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1. General introduction

The goal of this laboratory exercise is to give Yfost-hand experience at analyzing a simple neonaluit that
produces behavior. Specifically you will be obsegvthe swimming movements and neural circuit efrtual (i.e. a
computer simulated) fish. You will be using a cagy simulation to identify the neurons within tfigh’'s nervous
system that are responsible for this behavior dadtdheir excitatory and inhibitory neural inteno@ctions within the
circuit. The primary goal of this module is to eehine the mechanism this circuit employs to predie rapid left
and right bends of the fish's tail that propel fish through the water.

There are both practical and ethical reasons fioigue realistic computer simulation in lieu of eelimodel. The ethical
aspect is obvious; rather than subjecting a ligd fio physiological experimentation, it is more laun® to perform

similar experiments using a computer simulationjcivhis feasible in this case. The practical reafwnusing a

computer simulation is that it does not requirgeagdeal of patience, precision, and time, whiclulel be necessary in
an animal experiment. Maintaining intracellulaeatodes in small nerve cells while the animal exes locomotor

activities, for example, is a skill that likely azot be developed in the time allotted for this podj By doing computer-
based experiments, skill development becomes ussang yet pretty much the same experiments caobe.

Swimming and other rhythmic locomotor activitigeliflying, walking, or running are examples of werisal behaviors
that are essential for survival and therefore amgorrtant to study. Interest in the basis of rhythimcomotor activities

is related to important philosophical issues indbgelopment of behavioral and neural science.thAscientific era of
studying behavior began to emerge in the 19th cgnthere were two schools of thought about behavidhe
mechanistic approachuggested that animals and their behaviors coeildriolerstood entirely in terms of physical and
chemical laws. The contrastimifalistic approachsuggested that animals had unique attributes, sameof special
animate or “vital” force, that conflicted with thaws of physics and chemistry. Adherents of thaligtic school were,

in general, religiously oriented and tended toéhalithat patterns of behavior, at least in humaese controlled by the
hand of God. Adherents of the mechanistic schebile not generally atheists, felt that they coatdne to complete
understanding of behavior without recourse to cptesuch as vital spirit, soul, or will.

During the latter part of the nineteenth centuhg principles of neural conduction and synaptiognaission were
studied, and it became clear that behaviors sucéfleses (innate reactions to specific kinds ohsti) could probably
be fully understood in terms of neural circuitrydathe newly discovered properties of synapses. év¥ew much
behavior does not occur in response to a stimbluisis instead spontaneous. The basis for spomtigngehavior was
not successfully resolved by nineteenth centurysjaggists, and because this type of behavior wastreeen to be
reflecting the action of a vital force, it provednajor challenge for the advocates of the mechargshool.

One of the most obvious and easily studied formsspdntaneous behavior is locomotion, in which rhyjith
movements seem to be generated entirely by theaditself. The study of the locomotion mechanigmss became a
surrogate for the study of spontaneous behavigieimeral. Many scientists felt that understandowpiotion would
provide insight into the origins of spontaneousawédr, which could bear on the mechanism-vitalisbhate.

There were three theories of locomotor productiohhe chain reflex theoryproposed that rhythmic activities, such as
repeated stepping, were the result of a chainigeaof reflexes in which an external stimulus iatiéd a behavior that
in turn propagated a series of actions in respomdbe behavior that preceded it. Téedogenously rhythmic cell
theory proposed that certain neurons endogenously (intatg) generated rhythmic (bursting) patterns ofiaty,
such as those involved in stepping or flapping wingThecircuit theory proposed that spontaneously rhythmic
movements of locomotion were due neither to chaflexes, nor to endogenously rhythmic cells, buteniastead the
result of interconnections of cells their indivilaad collective synaptic properties.

During the twentieth century, it was shown thatvoess systems could continue to generate rhythntieie even after
all possibility of sensory feedback was removedhud it became generally accepted that nervous mgsteere
primarily responsible for producing normal, contimis locomotion without any sensory feedback at @hain reflexes,
though not the basis for this behavior, often pitedi some modulatory control of locomotor patterns.

One of your tasks in this project is to determinkioh of three theories, detailed section 4.1 can explain the
rhythmic movements that constitute swimming in camputer fish.



Our computer fish is nameBwimmy Swimmy swims by flapping its tail rapidly fromds to side, in a normal,
continuous locomotive pattern that propels it tiytothe water.

Swimmy has just one left-flexor motor neuron ané aght-flexor motor neuron that innervates altted muscle fibers
of the left and right tail flexion muscles respeety. The recordings taken from both motor neurare displayed
below. There are alternating bursts of spikesh éasting just under 100 msec, in the left andtrigbtor neurons that
are exactly out of phase with one another.
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Your goal in this project is to determine how thewetor neurons and other neurons in the swimminguiti
interconnect and to explain how this particulartgrat of behavior is achieved in the motor neurokeu can assume
that production of rhythmic activity is due to oofethe three mechanisms you will learn about when reactsection
4.1 below.



2. Plan of Attack

There are two lab sessions for this projdétyou don't remember your neuron physiology basigdease review them
to help you complete the better understand the pobj

Week 1 Lab
0 Learn how to use NEURON, the program that runs Saym
o0 Observe the activity of the motor neurons thatval®wimmy to swim
o Observe basic neuronal activity, such as actioargials (spikes), EPSPs, IPSPs, etc., in action
o Become familiar with neuronal and synaptic prinegl
Week 1 Homework
0 Read section 4 and complete the Swimmy quiz, dtieeastart of lecture 2
Week 2 Lab
0 Read section 5 and complete the assignments giMeoth subsections
o Continue on to section 6
Week 2 and Week 3 Labs
Determine the interconnections between the swimmirgyit neurons
Learn how to provide convincing evidence of dineetironal connections
Determine which neurons generate the rhythmic patte
Determine the type of oscillator these neurons egnpl
Learn how to provide convincing evidence for yoanclusion about the origin and mechanism of the
rhythm
Week 3 Homework
o Finish your analysis of the Swimmy circuit, as désd in the lab manual
o Complete the lab report in section 7, due at tae sf the next lab session

O o0Oo0Oo0oo

3. Week 1 Lab

Swimmy is a virtual fish that exists in a simulatiprogram called NEURON. The goal of this firdt ia to guide you
through the NEURON program and to review and sigligour knowledge of action potentials, synapti¢epuials, etc.

3.1. Installing Swimmy

Swimmy is designed not to need installation ofghed that changes your computer registry. If youranning it from
the 116/101L lab (A456 Franz Halthe necessary files can be found inSwammyGUI folder on the desktop. If you
are running it on any other computer equipped wWithWindows OS (including at homgdu will need to have a copy
either downloaded or on a CD.

*** To properly download Swimmy from the websitege the sections titleBreparing your computer for the
SwimmyGUI download and Downloading SwimmyGUI to a Windows-equipped compute in the
DOWNLOADING AND RUNNING SWIMMY GUIDE at the end of this manual. ***

You can run the program from any location, inclgdanCD. When running Swimmy at hopfist ensure that your
computer has &: drive (which the program occasionally calls to lht's running), then ensure that your computer
has Microsoft .NET Framework Redistributable Paekémfree downloadable component that will alloe émimation

to function properly).

3.2. Starting Swimmy
To access Swimmy from the 116/101L lddcate theSwimmyGUI folder from the desktop. To access Swimmy from

home you will need to locate thBwimmyGUI folder wherever you have downloaded it. To ac&ssnmy from a
Franz Hall & floor computer labopenMy Computer, then Apps on Redwing then select th&S101L folder.




Double-click theSwimmyGUI folder. Here you will find theStartSWIMMY?24 batch file that will initiate the
Swimmy program. Th&tartSWIMMY24 batch file contains everything you need to stacryprogram.

To begin using the Swimmy program itself, go to 8wimmyGUI folder (if you are not already there) and double-
click the StartSWIMMY24 batch file.

e CAWINDOWS\system32\em d.exe
PLEASE TYPE OME OF THE FOLLOWING <{NO SPACES> AND HIT EMNTER:

;umﬂ sumB swmC swmD swmE sumF {or other) _

A window will appear listing the six different stemt versions of Swimmy. Your instructor will infaryou which of
these programs you will be using, as listed beldweje the one you will be using for your own refece.

SWMA
swmB
swmC
swmbD
swmEg
swmF

Type the program name in the window, therRe@turn on the keyboard.

Once the program loads, six windows will be dispthy Thenrnalone window will be referred to as théommand
Window. You will probably not need to use t@®mmand Window, but it must be open for NEURON to run. You
may minimize the window so that it does not clutteur screen.

