Making lampbrush chromosome preparations from oocytes of urodeles

Download this and print it out for detailed and explicit instructions on making lampbrush chromosomes preparations from species of Triturus or Notophthalmus species.  The same approaches are likely to be effective with material from other urodeles but may need some slight modifications with regard to chemical media and handling of the oocyte nucleus.

Instructions for assembling and making equipment apply to all lampbrushology

(i)  
Equipment needed

(a)
A binocular dissecting microscope. This should be of a simple kind with a fixed magnification of around 20 x or a variable ‘zoom’ magnification of between 10 x and 40 x. The microscope should be fitted with a calibrated micrometer eyepiece and a black opaque stage plate. It should have an associated incident light source that can be focused to a sharp intense beam shining onto the middle of the stage at a low angle. The microscope should be simple to operate and it should be placed on a bench where there is plenty of light and elbow room and with a chair that is just the right height for working with that particular microscope at that particular bench. Comfort and stability are of the utmost importance when carrying out fine-scale dissections.

(b) 
A good quality mounted dissecting needle, preferably of stainless steel, and with a moderately sharp but slightly rounded point.

(c) 
Two pairs of number 4 watchmakers' forceps

(d) 
One or two pairs of number 5 watchmakers' forceps. These will be used exclusively for handling germinal vesicles and must therefore have very fine points indeed. They should not be of stainless steel since this cannot be honed down to a fine and strong enough point. The tips of the forceps should be honed and polished to the finest possible points that meet exactly. The best materials for sharpening forceps are a small, well-oiled Arkansas stone and a piece of the finest available waterproof sandpaper. Examine the points of the forceps under the dissecting binocular and judge whether their points are good enough for working under approximately 30 x magnification.

(e)
Tungsten wire needles. Tungsten wire can be purchased from most suppliers of equipment for electron microscopy. The best thickness is about 0.35-0.40 mm. Fuse a piece of wire about 3 cm long into the end of a piece of Pyrex glass tubing about the size of a pencil. Leave 2 cm of the wire projecting from the end of the holder. To point the wire take a nickel crucible half filled with sodium nitrite and stand it in a pipe-clay triangle over a hot Bunsen flame. Melt the sodium nitrite completely and then dip the needle into it. Take care: hot sodium nitrite "spits" and can be dangerous. If the nitrite is not hot enough then the wire will merely be etched clean.  If the nitrite if hot enough then the wire will immediately become incandescent. Dip the tip in and out several times, then wash it under a tap and look at it with the dissecting binocular. The point should be very sharp and very clean. The sharper the better. Wash the needle thoroughly, then flame it a few times in the Bunsen. It is now ready for use. Put it somewhere safe immediately. An alternative method of sharpening tungsten needles to an exceedingly fine point is to arrange the tip of the needle as the anode, with a small platinum wire as the cathode, in a saturated solution of sodium nitrite, and then pass a 6V current. The tip of the needle is eroded away until it eventually loses contact with the surface of the nitrite solution and the circuit is broken. This takes only a few minutes. A transformer for a microscope lighting system can serve as a convenient power supply.

(f)
Narrow-bore Pasteur pipette. These are best prepared from long-form disposable Pasteur pipettes. Hold the stem of the pipette over a hot narrow Bunsen flame at the position indicated on Figure 6.2, rotating it continuously with both hands. When the heated region is completely flexible pull it out with a swift but smooth motion to a distance of about 1 m. This may take a little practice. Break off the new pipette, leaving a long stem. Square off the end of the pipette at about 5 cm from the shoulder by stroking it with a diamond pencil and then lightly snapping it off. This should produce a completely square pipette tip of about 0.5 mm internal diameter. Touch the end of the pipette very briefly to the side of a hot Bunsen flame to round off the sharp edges. Only the lightest touch will suffice. Inspect the pipette tip under the dissecting binocular to see that it is of the right size, and has a smooth square end. It is useful to make a stockpile of about 20 pipettes at one session.

(g)
Observation chambers. There are two ways in which these can be made. The first involves microscope slides with 5 mm holes bored through them. These can usually be made quite easily by a skilled glassworker using an ultrasonic or diamond drill and boring through stacks of ten or more slides at a time The second way involves the use of ordinary microscope slides and small plastic rings that can be constructed by anyone with a sheet of suitable plastic, a paper punch and some suitable adhesive. Bored slides are essential for good high-resolution work with an inverted phase contrast microscope. Slides with plastic rings are entirely adequate for low-power work and for making permanent preparations for examination with an ordinary microscope. The methods for making up each type of chamber are described separately below.

