum controls the
sequence of movements, and makes corrective adjustments just like an autopilot.

The cerebellar cortex is characteristically folded and consists of three phylogenetically
different structures related to three afferent pathways (inputs). The large neocerebellum in
higher mammals is also called the pontocerebellum and consists of the hemispheres and vermis
caudal to the primary fissure. The paleocerebellum or spinocerebellum consists of vermis of
the anterior lobe, pyramis, uvula and paraflocculus. The small archicerebellum or
vestibulocerebellum is simply the flocculonodular lobe.

Three important outputs from the cerebellum also divide it into three functional units. The
vermis of the cerebellar cortex projects to the fastigial nucleus, the pars intermedia to the
globose and emboliform nuclei, and finally the hemisphere, which projects to the large dentate
nucleus (Fig. 4-8).

Fig. 4-8: Neuronal connections between the cerebellar cortex and the deep cerebellar
nuclei.

The cerebellar cortex is build up of three layers. The superficial molecular layer with axons,
dendrites and many synapses, the Purkinje-cell layer and the granular layer (Fig. 4-8). The
small granule cells send their axons into the molecular layer, where they divide and send so-
called parallel fibres in each direction along the folium. These fibres excite the dendrites of
the Purkinje and the Golgi cells. The Golgi cells inhibit the granule cells by feedback
inhibition. Stellate and basket cells are interneurons that inhibit dendrites and cell bodies of the
Purkinje-cells, respectively. Each Purkinje cell is stimulated from a climbing fibre, which
projects from the inferior olive. All neurons with cell bodies in the cerebellar cortex are
inhibitory except for the granule cells. The cerebellar cortex modulates the activity of the deep
cerebellar nuclei.

The incoming pathways to the cerebellum end as mossy fibres on the granule cells. Each
mossy fibre reach many granule cells. The input signals through the mossy fibres evoke simple
spikes (single action potentials) in Purkinje-cells. The climbing fibres produce repetitive or
complex discharges in Purkinje cells. Complex spikes of long duration and low frequency are
involved in the cerebellar programming of motor learning. The Purkinje-cell axons terminate
in the deep cerebellar nuclei or in the lateral vestibular nucleus.

This is the basis for cerebellar coordination and fine, rapid adjustments of complex
movements. The cerebellar hemisphere affects movements on the same side of the body,
because of its crossed connection to the motor system. The motor system projects
contralaterally.

Discrete electrical stimulation of cerebellum does not cause movements or sense impressions,
so it is also termed the silent brain.

The vestibulocerebellum projects to the vestibulospinal and reticulospinal tracts, which



coordinate balance and eye movements. The vestibulo-ocular reflex produces conjugate eye
movements in the direction opposite to that of the head movement. The vestibulo-collic reflex
increases the neck muscle tone damping the induced movement.

The spinocerebellum receives proprioceptive input from the spinal cord (the spinocerebellar
tracts). The spinocerebellum controls the axial muscles through the medial descending motor
system, and the proximal limb muscles through the rubrospinal tract of the dorsolateral system.

The pontocerebellum receives decision signals and motor control signals from the cerebral
cortex by way of pontine nuclei. The pontocerebellum is involved in motor planning, and
controls the distal limb muscles through the lateral corticospinal tract.

The basal ganglia

The main function of the basal ganglia is to initiate and stop movements. The basal ganglia
inhibit the thalamus, and thus reduce the thalamic stimulation of the motor Cortex.

Fig. 4-9: The basal ganglia and their interplay. Transmitter stimulation is marked by +,
and inhibition by -. The affected cell bodies or axons at disease states are marked with a
bar.

The basal ganglia also contribute to cognitive (i.e., intelligence, knowledge, and motor
learning) and affective (i.e., emotional) functions.

The basal ganglia include the globus pallidus and striatum. Striatum consists of the nucleus
caudatus and the putamen. These deep brain nuclei function in collaboration with several
thalamic nuclei, substantia nigra and the subthalamic nucleus (Eig. 4-9).

The striatum receives afferent fibres from the cortex (Glutamate + = glutaminergic excitatory
fibres), and dopaminergic (inhibitory) fibres from substantia nigra (Dopamine -). Striatum
projects to the globus pallidus and to the substantia nigra. These connections are GABAergic
and inhibitory (GABA - in Fig. 4-9). Globus pallidus receives afferent GABAergic fibres from
striatum, and projects to the thalamus with GABAergic efferents. In the striatum, there are
excitatory cholinergic pathways.

Pathophysiology

This paragraph deals with 1.Pure lesion of the medullary pyramid, 2.Abnormal muscle tone, 3.
Spinal transection syndrome, and 4. Cerebellar disease. -

Capsular stroke, Parkinson’s disease, dyskinesias and epilepsy are all dealt with in Chapter 7,
which is a systematic description of neurological and psychiatric disorders. Read chapter 7
before trying to solve the case histories.

1. Pure lesion of the medullary pyramid

The control of fractionated finger movements is absent. There is a positive sign of Babinski.
Flexion reflexes are not found, and neither is spasticity. On the contrary, muscle tone is
decreased. In summary, a pure interruption of the corticospinal tract alone does not show the
same signs as capsular stroke.

The main deficits caused by medial lesions are reduced muscle tone in the physiologic
extensors, loss of balance during walking and standing, and loss of rightening reflexes (they
tend to restore head and body position). However, fine finger movements are quite normal.



2. Abnormal muscle tone

Spasticity is used in clinical neurology to describe muscles resisting fast, passive movements
of the limbs, especially in extreme articular positions. When the limbs are moved in extreme
articular positions, the increased muscle resistance suddenly disappears. Spasticity includes
hyperactive stress reflexes and foot clonus. The resistance dominates in the physiological
extensors (antigravity muscles). Spasticity is typical for stroke, where the capsula interna is
damaged. The resulting disruption of the lateral descending system is extended by damage of
other cortical efferents to the basal ganglia, the thalamus and pons (see Chapter 7).

Rigidity is muscle stiffness caused by prolonged activity in the motor units. The muscle
resistance is increased towards passive movements of the limbs in any direction (lead pipe
rigidity). This condition is found in Parkinson's disease (see Chapter 7).

3. Spinal transection syndrome

The spinal shock is immediately recognized by several characteristic symptoms: flaccid
paralysis with loss of stretch reflexes, areflexia, loss of autonomic functions, and of all
sensation below the level of transection. After a few weeks the spinal shock fades away and
the reflexes return and become hyperactive (foot clonus), including mass reflexes and flexion
reflexes. A spastic paralysis or paresis replaces the flaccid paralysis.

4. Cerebellar disease

Cerebellum can suffer from damages at two locations: 1. Damage to the flocculonodular lobe
causes nystagmus and difficulties in gait and balance (i.e., resembling lesion of the vestibular
apparatus). 2. Damage to the vermis or the intermediate region and hemisphere, results in
motor disturbances of the trunk and limbs, respectively.

Cerebellar disorders include cerebellar incoordination, dysequilibrium, and loss of muscle
tone.

Cerebellar incoordination comprises ataxic gait, as seen in alcohol intoxication and in
disseminated sclerosis. Another type of ataxia is dysmetria, where there is an inability to move
the limbs to the desired position. Many patients manifest their ataxia as dysdiadochokinesis,
which is a disturbance of the normal ability to make repeated supinations and pronations of the
lower arms. Complicated muscle function is stepwise - not smooth. Intention tremor is seen
when the patient is asked to touch a target. Speech is slow and slurred, a defect termed
dysarthria or scanning speech.

Dysequilibrium results in balance problems, and the patient falls to the affected side. Gyratoric
vertigo is a genuine rotational or merry-go-round vertigo with the associated loss of
equilibrium. This cerebellar vertigo is similar to that following lesion of the vestibular
apparatus.

Loss of muscle tone is called hypotonia. The hypotonic lack of damping causes the leg to
swing back and forth, when the patellar reflex is triggered - so-called pendular knee jerk.

Cerebellar nystagmus is involuntary movements of the eyeballs around their natural position -
often accompanied by rotational vertigo, when the flocculonodular lobe is damaged.

Self-Assessment

Multiple Choice Questions



I. Each of the following five statements have True/False options:
A. The frontal cortex is involved in motor and emotional behavior.

B. The somatic association or interpretation areas (area 5 and 7) are located in the
temporal cortex.

C. Recycling of information through the primary memory is termed rehearsal.

D. Retrograde amnesia following brain commotion is a loss of the short-term
memory.

E. The limbic system relates behavior and emotions to the intellectual cortex
functions.

I1. Each of the following five statements have False/True options:
A. The EEG arousal reaction is a low frequency-high voltage shift.