*** |f these steps fail to initiate the Swimmy pyam, you may instead need to start Swimmy by anger command
in a command window, and then open the animatiodow separately. See the sections tigéaiting Swimmy
using a command promptand|nitiating the Swimmy Animation window in theDOWNLOADING AND
RUNNING SWIMMY GUIDE at the end of this manual. ***




You may minimize the bigger of the tviRun windows, labeledRkunControl, by clicking the minimizing button on the
window title. Leave the small&un window open and drag it, as well as MEURON Main Menu window, and the
Swimmy Stuff window to the top of your computer screen so thdbesn’t overlap with other windows. You willeis
the NEURON Main Menu window for printing and searching for windows tlaatidentally become hidden. You will
use theSwimmy Stuff window to create graphs (records) of selected @it stimulate them. You will use tinit &
Run button of theRun window to initiate a bout of neural activity thaiakes Swimmy execute a bout of swimming.
This program is arranged to display a maximum d¢f dasecond (500 msec) of neural activity with eacbss of the
Init & Run button from theRun window.

Swimmy comes equipped with an animation window tlgltowhich you can visualize the movement of youuail
fish. The window displays the same 500 msec ofalectivity dictated by of Swimmy’s motor neuroné/hen your
Swimmy program is running, you may click tAaimate button on the animation window to view an animatid your
fish.

In the Swimmy Stuff window, click theStation button. The following windows will appear on yaareen.

Wl Graph % 0:300 ¥ 0: 200 ol x|

Close Hide I

O x|

Enter station name; when name box appears reduce and place at upper right of screen




Position your mouse on the white line in tREURON window and enter your first and last names. Wjen hit
Accept, your name will appear in the blank graph. Redheedimensions of this window and drag it to tpger right
corner of the screen for later use. This labéllvelrequired to appear on any printouts.

3.3. Displaying activity of Swimmy's motor neurons

In order to visualize Swimmy’s left and right motegurons, namedell 1 andcell 2in Swimmy, you must open up a
graph that displays membrane potential as a fumcifdime for each motor neuron. To do this, seMake Record
from the Swimmy Stuff window. A list of various cells will appear belatis button. Selectell 1 to open the
corresponding graph. Do this again to create plgfarcell 2 Position your graphs so that they don't overlap.

To display this activity of these cells on the drapclick thelnit & Run button. You will see alternating bursts of
action potential (spikes) in the two cells thaterable the activity diagrammed gection 1 In a real fish, this motor
neuron firing pattern would cause alternating beofdthe tail fin to the left and right. You shoulde yourAnimate
window to better visualize this.

You may have expected spikes to always be of a féee, but you will notice that the first spikeezfch burst is larger
than the rest. This is because the cells do net tiane to entirely recover from refractory peridastween spikes
within a burst, and spike size is somewhat redilceélatively refractory cells.

To view the neuronal activity more clearly, you n&tyetch your windows in any direction by draggthgir edges.
You may also zoom into your graphs by changingsttedes of the x- and y-axes. Remember that tha@sxrapresents
the time (in milliseconds, msec) that activity ixarring. Therefore when comparing neuronal atstivi is imperative
that the x-axes of all neurons in question aretidehin range. The y-axis represents membranergiad (in millivolts,

mV) and changing the scale (the amount of zoommgriout) here is independent of other neuronsu Wy not
necessarily want the y-axes of your graphs ondheesscale; this depends on what you are trying@toothstrate.

To alter the scales of your axes, first right-cléskd hold the mouse at the center of the grapbéibrl and selecView,
thenSet View



Position your mouse pointer such that the tip Wiithin the space allotted for typing. Type in flelowing command
to adjust theX sizeand hitAccept

For now, do not adjust thé size— simply hitAccept without changing the numbers.

Repeat this zooming action foell 2 Remember to only change tKesize of cell 2 for now.

Go back toview...  Set Viewoncell L This time adjust only th€ sizeby entering the following command.

This allows you to view the small between-burstresencell 1 more clearly.
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Upon viewing this record for the first time, yought have considered an incorrect kind of intergi@ta You may

have thought that the low amplitude events@i 1 (between about 300-340 msec) were a serietepblarizations

(presumably EPSPs) whose peaks are marked by te dpcles. If you recall the IPSPs that you haeen in

textbooks and classes, they always have relatiegligd onsets and slow decays, and never the re(tBsssame is true
for EPSPs). Therefore, the activitydall 1 cannot be characteristic of EPSPs, but are diRSBs instead.

We can correctly interpret these graphs as follovihe spikes seen ioell 2 are followed, at a short delay, by
hyperpolarizations, presumably IPSPs, which staiindicated by the dashed arrows and wigiebkat the solid dots.
Although thecell 2 spikesusuallycause an IPSP, they do not always do so, as shgwhe missing IPSP indicated by
the question mark. The fact that IPSPseti 1 usually follow spikes ircell 2 but do notnecessarilydo so would lead
us to conclude that the IPSPs are caused by aménten that is excited bgell 2 and that sometimes fails to fire in
response to a spike icell 2 According to Dale’s Law, the observation thagiaen neuron releases the same
neurotransmitter at all open terminals also ardaeshe existence of an inhibitory interneuron. Ww thatcell 1
andcell 2 are motor neurons and therefore must releaselelseliye, which is not usually inhibitory.

You might also question, when observing the abayaré, why the first IPSP in the series is so mlazger than the
others. Two explanations are available:

(1) IPSPs get smaller because the inhibitory synapsesnie depressed by ongoing activity (i.e. theyasct
though they tired out or fatigue).

(2) Inhibitory input to the cell causes the membranétage to move toward about -90 mV, and since the
membrane potential is almost all the way there wttem second inhibitory input occurs, relativelytldit
additional downward shift occurs due to that inpUhis topic will resurface later in this manual.

For now it is sufficient to conclude that Swimmy able to swim because his motor neurons alternaterden
producing bursts of spikes and being inhibited. rédwer, since each IPSP follows at a fixed timeradt spike in the
contralateral motor neuron, it looks as thoughlB®Ps are probably produced by the spikes in th&raateral motor
neuron, but via an interneuron.
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3.4. Printing out records

To ensure that the windows you wish to print witlioh the printed sheet of paper, make sure trestettwindows are not
more than about half the screen wide. If theyrate resize them by dragging their edges with toeise pointer.

Click Window in theNEURON Main Menu and selecPrint & File Window Manager . This will bring up a window
with two red rectangles. The left rectangle isaprof the windows, in blue, on your desktop. Tigatrrectangle is a
map of the windows that will appear on your printoulNEVER CLICK THE RESIZE BUTTON IN THIS
WINDOW. IT CAN DESTROY THE DIMENSIONS OF THE WINDO WS ON YOUR SCREEN AND CAUSE
SOME OF THEM TO BE HIDDEN OFF THE SCREEN.

Follow your instructowvery carefullyto complete the following details.

Make sure the black diamond appears nesetect otherwise click this button. Select the windowes! wish to print
by single-clicking the corresponding blue windowsthe left red rectangle. For your practice, dethe windows
representingell 1 andcell 2 Be sure to include the window that has your namé&. They will be duplicated on the
right side of thePrint & File Window Manager, but may not necessarily appear within the lineshe right red
rectangle. THIS IS OKAY!!!

If your blue windows are not contained within thght red rectangle, click theove button so that the black diamond
now appears here. Use your mouse to drag yourtedlgvindows into the right red rectangle.
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If your blue windows are too long to fit in the higred rectangleDO NOT RESIZE THE RECTANGLES IN THE
PRINT WINDOW BOX !l Instead, simply resize the original windows on tlesktop by dragging the edges with
your mouse.

When you have finished rearranging your selectattiowvs, clickPrint and then clickTo Printer in the drop menu.
Accept any additional windows that may pop up.

If you are having trouble printing using Swimmy’dant option, you can instead press fRentScrn button on your
keyboard to capture a screenshot of your compuskidp, paste the image into a word processingranodlike
Microsoft Word or OpenOffice SWriter), and printtdbe document.

For cleaner screen images, you can capture eaadowimdividually by selecting the window and pregssbothAlt
andPrintScrn simultaneously on your keyboard and pasting eatthd word processing program for printing.

Once printing is successfully completed, adjust¥Xhsize of yourcell 1 record so that it displays membrane potential
from —80 to 40 mV. Leave both tlell 1 andcell 2 windows open to use for the following section.

3.5. Stimulating by passing current through an intacellular electrode

An experimental technique that is standard faredat neurophysiologists and that will be esseffitiathis exercise is
induced stimulation of the neuron. Using this téghe will allow you to do either of the following:

(1) depolarize neurons in order to force them to fire
(2) hyperpolarize neurons in order to prevent them ffioimg

You can arrange to pass current into a neuron legtseg Make Stim from theSwimmy Stuff window. Select the cell
you wish to stimulate from the drop menu. For #mample, seleatell 2 A cell stim window will appear for the
corresponding cell.