To prepare chambers with bored slides, place a number of these next to one another on a clean dark background. With a heated copper or brass rod 1-2 mm thick put two small dabs of paraffin wax on either side of the hole, each about 1-2 mm out from the edge of the hole. Thoroughly clean some 18 or 22 mm square coverglasses (number 11/2) from 95% ethanol and place one over the hole of each bored slide, sitting squarely on the two dabs of wax. Now wave a small gas flame over each coverglass until the wax below has melted and flowed evenly round to form a complete seal between the slide and the coverglass. A moderate flame from a small Bunsen burner is entirely suitable for this job, but it must be kept moving, otherwise the coverglass and/or the slide will crack. Take care not to use too much wax; if there is too much then it will ride up the walls of the hole in the slide and it will be impossible to fill the chambers with aqueous liquid thereafter. It is best to have at least ten chambers available. Clean 18 mm and 22 mm coverglasses will be needed later as covers for the chambers. Have these to hand.

Chambers such as these are designed to allow the chromosomes to be spread out over the base of the chamber and examined in a fresh and unfixed condition with dry and oil immersion objectives fitted to an inverted phase contrast microscope. If the investigator wishes to make permanent preparations then the chambers should be constructed with a normal microscope slide forming the base of the chamber. The procedure is no different except that more wax and a little more heat are required to seal the two slides together. When constructing chambers of this kind make absolutely sure that the two slides are in perfect alignment with one another. The use of chambers of this kind will be explained later.

The construction of chambers with plastic card requires ordinary clean microscope slides, some double-sided Sellotape or Scotch tape, some pieces of Teflon (or equivalent) sheeting about 0.5 mm thick (plasticard), one or two 22 mm square coverglasses, a pair of scissors and an ordinary office machine for punching holes in pieces of paper that are to be filed in ring folders. First cut a piece of double-sided Sellotape about 30 mm square; the exact dimensions are unimportant except that it should be more than 22 mm square. Cut a piece of plastic sheeting to about the same size. Stick the Sellotape firmly and evenly to one side of the piece of plastic sheeting.  Trim both with scissors to 22 mm square using 22 mm square coverglass as a template.  Place the plastic/Sellotape square in the punch and make a hole as nearly as possible in the middle of it.  The hole must be clean and round.  If it is not then get a new punch or have the existing one sharpened.  Remove the backing from the double-sided Sellotape on the square of Plasticard.  Stick the square of plasticard firmly and evenly onto the middle of a clean microscope slide.  The chamber is now complete and ready for use.  Preparations made in such chambers should be covered with coverglasses that are smaller than the plastic square.

Chambers made with plastic card have the advantage that they are easy to construct, they can be used with a normal microscope employing objectives up to 25 x dry magnification, and they can be used to make permanent preparations. Their main disadvantage is that they never allow uncompromisingly good microscopy since the depth of the chamber affects to some extent the performance of the objective, and they can never be used with oil immersion objectives since these will always have working distances that are shorter than the depth of the chamber. Nevertheless for the investigator who cannot obtain bored slides or who simply cannot justify the expense and trouble of making  them, plastic card chambers offer a real and entirely practicable alternative.

(h) 
Moist chambers. These are needed for even short-term storage of newly made lampbrush preparations. They are designed to prevent preparations from drying out while the chromosomes and nucleoplasm are dispersing immediately after removal of the nuclear membrane.  They are also useful for keeping fresh preparations while the investigator takes time to examine, photograph or draw them. The simplest moist chamber consists of a 10 cm square Petri dish containing a 9cm diameter filter paper, about 10 ml of the same saline into which the lampbrush chromosomes were dissected, and a piece of glass rod bent into a U in such a way as to form a supporting bridge to keep the lampbrush chambers clear of the wet filter paper.