B. Circadian periodicities are changes in biological variables occurring once a
day.

C. N-methyl-D-aspartate-(NMDA)-receptors bind aspartate, dopamine and
glutamate.

D. Dreams occur during REM sleep, and the person always reproduces them when
awake.

E. Dominating EEG frequencies of 8-25 Hz are characteristic of light sleep.
I11. Each of the following five statements have True/False options:

A. Fast fatigable motor units consist of type II1B twitch fibres with few
mitochondria and small amounts of myoglobin.

B. The Renshaw cells synapse with a-motor neurons of antagonistic muscles, and
thus inhibit monosynaptic reflexes.

C. The cerebellar hemisphere affects movements on the opposite side of the body.

D. The Golgi tendon organs are the serially located terminals of group Ib fibres
wrapped around bundles of collagen fibres in the tendons.

E. The ventromedial descending system involves the ventral corticospinal tract and

much of the corticobulbar tract ending in the medial group of brainstem and spinal
cord interneurons.

4. Case History A
An outstanding Russian composer, 63 years of age, recovered from a cerebral insult. However,
he could no longer understand spoken or written language, although his speech was fluent.
The composer also maintained his ability to compose excellent music.

« 1. What is the name of this deficit in language function?

« 2. Where in the brain is the lesion localized and in what side of the brain?



4. Case History B

A male of 65 years suddenly falls and is found in deep coma by the doctor. There is a left-
sided hemiplegia with short arm-long leg as a flexion reflex. The paralysis and areflexia turns
into spastic hemiparesis with a positive sign of Babinski. The deep stretch reflexes (patellar-
and Achilles-tendon reflexes) are enhanced. There is loss of superficial reflexes (the
abdominal and cremasteric reflexes). When the Achilles-tendon reflex is triggered it releases
foot clonus. When the patient is awake from coma his facial nerve paresis is examined. He can
knit his brows and turn his eyes upwards.

« 1. What is the pathophysiologic basis for this condition?
« 2. What are spasticity and foot clonus?
« 3. Is the facial nerve paresis central or peripheral?
Try to solve the problems before looking up the answers .
Highlights

« The reticular activating system (RAS) transmits facilitatory signals to the thalamus. The
thalamus excites the cortex, and the cortex then excites the thalamus in a reverberating
circuit. Such a positive feedback loop is what wakes us up in the morning. During the
day external stimuli and internal factors including inhibitory interneurons balance the
different activity levels.

« Impaired consciousness is caused by malfunction of the neurons in the RAS, and the
impairment has at least three levels. Sopor or clouding of consciousness is a term for
reduced wakefulness, stupor is a sleepy state from which the patient can be aroused by
vigorous stimuli, and coma is a unresponsive state of unconsciousness from which the
patient cannot be awakened even with the most vigorous stimuli.

« Circadian periodicities are changes in biological variables that occur daily. The
circadian controller is the so-called biological clock, probably located in the
suprachiasmatic nucleus of the hypothalamus. The biological clock receives many
projections from sense organs including projections from the retina signaling light and
darkness.

« Children and young adults have all 4 stages of sleep and several periods of REM sleep
each night. The depth of the non-REM sleep diminishes through the night and the REM
periods increase in duration.

« The motor speech areas (44 and 45 or Broca's area) are located close to the motor
cortex, on the inferior frontal gyrus of the dominant hemisphere in humans (the left
hemisphere is controlling the expressed language in most people). Lesions here cause
motor aphasia (difficulties with speech and writing). Patients with lesion of Broca's area
(in the dominant hemisphere) frequently suffer from paralysis of the opposite side (right)
of the body.

« The medial temporal gyrus helps control emotional behaviour in the limbic system and
all the functions of the autonomic nervous system.

« The hippocampus is involved in learning and long lasting long-term memory. This is
what makes hippocampus the decision-maker.

« Motor centres all receive sensory information in an organized neural structure termed a
somatotopic map (motor homunculus).

« The motor unit is the final common pathway, because all muscle fibres of the unit
contract, when a motor unit is activated. Adjacent motor units interdigitate, so they can
support each other. The muscle power is increased by recruitment of more motor units
and by increased signal frequency in each unit.



« Renshaw cells make it possible for the higher brain centres to inhibit or facilitate spinal
reflexes.

« Cerebellum or little brain is also termed the motor autopilot, because it helps regulate
movements and posture, and influences muscle tone, eye movements and balance.

« Cerebellar disorders include cerebellar incoordination, dysequilibrium, and loss of
muscle tone.

« The main function of the basal ganglia is to initiate and stop movements. Disorders of
the basal ganglia, such as lack of dopamine in substantia nigra, result in a clinical
syndrome with rigidity, hand tremor, and akinesia (Parkinson’s disease).
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The Nervous System
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Symbols Chapter 5.
Chapter 5 . .
Special Senses And Special Senses And Disorders

Disorders Study Objectives
Study Obijectives
%ﬁ,‘ﬁ « To define adequate stimuli for vision, hearing and balance. To define astigmatism,
W cataract, glaucoma, hypermetropia, myopia, presbyopia, colour blindness, hemianopsia,
scotoma, strabismus, and visual acuity and agnosia. To define nerve deafness,

Pathophysiology . . . .
Equations conduction deafness, presbyacusis, nystagmus, and transportation sickness.

Self-Assessment « To describe the anatomy of the eye, including the retina and sensory pathways and
Answers cortical visual organisation. To describe the inner ear including hair cells, and the
Highlights vestibular system. To describe the eye movements, receptive fields, the colour vision,
Eurther Reading the sound transfer, the mechanical-electrical transduction in hair cells.

Fig. 5-2  To calculate the correction of refractive disorders, and the hearing loss from relevant
Fig. 5-3 variables given.

Fig. 5-4 « To explain the function of photoreceptors, dark adaptation, the pupillary reflex, the
sensitivity to sounds, the travelling wave and the frequency theory. To explain the
diagnosis and pathophysiology of the following disorders: astigmatism, hypermetropia,
myopia, presbyopia, colour blindness, hemianopsia, visual agnosia, strabismus, nerve
Return to content d - o . .
Return to chapier 5 eafness, conduction deafness, presbyacusis, nystagmus, and transportation sickness.

« To use the concepts in problem solving and case histories.

Principles

« The human eye as light perceives electromagnetic radiation at wavelengths between 400
and 725 nm. Electromagnetic radiation (“waves") do not require a medium for
propagation. This spectrum of wavelengths is seen in a rainbow. Light reflected from a
star traverses the empty space. Electromagnetic radiation in any narrow band within
this spectrum is termed monochromatic light.

« The camera obscura is a simple model of the eye. The camera obscura is a device in
which a small aperture creates a reversed image on the receptive surface. The aperture
can be extended if a convex lens is mounted in front of it. The image then produced on
the receptive surface (retina) is reversed and reduced (see textbooks in physics).

« A mechanical wave is a wave that propagates by disturbing the particles of a medium.
Sound waves are such mechanical or matter waves. The laws of quantum mechanics
determine their behaviour.

Definitions
« Anopsia is a visual field defect reaching the periphery of the field (see glaucoma).

« Astigmatism is a refractive disorder of the eye in which the curvatures of the cornea or
lens are different along different meridians. The different meridians therefore have
different focal distances.

« Cataract is an eye disease, where the vision is blurred by an opaque lens.

« Colour blindness is a group of recessive inherited sex-linked (X chromosome)
disorders. Colour blindness is inherited from the father - with the daughter as a carrier -
to her son.

« Conduction deafness is caused by impairment of the mechanical conduction of sound
into the cochlea.
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Far-point (F or punctum remotum) for the eye is the fixation point in the un-
accommodated eye.

« Glaucoma is a term used for eye disorders with loss of optic nerve fibres and of the
visual field. Frequently, the cause is an increased intraocular pressure (above 25 mmHg)
due to reduced fluid outflow at the irido-corneal junction.

« Hypermetropia or far-sightedness is a refractive disorder with insufficient refractive
power, whereby the far point is always located behind the eye.

« Hemianopsia means loss of vision in half of the visual field of both eyes. The loss of
vision refers to the visual filed, and thus to the contralateral half of each retina.

« Myopia or near-sighted is a refractive disorder, where the patient can only foveate
diverging light waves (both from the near- and the far point). The patients usually have
elongated eyeballs.

« Near-point (N or punctum proximum) of the eye is the fixation point for the maximally
accommodated eye (ie when the lens is in its most spherical configuration).

« Nerve deafness is caused by damage of the cochlea, the auditory nerve or nucleus.
There is hearing loss by both air and bone conduction.