Thecell stimwindow has three features:

(1) The delay represents the time (in msec) that you wish toirbggur stimulation. Remember that time is
displayed on the x-axis. Therefore, your delathistime on the x-axis where your stimulation vegin to
affect the cell.
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(2) Theduration is the length of time (in msec) that you wish taimtain your stimulation. Therefore, your cell
will be stimulated starting at the delay (in msgol chose above, and will last for the durationrfisec) you
enter here.

(3) Theamplitude of the current represents the strength (in nanpsjraf the stimulation. Positive amplitudes
will depolarize the cell. Negative amplitudes whl{perpolarize it. The larger the absolute valfigehe
amplitude is, the stronger the current is. Trytooéxceed +/- 15 nano-amps unless it is absoluetessary
to use a current that powerful.

To generate a 1 msec depolarizing current pulsegane of the intervals between spike burstselh 2, find a region
on thecell 2 graph where such an interval occurs. Two areas: exhe first is around the 260 msec region, Hrel
second is around the 360 msec region. We willtgatilly pick the 260 msec region to view our stiatidn. In your
cell 2 stimwindow, enter the following information.

This means that our stimulation will initiate at®@sec on the x-axis and will last for only 1 msé&tthen you begin
with an amplitude of only 1 nano-amp you will obse=a small depolarization around 260 msec on yeiir2 record.

This shows that your pulse was not strong enougtidinot have a large enough amplitude) to depmdahe cell to
threshold (to generate an action potential).

Gradually increase the amplitude in about 1 or Aoramp increments until you find (approximatelyg timinimum
amplitude needed to allow this cell to fire at tfigen delay. Hitinit & Run each time you change the amplitude
value. Watch how as you increase the amplitudeathount of depolarization also increases.

Once you find an amplitude that alloesll 2 to fire (a supra-threshold depolarization), yowmatice that a spike that
occurred just after 260 msec on the x-axiz@f 1 no longer exists This evidence strengthens the interpretation, as

suggested above, that spikes in one motor neungsed®SPs in the opposing motor neuron, proballariinhibitory
interneuron.
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You can establish as many stimulus channels asligeun a cell, and each will deliver a current gil(with the
characteristics specified) when you hitt & Run . When you are done with a stimulus you can rembby first
setting theamplitude value to zero, then simply closing or minimizidge tell stim window. IT IS IMPERATIVE
that theamplitude is set to zero before closing it. If you fail do this, the cell wilremain stimulatedat the given
point in time and you will not be able to contral ilf you forget and end up having a problem, sel®ols in the
NEURON Main Menu, then Point Processesthen Viewers, then Point Processesthen IClamp. An IClamp
window will appear containing a list o&ll stim windows that have been used in the program thus fa

Double-clicking any of these items in the list widl-open the correspondimgll stim window. You should NEVER
open the very FIRST item in this list. In somesiens of Swimmy the first item is labelé8oma[13].soma(0.5)and
in other versions of Swimmy the first item is labdiSoma[14].soma(0.5)

) —

This first item in thelClamp window corresponds to a pre-programmed stimulatii@at helps the Swimmy circuit to
function properly. It should not be opened andssghiently adjusted. You are welcome, howeverptnany of the
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remaining list items to accessaeall stim window that you have used before. Note that timabers in the list DO NOT
always correspond to the cell number that was $éited. This means that you may have to re-opert ofahe cell
stim windows in the list to find out which cells stilave lingering stimulation. Make sure to zero amyplitudes that
have other values in them, Hitit & Run to ensure that you have disabled the stimulatom close theell stim
windows. Ask your instructor for help if necessary

You will still need to use yourell 2 stimwindow, so daot zero out and close this window yet. You will bstructed
to do so later on.

You can now use your ability to stimulate cellsfited out something about Swimmy that will be usefater on.
Swimmy bends alternately left and right as the &ftl right motor neurons burst in alternation.ong of the motor
neurons were silenced by hyperpolarizing it, whatild happen to Swimmy's ability to swim? After dam its tail to
one side, would the tail relax back to the midipesition as a result of some sort of elasticityhi@ body, ligaments, or
muscles, or does the tail need the contractiom@ftuscles on the other side to pull it back? Aner this question
silence one of the motor neurorcel{ 1 andcell 2) and animate Swimmy to see whether or not itsrédéxes back to
the midline in between bursts of the other motamrar or if it instead deflects to one side.

To carry out this experiment, first adjust #esize of yourcell 1 andcell 2records so that they display 0 to 500 msec of
activity. Then hyperpolarizeell 2 for the duration of the record (0 to 500 msechisTneans that you must change the
values in yourcell 2 stimwindow, so that the delay is 0 msec, the duragos00 msec (which will cause the stimulus
to last until 500 msec), and the amplitude musa Inegative value to hyperpolarize the cell. Afteu hitInit & Run ,

you may need to adjust tivesize on yourcell 2 record in order to see the activity that occurthia cell. Although the
hyperpolarizing stimulus you gave the cell will yeet its firing, it is still receiving input fromtber cells and therefore
still exhibits sub-threshold activity. Your windsvghould look like those in the figure below.

Once you have established the stimulation, chekmate in the animation window and observe the resultiaig

movements. The animation window displays 500 nwfeactivity, so look for Swimmy to alter its tail awements
throughout the entire animation. Closely obsemun®ny’s behavior in this window and take detailestes regarding
its pattern of movement. Be prepared to contrastiiehavior with another type of activity listedguestion 9of your

lab report.

At this time, you may zero your amplitude in tt®ll 2 stimwindow, hitlnit & Run to ensure that you have disabled
the stimulation, and close thoell 2 stim window. You may also close your graphs &il 1 andcell 2, since the
following section does not require them.
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3.6. Examining some known simple circuits

In this section, you will be given two simple ciitsuto explore.

The first circuit,circuit (a), containscells 3-6 Cell 4 receives excitatory input from botlell 3 andcell 5. It receives
inhibitory input fromcell 6.

The second circuigircuit (b), containscells 7-9 andcell 26 These form an independent chain of cells in tvigach
cell drives the next one via powerful synapsé&zll 7 is endogenously tonically active (it fires contiusly on its
own), thus it can initiate activity in the circsince it is not dependent on other cells.

The following exercises on these known circuitsl Wélp prepare you to analyze the unknown Swimmgud, and
enhance your knowledge of basic neuron physiology.

3.6.1. Circuit (a)

Begin by opening a record for all the cellzircuit (a). This means you must open recordsciat 3, cell 4, cell 5, and
cell 6.

3.6.1.1. All-none law and threshold

Begin by recording 50 msec of activity frarell 3. This means to zoom into the x-axis so that gife at 0 msec and
ends at 50 msec. Remember, this action requireso/oeset th&/iew. For ease of comparison, display the same 50
msec region on the records fell 4, cell 5, andcell 6 as well.

As shown in the diagram faircuit (a), cell 3 excitescell 4 Open acell 3 stimwindow (selectMake Stim) and use it
to pass a depolarizing 1 nA current into the dell,1 msec, and beginning the stimulation at 30ar(&®m time 0).
Your initial cell 3 stimwindow and corresponding graph should look like windows below.
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You should find that as you gradually increase ahwlitude of a depolarizing current stimulus, tepalarization in
cell 3will increase the membrane potential until thenpéhat it hits threshold and fires (generates@ioa potential).
Determine the threshold current to within 0.1 nAr(inue increasing the amplitude by 0.1 until yee the amplitude
required to makeell 3 spike), and see for yourself whether the spikegeally all-or-none, as they are supposed to be.

3.6.1.2. Excitatory postsynaptic potentials
Change the time axis (x-axis) foell 4 so that it is the same as thatcefl 3. Use thecell 3 stimwindow to stimulate

cell 3just above threshold. Note that an EPSP appeaedli4. This EPSP is too small to cause cell 4 to firés(sub-
threshold). Note also that the EPIS#Rjinsabout 1 msec after the spikedell 3reaches itpeak

To better observe the 1 msec delay, you may watgngorarily zoom into your time axes so that they both rumfro
just 30 to 40 msec.
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\

This delay, sometimes called the “central delay,the same for all Swimmy neurpgeu can take advantage of this
fact later to decide whether one cell affects anetreither directly or indirectly through one or merinterneurons
The central delay is composed of the intrinsic pyicadelay plus a little bit of time for conductidrom the soma
(where you are recording) to the synaptic termidlthe cell (we have made conduction times in Swimmegligibly
short).

Zoom your graphs back out to display 0 to 50 msemahe x-axis, and continue with the following procdures.

Change the amplitude in tleell 3 stimwindow so thatell 3is below threshold (it does not fire). Note thdten a
presynaptic neuron (heregll 3) does not fire, it is unable to send any signalhé postsynaptic neuron (hecell 4).