(i) Microscopes.  Lampbrush chromosomes lying at the bottom of any of the observation chambers described in this chapter can be seen with any good phase contrast microscope at objective magnifications up to 16 x with bored slide chambers and up to 25 x with plastic card chambers. However for good phase contrast microscopy an inverted microscope is essential. Good inverted microscopes for lampbrush work are currently obtainable from Carl Zeiss, Nikon and Olympus. An electronic flash is desirable but not essential for photomicrography of lampbrushes because the chromosomes show extensive Brownian motion and this usually precludes high-resolution photomicrography with a normal light source.
(ii)
Chemical media

A medium that is ideal for the study of unfixed lampbrush chromosomes should have the following properties. After isolation of an oocyte nucleus and removal of its membrane the nucleoplasm should disperse over the bottom of the observation chamber within 10-20 mm, allowing the chromosomes to fall apart from one another and spread out over the base of the chamber. The ribonucleoprotein of the lateral loops of the chromosomes should remain in position in the loops, it should not stiffen or coagulate, and it should not show signs of swelling or hydration. It should be possible to keep the chromosomes in good condition without change in their appearance for periods of up to 3 or 4 h at 20oC.

For some species of amphibian these conditions are easy to meet. For others they can only be met with difficulty and by accepting a range of compromises. In general, newts are 'easy' animals. All other animals require more or less fiddling with isolation media in order to achieve good results.

The basic medium in use for lampbrush work is an unbuffered 5:1 mixture of 0.1 M KCl and 0.1 M NaCl (5:1 K/NaCl) with a pH in the range 6-7.5. This medium may always be used for the removal of the germinal vesicle nucleus from the oocyte no matter what species is being studied. More often than not the nucleoplasm will not disperse in 5:1 K/NaCl but remains as a stiff rounded mass of jelly after removal of the nuclear membrane, so preventing dispersal of the chromosomes. In this case CaCl2 should be added to a concentration of not more than l0-4M and this will usually help to solubilize the nucleoplasm and encourage dispersal of the chromosomes. Aim at the lowest effective concentration of CaCl2 in the dispersion medium since the more slowly the nucleoplasm solubilizes the easier it is to remove the nuclear membrane without damaging the chromosomes. Note that CaCl2 should not be added to the medium in which the nucleus is removed from the oocyte, but only to the medium that is placed in the observation chamber where the nuclear membrane is removed. In what follows the medium used for removing the nucleus from the oocyte will be called the ‘isolation medium’, and that used in the observation chamber will be called the ‘dispersion medium’.

Many species have oocyte nucleoplasm that is hard to disperse.  Various options are available for overcoming this problem.  The dispersion medium may be diluted, although this will certainly result in a loss of chromosome material if the concentration is reduced to less than about 0.05 M.  The pH of the dispersion medium can be adjusted, but only within the range 6-8.  A trace of formaldehyde, 0.1-0.5%, can be added to the dispersion medium or the preparations, originally made in 5:1 K/NaCl, can be exposed for a few minutes to formaldehyde vapour. Some useful information on the kinds of combinations of tricks that have been applied to the dispersal problem can be found in papers by Callan (1966), who was working with axolotl chromosomes, Macgregor and Kezer (1970), working with lampbrushes from the Pacific tailed frog (Ascaphus truei), and Vlad and Macgregor (1975), working with chromosomes from plethodontid salamanders. Details of the dispersion media used by these authors are given in Table 1.

A completely different combination of media for isolation of nuclei and chromosomes has been used with great success by Gall and his associates (Gall et al., 1981). Oocyte nuclei are isolated manually in ‘5:1 plus phosphate’ (83 mM KCl, 17mM NaCl, 6.5mM Na2HPO4, 3.5mM KH2PO4, pH 7.2).  In this solution the nuclear contents remain as a gelatinous ball, greatly facilitating the 

Table 1
Isolation and dispersion media used by various authors in the preparation of lampbrush chromosomes

	Species


	Isolation Medium
	Dispersion medium
	Reference

	Triturus cristatus
	0.1 M 5:1 K/NaCl
	0.1 M 5:1 K/NaCl

+10-4 M CaCl2
	Gall and Callan

1962


	Ambystoma mexicanum
	0.1 M 5:1 K/NaCl
	0.06 M 5:1 K/NaCl

+0.3 x 10-4 M CaCl2
	Callan, 1966

	Plethodon cinereus
	0.05 M 5:1 K/NaCl
	0.05 M 5:1 K/NaCl,

7 parts; 0.006 M phosphate buffer,

pH 7, 3 parts; formaldehyde, 0.5%
	Vlad and Macgregor, 1975

	Ascaphus truei
	0.1 M 5:1 K/NaCl
	0.05 M 5:1 K/NaCl, 

3 parts; 0.001 M
KH2PO4, 7 parts;