« Nystagmus is a disorder with abnormal involuntary movements of the eyeballs.
 Presbyacusis refers to the decline with age in the capacity of hearing high tones.

« Presbyopia is called old mans sight, because the lens loses its elasticity and hence its
ability to assume a spherical shape, so the patient cannot accommodate for near vision.

« Receptive field is an area of the visual field from which light is perceived through a
certain ganglion cell in the retina.

« Scotoma or localised blindness is an island-formed visual defect caused by a lesion of
the retina in one eye, or by partial interruption of the optic nerve (see glaucoma). The
visual field defect may be absolute or relative.

« Strabismus (squint) or cross-eyed is an eye disease, where the visual axes of the two
eyes do not converge on the fixation point of the object simultaneously.

« Transportation sickness or kinetosis is a disorder with vertigo, nausea and vomiting
due to rapid changes in the direction of motion.

 Visual accommodation is the rise in refractive power of the lens, obtained as the lens
rounds up because of contraction of the ciliary muscle and relaxation of zonule fibres.

« Visual acuity is the resolution capacity of the eye. Cones have a high-resolution
capacity and hence a high visual acuity, because the light is focused on the fovea, where
the cones are concentrated.

« Visual agnosia or mental blindness, is lack of the ability to combine the seen object into
a concept.

Essentials

This paragraph deals with 1. The visual system, and 2. The auditory and vestibular system.
1. The Visual System

This system detects, transmits and interprets photic stimuli. Photic stimuli are electromagnetic
waves with wavelengths between 400 and 725 nm. This is visible light or the adequate
(effective) stimulus for the eye.

The eyes can distinguish brightness and colour. The photoreceptors are rods and cones located
in a specialised epithelium called the retina. In each eye the retina contains about 6 million
cones and 120 million rods. In the peripheral region of the retina both rods and cones converge
on bipolar cells. The bipolar cells converge on ganglion cells giving rise to the one million
nerve fibres in each optic nerve. In addition, there are horizontal cells and amacrine cells in the
retina. They conduct impulses laterally.

Rods and cones



Rods are most sensitive in the dark (scotopic vision). More than hundred rods converge on
each ganglion cell. There are no rods at all in the fovea.

Cones operate best in light (photopic vision). Cones have a high-resolution capacity and hence
a high visual acuity, because the light is focused on the fovea, where the cones are
concentrated. The high resolution is also due to the small convergence of cones to bipolar cells
in the fovea (approximately a 1:1 relationship). Cones are responsible for colour vision. Cones
are surrounded by pigment, except where the light enters.

The eye contains chamber fluid, which is produced by filtration and secretion in the ciliary
processes. The intraocular pressure is normally 1.3-2.6 kPa (10-20 mmHg). Increased
resistance to fluid outflow at the iridocorneal junction leads to increased intraocular pressure
with loss of optic nerve fibres- or glaucoma. In this condition, the retinal artery is compressed
at the optic disc, where it enters the eye. This causes retinal and optic nerve atrophy which
eventually results in blindness.

A diopter is the unit for the refractive power of a lens. The diopter (D) equals the reciprocal
value of the focal length of the lens in metre (m).

Visual accommodation is the rise in the refractive power of the lens, obtained as the lens
rounds up, because of contraction of the ciliary muscle and relaxation of the zonule fibres.

Each object we look at has a special target point (the fixation point), from which light passes
un-refracted through the nodal point of the eye and focuses on the fovea, creating the sharpest
possible image. The nodal point in the eye is precisely the point through which a light beam
passes un-refracted. The far point (F or punctum remotum) for the eye is the fixation point in
the un-accomodated eye (Fig. 5-1). The near point (N or punctum proximum) of the eye is the
fixation point for a maximally accommodated eye (ie, when the lens is in its most spherical
configuration). The refractive power of the lens can vary between 12 and 26 D. The
accommodative power of the eye is the rise in refractive power from the un-accomodated to
the maximally accommodated condition (see Eq. 5-1). A child of 10 years has 12-14 D, a 20
year old person 10 D, and a 60 year old person only 1 D in accommodative power.

The optical distance convention defines all distances measured from a light source to the eye,
to be positive. Thus, all distances from the eye to the light source are negative. Hence, the
distance from the nodal point of the eye to a point in front of the eye is negative. Convex
refractive media bend (convergence) in-falling light behind the media and thus have a positive
diopter. Concave lenses have refractive powers with negative Diopters, because the focal point
is in front of the lens.

Convergence or near vision occurs when the eye focuses on an object closer than 6 m from the
eye. Near vision - even with only one eye - triggers accommodation and pupillary
constriction. The ciliary muscle and the pupillary sphincter muscle are innervated by the
parasympathetic oculomotor nerve, and the two muscles contract simultaneously for near
vision.

The visual fields of both eyes are perceived as only one continuous visual fields (the Cyclops
eye effect). This is fusion or the illusion that we are looking at the world with only one eye.

In a healthy eye, the light from an object in the visual scenario is focused sharply on the retina
by the cornea and the lens. Both of these refract (bend) light. The cornea has a refractive
power of 43 D, and the healthy lens has a refractive power that varies between 12-26 D. Thus
the total refractive power is 56-69 D. The lens allows the eye to accommodate, so that both
near and distant objects can be focused on the retina and thus clearly seen. When we look at
distant objects with normal eyes and relaxed ciliary muscles, the object foveates automatically.
However, when we look at nearby objects, the light is initially focused behind the retina. The
lens then rounds up, by contraction of the ciliary muscles and relaxation of the zonule fibres
(i.e., accommodation), to focus the image on the fovea.

The normotropic eye has the ideal refractive power. Parallel light from the far point (F in the
upper part of Fig. 5-1) foveates on the retina in the un-accomodated eye. Light from the near



point (N in Fig. 5-1) in the totally accommodated eye also foveates.

Fig. 5-1: Hypothetical light rays for emmetropic, myopic, facultative and absolute
hypermetropic eyes.

The coloured space in front of each eye is the fraction of the three dimensional space, which
can be focused on the retina for a given visual axis (Fig. 5-1).

Eye movements

Conjugate movements are movements of both eyes in the same direction and magnitude, so
that the relation between the visual axes is maintained. When focusing on far away objects, the
parallel axes are maintained during conjugate movements. Likewise, conjugate eye movements
maintain the convergence angles of the eye required for focusing on nearby objects.

Saccadian or jumping movements are rapid eye movements. Saccadian eye movement is an
instantaneous reposition of the eye that occurs when reading or when focusing on a flash of

light in the peripheral visual field. The velocity of the movement is up to 500° per s. The
latency period is 250 ms, and the contraction time is 50 ms. The compensatory eye movement
involving the vestibular system, occurs when the head rotates. This is also an example of
Saccadian eye movement.

In contrast, pursuit movements are smooth eye movements that allow the eye to track a moving
object. They have a velocity of up to 30° per s.

These two movements work together in optokinetic nystagmus. This is a shift between smooth
pursuit movements and correcting jumps. The direction of nystagmus is by convention
indicated by the rapid correcting phase.

Even during foveation of an object the eyes are not totally still. The eyes are continuously
performing miniature eye movements, which occur at a rate of 3 microsaccades per s, with
mean amplitude of 0.1°.

Photoreception

The number of photoreceptors in a human eye is estimated to be 110-130 million rods and 5-7
million cones.

Each photoreceptor cell includes an outer and an inner segment, which are united by a thin
cilium. The outer segments are directed towards the pigment epithelium of the peripheral
retina, and contain stacks of disks that are rich in photo-pigment molecules. The inner
segments contain the cell nucleus and numerous mitochondria. The rods are predominant

outside the fovea, and they contain much more pigment (108 rhodopsin or molecules per rod)
than do cones. Rods are so sensitive that a single photon can trigger a rod response. Rods are
therefore well suited for night vision. Rhodopsin or visual purple has two absorption maxims:
350 and 500 nm. The spectral extinction curve for rods corresponds to that of rhodopsin,
suggesting that rhodopsin is the chemopigment in rods. Rhodopsin consists of a glycoprotein
(opsin) and a chromophore group (11-cis-retinal). Retinal is the aldehyde of vitamin A,

(retinol).

The fovea only contains cones. Cones function in the daytime with maximal visual acuity and
colour vision. The human eye possesses three types of cones, each with a specific pigment
related to the three basic colours: red (erythrolab), green (chlorolab) and blue (cyanolab). The
cones in the fovea do not contain cyanolab.

When the human eye is fully adapted to darkness, its rods have open Na*-channels, and the

resulting influx of Na* maintains depolarised rods with a resting membrane potential of -40
mV. The rod cell synapses with bipolar and horizontal cells, and releases glutamate as long as

the dark depolarisation is maintained. Na* is continuously removed from the rod by the Na*-
K* pump.

