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Short Abstract: 
Protocols are presented for two established motor coordination tasks, the accelerating rotarod and horizontal bar, also two tests developed in Oxford recently, the static rods and parallel bars. These tests can detect motor impairments potentially of interest in their own right, as well as being possible variables in tests of other areas of behaviour.

Long Abstract: 
Mice are increasingly being used in neuroscience, largely replacing rats as the behaviourist’s animal of choice. Before aspects of behaviour such as emotionality or cognition can be assessed, however, it is vital to determine whether the motor capabilities of e.g. a mutant or lesioned mouse allow such an assessment. Performance on a maze task requiring strength
 and coordination, such as the Morris water maze, might well be impaired in a mouse by motor, rather than cognitive, impairments, so it is essential to selectively dissect the latter from the former. For example, sensorimotor impairments caused by NMDA antagonists have been shown to impair water maze performance2. 
Motor coordination has traditionally been assessed in mice and rats by the rotarod test, in which the animal is placed on a horizontal rod that rotates about its long axis; the animal must walk forwards to remain upright and not fall off. Both set speed and accelerating versions of the rotarod are available.
The other three tests described in this article (horizontal bar, static rods and parallel bars) all measure coordination on static apparatus. The horizontal bar also requires strength for adequate performance, particularly of the forelimbs as the mouse initially grips the bar just with the front paws. 



Adult rats do not perform well on tests such as the static rods and parallel bars (personal observations); they appear less well coordinated than mice. I have only tested male rats, however, and male mice seem generally less well coordinated than females. Mice appear to have a higher strength:weight ratio than rats; the Latin name, Mus musculus, seems entirely appropriate. The rotarod, the variations of the foot fault test12 or the Catwalk (Noldus)15 apparatus are generally used to assess motor coordination in rats
.       

Protocol text:

1.) Introduction:
Behaviour is made manifest by action, and action requires motor skills, including coordination of the body. One of the first experiments in the history of animal behaviour was performed by Colin Stewart, a doctoral student at Clark University in the US11. He measured the activity of rats by putting them into a drum and counted the number of times it turned. This early apparatus was probably the forerunner of running wheels and the presently used rotarod test, albeit in the Stewart apparatus the rat was inside the drum, the movement of which was driven by the rat, whereas in the rotarod the animal walks on the outside of a rotating drum or rod which is motor-driven
. 
The original rod used by Dunham and Miya (1957)7 had a set speed, but nowadays accelerating versions (Jones and Roberts 1968)9 are available. The disadvantage of a set speed rotarod is that some animals with poor coordination will fall off at the start, whereas for those that do stay on, the test will soon start to measure endurance rather than coordination per se. The resulting bimodal distribution of data points may be sufficiently abnormal as to preclude parametric analysis. When an accelerating rotarod is used, particularly if it is accelerated only when a set criterion, such as staying on for 10 s, is achieved, data distribution is more likely to be Gaussian. The rate of acceleration can be adjusted so that motor fatigue does not play a significant role in performance; a mouse is unlikely to be markedly fatigued after just 2-3 min time on the rotarod
.