Formaldehyde, 0.5%
	Macgregor and Kezer, 1970

	Formaldehyde is made up by dissolving 20 g paraformaldehyde powder in water, making up to a final volume of 100 ml, raising the pH to 10 with NaOH, heating to between 60 and 80o C until the powder is completely dissolved, cooling, filtering and neutralizing with HCl.




removal of yolk and the nuclear membrane. After the nuclear membrane has been removed, the stiff ball of nucleoplasm is transferred by pipette to 1/2 to 1/ 4 strength (variable according to material being studied) ‘5:1 plus phosphate’ containing 0.1 % paraformaldehyde (see Table 1 for paraformaldehyde recipe). After a brief rinse the nuclear contents are then placed in an observation chamber containing the same medium. This method has the particular advantage that the nuclear membrane can be removed without haste and the stiff nucleoplasm protects the chromosomes during the removal procedure.

Lampbrush media are best made up in large batches of 11 or more and then dispensed into 150ml Erlenmeyer flasks for the nuclear isolation medium and 50 ml flasks for the dispersion medium. The flasks should be capped with foil and autoclaved. If no autoclave is available then boiling will suffice. Media that have been autoclaved can be kept indefinitely at room temperature and used immediately whenever they are needed. Media that have not been autoclaved should be kept in the refrigerator and allowed several hours to warm up to room temperature before use, otherwise troublesome air bubbles will form during dissection of the oocytes and handling of their nuclei. Once a flask of medium has been opened and used the remaining contents should be disposed of and not reused. Bacterial contamination of lampbrush preparations is common, but it is quite unnecessary and can be avoided with a little care and good laboratory technique.

(iii)   Isolation of the oocyte nucleus

Before commencing the operations detailed in this and the following section check that all the equipment is ready and to hand. Speed and smoothness of operation are the essence of success in working with lampbrush chromosomes, and this means being fully prepared for the job.

(1)
Adjust the position of the light on the dissecting microscope so that it is focused to a thin bright beam shining at an angle of about 20 degrees directly onto the centre of the microscope stage.

(2)
Take a small piece of ovary and place it in 5:1 K/NaCl in an embryo cup on the stage of the dissecting microscope. Use a final magnification of about 10 x at this point in the procedure.

(3)
Take an observation chamber and place it on the stage of the dissecting microscope well out of the way at the back of the stage.

(4)
Fill the observation chamber with dispersion medium such that there is a substantial convex (upwards) meniscus. The meniscus is important for two reasons. First, it acts as a lens and helps to concentrate the light onto the bottom of the chamber. Second, the preparation will eventually be covered with a coverglass and if there is not sufficient excess liquid in the chamber before the coverglass is added then air bubbles and turbulence in the chamber will result when the coverglass is dropped into place and the chromosomes will be severely damaged.

 (5) 
Select an oocyte and measure it. With a pair of number 4 forceps grasp the oocyte near to where it is attached to the remainder of the ovary. The oocytes that are easiest to work with in nearly all species of amphibians are between 0.8 and 1.0 mm diameter. Larger oocytes usually have rather contracted and featureless lampbrush chromosomes. Smaller oocytes are more difficult to handle, although their chromosomes are usually much longer, more loopy and generally more useful for lampbrush studies. Oocytes of less than 0.5 mm diameter are usually quite difficult to handle.

(6)
Stab the oocyte through its follicle wall with the dissecting needle. Remember that the point of this needle should be polished to be smooth and round and just sharp enough to penetrate the follicle wall. The cytoplasm will immediately start to flow out and it can be encouraged to do so by applying gentle pressure with the needle on the side of the oocyte opposite to that which has been stabbed. Watch the flow of cytoplasm and at one point it will be interrupted by a clear patch that will mark the position of the oocyte nucleus. It is much easier to detect the nucleus at this stage than to find it at a later stage.

As soon as the nucleus is visible put down the needle and pick up the Pasteur Pipette. Hold the pipette with the bulb between the ball of the thumb and the base of the first finger and the stem between the tip of the second finger and the back of the tip of the third finger. Fill it with fluid, balancing the pressure so that it remains full right to the tip when no pressure is applied.