19

You may leave youcell 3 stimwindow open to continue with the following proceelst

3.6.1.3. Summation

As shown in the diagram faircuit (a) on page 16cell 5 excitescell 4 Open acell 5 stimwindow and give the cell a
1 msec long supra-threshold (above threshold) &tisnat 10 msec. Adjust the amplitude in dedl 3 stimwindow so
that it also is supra-threshold. Your windows dtidook like those shown below.

You can see that whetell 5 fires, it produces an EPSP ¢ell 4 that is equal in size to the other EPSRcéfl 4
produced whermwell 3fired. If you gradually change the delay in tredl 3 stimwindow so that the stimulation begins
earlier, you will see the effects of summation. dmthis, decrease the delay in increments of cptséting Init &
Run each time, until the two EPSPsdell 4 combine enough to cause the cell to fire.
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This is an example of spatial summatiand an example of temporal summation because the tR®&PE can sum
enough to firecell 4 even though they occur differenttimes.

When you have completed this exercise, zero out gawplitude in thecell 5 stim window, hitlnit & Run to make
sure the stimulation has been discontinued, arnskedioecell 5 stimwindow for now. You will still need youcell 3
stim window open for the following sections.

3.6.1.4. Inhibition

As shown in the diagram faircuit (a) on page 16cell 6 inhibitscell 4 To examine this inhibitory effect, opercell

6 stim window and give the cell a 1 msec supra-thresHelablarizing pulse at 10 msec. Adjust the delayaur cell

3 stim window so that its stimulation begins at 40 ms&@u will see two different kinds of activity in ¢hrecord of
cell 4 The first is an IPSP that begins about 1 mstr eéll 6 fires. The second is an EPSP that begins abmget
aftercell 3fires. You may need to zoom into your recorad@f 4 (hamely, the y-axis) to better visualize this.
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In this instance, it may be helpful to keep oldcé® on the graphs when you produce new ones. Thiglaight-click
the center of the record foell 4 and selecKeep Lines Gradually change the delay in tbell 3 stimwindow so that
the stimulation begins earlier. To do this, desesthe delay in increments of 5 msec, hittinig & Run each time,
until cell 3is being stimulated at the same time t&lt 6is (at 10 msec). You should observe the actidisplayed in

the following figures.
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As the EPSP iell 4 occurs progressively earlier, the maximum absoloteage it achieves becomes lower and lower.
Thus, due to its interaction with the IPSP, the ERSgetting smaller and smaller in amplitude (hgigr distance of

the deflection from baseline to peak). Nonetheldwse is another thing to notice. Measure thplémde of the EPSP
and the IPSP when they amet summated, as well as when thee summated (when the two PSPs occur at the same
time). Left-click and hold the mouse cursor oe tlace and observe the y-axis value listed atapédar of the graph.
Use this value to calculate the amplitude of an EEBSIPSP by comparing the point of maximum deitecto the y-

axis value of the baseline (when there is no ERSPSP). Be prepared to discuss what you are géwdre in your lab
report forquestion 1

To proceed with the following section, zero the &tage on thecell 3 stim window, hitInit & Run to ensure the
stimulus has been removdiljt leave the window oper¥ou will be using youcell 3 stimwindow in the latter half of
the following section. Right-click the center difetcell 4 record and seledErase to remove the traces from this
experiment. You will neeteep Lines activated forcell 4, as well as both theell 3 stimandcell 6 stim windows
open for the next section.

3.6.1.5. Effects of altering membrane potential olPSPs

In certain cases, you will want to stop a cell fréiring (by hyperpolarizing it) so that you can sghat effect this has
on the operation of the swimming circuit or so thatl can see EPSPs and IPSPs arriving at a célbutithe confusion
produced by spikes. You can do this by passitmancurrent into the cell, of negative amplituttat hyperpolarizes
it. This prevents the cell from reaching its catifiring level. We will practice this technigs@ortly.
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Experiments in which you hyperpolarize cells can ey useful. However, hyperpolarizing and depaiag
postsynapticcells can produce some odd effects on both EPS#PHESPs that can confuse you if you are not pezpar
for them. These effects result when synaptic atim of the hyperpolarized postsynaptic neurorseaihe membrane
potential to move toward the reversal potentiairdef by the mix of channels opened by the neurstrétter. The
reversal potential is that membrane potential aickvtthere isno net movement of iorexcross the membrane and
therefore no current. Because of this, the sizkdirection of synaptic potentials changes as atfan of the baseline
membrane potential.

The stronger the hyperpolarization (the lower thembrane potential) of a postsynaptic cell thatls® aeceiving
excitatory input, the larger the resulting EPSP amplitudeigiit® measured from the baseline potential. As the
membrane potential gets farther below the reverstntial, the driving force for sodium influx benes greater, thus
giving a taller EPSP.

When progressively hyperpolarizing a cell that éeaiving inhibitory input, the resulting IPSP will decrease in
amplitude, flatline at the reversal potential, andert once the membrane potential is below theenrsal potential.
Relatively strong hyperpolarizations render thd'seéhterior extremely negatively charged. If theside of the cell
becomes more negative than the reversal potergsicéated with ions to which the cell becomes pabiteduring
inhibitory action, negatively charged ions will beiven out of the cell or positively charged iondlWwe driven in.
Accordingly, if the cell is hyperpolarized belowetheversal potential for inhibition, it will beconpesitiveduring the
action of the inhibitory neurotransmitter.

To see an example of the effect just describednge your stimulation so that your inhibitory neyrcell 6, fires all
by itself at about 20 msec for a duration of 1 msadter yourcell 4 y-axis so that it runs from —100 to —80 mV (this
will make it easier to see your IPSP well) and maiie theKeep Linesfunction is checked focell 4. Use theMake
Stim button to create eell 4 stimwindow then examine the effects of hyperpolarizinig cell €ell 4) at a delay of O
msec for a duration of 50 msec at an amplitudeddf nA. Continue hyperpolarizing the cell in 0.A imcrements,
until you have reached a current strength of -5 ¥ou will see that as you strengthen the hyplemization ofcell 4,
the IPSP decreases in size and then flips upside @fter the membrane potential has met the revpadantial. The
result is an IPSP that looks instead like an EPR®member that even thoughdbkslike an EPSP, you musall it an
IPSP because the activity $§ll a result of opening of postsynaptic membrane cblanthat were designed to cause
inhibition, not excitation. Indeed, there a@meanimal synapses (though not any of Swimmy’s) iricltthe inside
and outside concentrations of chloride (the iomvkich the membrane usually opens when inhibitoapdmitters are
released) are such that the IPSP is in fact slighgpolarizingrather than hyperpolarizing, but since the IPSRea$
below the critical firing level, it never causesify.
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3.6.1.6. Effects of shunting on membrane potential

Now that you are familiar with reversal potentialg can further explore the true nature of inhilsiti An important
thing to understand about inhibition is that onenza simply subtract the hyperpolarizing IPSP friwean EPSP. As you
saw insection 3.6.1.4an EPSP actuallghrinksin size when it occurs during inhibitory actiomo see why this is so,
suppose that we have hyperpolarizadl 4 so that it is sittingexactlyat the reversal potential for inhibition. During
inhibitory transmitter action, channels in tbell 4 membrane would open to permit ion influx, but therould beno
net flowof positive or negative ions, as indicated bydheence of a deflection in membrane potential ciariatic of

a PSP. The open membrane chandeldave an effect however. They increase the etettdonductance of the
membrane (i.e. thelpwer its electricakesistancesince resistance and conductance are reciprotakch other) at the

inhibitory synapse, and this causes a sort of atiortiting of the membrane. The following pictuskbould help you
understand what happens.
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To show that this really works, right-click the temof thecell 4 record and sele&raseto remove the traces from the
previous experiment. Right-click the window agaiddeselectheKeep Linesfunction. Adjust theX size of thecell

4, cell 3, andcell 6 windows to display activity from 0 to 100 msecdjiést theY size of thecell 4 window to display
membrane potential from -100 to -60 mV. Then Betduration on youtell 4 stimwindow to 500 msec.

Stimulatecell 6 so that it fires at a 30 msec delay for a duratib msec. Stimulateell 3 so that it fires at 80 msec
delay for a duration of 1 msec.

Adjust the amplitude (by making it negative) todfia hyperpolarization level that causes your IP&Rampletely
vanish. This amplitude should fall between 0 a@d nano-amps, as seen in the figure below. Reraethiat the
inhibitory transmitter action istill thereat 30 msec.