The “string test”1, “coat hanger test” or horizontal bar measures forelimb strength and coordination. The two epithets quoted refer to its development; originally a string was used, but the authors noted that performance depended very much on how taut the string was, hence future experimenters used a metal bar, often a coat hanger. We have found that a mouse’s ability to grip the bar is inversely proportional to its diameter
, and have standardly used a 2 mm bar. In the weights test (see JOVE protocol “Measuring the strength of mice”) the very fine wire of a kettle fur/scale collector allows the strongest animals to secure such a good grip that they can lift more than their own body weight. However, using larger diameter horizontal bars can be an advantage as the sensitivity of the test improves; with only a 2 mm bar most normal C57BL/6 mice reach ceiling performance. Hence we have recently adopted a three-bar apparatus; the bars can be readily interchanged as they fit into notches cut into the tops of the supporting columns. The bars are held under tension (especially important to make the 2 mm bar rigid) as they only fit the notches when the supports are slightly drawn together (like a longbow and its string) (see Figure 3).
Static rods or beams have often been used to measure coordination, but additional motivation was always used to persuade the animals to traverse the rod. They negotiated a horizontal beam to reach a desired goal, such as the home cage, refuge from a bright light, or food (if they has been made hungry). However, in the course of investigating this type of test, I discovered that mice would spontaneously turn around when placed on the “open” end of a cantilevered rod, and then traverse it until they reached the supported end. This technique eliminates the need for training (necessary in the previously mentioned test variants) as the innate reaction of a mouse to being placed near the end of an elevated rod is to attempt to reach the supported end
. This does not, of course, eliminate the problem that motivational changes might affect performance, which is always a possibility with this type of procedure. 
Cardboard tunnels are presently much used for home cage environmental enrichment, but their disadvantage in the present context is that animals will inevitably be practised in balancing on cylinders that can wobble about their long axis, mimicking the skills necessary to balance on the rotarod.
 Thus home cage enrichment could potentially mask a behavioural phenotype; an example is amelioration of a Huntington’s disease phenotype by enrichment14.Also animals often walk along the long axis of these tunnels, as when walking along an elevated static beam. Therefore I constructed a pair of elevated parallel bars, and placed the mice in the middle with the forepaws on one bar and the hindpaws on the other, a situation which they would never have encountered before. Mice had to reach the end supports of the parallel bars while remaining upright to pass the test. A somewhat similar device was a series of parallel bars placed in a mouse cage to assess the development of scrapie-induced motor dysfunction13
We have now tested several hundred mice for motor functioning at Oxford. These had received various treatments including pharmacological agents, or passive transfer of tissue (plasma) from humans, but mostly genetically modified animals. Some animals were more impaired on strength than coordination tasks, others vice versa. Some mice were more impaired on the rotarod than on static substrates such as the static rods and parallel bars, others vice versa. So the present article and the accompanying JOVE protocol “Measuring strength in mice”) describe how to characterise the way different treatments and mutations can differentially affect motor function in mice
. Apart from the rotarod the apparatus described here is simple, cheap and particularly suitable for laboratories not specialised for testing motor skills. For fine-scale gait analysis, the Catwalk system is a much more sophisticated system than older methods such as persuading a mouse to walk through an ink bath and then down a piece of paper, but it is an expensive piece of apparatus.  


All of these tests are designed to measure coordination rather than strength, although obviously a minimal degree of muscle tone is necessary simply for the mouse to use its limbs. For strength assessment, the inverted screen procedure10 is more suitable, or, if a more graded measurement is required, the weights test or its automated bar-pull equivalent (described in JOVE protocol “Measuring strength in mice”). The exception is the horizontal bar test, which requires both strength and coordination for successful performance
.

2.) Apparatus:
For all tests, a soft padded surface is placed at the base of the apparatus to cushion any mice that fall off. NB This is not shown in the figures, in order not to obscure any part of the apparatus
. During the testing of hundreds of mice, both normal and mutant, we have never observed any injury caused by falling from such apparatus, which is typically 30-50 cm high.
2.1) Rotarod
There are several commercial versions of this apparatus on the market, but some have disadvantages, such as failing to accelerate at an adequate speed to detect motor incoordination (rather than endurance). Another common fault is that the rod is not high enough above the base, resulting in mice tending to drop or jump off. 

The rotarod shown in Figure 1 was made to my design by the engineering sections of the department of Pharmacology, University of Oxford. The rod is 3 cm in diameter, supported 30 cm above the base of the apparatus. The surface is knurled in a series of parallel ridges along the longitudinal axis, enabling the mice to grip it effectively (Figure 2). NB The depth of the ridges is a vital detail; if the mouse cannot get a good grip the test will be very much harder; on the other hand, if the grip is too good the mouse will “cartwheel” around the rod by passively holding on to it. For “amateur rotarod makers” it may be useful to know that knurled wooden dowelling of an appropriate size for mice is available commercially; it would of course need to be treated with a good waterproof varnish before use. The start speed is adjusted to 4 rpm, the acceleration rate to 20 rpm/min. Maximum speed is 40 rpm.
Two flanges prevent the mouse from leaving the rod. They are 30 cm in diameter (this could probably be reduced to 20 cm). Their separation is set at 6 cm (maximum) but may need to be adjusted smaller for sub-adult mice if they tend to turn around on the rod. 