Inside the rod a special amplification takes place. Light absorption by a single rhodopsin
molecule activates thousands of G-protein molecules (transducin), which then activate large



quantities of cGMP phosphodiesterase in the discs. Each of these enzyme molecules catalyses
the hydrolysis of cGMP to 5’-GMP at a rate of thousands per second. The reduction in

[cGMP] closes the Na*-channels, and hyperpolarises the cell. The amplification mechanism is
probably why the eye is capable of detecting a single photon.

A similar cascade of reactions takes place in cones, when they are stimulated. Cones are so
small that the hyperpolarization occurs rapidly.

Each ganglion cell has a receptive field in the retina that is comprised of a number of
photoreceptors.

The fraction of a receptive field belonging to each photoreceptor is added to neighbour areas in
order to obtain the receptive area of a bipolar or a horizontal cell. An on-bipolar cell is
depolarised by white light, whereas an off-bipolar cell is hyperpolarised. Signals are
transmitted from the photoreceptors to the ganglion cells as a graded response. These small
receptive areas are summated to form a circular receptive field for each ganglion cell (Fig. 5-
2). Ganglion cells can generate action potentials and transmit signals to the brain.

1. One type of ganglion cell has a centrally located excitatory area, surrounded by an
inhibitory annular area (Fig. 5-2). Together these form an on-centre off-surround
receptive field. Here, an on-response is triggered in the bipolar cell that is connected to
the on-ganglion cell.

2. Another type of ganglion cell has a centrally located inhibitory area (inhibited by light),
surrounded by an excitatory annular area (Fig. 5-2). These form an off-centre on-
surrounding receptive field.

3. A third type of ganglion cell is connected to both on- and off-bipolar cells, so its centre
is both stimulated and inhibited by white light.

Fig. 5-2: Ganglion cell receptor fields in the retina.

The ganglion cells can also produce transient or sustained reactions. These reactions are due to
adaptation to light (decreased sensitivity with exposure) and lack of adaptation, respectively
(Fig. 5-2).

Ganglion cells in the fovea are connected to few or only one cone. Some ganglion cells are
excited by blue light and inhibited by its opponent colour yellow. Other cells are excited by
green and inhibited by the opponent colour red. This mechanism is the so-called colour
contrast analysis of the retinal ganglion cells. Colour opponent neurons are found not only in
the ganglion cells but also in the lateral geniculate nuclei.

Retinal signals pass through the main visual pathway: the optic nerve, the lateral geniculate
nucleus, the optic radiations (the geniculostriate tracts), the primary visual cortex, the pretectal
area, the Edinger-Westphal nucleus, the oculomotor nerve and the ciliary muscle.

Each point of the retina has a corresponding location in the dorsal lateral geniculate nucleus
and in the visual, striate cortex (area 17). The nerve fibres in the optic nerve run so the upper
quadrants of the retina are represented in the upper half of the nerve, and the lower quadrants
in the lower half.

Such a retinotopic map is present in the lateral geniculate nucleus and maintained throughout
the visual pathways and in the visual cortex. The receptive field in the retina is maintained all
the way to the cortex. This is the basis of fusion. The consequence is that the right striate
cortex receives information about objects located in the left side of the visual field, and the
striate cortex in the left hemisphere receives information about the right side of the field of
vision. In general, each hemisphere of the brain is connected to sensory and motor activity of
the opposite side.

The lateral geniculate nucleus has three different pairs of neuronal layers (1-2, 3-4, 5-6).
Ganglion cells from the ipsilateral (same side) eye projects to layers 2, 4 and 6, whereas
ganglion cells from the contralateral eye projects to layers 1, 3, 5. The lateral geniculate



nucleus is involved in integration and registration of pictures formed in corresponding areas of
the retinal surfaces. Some neurons react to white light (with circular receptor fields), while
other neurons react to opponent colours. When we jump from one highlight to another in the
visual field, each jump is called a saccade. Selection of visual stimuli may be located in the
lateral geniculate neurons (possibly performing gate control).

Most of the neurons in the geniculate nucleus projects to the striate cortex by way of the optic
radiations (geniculostriate tract). Neurons in a certain column of the lateral geniculate nucleus
project to precisely the same part of the striate cortex (area 17). The lateral geniculate nucleus
also receives information from the cortex (in particular the visual cortex) that is essential for
selection of signals of particular interest.

The striate cortex (area striata, area 17) is located around the calcarine fissure on the medial
side of each occipital lobe. The optic radiation ends mainly in synaptic contact with simple
cells in layer 4 of the striate cortex. Simple cells have on- and off-fields. Complex cells
receive inputs from several simple cells, and hypercomplex cells receive inputs from several
complex cells.

Axons from one eye terminate in millions of functional units called ocular dominance columns

consisting of about 103 neurons. Cortical neurons are arranged in orientation columns showing
orientation selectivity for lines edges or bars. Other cortical neurons are arranged in direction
columns showing direction selectivity. Colour blobs are interspersed among the other columns
(see later).

A large area at the occipital pole represents the macula, and the upper and lower half of the
visual field is represented below and above the calcarine fissure. The upper layers of the
superior colliculus perform visual processing. The deep layers produce eye movements.

The cortical area V4 contains colour-sensitive neurons, and the visual association areas 18 &
19 (Eig. 4-4) contain many cells with complex functions.

The absolute sensitivity depends upon the adaptive condition of the retina, the pupillary
diameter, and the source of light (spectral composition, exposure time, and light source

dimensions). The threshold for the completely dark-adapted eye is (7x 10-11) Watts/m?2.
The Trichromatic Theory

Light adaptation is a decrease in visual sensitivity during constant stimulation. This occurs
rapidly because the rhodopsin bleaches readily. Hence, in daylight (photopic cone vision) we
are dependent on cones for vision. Night vision (scotopic rod vision) is extremely sensitive to
light, because of dark adaptation. It takes at least 20 min in dark surroundings before the rods
become fully adapted. In a dark movie theatre, we have scotopic vision with low visual acuity
and colour blindness. As soon as the film is projected we experience partial light adaptation, so
that the photopic cone vision is resumed.

The trichromacy theory postulates that an appropriate mixture of the three basic colours can
produce any colour: red, green and blue. The three types of cone pigments have different
opsins, and opsins that differ from that in rhodopsin. Groups of cortical neurons called cortical
colour blobs respond specifically to colour signals, and also receive signals from adjacent
columns of the visual cortex. Cortical colour blobs are probably the primary stations for
perception of colour, and they are found both in the primary and the secondary visual cortex
areas. Perception of spectral opponent colour pairs is located in discrete colour blobs of the
visual cortex.

The three cone pigments are Erythrolab for red (maximal sensitivity at 555 nm), chlorolab for
green (525 nm), and cyanolab for blue (450 nm). The absorption spectra of the photopigments
overlap considerably. The three cone types are uniformly distributed in the retina, except in the
fovea. Fovea has no cyanolab cones and no rods. This gives the fovea partial physiologic
scotoma (ie, no blue vision and no scotopic dark vision). The real physiologic scotoma is the
dark spot corresponding to the optic papilla. Inhibition of neighbour ganglion cells from on
centre field ganglion cells is called lateral inhibition; it occurs also in the lateral geniculate



nucleus or in the visual cortex. Lateral inhibition provides simultaneous contrasts and
enhancement. Each colour-contrast neuron is excited by one colour and inhibited by the
opponent colour. Opponent colours are red-green, yellow-blue, and green-purple.

Contrast analysis begins already in the retina and is elaborated centrally in the lateral
geniculate nucleus, the thalamus and the visual cortex. If there is a multilevel neural system for
the analysis of colour mixing, we also need to assume the existence of a neural system for
colour brightness, depending upon the intensity of the light. Healthy people are trichromats,
because they have all three cone pigments.

Spatial resolution or minimum separabile is the capacity of the eye to see two stimulated
retinal areas as separated. In healthy young humans the spatial resolution is about 1/60 degree,
depending upon luminosity, exposure time, patterns and opponent colours in the visual
scenario. The most important factor limiting this capacity is the cerebral integration.

Temporal, visual resolution is the capacity of the eye to see consecutive light stimuli as
separate. Intensity is directly related to duration of perception of light. Contrast further
decreases temporal resolution, a flash of light in the dark is perceived for longer than in bright
surroundings. Temporal resolution is also determined by the wavelength of light. The eye is
maximally sensitive at the absorption maxims of the three cone pigments and rhodopsin.