Right-click the center of youcell 4 record and again select tikeep Lines function. Now gradually move your
stimulation of the excitatory input earlier, as yaid in the previous section. What happens whenBRSP occurs at
the same point in time as the hidden inhibition2aklre it when induced at 80 msec and at 30 nBeqrepared to
address this issue in your lab reportdaestion 1

You may now unclick th&eep Lines function and usé&rase to clear the graphs. Zero the amplitudes onctie4
stim, cell 6 stim andcell 3 stimwindows, hitlnit & Run to confirm this, and close these windows.
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3.6.1.7. Short-term plasticity

Synaptic strengths undergo long-term change dymrdoesses like LTP and LTD. None of Swimmy’s sysespare
capable of either of these. Synapses can alsa aftdergo short-term changes, lasting in the 10+£©686c range or
longer, that serve a variety of information pro@ggdunctions. This short-term plasticity may loafid in Swimmy.
Because such short-term plasticity plays a rokoime theories about the generation of motor patiéea walking and
swimming, we need to discuss it briefly.

Sometimes the effectiveness of a synapse incredsesther words, the effect of activating a syrapan strengthen
subsequent activations that shortly follow it, whis calledfacilitation. Other times, the effectiveness of a synapse
decreases, which is calld@pression

Both the excitatory synapses betweefl 3 andcell 4 and betweemwell 5 andcell 4 demonstrate short-term plasticity.
Make sure that you have a record opercfdl 3, cell 4, andcell 5 but only manipulate ONE synapse at a timal|(3 &
cell 4 ORcell 5& cell 4. One synapse exhibits facilitation and the p#ehibits depression. It is up to you to
determine the plasticity of these two synapses.dd a@his you will need to establish two stimulusahels forcell 3
when observing the synapse betweell 3 andcell 4 You will also need two stimulus channels &l 5 when
observing the synapse betweszll 5 andcell 4 For each presynaptic cell, arrange one ofcele stim windows to
produce a current pulse that fires the cell onoe gbout 1 msec), then arrange the other to produsscond current
that fires the cell at a short period of time aftard. You need to choose an appropriate timevateo stimulate the
presynaptic cell so that the synapse will demotesfigcilitation or depression WITHOUT demonstratsygnmation.

After you examine the effect these spikes haveherpbstsynaptic celéell 4, print your evidence of plasticity to use in
your lab report foquestion 2 Be sure to include yowtation nameandcell stim windows along with your records.
When you have done this, you may zero the ampktudeallicell 3 stimandcell 5 stimwindows, hitlnit & Run , and
close thecell stim windows. You may also close the records of adl tells incircuit (a), since they have no
involvement in the remainder of this project.

3.6.2. Circuit (b)

Begin by opening a record for all the cellircuit (b). This means you must open recordscilt 7, cell 8, andcell 9,
andcell 26

3.6.2.1. Using timing and other tricks to figure oticonnectivity

For all the cells, zoom into the records so thatttaxis displays activity from 0 to 50 msec, tiérinit & Run . Your
windows will look like those below.
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The first thing you will notice is that all four ke are firing. However, they fire for differeneaisons. Since similar
sorts of things happen in Swimmy’s swimming circufie following discussion should be helpful pregiam for
studying that circuit.

First of all, if we had not already told you hovethells were interconnected, you could make someatdd guesses
about this by looking at their timing relationshipotice that all of the cells fire regularly &etsame rate. On closer
inspection, you will see that it looks like thelséire in a regular sequence such tbell 7 fires first, thencell 8 and
cell 26 do so together, then finallyell 9 follows. This is consistent with the given cirguircuit (b), in whichcell 7
excites bottcell 8andcell 26 andcell 8 excitescell 9.

Try measuring the time between theakof a spike incell 7 and thestart of the corresponding EPSPdell 8. Since
you know that the two cells are monosynapticallprexted, the delay should be about 1 msec. Maieetbat this is
true. The delay between the spikingcill 7 andcell 8is partly due to the synaptic delay and partly tughe time it
takes for the EPSP tell 8to reach its critical firing level. Togethere#e two factors make the spikes in the two cells
occur about 2 msec apart.

If you didn’t already know the circuit, the timinglationships would provide evidence for one of thkowing three
possibilities:

(1) cell 7directly excites botlell 8 andcell 26
(2) cell 8or cell 26directly excitecell 9
(3) bothcell 8andcell 26directly excitecell 9

In each of these scenariegll 9 would have an EPSP beginning 1 msec after spikeslii8 andcell 26

To determine which cell(s) excite cell 9, brieflygerpolarize of the potential presynaptic cetis] 8 or cell 26 and see
what results ircell 9. Conduct this experiment to see for yourselfe tkre results of this experiment consistent with th
assertion thatell 9 gets excitation froneell 8 but not fromcell 26? Be prepared to address thigjirestion 3of your
lab report.
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3.6.2.2 Spontaneous activity

All four cells incircuit (b) generate a train action potentials, but not fertame reasons. Cells can generate action
potentials either because they get excitatory ifiparh other cells or because they are inherentyn@ogenously” or
“spontaneously”) active. There are cells of b&dhts amongst thercuit (b) cells.

Cell 7 is endogenously active. It fires because itsimggpotential is above its critical firing levelh¢eshold). The
remaining cells, on the other hand, have theiirrgdevels below their critical firing levels ankus only fire when they
get input from other cells. To prove this, firgerpolarizecell 8 sufficiently so that it does not fire. You wilhmask
EPSPs in this cell that follow spikesdrll 7 by one synaptic delay (1 msec in Swimmy). Thiks tgou that although
cell 8 does not fire, it still receives input frooell 7. You will also notice thatell 9 exhibits no activity (it displays a
flat baseline), indicating that it too is reliant oput from the presynaptic cell. Becausdl 8 is not able to fire, it is
not able to create EPSPsc@ll 9. To carry out this experiment, opegell 8 stimwindow and arrange to stimulate the
cell, at a negative amplitude, for the durationtle record (from 0 to 50 msec). You may have tonzonto your
records to better visualize the effects of thimatation.

Secondly, if you remove theell 8 hyperpolarization (zero out the amplitude in tbell 8 stim window) and

hyperpolarize onlgell 7 so that it no longer fires, you will observe a taseline ircell7, indicating that its firing was
not caused by input from some other cell. You aiflo see that without input frocell 7, activity in all the other cells
disappears, indicting that their activity was dilgor indirectly dependent ocell 7.

We could describe the situation in this circuitdaying thatell 7 is the origin or source @eneratorof all spontaneous
activity and that the other cells di@lowers of cell 7 with respect to their activity. Such a neat distiion between
generators and followers is not always possiblé thying to make this distinction can sometimesphel make sense
out of a complicated circuit.

You may now close the records of all the cellgiiguit (b), since they have no involvement in the remaindehis
project.

4. Week 1 Homework

The following sections are necessary to complete tjuiz (due at the start of lecture 2) and the ggsnents (due at
the start of lab 2). You will need to read about theoretical ideas réiyay the mechanism behind generating rhythmic
bursting, otherwise you will not be able to effgety do the work needed in the next lab sessidtsad and understand
the following material and then complete the takeab quiz handout and the assignments detailed below

4.1. Theoretical backround (NOTE: This material wil be the subject of a quiz)

A common misconception has scientists collectingadan a phenomenon or topic, and then, based cse tbata,
arriving at an explanatory hypothesis, which thiegnt test with further experimentation. In reali#gjentists come to
study of particular phenomena based on hypothessiagafrom ideas about whether or not a particplaenomenon
couldwork or from preconceived notions of how natatgghtto work. Rarely does a hypothesis come to minmgly
by looking at data; it is much more common, giviea limitations of human intelligence, to start sarhere and refine.
As you will probably find out for yourselves in shinodule, it is much easier to test ideas about $mwething might
work than to generate the ideas from raw obsemstio

Locomotion typically involves rhythmic movement§.he tail of a fish, for example, moves first letten right, in
continuous alternation. The legs of a biped stewdrd in rhythmically as flexor and extensor &ityivn a given leg
alternates. Usually, each movement of a locomsdguence is due to the contraction of a muscledtt@airs because
motor neurons to that muscle fire bursts of spilsdgch is something you saw with Swimmy’s motor rens.

Let us suppose, for the sake of discussion, tleethre exactly two muscles, labekdndB, which fire in rhythmic
alternation. Each of the three following schemeasngplifies a theory that has been proposed andussdyi considered
by neurophysiologists to explain the rhythmic patten these two muscles. The circuits that youadreut to study in
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class will incorporate similar principles to thasiscussed here, but none of the circuits will beegaict copy of one of
the schemes below.

() The endogenous burster hypothesiproposes that rhythmic movements of locomotioginate from cells

(In

whose intrinsic membrane properties cause themadyge rhythmic bursts of spikes. (It is not neaeg to
focus on why certain cells exhibit these endogenmogerties, since that would go beyond the scdpbi®
class.)