[image: image1]
Figure 1. The rotarod.
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Figure 2. Detail of the knurled rod of the rotarod
.

2.2) Triple horizontal bars 
The bars are made of brass, 38 cm long, held 49 cm above the bench surface by a wooden support column at each end. The columns are secured to a heavy wooden base. Three bar diameters are available: 2, 4 and 6 mm. The 2 mm bar is the standard one we use, but many mice reach maximum scores on this. Therefore larger diameter bars have been included in an attempt to refine the test, as mice cannot grip these so well. 
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Figure 3. The triple horizontal bars. The bar held in the notches is the basic 2 mm one; tacked beneath it (for demonstration purposes only) are the 4 and 6 mm bars
. In practice, only one bar at a time is slotted into the notched supports.
2.3) Static rods

Five wooden dowels or rods
 of varying thickness (35 (rod 1), 28, 22, 15 and 9 (rod 5) mm diameter) each 60 cm long could be fixed by a G-clamp to a laboratory shelf such that the rods horizontally protruded into space. The end of the rod near the bench has a mark 10 cm from the end, to denote the finishing line. The height of the rods above the floor was 60 cm.
If a shorter and less detailed test is required, use only the largest, smallest and middle rods. Van Dellen et al.14 used only a single rod to assess the progress of Huntington’s disease in mice. 
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Figure 4. A mouse traversing a static rod

2.4) Parallel bars

Two parallel steel bars 1 m in length and 4 mm in  diameter are fixed 30 mm (on their centres) apart by wooden supporting columns at their ends. The bars are 60 cm above the floor.

[image: image8]
Figure 5. A mouse on the parallel bars

3.) Procedure:

For all tests, mice are brought to the experimental room 5-20 min before testing, to ensure they are fully awake. As a general rule, to allow recovery of muscular strength and a return to normal levels of arousal, mice are rested by a return to the home cage after each motor test.

3.1) Rotarod

The rotarod is set with a start speed of 4 rpm, acceleration rate 20 rpm/min. The mouse is held by the tail and placed on the rotating rod, facing away from the direction of rotation so it has to walk forward to stay upright. This is easiest to do if the mouse is brought up towards the rod at an angle of 45 degrees below horizontal; if you attempt to lower the mouse from above it will spread its hind legs and grasp the edges of the flanges. Quick release of the mouse when it is almost touching the rod, just forward of and above the rods top dead centre, should enable it to easily grip. A (probably easier and more reliable) technique is to use a thin (10-15 mm) dowel. Holding the mouse in one hand, lower it on to the dowel, parallel to the long axis. The dowel is angled with the mouse’s head downwards about 30° to give it more time to grip the rotarod once it is released. Mouse and dowel are lowered between the flanges of the rotarod, and once over the rotating rod the dowel is pulled downwards away from the mouse, which grasps the rod and walks forwards.

At 10 s after placing the mouse on the rod, start acceleration (as long as the mouse is facing forward: if not, wait till it does face forward before starting acceleration), and note the speed at which the mouse falls off. If it falls off before 10 s, note the time of fall and try again, up to three times in total, recording the speed at the first fall after the 10 s point. However, falls before 5 s which are due to poor placing by the experimenter should not be recorded. The mean speed at fall is the datum; rather than using the maximum speed, this corrects for the extra practice the mouse receives during the failed runs, which it is assumed would assist performance. Thus a mouse that falls before 10 s once then stays on till 12 rpm the second time scores (4+12)/2 = 8 rpm. A mouse falling twice then staying on for 10 rpm scores (4+4+10)/3=6 rpm. If a mouse fails to grip in 10 s three times it is assigned a score of 4 rpm. 