(7)
Using very gentle pressure suck the nucleus up into the pipette and pump it in and out until it is completely free of yolky cytoplasm. When doing this be particularly careful about air bubbles. If the nucleus touches a bubble in the dish or near the mouth of the pipette then it will burst and should be abandoned.

(8)
When the nucleus is clean, pick it up with the pipette in such a way that it rests somewhere in the first centimetre of the pipette tip. The nearer the tip the better, but of course it must not come in contact with the air/water interface at the mouth of the pipette.

(9)
Immediately move the embryo cup off the stage of the dissecting microscope and move the observation chamber into position. Focus down to the level of the observation chamber and then poke the mouth of the pipette beneath the surface of the liquid in the chamber, and transfer the nucleus into the chamber, watching the actual transfer with the dissecting microscope. The trickiest part of this procedure is holding the pipette with the nucleus in it while the embryo cup is replaced by the chamber on the microscope stage and the microscope refocused. The secret of success is the proper holding and balancing of pressure in the pipette. When putting the nucleus into the chamber try to transfer as little isolation medium as possible. Naturally, if a particular dispersion medium has been selected to encourage dispersal of the nucleoplasm then it will be counterproductive to dilute this medium by transferring over substantial amounts of isolation medium with the nucleus.
(10)
When the nucleus is safely in the observation chamber zoom up the microscope magnification to between 25 x and 30 x and focus very carefully just above the level of the top of the nucleus, and pick up the no.5 fine forceps and the tungsten needle.

(11)
Press very gently on the top of the nucleus and to one side with the finest forceps, take a firm but not deep bite of the nuclear membrane, and immediately lift the nucleus up off the bottom of the chamber and into the level of focus of the microscope.

(12)
Bring the point of the tungsten needle near to the point at which the nuclear membrane has been grasped by the forceps, prick the membrane and tear it down, round and away such that a large hole is made on the front side of the nucleus with respect to the operator. Continue moving the needle round the nucleus so as to lift the nucleus up under the shafts of the forceps with the hole pointing downwards. Then hold it there for a few seconds as the contents spill out onto the bottom of the chamber. If the operation has been successful the contents of the nucleus will spill out in the form of a single round ball of nucleoplasm and fall cleanly away from the nuclear membrane and the forceps. If the operation has not been successful then the contents of the nucleus will stick to everything and will streak out across the chamber as the forceps and needle are withdrawn.

(13)
When the operation has been completed place the chamber on the bench, take a scrupulously clean 22 mm or 18 mm square coverglass, hold it perfectly level about 1 cm above the hole in the observation chamber and drop it squarely into position. It is essential not to lay the coverglass into position but to drop it directly from above.

(14)
Lightly drop a filter paper over the top of the observation chamber and blot away excess liquid from around the top coverglass. Take care not to move the coverglass.

(15)
Seal the edges of the coverglass using vaseline or paraffin grease and a hot wire. Preparations that have been made in chambers with slides forming their bases and are to be made permanent may be sealed by carefully blotting away excess fluid from around the coverglass and then sticking a wide piece of Sellotape (Scotch tape) over the entire coverglass.

Preparations can be examined right away with a microscope, although it will probably not be possible to see much of the chromosomes until the nucleoplasm has dispersed. However, actually watching the process of dispersal gives a good impression of the arrangement of structures in the nucleus and it shows how ribonucleoprotein granules and other ‘chromosome products’ lie with respect to particular chromosome regions. Dispersal may take anything from 5 min to an hour or more. However, if the nucleoplasm is still clumped after about 30 min then it is probably worth considering some modifications to the dispersion medium: addition of more calcium or formaldehyde, or reduction in ionic strength. There are no hard and fast rules about sap dispersal.  The conditions that produce it are generally the same for all oocytes from a particular animal, but the rate at which is happens varies widely from one animal to another.   Material from one newt may give preparations that disperse in less than a minute in 0.1 M 5:1 K/NaCl + 10-4 CaCl2, whereas those from another may take up to half an hour to disperse fully in the same medium. In an extreme case, nucleoplasm from a plethodontid salamander took over 12 h to disperse and the process could not be hurried by any modifications of the medium that were not harmful to the chromosomes.  However, after that time the chromosomes were fully dispersed and still in good condition.