In figure I, X sends bursts of signals &g causingA to mimic the firing pattern itX. In order to alternate
rhythm, B must fire only whenA is not. One way to arrange this is to send inbili signals to an
endogenously tonically activB at the same time thak is receiving excitatory ones.  The inhibitory
interneuron, shown above, aAdare given simultaneous excitatory bursts of ativiThe interneuron then
inhibits B so that its tonic activity is halted around thadithatA is firing. (Note that endogenously tonic
activity results when the resting potential of d ehigher than the critical firing level, and figirly common

in nerve cells.)

The mutually depressing inhibition hypothesisproposes that rhythmic movements begin with endogsly
tonically active cells that mutually inhibit one aher via synapses that are prone to depress wih and
recover with rest.

In figure 11, tonic cellsX andY send excitatory signals that weaken over timey(tlvedergo depression) to
inhibitory interneurons. The interneurons relagsth weakening signals through inhibition of the agpg
cell. For example, as the tonic activity Xf tires, the opposing celly, becomes less inhibited by the
interneuron and eventually is able to fire whlerests and recovers activity. Thus an alternapiatjern of
bursts occurs iX andY, which directly initiate the same # andB.



30

(1  Thering oscillator hypothesis proposes that rhythmic movements are due to emdbagdy tonically active
inhibitory neurons whose effectiveness continugsaf@ertain amount of time (for example 1/2 setgrait
ceases to fire because its transmitters are slde foactivated.

In figure 1ll, tonic cellsX, Y, andZ form a ring of inhibitory signals. While one diese cells fires, the
postsynaptic neuron is inhibited both during thign§j and for 1/2 sec after this. This pattern egchbout the
neurons in the ring. A andB are also tonically active neurons, they will cettsséire while theZ andY are
in effect.

There are several more hypotheses that have beanaatl, but this will suffice for our purposes.
Your task:

Complete the Quiz handed out by your instructanis Will be due at the beginning of the next leetur

5. Week 2 Lab

Now that you have become familiar with the Swimmmggram and have practiced analyzing and manipgaimple
circuits, you may begin working with Swimmy’s neluc@rcuit. This is the circuit responsible for Sainy’s rhythmic
locomotive activity. Once you finish the tasksigsed in this section, begin working eaction 6

5.1. Finding neurons involved in swimming

Swimmy has 26 neurons. You are already familiahwhie left and right motor neuronse{l 1 andcell 2, respectively)
and the simple circuit cellgélls 3-9and26) that you worked with iWeek 1 Lah. Of the remaining neuronsd]ls 10-

25), only some are involved in swimming and others aot. A good place to begin determining whichroes are
involved in swimming is to look for neurons thabgduce a similar pattern of activity as seen in nietor neurons.
Cells will display bursts of spikes with similarrpelicity as the swimming motor neurons, occurr@ither in phase or
out of phase with one of them.

Conceivably some cells involved in the swimmingcgit would not exhibit this sort of pattern, aneérbfore it would
be more difficult to conclude that they belonghe tircuit. It is best to assume that there arsuah neurons, and the
circuit you will be using only has cells that diapla similar pattern to eitheell 1 or cell 2

Your task:

Find all the cells involved in the swimming behavand make a list of them for your records. Totklis, simply

search through the records fmells 10-25and compare their activities to thosecefl 1 andcell 2 (Note: You might
want to use th& Windows feature to speed this along.) Do not copy sometses list! This experience will help
you progress in this module.

5.2. Learning from just one cell at a time

Fortunately for you, Swimmy has far fewer neurdmsntany real animal. In a real animal, the tasknafing all the

neurons involved in any given behavior can takaste@nce such a neuron is found, it should be wgezkplore as
many questions of interest as possible, partiqulaeicause the same neuron might never be found.adaivarious

lower animals, some neurons are recognizable by éppearance under the microscope and can bedextdrom at

will, as can be done with Swimmy’s neurons (thonghas easily as with Swimmy). Typically, researshonly know
of a general region in which to search for neuramsl an electrode must find its way into a speci&aron by chance.
When this happens, the neuron becomes subjectitusinds of stimuli and other tests, and is sifeed based on its
responses.

When studying rhythmic locomotor movements, redeans primarily wish to determine the origin of thgontaneous
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rhythm. Cells involved in the circuit may be respible for directly generating the rhythm (“leadews “generators”),

or they may simply respond to such generative ¢&itdlowers”). One way to determine if a cell asgenerator is to
temporarily manipulate it, usually by hyperpolamngithe cell so as to stop firing for a while ortyefly depolarizing

the cell to make it fire where no prior action putals exist, and observe any changes in its sulesediring pattern.
A phase shift indicates that the cell is a generatimce a phase shift requires that the cell moubder control of
another cell's firing pattern. An unaltered pattérowever, suggests the cell may just be a foltowe

Upon discovery of a generative cell, it is impottém determine what type of oscillator it belongs(endogenous
burster, mutually depressing inhibition, or ringgction 4.1} by questioning how it functions with other cetis

contribute to the rhythmic oscillation. For examplf you hyperpolarized a generator in a mutualgpressing
inhibition oscillator, what pattern of input wowdu see in the other cell(s) in the generator d@Pcu

Because Swimmy has so few neurons, you are insttuiifirst find all the neurons involved in swimming and
determine the connections between them,thadfind the neurons that are part of the generatimuit and determine
the mechanism of oscillation. Note that this woodd be an efficient order when studying real atéma

Your task:

Pretend, for this section, that Swimmy is a reainah and you are formally researching its circuixperiment with
and observe ONLY ONE CELL AT A TIME and determirfeitimay be a generator or a follower. Study eath
Swimmy's cells until you find one that you belidgea generator, then study that cell further teedaine which of the
three possible oscillating mechanisrasdtion 4.} apply to the circuit. If your instructor is saclined, he may suggest
a limited number of cells for you to study, andypde you with additional guidance in this task.

5.3. Beginning to work out the swimming circuitry

Once you have a list of neurons that seem to belied in swimming, you can begin to figure out hdvey are
interconnected and what makes them produce actitenpals. The best strategy for getting startetbiuse the fact
that synaptic delays in Swimmy are about 1 mseg.ldn direct synaptic connections, spikes areofedid by the onset
of an EPSP or an IPSP in another cell just 1 mestee.| You can hypothesize that such cells arelijreonnected. For
example, ifcell m directly inhibitscell n, then the peakf every spike ircell m should be followed by the stasf an
IPSP incell n almost exactly 1 msec later.

Once you have made hypotheses regarding the swigngimguitry, you may conduct stimulation experinterib
confirm or deny the existence of a given connection

Your task:
Use the above approach to determine the neurdrgsjlirectly:

(1) excite cell 1
(2) inhibit cell 1
(3) excite cell 2
(4) inhibit cell 2

Make a list of these results for your records.

6. Week 2 and Week 3 Labs

By now you should know all the cells that are imeal in your swimming circuit (includingell 1 andcell 2) and you
should have identified the exciters and inhibitofgell 1 andcell 2 Use your lab period to determine the remaining
direct connections in the circuit, the cells thangrate the rhythmic pattern, and the mechanismetlygenerators
employ to create this pattern. You will be instaet on how to provide graphical evidence for thegscs. The
following helpful helpful hints will aid you in tlsiprocess.
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(1) Swimmy’s swimming circuit is bilaterally symmetricaTherefore, if a connection exists on one sifi¢he
nervous system, there will be a homologous conoecth the other side as well.

(2) SILENCE IS GOLDEN!!!

(3) Follow the Principle of Parsimony, which avers tkia¢ simplest logical solution should be considettesl
correct one, unless there is a good reason fogdutimerwise.

Once all of the connections have been determinddaanounced in the lab, you will still have seveeahaining tasks.
One is to obtain experimental evidence for eacthefconnections that have been announced, sincevijfobave to
provide these in your lab reports. Because thauitiis bilaterally symmetrical, you need only pige evidence for one
side of connections. Another task is to deterntiow/ the circuit functions. Be prepared to addrbssfollowing
guestions when analyzing your circuit and writirigiy lab report.

(1) Which neurons are responsible for generating tiighrh and which are simply followers whose activigs no
influence on the pattern?

(2) How is the rhythm generated? Which of the theodiescribed irsection 4.1 if any, is responsible for this
rhythm?

(3) How does the circuit work over-all? What are tbkes of all the neurons, including the follower rans, and
why are their connections important?

Questiong1) and(2) will be answered at least in part on the basiexpleriments. Questiof3), like any question of
biological function, is a matter of interpretatiand may depend more on logic than on experiments.
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7. Lab Report

YOUR LAB REPORTS MUST BE ENTIRELY YOUR OWN, PERSONAINDIVIDUAL WORK. Your grades will
be based on the following criteria:

(1) accuracy of conclusions
(2) credibility of arguments and evidence
(3) clarity of writing and presentation of data

*** DO NOT WORK WITH OTHERS!!! ***

Please organize your repatcording to the numbers of the questions belmmake it easier for instructors to grade.
You should indicate at the start of each sectionciiguestion you are addressing, but do not agtualpeat the
guestions themselves.