One problem is that mice sometimes stop walking forward and grip the rod firmly instead, so that they passively somersault round, although most eventually fall off.  It might therefore be useful to also note the speed when the first such inversion occurs. A possible solution might be to use a rod with a larger diameter or less pronounced ridges.
3.2) Horizontal bars
As mice find it easiest to grasp the narrow 2 mm bar, it is advisable to test them first on this one. Holding the mouse by the tail, place it on the bench in front of the apparatus, slide it quickly backwards about 20 cm (this aligns it perpendicular to the bar), rapidly raise it and let it grasp the horizontal bar at the central point with its forepaws only, and release the tail, simultaneously starting the stopclock.  This can be difficult to achieve efficiently; some mice grip better if the tail is released suddenly; if they feel they are still supported they may fail to grip.  The criterion point is either a fall from the bar before the mouse reaches one of the end columns of the bar, or the time till one forepaw touches a column. Maximum test time (cut-off time) is 30 s. 
If the mouse fails to grasp the bar properly first time and this appears to be attributable to the experimenter's technique, rather than the mouse, try again (after a brief rest while another one or two mice are tested) and do not record this fall.  If the mouse falls before 5 s and this is apparently not due to poor placing by the experimenter, repeat up to three times in an attempt to get a >5 s score.  If >5 s on the second attempt, do not do a third trial. 
Take the best score as the datum. A mouse that repeatedly fails to support itself for >5 s scores only 1.
If the triple-bar version is being used, if the mouse scores 5 on this first 2 mm bar it can then be tested on thicker bars, after a brief rest period while another one or two mice are tested. The scoring system for the 4 and 6 mm bars is the same as for the 2 mm bar, and the final score is the cumulated total. Thus a mouse that scores 5 on the 2 mm bar but falls from the 4 mm bar after 13 s scores 5+3 = 8.

Scoring the horizontal bar
: the first two intervals are less than the last two as once the mice have initially mastered the task they are less likely to fall:
Falling between 1-5 s = 1

Falling between 6-10 s = 2

Falling between 11-20 s = 3 

Falling between 21-30 s = 4

Falling after 30 s = 5

Placing one forepaw on a bar support without falling = 5


NB as the optional use of 4 and 6 mm bars is a new addition to our protocol we do not yet have extensive experience with them.
3.3) Static rods

A mouse is placed at the far end of the widest rod (nose tip one head's length from the end is ideal). Two measures are taken; orientation time 
 (time taken to orientate 180 degrees from the starting position towards the shelf) and transit time (the time taken to travel to the shelf end (nose beyond the 10 cm mark from the shelf end of the rod).
Orientation is dependent on the mouse staying uupright; if it turns upside down and clings below the rod, for statistical purposes it is arbitrarily assigned the maximum orientation score of 120s and is not tested on smaller rods; also the transit time becomes the maximum value
 as a mouse that transits upright is obviously better coordinated than one which transits while hanging on upside down. 

If the mouse falls or it reaches the maximum test time (arbitrarily set at 120 s) it is not tested on smaller rods. For statistical purposes, mice falling are assigned 120 for that particular rod and for subsequent ones, as it is assumed they would again fall from a narrower rod. If the mouse turns upside down , is also noted
; for successful transit as well as orientation it must stay upright on the rod or otherwise it is assigned the maximum score.. The mouse is removed after reaching the end of the rod or falling. 


After testing on one rod the mouse is returned to the home cage to rest while another mouse is tested. It is then placed on the next smaller size rod and tested in the same way again. Testing is stopped if the mouse falls off a rod after being on it for more than 5 s. If it fell off in less than 5 s it is replaced and another attempt allowed (as falling within 5 s could be due to faulty placing by the experimenter), for a maximum of three trials, and the best result used. 

3.4) Parallel bars

A mouse is placed in the centre of the two bars with its longitudinal axis perpendicular to that of the bars; both front paws are on one bar, both hind paws on the other bar. Scoring is similar to that for the static rods. There are two measures: the time taken until the mouse orients 90° to the start position, and the time until it subsequently reaches one of the end supports, are both measured with a stopclock. If the mouse turns upside down this is also noted
. As for the static rods test, orientation and transit must be achieved without it turning upside down, otherwise the maximum time is allotted. 
It is rare for reasonably healthy mice to fall in less than 5 s; if this does happen it is probably due to poor placing and therefore the result should be discarded and the mouse retested.
4.) Expected results:

A static rod was originally used to monitor the progress of Huntington’s disease in mutant mice, with or without environmental enrichment in their home cages14. The enrichment programme dramatically delayed the onset of motor dysfunction on the rod, which was paralleled by a delay in the onset of hind paw clasping, a general sign of neurological impairment. 