(iv)  Further hints on handling oocyte nuclei  
The faster you can work the better. Expert lampbrushers usually take less than 1 min from selection of the oocyte to dropping the coverglass over the completed preparation. Practice makes perfect! Undergraduate students faced with the task and provided with favourable material and good equipment and media usually manage to make some good lampbrush preparations in the course of a half day laboratory session. It takes a little longer to be consistently successful.

Some newts have particularly sticky nuclear membranes or naturally fluid nucleoplasm. Either of these characteristics can make the nuclei very hard to handle. The best advice in cases like this is pick another newt. Oocyte nuclei from some species show a tendency to stick to glass surfaces. The only way to overcome this problem is to keep the nucleus constantly on the move and work fast. Other tricks include siliconizing of all glassware except the observation chamber, and deliberately leaving a little cytoplasm on the nucleus before transferring it to the chamber. The latter step of course risks cytoplasmic contamination of the final preparation. To avoid this the nucleus should first be placed well to the side of the chamber and then picked up and lifted to the middle of the chamber for removal of its membrane so that the contents are spilled out onto a clean area on the base of the chamber.

Give an isolated nucleus l0-20 seconds to swell after it has been placed in the observation chamber and before attempting to remove its membrane. This allows a space to form between the chromosome mass and the nuclear membrane and enables the membrane to be grasped in the forceps without damage to the chromosomes. But don't wait too long. The nucleus swells rapidly and uncontrollably after isolation and it will soon burst. If the nucleus does burst or can be seen to have a leak through which nucleoplasm is escaping then abandon it immediately.

Take pains to maintain a high standard of cleanliness at all stages of the procedure. This applies particularly to the medium in which the nuclei are removed from the oocytes and to the forceps and needle used for removing the nuclear membrane. Inevitably the isolation medium soon becomes messy with cytoplasm and yolk from punctured oocytes. Change it frequently, otherwise the final lampbrush preparations will have more yolk granules than chromosomes! Each time a preparation is made the points of the forceps and the tungsten needle will pick up some unwanted material, even if it is only nuclear membrane. Clean the forceps between preparations with a tissue. Clean the tip of the needle between preparations by holding it briefly in a hot Bunsen flame. Never flame the points of the forceps as this will soften and generally ruin them.

Never make up media in bottles that have been used for biochemicals, culture media or the like, or that have screw tops with cardboard or rubber inserts. Lampbrush chromosomes are exceedingly sensitive to contaminating biochemicals and to proteolytic enzymes, nucleases, and detergents in particular. So use only the cleanest glassware and cap it with foil, glass, fresh parafilm or plastic.

Lampbrush chromosome preparations can be left for several days in the refrigerator provided they are properly sealed and reasonably sterile. In one extreme case in the authors’ laboratory some preparations were kept unfixed, in excellent condition and without appreciable change in appearance for 14 months.

C.
Looking at freshly isolated lampbrushes

Perhaps the hardest part for complete newcomers to this technique working alone is knowing when they have got things right. The important basic points to attend to in this regard are as follows.

(1)
Have confidence in the dissection media. Know that they have the right pH and are free from contamination with biochemicals or detergents.

(2)
Have confidence in the equipment. Are the chambers, forceps, needles, and any other items with which the oocytes, the nuclei or their chromosomes come into contact, clean and uncontaminated?

(3)
Select oocytes of the right size range: 0.8-1 mm diameter.

Given these conditions, properly isolated lampbrush chromosomes should show the following features.

(1)
They should disperse to lie flat on the bottom of the chamber within less than half an hour.

(2)
They should have large numbers of lateral loops projecting from the axes of the chromosomes all along their lengths.

(3)
The loops should be clearly distinguishable and individually resolvable at magnifications of 25 x and above.

(4)
The chromosomes and their loops should show vigorous Brownian movement when examined at magnifications of 40 x or above.

For guidance with respect to the correct appearance of freshly isolated lampbrush chromosomes, consult Macgregor & Varley (1983) and Macgregor & Varley (1988), where you will find photographs of chromosomes that have been isolated in unsuitable media, chromosomes that have been exposed to unsuitable pH conditions and/or contaminants and chromosomes that have been broken by rough handling during isolation.

______________________________________________________________________________

The above protocol has been extracted from Macgregor & Varley (1988), where it can be found in its complete form, together with illustrations

______________________________________________________________________________