All of your printouts of experimental evidence (#&ocontaining records, argkll stim windows) should appear
immediately after the question and NOT at the ehthe report. All graphs included in your reportishcome from
experiments done by you amaust include your label (the window containing yourstation name) in the upper
right corner. On rare occasions students have had problerting#teirstation nameto print. If this should happen
either start the program over and try again omagenstructor to initial your printouts.

When writing your lab report, be sure to label tiye of each printout with the connection to whitpertains (e.g. “cell

6 inhibits cell 4”). Also, for each printout indite its status:Is it a demonstration of synaptic delay? Is it a
baseline/control result for comparison to some expental procedure? Is it an experimental procesfur Etc. For
synaptic delay printouts, draw arrows to indicateere the synaptic delay begins (in the presynaeti¢ and ends (in
the postsynaptic cell). Labeling of printouts ¢endone in pen.

NOTE: You must have actually done the experimenistailed in your lab; it will be considered CHEATIG to
provide copies of graphs made by a different person

Swimmy Lab Report Questions:

1. Refer tosection 3.6.1.4on inhibition, section 3.6.1.50n effects of altering membrane potential on IR sl
section 3.6.1.6n effects of shunting on membrane potential. ™o not need to provide printouts as evidencehiier
question.]

a. [section 3.6.1.1 If one stimulates an excitatory input duringilmitory action, the excitatory input produces
an EPSP that is less likely to exceed the neurdtisat firing level than in the absence of thdilsition. Is this
because the EPSP itself is reduced, because tRed#sracts from it, or both?

b. [section 3.6.1.p What happens to an IPSP as the resting levarhes more and more hyperpolarized?

c. [section 3.6.1.p What happens to an EPSP if it occurs duringtitime of inhibitory action where there is no
visible IPSP (because the membrane is alreadyedhtibitory reversal potential)?

d. Explain the mechanisms for each of the effdetxribed above.

2. Refer tesection 3.6.1.7n short-term plasticity. Do the excitatory syti@amputs fromcell 3to cell 4 and fromcell
5 to cell 4 facilitate or depress? Show figures as supposiigence for your answer. Why is it importanseparate
the two events in time in order to establish féaiion or depression and rule-out other explanafiorClearly explain
the difference between facilitation and summatiand(how they could be confused). Clearly explam difference
between depression and shunting (and how they dmultbnfused). Finally explain the difference bestw depression
and inhibition.
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3. Refer tosection 3.6.2.Jon synaptic delay. Explain how you would condartiexperiment to show the following:
a. cell 26does NOT drive/exciteell 9
b. cell 8drives the activity ircell 9
c. cell 7is the generator and the rest of the cells atevielrs

Provide printouts to support your answer.

4. Draw the circuitry in which the swimming ceflarticipate, using the same drawing conventiomsvshin lab, and
be sure to give the correct number of each celidicate any cells that have endogenous propertiesd that
endogenously burst or those that are endogenoosiy)t Indicate any synapses that facilitate qurdss only if it is
important to the oscillating mechanism of the dirc{iNo evidence required in this part of the redo

5. Cite evidence for each of the direct synaptionections in your circuit. You only need to shexperiments for
one side (left or right) of Swimmy, since the citda bilaterally symmetrical. We expect that ach connection you
will have established that it is monosynaptic bted@ining synaptic delays and that the presynagitis causing the
EPSP or IPSP in the postsynaptic cell. Pleasaideclour printouts establishing both these poirfier each such
experiment provide a brief description of what ybd and explain what the data proves.

6. Which neuron(s) are essential for generatimghmic bursts of firing (which cells are patterengrators, as
opposed to being mere followers of other cellsyfefy discuss the experiment you performed, and ftdeads you to
your conclusion. Show evidence (printouts) that ¢kll(s) generating the pattern are both necessatysufficient for
producing the rhythm. Explain why you concludetttiee remaining cell(s) are NOT generating the iyt bursts.
[You are not responsible for providing evidence thase cells are followers.]

7. Having identified the generators, describertteehanism that these neurons use to generate bigsbvide graphs
of crucial experiments that establish the osciligtimechanism. Also explain how your evidence isa the
conclusion that the rhythm of the circuit is prodddiy other types of oscillators. If the burstiigythm is being
generated in a manner similar to one of the theatescribed in the lab manuak€tion 4.3, do not just refer to that
theory, but actually explain its mechanism so we s=e that you understand it.

8. Explain how the circuigs a wholeand not just the neurons involved in generatirgrtiythm, works. (DO NOT
just reiterate the types of connections, althougis tould be_parbf the story.) Briefly reference each set of
connections and why they are necessary to theitirévalk the reader through the circuit and ddserivhat happens at
each stage. Perhaps it is best to think of Swinasmyayers of neurons and describe what each laydoing in the
circuit. [No evidence is required; only a cleascliption is needed.]

9. Now that you know how the circuit works, ychosld be able to understand why malfunctions ofdineuit cause
the behavioral abnormalities that they do. Staprtiythmic pattern generator neuron(s) on one aidbe circuit and
see what this does to the behavior. Describeebelting behavior and explain it in terms of yondarstanding of the
circuit mechanism. Contrast these results withryahservations frorsection 3.5 where you examined the activity of
Swimmy’s tail while one of its motor neurons wapaspolarized.

10. Suppose you could construct two differentudtscboth of which could explaiall your data equally well but one of
which was more complicated than the other. Howld/gou choose between them, or would you?
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SWIMMY SURVIVAL GUIDE

Summary of how to do most things needed when rgnNIBEURON/Swimmy.

Starting and closing Swimmy

To start NEURON go taswimmyGUI folder (using Windows Explorer), and double-click th&tartSWIMMY 24
batch file. Type in the name of the Swimmy progngon were assigned, then pré&dsturn on the keyboard. The six
possible versions are listed below; circle the yme will be using for your own reference.

sSwmA24
swmB24
swmC24
swmD24
swmE24
swmF24

To quit Swimmy click on th& box in the upper right hand corner of tirmalone Command Window.

Generalities

Left- and right- clicking. Unless otherwise specified, left-click; howeveome specified operations require right-
clicking, and these will be indicated as approgriatthe tutorial.

Entering infomation in boxes. In order to enter information into control windewoxes when running NEURON
programs, the mouse pointer mostin andremainin the space allotted for typing. If it moves awgu will have to
put it back if you want to continue what you wenatig in the window.

Case sensitivity. NEURON is very case-sensitive. File names atease sensitive, but most everything else is.

Moving, sizing, and closing windows. To move windows drag with your cursor on the bétép at the top of the
window. If you try to drag from somewhere elseyymay end up inadvertently closing the window. esize
windows in the normal manner, but if you try to rmgkem too small some information at the edges lbgagut off or
distorted. NEVER use thesizeoption in thePrint & File Window Manager. To close windows click oflosein
the gray bar.

Slashes. Whereas Microsoft Windows uses backward slashést¢ \separate items of paths, NEURON uses forward
slashes (/). You may never have to write a ppthNEURON window; however, if you do, use forwatdshes.

Graphing membrane voltage of Swimmy neurons

Creating individual graphs. In the Swimmy Stuff window selectMake Record. Select the cell number you wish
displayed from the drop menu. This will cause @frwindow to appear, with the appropriate cell @am it.

Creating eight graphs at once.In theSwimmy Stuff window selec8 Windows. A new window labele@ Windows
will appear. Determine which 8 windows you wishvtew, place the number ‘1’ in the correspondingh¢iboxes, and
click MAKE GRAPHS.

Changing the scale of a graph.Right-click on the graph and selé¢iew/Set view Put new values in white window
as necessary.
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Removing graphs. To get rid of a graph click o@losein the horizontal gray bar near the top of eaadav.

Changing what is plotted in an existing graph. Sometimes you may want to look at a lot of différeglls, one at a
time (for example, when surveying cells to see Whines might be involved in swimming). Rather thaaking a new
graph for each, you can right-click on a graph seléctChange text Once you have done that, clicking on the line in
your graph that says what is being plotted will melittle window in which you can edit what is theand thereby
change it.

Superimposing traces. If you want to keep previous traces on a grapkrnwhew ones are added, so as to facilitate
comparisons, you may right-click on the graph agléctKeep Lines You may then clear the graph window by right-
clicking and selectingrase. Uncheck Keep Lines when you are finished wifk tdption.