The positive after-picture is a visual impression lasting longer than the stimulus. It is visible on
a dark background following exposure of the eye to intense light. The negative after-picture
follows the positive afterpicture as a dark shadow or as the opponent colour. The negative
after-picture is due to adaptation of the area in the retina related to the picture.

A flickering source of light liberates successive flashes so rapidly that they fuse, and appear to
be continuous. In the darkness of a movie theatre we do not sense the flickering frequency of
24-48 frames each s, or those of a television screen with 50-60 frames per s. With increasing
intensity of illumination the critical fusion frequency increases abruptly. This is why young
persons can look directly into a neon light and see its flickering character even with 60-100
flashes each s. Accordingly, the cones of the healthy human eye have a critical fusion
frequency around 60-100 flashes per s with optimal illumination. The photopic cones are much
more sensitive to rapid alterations of light intensity than the rods.

Movements in the visual scenery are depicted as opposite movements on the retina.
Convergent inputs from the eyes result in depth perception (ie, stereopsis or stereoscopic
vision). Stereopsis depends upon the medial, longitudinal fasciculus and the corpus callosum.
These structures co-ordinate the movements of the two eyes. The two eyes are 7-8 cm apart,
which causes slight disparities between their retinal images. Disparate receptive fields and thus
excitation of specific cells in the secondary visual cortex probably exhibit the perception of
depth.

Distance evaluation requires high visual acuity and experience with objects of known size.

Essential for the development of the baby’s brain is human milk proteins and long chain fatty
acids in the mother milk. Protein deficiency from birth reduces formation of brain neurons and
thus limits brain development including the development of visual capacity. Many vitamins
and key proteins have hormonal and transmitter function in the brain, and lack of such
substances in the critical growth period just after birth, results in irreversible damage. The
action of endogenous nerve growth factor is necessary for the normal functional and
anatomical development of the visual system. In the critical period of visual development,
which is the first two years of life, the child must be exposed to a multitude of visual stimuli.
This is necessary for the development of neurons and key substances that can record future
visual stimuli. The ability to fuse the two optic fields is a process that has to be practised. This
fact is an important basis for the treatment of cross-eyedness (strabismus).

Cross-eyedness or squint (strabismus) is an eye disease, where the visual axes of the two eyes
do not converge on the fixation point of the object simultaneously. Thus the retinal images do

not fuse on corresponding areas on the two retinas. Since the fixation line only foveate in one

eye, the patient can learn to suppress the other picture in the brain. Hereby, double vision is



avoided at the expense of visual acuity.
2. The Auditory And The Vestibular System

The two systems share the labyrinth, and transmit signals to the brain through the 8t cranial
nerve. The two systems record fluid movements and use the so-called hair cells as mechanical
transducers.

Sounds are sense impressions that consist of complex mixtures of compression and
decompression waves that can be broken down to pure tones by Fourier analysis. Pure tones
are sinusoidal waves of a specific frequency (cycles per s or Herz = Hz) and amplitude.

Sinusoidal waves can change phases. The normal human ear is sensitive to pure tones with
frequencies between 10 and 30 000 Hz, in a young person.

As people age, their capacity to hear high tones declines. This condition is termed
presbyacusis.

Sound propagates at 343 m/s in air at 20°C, although each single air molecule only moves a
few mm in the direction of propagation. The unit of sound pressure (p) is Pascal (Pa).
According to international convention the sound pressure level (SPL) is expressed in decibel
(dB) - see Eq. 5-2.

Any rise in the SPL of 10 dB implies a rise in sound pressure by a factor of 3, since the log of
315 0.5: 10 dB = 20 log 3 (Eq. 5-2).

Speech has an intensity of 60-65 dB, and sounds that exceed 100 dB can damage the ear. A
constant sound stimulation only results in minor adaptation. The human ear has the largest
sensitivity around 1000-4000 Hz, the range for normal speech.

The sound pressure waves in air are converted into sound pressure waves in the fluid column
within the cochlea. The pressure wave in the air is transmitted via the tympanic membrane and
the ossicles (malleus, incus and stapes), to the fluid of the cochlea. The foot plates of the
stapes inserts in the oval window, and separates the middle ears from the fluid of the cochlea.
The ratio of the effective surface area of the tympanic membrane to that of the oval window is
14:1, and the pressure is increased further by the differing lengths of the lever arms in the
chain of ossicles. By this area-pressure amplification, hearing is improved by more than 25 dB.

When the external ear is filled with water during diving, hearing is seriously reduced.

Two muscles are found in the middle ear. They dampen movements of the ossicular chain
when the ear is exposed to extremely high pitch sounds that can be anticipated. These muscles
are the tensor tympani muscle supplied by the trigeminal nerve, and the stapedius muscle
supplied by the facial nerve. Exposure to sounds above 90 dB elicits reflex contractions.

The cochlea is composed of three tube systems coiled together to form a pyramid: scala
vestibuli, scala media and scala tympani (Fig. 5-3). The part of cochlea beneath the oval
window is called scala vestibuli, and it is filled with a fluid column termed perilymph.

Fig. 5-3: A cross section through one of the turns of the cochlea.

The perilymph conducts the pressure wave to the basilar membrane, which is displaced within
the endolymph together with the whole organ of Corti, which contains the hair cells.

Each hair cell has 40-100 hairs (stereocilia). The hairs have different heights, and when the
pressure wave displaces the hairs towards the tallest hair, the hair cells are depolarised. When
the basilar membrane moves upward towards the scala media, the reticular lamina shifts
upward and inward (Fig. 5-3), causing the hair cells to depolarise. Downward movement of the
basilar membrane towards the scala tympani moves the reticular lamina downward and
outward (Fig. 5-3). This movement hyperpolarises the hair cell membrane.

The endolymph in the scala media has a potential difference of +80 mV with the perilymph as
reference. The inside of the hair cell is -60 mV compared to the perilymph; this is a resting
membrane potential about the same size as in most neurons. Thus the total potential difference
between the inside of the hair cell and the endolymph in the scala media is -140 mV. This
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resting membrane potential is maintained by Na -K -pumps in the Stria vascularis (Fig. 5-3).

Bending of the hair change the conductance of K*-ions through the apical hairy membrane,
and this is how the resting membrane potential is changed. A current flow is produced through
the hair cell from apex to base, which is resting on the basilar membrane (Eig. 5-3). This
current flow or receptor potential can be recorded extracellularly with microelectrodes as the
cochlear microphone potential (ie, the sum of receptor potentials from many hair cells). This
potential has the same frequency as the acoustic stimulus, and the potential is analogous to the
output voltage of a microphone. The cochlear microphone potential follows the sound stimulus
without latency, without measurable threshold, and without fatigue in contrast to neuronal
action potentials.

Stimulated the hair cells release neurotransmitters (glutamate, aspartate) that excite the
cochlear nerve fibres. Thus, the propagating action potentials are generated in the cochlear
nerve fibres.

A high frequency tone produces travelling waves along the basilar membrane. High tones
travel only a short distance from the stapes along the basilar membrane to their resonant point,
where the displacement amplitude of the basilar membrane is maximal (Fig. 5-4). Low
frequency tones travel all the way to the apex of the cochlea (Fig. 5-4). The higher the tone
frequency, the more basal located in the cochlea is the resonant point and its potential.

Fig. 5-4: Displacement of the basilar membrane illustrates the travelling wave theory
(von Bekesy).

The existence of such a maximum of the travelling wave is termed frequency dispersion. Since
different frequencies excite differently located hair cells the argument is called the place
analysis theory. The brain also utilises the temporal structure of the sound stimulus. This is the
so-called periodicity analysis.

The receptor potentials generate action potentials in the cochlear nerve (8th cranial nerve) that
travel to the cochlear nuclei. Secondary neurons transfer the signals from here to the superior
olivary nuclei that co-ordinates the two ears, or directly to the inferior colliculus through the
lateral lemniscus (representing both ears). Axons from the inferior colliculus ascend to the
medial geniculate nucleus of the thalamus. Axons from this thalamic nucleus form the auditory
radiation, which terminates in the auditory cortex in the superior temporal gyrus (areas 41 and
42 in Fig. 4-4). High frequencies are projected to the rostral auditory cortex, and low tones to
the caudal section.

The duration of a sound stimulus is encoded in the duration of the neural signal, and its
intensity by the level of neural activity.

Projections from the auditory cortex also descend to the medial geniculate nucleus and the
inferior colliculus. The oligocochlear bundle controls several sound impressions. Efferent
stimulation through these pathways inhibits the sensitivity of these nuclei for sounds, while
increasing their tone selectivity. This phenomenon, and a high degree of motivation, explains
how a mother can hear her baby cry in spite of noise, and also how we can hear an individual
in a crowd (the cocktail party effect).