Scrapie-infected mice showed a decrease in horizontal bar performance from week 16 post-injection, in rotarod testing from week 18, and static rods from at least week 198 (earlier testing was not performed). KATP channel subunit Kir6.2 KO mice were impaired on the static rods and horizontal bar, but not on the rotarod4. Hippocampal lesions had no effect on any measure of motor ability5, but 129S2/Sv mice were impaired relative to the C57BL/6 strain on the rotarod and static rods3. C57BL/10 mice also had worse motor performance than C57BL/6 mice6, although not to the same extent as 129S2/Sv mice.
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Protocol TextEmail: robert.deacon@psy.ox.ac.uk
�I wonder if it’s worth adding a classic strength grip test if you highlight strength here? I see that you have strength later on; maybe worth noting the other protocols at the end of this paragraph? And you could perhaps explain why coordination is needed in the water maze with reference to work showing NMDA antagonist-treated animals falling off? DB could give you the references for that I imagine


�This is a good point, but I suppose that it does raise the possibility that a change in that motivation would change performance – like parasite-infected water-snails that climb up reeds rather than down them, and get eaten by birds. Perhaps toxoplasmosis infected mice aren’t only less scared of cats…??? (Not a serious point, but a thought.)


�Is this necessarily a disadvantage? We know that there’s often a learning curve on the rotarod, but uncoordinated animals don’t get to such a high level of performance.


�Do you think that you should mention catwalky tests too – not necessarily to give a protocol but so that people know they’re there, for completeness’s sake?


�Same comment


�Isn’t this just an early running wheel? (I haven’t read the original paper, but that’s what it sounds like from your description. I wouldn’t say that the rotarod and the running wheel were simply measuring the same thing…


�I think all these are good points.


�Within limits, of course…


�This is a good point, but I suppose that it does raise the possibility that a change in that motivation would change performance – like parasite-infected water-snails that climb up reeds rather than down them, and get eaten by birds. Perhaps toxoplasmosis infected mice aren’t only less scared of cats…??? (Not a serious point, but a thought.)


�Is this necessarily a disadvantage? We know that there’s often a learning curve on the rotarod, but uncoordinated animals don’t get to such a high level of performance.


�Do you think that you should mention catwalky tests too – not necessarily to give a protocol but so that people know they’re there, for completeness’s sake?


�Yes, again I think all this is very clear


�I don’ t know if you might want to make a comment about height…? See next paragraph, too.


�If the precise shape of the knurling is important, do you think it would be worth showing a cross sectional view, if that’s possible? Given that this is milled from steel, it could be expensive to make mistakes in manufacture?


�Have you actually validated this one, or is it more an idea in development? And the photograph makes it looks as though you use all three bars at once, as in the parallel bars test. The protocol doesn’t specifically disabuse people of this belief.


�Insert “wooden” (and I take it that this matters, as grip depends on what the rods are made of)


�I assume you will rotate this picture


�I assume you will rotate this picture


�I know that Fran wondered why the scoring bands were set exactly as they are; I didn’t know the answer to that.


�Ah: I think you should (a) just explain why you think these might be a useful addition and (b) delete the specific mention of a stroke model


�SHouldn’t you say that there are two measures? One is orientation time, and the other is time to reach the bench (“transit time”).


�This isn’t clear at all, because I don’t think you have defined transit time, nor Yet) its cut off value (which I would re-phrase as its maximum test time)


�So if it slips, but doesn’t end up hanging below the rod is it also given a maximum score on both measures? And what if regains its upright position?


�What do you do if it does turn upside down? Do you just end up having group scores for  the number of animals within each group that did and didn’t turn upside down, and doing a Fisher Exact Probability test on those numbers?


�These days OXION likes people to give an OXION address for the work as well. Pippa Cann could give you the details.
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