Plotting more than one thing on a given record.You may plot as many different things (cells)tha same graph as
you want. Simply create addition@lot What operations (please consult the instructor for na@ils). In order to
distinguish the different lines, you will want tdop different variables in different colors. To dais, right-click on
your graph window and sele@blors. Then choose the color you want and click onlahel of the variable you want
to plot in a color. Sometimes, after having arexh¢p color the graphs of some variables, youfivid that when you
go back and try to change to new colors, you woll be able to get the color menu. If this happetisk once on
delete then you will be able to get the color menu again

Deleting lines or variables from a record. To delete selected lines from a graph or seleeseibles, right-click on
the relevant graph and seleigtlete Then left-click on whatever items you want tomve.

Establishing intracellular current passing electrodes

SelectMake Stim in the Swimmy Stuff window, and choose the cell you wish to manipulaiéis will bring up a
window calledcell n stim, wheren is the cell number you selected from the drop wimd Use the delay, duration, and
amplitude buttons to create the desired stimulatiba get rid of an electrode, set @én@plitude to O, hit Init & Run to
make sure you have eliminated it, andClitse

Recovering hidden items

It is easy to accidentally hide windows in Swimnijo recover th&kun or RunControl window, simply selecTools
in theNEURON Main Menu, the click on eitheRunButton or RunControl. The corresponding window will appear.

To recover a hiddecell stim window, selecTTools in theNEURON Main Menu, thenPoint ProcessesthenViewers,
thenPoint ProcessestheniClamp. Double-click the item corresponding teell stim window to view that window.

To recover other hidden windows, selééindow in theNEURON Main Menu, then click on any items in the list that
do not have check marks next to them.

Printing

Printing graphs internally (using Swimmy). In preparation for printing you should make sure windows you want

to print are not more than about half the screadeypbtherwise they won't fit on the printed pagbem clickWindow

in the NEURON Main Menu and selecPrint & File Window Manager . This will bring up a window with two red
rectangles. The one on the left will be a maphef windows you have open. Click selectand then click the
windows you want to print. They will be reprodudacbr around the right red box, which is a roughresentation of
the page that will be printed out. You can mowve ictangles in this box around on the page adigeuf you first
click move. Once you have placed the windows you want in trgepactangle, you can make further adjustments to
their size by changing the size of the originalpdraand it will also change in the page rectangle.



37

When you have everything as you want it, cRilint and thenTo Printer. You may get an additional window with an
Accept button; if you do, then click on that as wellydu get a blank sheet of paper printed, which somnest happens,
just print the page again; the second time it abrasgems to work).

Printing graphs externally (using screenshots).If you are having trouble printing using Swimmyignt option, you
can instead print either a single screenshot ofetite'e computer screen or a collection of screetssbf individual
windows.

To capture and print everything currently visibleyour computer desktop at once, presshtietScrn button on your
keyboard to copy the entire screen, paste the imafge a word processing program (like Microsoft \Woor
OpenOffice SWriter), and print out the documenhisTis the quickest way to print externally.

To capture and print individually selected windofsem your computer desktop, select a window (bgkitig on it
once), press botAlt andPrintScrn simultaneously on your keyboard to copy that wimndpaste the image into a word
processing program, repeat until you have gathalleaf the windows you wish to capture, and print the document.
This will produce the cleanest-looking screen insaglen printing externally.

Name identification

In order to distinguish your graphs from those thfeo groups, you must include a window containiegryname. To
do this, click theStation button on theswimmy Stuff window. Enter your name in ti¢EURON window that pops
up and clickAccept. By including this little label window on all gfour printed pages you will be able to identify the
graphs belonging to you that are being printedoouthe lab’s printer.
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DOWNLOADING AND RUNNING SWIMMY GUIDE

Summary of how to ensure that Swimmy is properlyloaded and functioning.

Preparing your computer for the SwimmyGUI download

Before downloadingwimmyGUI, make sure your computer has the following comptse
(1) Microsoft .NET Framework Version 1.1 Redistributable Package

This is required in order for the Swimmy animatinrun, and without it th&wimmyGUI program may not even
unzip. To acquire this component, downlafdnetfx.exefrom the following website.

http://www.microsoft.com/downloads/details.aspx?Faily|D=262d25e3-{589-4842-8157-034d1e7cf3a3&displaylg=en

You can easily find this download page by searchiotpetfx.exein a search engine, rather than typing in therenti
link.

(2) C:

You also need to ensure that your computer Hasdrive. This will allow Swimmy to initiate its amiation window.

Downloading SwimmyGUI to a Windows-equipped compute

To download the fulBwimmyGUI program from the website, click once on the lihkwn below.

Opt to save the file by clicking the appropriatétbn.

The file should automatically save to your compstadesktop. If you cannot find the file there, rséma for
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SwimmyGUI-v24 on your computer. If you still cannot find itytsaving the file again. Then double-click the
SwimmyGUI-v24.exeicon. Choose to run the program if you are gitrenoption of doing so or not.

A Welcomewindow will appear.

Click Next > on theWelcomewindow. ADestination Folder for Fileswindow will appear.
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The destination folder will default to the compubssktop. If you would rather th&wimmyGUI program extract and
save to another location, simply browse for thardddocation. Then seledlext >to proceed with the download. An
Unpacking Fileswindow will appear only while the extraction isooering and will automatically close when finished.

Check to see if the extract&ivimmyGUI folder can be found on tHgesktop (or wherever else you specified).

Follow the instructions given in yo@wimmyGUI tutorial beginning asection 3 to run the program.
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Starting Swimmy by typing in the program name (stamlard method)

This is the most convenient way to start Swimmy atcess Swimmy from the 116/101L lddicate theSwimmyGUI
folder from the desktop. To access Swimmy from goyou will need to locate thewimmyGUI folder wherever you
have downloaded it. To access Swimmy from a Fréalz 3 floor computer labopenMy Computer, thenApps on
Redwing, then select thsIS101L folder. Double-click theSwimmyGUI folder.

Double-click theStartSWIMMY 24 batch file contained directly in tf@vimmyGUI folder.

A window will appear listing the six different steit versions of Swimmy. Circle the one you will iieing for your
own reference.

SWMA
swmB
swmC
swmbD
swmEg
swmF

Type the program name in the window, therRgturn on the keyboard to load the program.

Starting Swimmy using a command prompt (alternate nethod)

If you are having trouble starting Swimmy by doublieking theStartSWIMMY24 batch file and typing in your
Swimmy program name (which might be the case émsion of NEURON has previously been installed oary
machine), you can do it a more cumbersome but madigble way using tharnalone command window.

Open theswimmyGUI folder, followed by thewrnpgms folder. Double-click thernalone.exeicon. Anrnalone
command window will open.
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At the prompt ¢c>) type the the following command EXACTLY as writtbalow. Enter youSwimmy program
name, followed by the version numb24, followed by the extensiomhoc, where it sayprogram

load_file(“$(NEURONHOME)/nrnpgms/ progrant’)
Therefore, you should have entered one of thevialg commands.

load_file(“$(NEURONHOME)/nrnpgms/swmA24.hoc”)
load_file("$(NEURONHOME)/nrnpgms/swmB24.hoc”)
load_file("$(NEURONHOME)/nrnpgms/swmC24.hoc”)
load_file("$(NEURONHOME)/nrnpgms/swmbD24.hoc”)
load_file("$(NEURONHOME)/nrnpgms/swmE24.hoc”)
load_file("$(NEURONHOME)/nrnpgms/swmF24.hoc”)

Hit Enter and your program should start.
Since this method does not initiate Swimmy’s anioratvindow, you will need to open the window youfsesee the

instructions below to achieve this.

Initiating the Swimmy Animation window

Swimmy comes equipped with an animation window tigio which you can visualize the movement of youtuail
fish. If you are having trouble starting Swimmy dyuble-clicking theStartSWIMMY24 batch file and typing in your
Swimmy program name, then you will have to startrf@wy using a command prompt (as detailed above)opied the
animation window separately (as detailed below).

To access this window in the 116/101L lab at_home first ensure that your computer has terosoft .NET
Framework Version 1.1 Redistributable Packageand aC: drive, as detailed iRreparing your computer for the
SwimmyGUI download. Next, create a new folder directly within t@e drive and name itemp. If you already have
such a folder, then you do not need to create diteen, go to th&wimmyGUI folder and double-click thernpgms
subfolder. Double-click thanim2TempNew.baticon (a dark window should flash onto the scremmohly a moment
and then disappear), then double-clickBumAnimAtHome.exeicon. This action will cause the animation windtmwv

pop up.

To access the animation in_a Franz H&ll fRor computer labfirst go to theH:\NS101L\SwimmyGUI\nrnpgms
folder and double-click thanim2TempNew.baticon. Next, double-click thRunAnimAtLab.exe icon in the same
folder. This action will cause the animation wimndtm pop up.