Localisation of a sound source depends upon the difference in time between the arrival of a
low frequency sound signal to the left and right ears (time delay). The sources of low
frequency sounds (below 2000 Hz) are localised by this time delay. The source of high
frequency sounds is localised by the difference in sound amplitude arriving at each ear caused
by the dampening of the sound intensity.

Sounds in the region of 2000 Hz cannot be detected by either mechanism. On average, the
distance between the two organ’s of Corti is about 0.16 m. Then, a sinusoidal wave or pure
tone with exactly the same wavelength coming from one side of the head, is in phase when
they reach the ears. This wavelength corresponds to the frequency of 2144 Hz (343 m/s
divided by 0.16 m). In this instance the subject will be unable to determine the source of the
sound.



The vestibular system detects if the body is in balance. The sensory unit of the auditory-
vestibular system is the membranous labyrinth, located in the petrous portion of the bony
labyrinth. The membranous labyrinth contains endolymph and is surrounded by perilymph; it is
composed of the auditory cochlear duct or scala media, and the balance regulating the
Vestibular system. The vestibular system consists of three semicircular ducts and two otolith
chambers (the utricle and the saccule). Each semicircular duct has a swelling termed an
ampulla (Fig. 5-5).

Fig. 5-5: The spatial orientation of the three semicircular ducts in the upright person
(left). The horizontal duct is not drawn. The membranous labyrinth is shown to the right.

The semicircular ducts consist of a horizontal duct, a superior and a posterior duct at right
angles to each other, so that they cover all three planes in space. The semicircular ducts all
communicate with the utricle. The utricle joins the saccule, which receives new endolymph
from the cochlear duct.

The sensory organ of each utricle and saccule is called a macula. The sensory organ of each
semicircular ampulla is the crista ampularis.

Each macula contains thousands of hair cells. Vestibular hair cells each have many stereocilia
(hairs) on their apical surface just as cochlear hair cells do; however, they also have a large
stereocilium called kinocilium. The hairs are imbedded in a gelatinous substance, the otolithic
membrane that also contains earstones or otoliths. These otoliths increase the specific gravity
of the otolithic membrane to twice that of the endolymph. Thus their hair cells are sensitive to
linear acceleration such as gravity and to static equilibrium control, but not to angular
accelerations of the head. The macula of the utricle is located in the horizontal plane, and the
macula of the saccule in the vertical plane.

Each crista ampularis consists of many hair cells. Here the hairs are imbedded in a large
gelatinous substance termed a cupula. The cupula occludes the lumen of the ampulla
completely, and its material has the same specific gravity as the endolymph. The cupula is
concerned with equilibrium control during motion and with angular acceleration (rotation of
the head), but is unaffected by linear acceleration.

When the stereocilia are bent toward the kinocilium, the conductance of the apical cell
membrane increases for positive ions, and the hair cell becomes depolarised. Bending the
stereocilia in the opposite direction hyperpolarizes the cell. The depolarised hair cell releases
glutamate or aspartate and increases the discharge rate of the nerve fibre with which it
synapses.

The utricles and saccules are sensitive to linear accelerations. When we suddenly thrust our
body forward, the otolithic membranes fall backwards on the cilia of the hair cells until the
thrust stops. Then, the otolithic membranes fall forwards. The signals to the brain make us feel
as if we were falling backwards. Therefore, we lean forward until the otolithic membranes are
in balance.

Pathophysiology

This paragraph deals with 1. Refractive disorders, 2. Colour blindness, 3. Visual field defects,
4. Mental blindness, 5. Deafness (hypacusis), 6. Nystagmus, and 7. Kinetosis.

1. Refractive Disorders

(myopia, hypermetropia, astigmatism, presbyopia, and cataract).

Near-sighted (myopic) patients usually have elongated eyeballs. More rarely, myopia can be
caused by too high refractive power in the lens system. Myopic persons can only foveate
diverging light waves - both from F and N (Eig. 5-1). The images of distant objects are
focused in front of the retina, and the image is blurred on the retina. Both F and N are located
in front of the eye. Concave lenses (-D) accomplish correction. The weakest concave lens
compatible with optimal visual acuity is the best correction, as the accommodation is
eliminated.

Hypermetropic or far-sighted persons usually have shortened eyeballs, and F is always behind



the eye. In rare cases hypermetropia can also be caused by insufficient refractive power in the
un-accomodated eye. The absolute hypermetropic eye can only focus images of distant objects
behind the retina (Fig. 5-1). The facultative hypermetropic eye can focus converging light
beams on the retina without accommodation (rest in Fig. 5-1). This patient can read the
Snellen letters without problems; they also foveate diverging light beams by accommodation,
but then the patient gets eyestrain due to fatigued ciliary muscles. Convex lenses (+D) correct
hypermetropia. The strongest convex lens compatible with optimal visual acuity is the best
correction, as the accommodation is eliminated.

Astigmatism is a refractive disorder of the eye, in which the curvatures of the cornea or lens
are different along different meridians. The different meridians therefore have different focal
distances. Therefore, astigmatism can be corrected with cylinder lenses that correct the
curvature differences.

Presbyopia is called old man’s sight. The far point remains where it is, so the un-accomodated
refraction is unaltered. The ability to accommodate is changed, so that N approaches F.

With age, the lenses of most people loses its elasticity, and hence their ability to assume
spherical shape. The lens is the organ in our body with the highest protein concentration.
Alterations of lens proteins probably cause progressively increasing stiffness of the lens. The
accommodative power decreases from 14 D in a child to less than 2 D at the age of 50. The
patient’s eye becomes incapable of accommodation for near vision and reading. Convex lenses
correct presbyopia.

Cataract is an eye disease, where the vision is blurred by an opaque lens. Precipitation of lens
proteins can occur in several ways. It is often due to oxidative processes. The lens needs
oxygen, but strong sun light or radiation can oxidise lens proteins in unprotected eyes. The
oxidation is enhanced by hyperbaric oxygen therapy and by high blood [glucose] in diabetics.
Oxidants in the food may be the cause in some patients. Antioxidants, such as vitamin A and
D, seem to protect against the loss of transparency in long-term studies. Today, excellent
surgical techniques are used to eliminate the opaque lens and re-establish normal refraction.

2. Colour blindness

The three colour genes are located on an X chromosome. Females have two X-chromosomes,
and colour blindness is rare among females. Colour blindness is inherited from the father - via
the daughter - to her son. The trait is recessive and sex linked. The total incidence is about 8%
of the male and 0.5% of the female population. Monochromats lack all three or two cone
pigments, an extremely rare disorder. Dichromats lack one of the three cone pigments. Proteus
is the first or red component, so protanopic people are blind for the red part of the spectrum.
They cannot separate red and yellow signals in traffic. Deuteranopic patients are blind for the
second or green colour, and tritanopics are blind for blue - the third basic colour. Abnormal
trichromats have a reduced amount of one cone pigment: Protanomalous trichromats lack
erythrolab, deuteranomalous (the most frequent type) lack chlorolab, and tritanomalous lack
cyanolab.

3. Visual field defects

Visual field defects are caused by interruptions of the visual pathways. Hemianopsia means
loss of vision in half of the visual field of both eyes. The loss of vision refers to the visual
field, and thus to the contralateral half of each retina (shown with two colours in Eig. 5-6).

Homonymous hemianopsia means that the same side of the visual field for each eye is
defective. Corresponding halves of each retina has lost vision (black in the illustration).
Homonymous hemianopsia occurs from lesions of the entire optic tract, the lateral geniculate
body, the optic radiation, or the entire visual cortex of the contralateral hemisphere (Fig. 5-6).
A lesion of the striate cortex often spares the large macular area at the occipital pole. This
results in a disorder termed homonymous hemianopsia with macular sparing (Fig. 5-6). Partial
lesions may cause quadrant-anopsia.

Heteronymous hemianopsia can be bitemporal or binasal (Fig. 5-6). Bitemporal hemianopsia



results from damage of the optic nerve fibres as they cross the optic chiasm (Fig. 5-6).

An expansively growing pituitary tumour, perhaps related to acromegaly, can damage crossing
fibres, originating from ganglion cells in the nasal halves of each retina. Expansion of the
tissues surrounding both carotid arteries is a rarity, which can damage nerve fibres from the
temporal halves of each retina, and cause binasal hemianopsia.

Fig. 5-6: Visual field defects. Lesions are shown with bars.

As long as the patient sees with both eyes, he may not experience any visual defect caused by
damage to non-corresponding areas of the retina.

Localised blindness or scotoma is caused by a lesion of the retina in one eye, or by partial
interruption of the optic nerve. Interruption of the entire optic nerve results in complete
blindness or anopsia (Fig. 5-6).

Ophtalmoscopy is an important diagnostic tool able to establish both eye disorders and
systemic diseases.

Fig. 5-7: The eye background (fundus) of the right eye in a healthy person. — A typical
hypertensive eye background is shown in Eig. 9-6.

The normal ophtalmoscopic picture of the fundus is seen in Fig. 5-7. The papilla is clearly
visible with the central artery and vein, and the cone-filled fovea is located to the left. The
papillo-macular nerve bundle connects to the cones of the macula, but this bundle is invisible.
This person has a small pigmented area along the lateral side of the papilla (Fig. 5-7).

4. Mental blindness

Bilateral temporal lobe lesions can lead to the Kluver-Bucy syndrome. In this condition, the
temporal cortex, hippocampus and the amygdaloid body are damaged. The Kliver-Bucy
syndrome includes mental blindness (visual agnosia). Mental blindness is the inability to
recognise objects seen. Besides mental blindness, the syndrome consists of loss of short-term
memory, and hypersexual behaviour incompatible with normal social adaptation. This
hypersexual behaviour is related to the visual agnosia.

Damage to visual areas of the temporal cortex alone causes isolated visual agnosia. Visual
agnosia or mental blindness, is lack of the ability to combine the seen object into a concept.
This visual agnosia can be colour-agnosia (acromat-agnosia) or face-agnosia (prosop-agnosia).

5. Deafness (hypacusis)

Nerve deafness is caused by impairment of the cochlea, the auditory nerve or the nucleus.
Chloramphenicol, kinin and streptomycin can damage the cochlea. These drugs can cause
hearing loss or deafness for all sound frequencies. Deafness to specific frequencies is caused
by localised damage of the basilar membrane. This is typical for rock and beat musicians,
soldiers, and airline pilots. The nerve deaf patient has a hearing loss when tested both by air
conduction through the middle ear, and bone conduction through surrounding bone structures.
A certain type of nerve deafness for high tones develops among older persons (presbyacusis).

Conduction deafness is caused by impairment of the mechanical conduction of sound into the
cochlea. A hereditary disease called otosclerosis is due to fixation of the faceplate of the stapes
to the oval window. Otosclerosis, blockade of the external ear with ear wax, otitis media,
damage of the tympanic membrane, and of the ossicles all cause conduction damage to
hearing. Persons with conduction damage have normal bone conduction.

6. Nystagmus

Nystagmus is a disorder with abnormal involuntary movements of the eyeballs. Opto-kinetic
nystagmus occurs when travelling in a train or a car. The eyes remain fixed on an object long
enough in order to gain a clear image. The semicircular ducts cause the eyes to rotate in the
direction opposite to the direction of travel. Optokinetic nystagmus involves the vestibular
nuclei, the medial longitudinal fasciculus, and the oculomotor nuclei.

Post-rotatory nystagmus is observed in a person sitting in a rotating chair. This is the
physiologic adequate stimulus for nystagmus.



Caloric nystagmus refers to the horizontal reflex movement of the eye when the external ear is
flushed with hot or cold water. The fast phase of the nystagmus is directed away from the ear
flushed with cold water, and towards the ear flushed with hot water. The caloric nystagmus
test is preferable to the post-rotatory test for testing the nystagmus reflexes, because it
examines one ear at a time, and is more convenient.

7. Kinetosis or transportation sickness

Many types of transportation, which subjects passengers to rapid changes in the direction of
motion, elicit kinetosis. Kinetosis is a disorder with vertigo, nausea and vomiting. The disorder
is triggered from the vestibular system, provided that the cerebellar function (the flocculo-
nodular lobe) is intact. The flocculo-nodular lobes are linked to the equilibrium control of the
semicircular system. Persons with destroyed semicircular canals or with destroyed flocculo-
nodular lobes can be completely protected from kinetosis at the expense of lost equilibrium
during motion.

Equations

The accommodative power of the eye is the rise in refractive power from un-accomodated to
the maximally accommodated condition:

Eq. 5-1: Accommodative power = 1/F - 1/N.
F and N are the far- and the near point, respectively.

A child of 10 years has the high accommodative power of 12-14 D, a 20-year-old person 10 D,
and a 60-year-old person 1 D.

According to international convention the sound pressure level (SPL) is expressed in decibel
(dB):

Eq. 5-2: Sound pressure level (dB) = 20 log p/p,.
The actual pressure is p, and the threshold for sound pressure is p,, . The threshold for sound
pressure is 20 uPa in air (p,) at 1000 Hz in a sound tight chamber for a healthy person. This

pressure corresponds to a sound effect of 10"12 Watts/m2.

Self-Assessment
Multiple Choice Questions
I. The following five statements have True/False options:

« A. The fovea has no cyanolab cones and no rods.
« B. Nystagmus is a disorder with abnormal voluntary movements of the eyeballs.

« C. The cornea has a refractive power of 43 D, and the healthy lens has a refractive
power which varies between 12-26 D. Thus the total refractive power is 56-69 D.

« D. Light absorption by a single rhodopsin molecule activates thousands of G-protein
molecules (transducin), which then activate large quantities of cGMP phosphodiesterase
in the discs. Each of these enzyme molecules catalyses the hydrolysis of cGMP to 5°-
GMP at a rate of thousands per second.

« E. Parallel light from the far point foveates on the retina in the fully accommodated eye.
I1. The following five statements have True/False options:

A. Nerve deafness is caused by damage of the cochlea, the auditory nerve or nucleus. There
is hearing loss by air conduction only.

B. Kinetosis is a disorder with vertigo, nausea and vomiting due to rapid changes in the
direction of motion.

C. Drugs, such as chloramphenicol, kinin and streptomycin, can cause hearing loss for all
sound frequencies.



D. The organ of Corti contains hair cells, each with 40-100 stereocilia. When the pressure
wave displaces the hairs towards the tallest stereocilia, the hair cell is depolarised.

E. Low tones travel only a short distance from the stapes along the basilar membrane to
their resonant point, where the displacement amplitude is maximal.

5. Case History A

A 30-year old female complains of eyestrain and frontal headache during reading - sometimes
followed by nausea and vomiting.

The patient is placed 6 m (20 feet) from the Snellen test chart. She is able to read line 6, which
is the letter size read by a normotropic eye. Now thin convex lenses are placed in front of her
eyes, but she can still read line 6. The diopter of the strongest convex lens with which she can
still read line 6 is +4 D for both eyes. These converging light rays must be directed against the
far-point (F). F must be located behind the eyes at a distance of % m. Examination with
concave lenses reveals the strongest concave lens by which she can read line 6 to be -3 D or
N = -1/3 m (in front of each eye).

1. 1. What is the refractive anomaly of the patient?

2. 2. A normotropic person of 30 years has an accommodative power of 7 D. Compare the
accommodative power of the female patient to that of the normal person?

3. 3. Is it possible for the patient to read a fine text 0.2-m in front of her?
4. 4. The saggital diameter of the patient’s eyes is typical. Describe its characteristics.

« 5. This patient has a reduced outflow of chamber fluid at the iridocorneal junction. She
has an increased risk of developing an eye disease, which is the most common course of
blindness in the world. Describe the most likely condition and the relation to her eye
anatomy.

5. Case History B
A patient with a hearing loss of 26 dB is working in a power station, where the daily sound

intensity is 100 dB and the air temperature is 20°C.

« 1. Calculate the ratio between the sound pressure in the powerhouse, and the sound
threshold pressure for a healthy person.

« 2. Calculate the threshold pressure for the patient.

5. Case History C

A 9-year-old girl suffers from facultative hypermetropia. She is placed 6 m from the Snellen
test chart and asked to read line 6, which is the letter size read by a normotropic eye. When
thin convex lenses are placed in front of her eyes, she can still read line 6. The diopter of the
strongest convex lens with which she can still read line 6 is +5 D for both eyes. Examination
with concave lenses reveals the strongest concave lens by which she can read line 6 to be -4
D.

1. Where are the far point (F) and the near point (N) located?
2. Calculate her accommodative power and compare it to the normal value of 14 D.
3. Calculate the correction needed.

5. Case History D
A 40 year old male diabetic has an accommodative power of 10 D. His near point (N) is
located 0.05 m in front of the eye (- 0.05 m).



1. Calculate the location of F and the necessary correction.
2. What is the name of the refractive disorder?

3. Is the patient capable of driving a car without corrective glasses? Is the vision mildly
or seriously reduced?

Try to solve the problems before looking up the answers.
Highlights

Near vision- even with only one eye - triggers accommodation and pupillary
constriction.

Rods are most sensitive in the dark (scotopic vision). More than hundred rods converge
on each ganglion cell. There are no rods at all in the fovea.

Cones operate best in light (photopic vision). Cones have a high-resolution capacity and
hence a high visual acuity, because the light is focused on the fovea, where the cones
are concentrated.

The cornea has a refractive power of 43 D, and the healthy lens varies between 12 and
26 D.

The accommodative power of the eye is the rise in refractive power from the un-
accomodated to the maximally accommodated condition.

Conjugate movements are movements of both eyes in the same direction and magnitude,
so that the relation between the visual axes is maintained.

Saccadian or jumping movements are rapid eye movements. Saccadian eye movement is
an instantaneous reposition of the eye that occurs. when reading or when focusing on a

flash of light in the peripheral visual field. The velocity of the movement is up to 500°
per s. The latency period is 250 ms, and the contraction time is 50 ms. The compensatory
eye movement involving the vestibular system, occurs when the head rotates. This is also
an example of Saccadian eye movement.

The fovea only contains cones. Cones function in the daytime, with maximal visual
acuity, and colour vision. The human eye possesses three types of cones, each with a
specific pigment related to the three basic colours: red (erythrolab), green (chlorolab)
and blue (cyanolab).

The 3 cone types are uniformly distributed in the retina except in the fovea. The fovea
has no cyanolab cones and no rods.

Abnormal trichromats have a reduced amount of one cone pigment: Protanomalous
trichromats lack erythrolab, deuteranomalous (the most frequent type) lack chlorolab,
and tritanomalous lack cyanolab.

Movements in the visual scenery are depicted as opposite movements on the retina.
Convergent inputs from the two eyes result in depth perception (ie, stereopsis or
stereoscopic vision). Stereopsis depends upon the medial, longitudinal fasciculus and the
corpus callosum. These structures co-ordinate the movements of the two eyes.

A flickering source of light liberates successive flashes so rapidly that they fuse and
appear continuous.

The normal human ear is sensitive to pure tones with frequencies between 10 and 30 000
Hz in a young person.

Speech has an intensity of 60-65 dB and sounds that exceed 100 dB can damage the ear.

A high frequency tone produces travelling waves along the basilar membrane. High
tones travel only a short distance from the stapes along the basilar membrane to their
resonant point, where the displacement amplitude of the basilar membrane is maximal.

Low frequency tones travel all the way to the apex of the cochlea. The higher the tone
frequency, the more basal located in the cochlea is the resonant point and its potential.



« The auditory and the vestibular systems share the labyrinth, and transmit signals to the

brain through the 8t cranial nerve. The two systems record fluid movements and use the
so-called hair cells as mechanical receptors.

« The medial geniculate nucleus and the inferior collicle can increase its tone selectivity
by dampening other sound signals. This explains the cocktail party effect.

« The cupula is concerned with equilibrium control during motion and with angular
acceleration (rotation of the head).

« The utricles and saccules are sensitive to linear acceleration.
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Chapter 6.
The Autonomic Nervous System And Disorders
Study Objectives

« To define receptors, autonomic neurotransmitters and blocking drugs, homeostasis, receptors
and related concepts.

« To describe the anatomy and the physiology of the sympathetic and the parasympathetic
nervous system, the visceral afferent system, the enteric nervous system, transmitter
mechanisms in autonomic ganglia and at peripheral receptors, the bladder emptying, the
pupillary reflexes.

« To explain the central autonomic control, the autonomic control of temperature, appetite, thirst,
the subsynaptic autonomic mechanisms, emotional disorders, the Kluver- Bucy-syndrome.

« To use the above concepts in problem solving and case histories.

Principles
« The autonomic nervous system mediates neural control of the internal milieu despite substantial
environmental changes.
« Cannons law: The peristalsis in the small intestine is polarised, so it always proceeds in the
oral-aboral direction.
Definitions
« Autonomic neurotransmitters are adrenergic and cholinergic substances (Box 6-1 and 6-3).

« Autonomic blocking drugs (sympatholytics and parasympatholytics) block the normal effect
of sympathetic and parasympathetic neurotransmitters.

« Cholinergic receptors are nicotinic (with a fast EPSP within ms) and muscarinic (with a slow
EPSP lasting several seconds). Both cholinergic receptors are transmembrane proteins and both
open an ion channel in the protein.

« Homeostasis refers to all processes helping to keep in internal milieu of the body constant
despite environmental alterations.

« Mydriasis refers to dilatation of the pupil by sympathetic stimulation of the dilatator muscle.
« Miosis refers to contraction of the sphincter muscle (parasympathetic) resulting in a small pupil.

» Receptors for neurotransmitters are specific cellular components, who react with a
neurotransmitter, a hormone or a drug (agonist) to produce a biological response in the cell.

« SIF cells are small intensity fluorescent cells, which possess muscarinic receptors and contain
vesicles filled with dopamine. Adequate stimulation releases dopamine, which interacts with
dopamine receptor (D,) on the postsynaptic cell body and modulates the effect of acetylcholine.

The modulation takes place through a permeability increase for small ions (K* out and CI" into
the cell), hyperpolarizing the cell membrane.

« The nicotinic receptor responds to acetylcholine with a rapid influx of Na*, whereby the
membrane is depolarised.
« The muscarinic receptor. In the muscarinic M4 receptor, IP3 is second messenger and

increases cytosolic Ca2*. Activation of the M, receptor implies activation of an inhibitory G-
protein, which inhibits adenylcyclase. The result is reduced concentration of CAMP, which
operates in smooth muscle contraction, with secretion from glands or with a slow EPSP.

Essentials

This paragraph deals with 1. The autonomic system in general, 2. The sympathetic system, and 3. The

arasympathetic system.
1. The Autonomic System In General
The autonomic system directly influences smooth muscles, glands and the heart through its two

subdivisions, the sympathetic and the parasympathetic system. The two subdivisions function in a
dynamic balance aiming at homeostasis.



The enteric nervous system is lying within the walls of the gastrointestinal tract and includes neurons
in the pancreas, liver and gallbladder, thus being an entity in itself. However, the enteric nervous
system is clearly an important part of the autonomic nervous system that controls gastrointestinal
motility, secretion and bloodflow.

The central autonomic system

The central autonomic nervous system outflow arises in the hypothalamus, the brainstem, and the
spinal cord. The motor and premotor cortex, the cingulate gyrus and the hypothalamus can modulate
the function of the autonomic medullary control neurons in the lateral horn of the grey matter.
Circulatory changes during exercise and in various stressful situations are influenced or governed by
the cortex and deeper brain nuclei. The central autonomic system also modulates release of certain
peptides and catecholamines that affect both blood volume as well as the total peripheral vascular
resistance.

The cerebral cortex assimilates all inputs of visual, olfactory, labyrinthine, locomotor origin, as well
as from other specialised sensors (stretch receptors, chemo-, baro-, osmo-, and thermo-receptors).

The integration of these inputs into an appropriate response takes place in the hypothalamus and in the
ponto-medullary centres. From here the efferent signals pass to the periphery via the sympathetic and
the parasympathetic pathways.

The primary afferent projections from the baroreceptors reach the solitary tract nucleus (STN), and
from here we have connections to the important dorsal motor nucleus of the vagus (DMNV in Eig. 6-
4). A high baroreceptor activity stimulates the DMNV, so that the vagal inhibition of the heart is
increased. More importantly, the high baroreceptor activity inhibits the sympathetic drive to the heart
and vessels thus reducing blood pressure (Fig. 6-4).

The central autonomic structures co-operate in situations of survival character: Fright, flight or fight-
response, feeding and drinking in starvation, reproduction and sexual satisfaction for continuation of
life, thermoregulation at extreme temperatures and emotional behaviour in crises.

The Fright -Flight Or Fight Response

Aggression and defence responses are elicited in emergency situations. The sympatho-adrenergic
system gives rise to the fright, flight or fight-reactions in acutely stressful situations. The sympathetic
reactions dominate over the parasympathetic and the subject is aggressive or anxious. The brain
releases corticotrophin-releasing factor to the hypothalamic-pituitary portal system. The
hypothalamic-pituitary axis secretes adenocorticotropic hormone, the cardiac rate and contractile force
increases, the blood is distributed from viscera to the active skeletal muscles by visceral
vasoconstriction and preferential vasodilatation. The subject hyperventilates, the gastrointestinal
activity is reduced, and there is increased glycogenolysis and lipolysis. The airways dilatate, and the
adrenal medullary (catecholamines) and cortical secretion (cortisol) increases. This response is seen in
humans exposed to psychological-emotional stress. Stress in general is comprised 