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Theyarenot completelyinfallibleor comprehensive,but they arevery goodandshouldbe 

helpful.


Theywon't work without classattendance! 
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2-06-02 Lecture 1 Inb'oductionto the Nervous SYStem 
gyri - bumps; sulci - valleys, fissures 
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primary vlSuarcOrtex:retinotopicmapof eye.visualfield 
scotoma- contiguous visual blindness in one area of the visual field 
- retinotopic maps: 1 primary map (V1), 1 secondary map. many subsidiary maps specialized (color, motion) 

-true for monkeys/people wI appropriate visual stimulation during development 

sensory cortex: projectionsfrom nerveendingsin somatotopicorganization 

primary auditory cortex: pitch,location~ mapof auditoryspace 
accessoryareas: Wernicke(speechcomprehension)damage~ fluency,recognitionnonsense 

~ (nearmotorareafor mouth,lips;speechproduction)damage~ slurred,slowedspeech 

H.M.- anterogradeamnesiafor declarativememoriesfrom bilateralhippocampal(+ accessorysb'ucs)removal 

mild temporal lobe epilepsy - personalitychangesratherthan memoryprobs;ThornJones,FyodorDoestoevsky 
constellationof personalitychanges: - hypergraphia 

- hyper-religiosity 
- hyposexual 

Phineas Gage - frontal lobe damage. Bert 7 Cookie Monster. 
frontal lobe - action planning, wor1<ingmemory, rational behavior 

Cellrecordina:SvnaDticootentials 
EPSP. IPSP - graded.summateat axonhi/lock~ actionwtential (all-Qr-npne)(- toiletflush) 
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2-11-02Lecture2 MembraneChannelsand SiaQaling
Actionpotential(AP)studiedin giantsquidaxons(usedfor fast escaperesponse)upto 1 mm in diameter 
Hodgkin Baker KeynesToothpaste Tube Experiment
Rubbermat& roller~ flattenaxonliketoothpastetube ~ cytoplasmextruded 

rol~~ ~) ReinflatewI ownsalt soln~ reproducedAP 

~s'm' / / / rrfatl / /7~~ 

salt concentrations 

electricalproperties:resistance& capacitance 
(fromlipids& saltwater) 

Singer-Nlcholson Fluid Mosaic Model (of membrane) 
outside H2O, NaCI 

~ r r~ ~ phosph~/ipid bilayer 
! \ \ II ..- proteincorks 

~~'C)u 
inside H2O, CI proteins 

~ 

fc:;"-I 

~ ~ Make black membrane(artificiallipidbilayer) 
-paint phospholipids over hole 
-apply voltage ~ measure capacitance 
-biological & artificial: C = 1 JJF/cm2 -+ C of biolQ9icalmembranes from lipids 
-artificial: R = 1012c-cm2 biological: R = 10. -10' Qecm2 (106X more conductive) -+ R not just from lipids 
-Conductance (g) I resistance (R ) from proteins in membrane 

~B=capacitor - plates.C = A I s; A = area, s = plate separation 

conductor saltwater
insulator lipidbilayer(dielectricconstant=- oliveoil) 

conductor saltwater 

=path length. A =cross-sectional area)resistance- R = V II (Ohm's law) = pi I A (p = resistivity, 
- in series: resistances add 
-in parallel: conductances add; 1/R adds 

conductance - 9 = 1/R = IN [Siemens = Ohms.1 = mhos] 

Conductanceis engineered into biological membranes via protein conductancechannels (doughnuts), which are: 
a... - ion-selective 

-gated
b -ligand (extracellular; small molecules bound to outside) e.g. AchR opens in response to Ach binding 
c - voltage: in squid axon, channels o~n in response to AP/membrane potentials. Membrane-spanning Q-
helices + lipid sidechains with every 3rda.a. = Lys or Arg (charg~ 

d -second messenger(intracellular) O~ned WPIaSm-Side2 messenger 
Q. ~~~ I.. ~~ c..III~+ ~. n 1'n 

~ ~ ~'~ ~~ tll'1J,t l-r1~ 

-From patch-clamplng: fire up micropipette tip so ifs flat not sharp, stick against cell, not go inside; pull It up, ~ 
usually makes a vesicle. Whole-cell recording. 

- Conductance fluctuates quantally in even multiples ~ open or closed, no partial states 

-From molecular bio & cloning:-Chinesekrait snake (Bungarus multicinctus) - high affinity toxin that blocks AchR at neuromuscular junction, 
nearlyirreversiblebinding7 a-bungarotoxin.Snake7 aBtx7 digest& purify7 AchR -Electric fish (rays & eels) - electric organs like DC batteries in series (50mV plates); electroplates: 1 side is all 
neuromuscular ofAch(pureprotein)7 aminoacid sequencejunction.Grindup fish 7 purepreparation 
- High-affinity toxin tetradotoxin (TTX) blocks Na channels; Drosophila shaker mutant neuromusc jn lack ~ ch 
- Use toxins to purify proteins 7 clone channels. Map mutation 7 clone DNA 7 look for channel seq hornologs 

() 



2-13-02Lecture3 Ionic Basis of the Restina Potential 
Sodlum-Potassium Pumps 
Want to engineer [ion] & conductances because: 
concentrated salt soln 7 H2Oflows down conc gradient into cell 7 lyse cell- osmotic death from McAnion burger 

protein; nucleic acids & proteins are negative 7 eat McAnion burger 7 net neg 

~~ ,;:.~-~Na+ 
.~~../ 

So, pump ~ in, Na+out usinglotsofATP(maincostof brain). 
- Blocked by: ouabain (neurologists; quick to act, quick to wash out) 

digitalis (cardiologists use to make weak heart beat slower, strong) ! 

- Blood [Na1 = saltwater [Na1 Na 
From toothpaste tube expt (Hodgkin): 

-lots of Na+outside cell; ~ rich, Na+poor inside cell. 
- very little cr inside due to McAnion burgers 

+ 
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Ions in H2Osoln ~ shellsof hydration.. ~ biggershellof hydration 

~'d~(~-
~/ 

Basis of Ion Selectivity 

u-+ ANa+ 
~ ~;;>n~kedionRb+ size 

Cs+ ~i 
I , ,

Arrange lining of channels: -size hierarchy in Na+channels; let naked ions through ~ Li+should be even more conductive 
-fill channel wI water so hydrated ion goes through ~ Rb even more conductive 
-~ channel has special lining of polar side chains so ~ fits in pseudo-shell of hydration but Na+ too small 
-Engineer shell to fit only desired ion. 

Predominant channel conductance is ~.

Diffusion 7 net flow, excess positive charge 7 voltage gradient

Chemical energy lost by going down conc. gradient

Must be picked up going up voltage gradient.


.e-.c.ettfCSihvecl1M~ 

Restinaootential 
~ Econc = ~ Eetec:trtc ~ ~ = RT.ln[K~ - RT.ln[KJIIIII.= RT. In[Kj~ I [~1kII8 

~ ~ = qV = zF.V= RT.In [~I [KJkI z = charge # (1 for ~. 2 for Ca+, 

I v-.BI In~ I Nemst Equation I zF ... IK1i I
Withz = 1,T = 25'C, V = 58mV. log10[~I [Kjkl 
Resting potential V = 58 . log [20Y(400] = 58 . log (1/20) = -58 log 20 = - 58 (1.2) = f~~J 
~ most of the resting potential is from ~ Nemst batteries 

Bath-changing experiments
-Can change conc gradient, see how resting potential changes. tJ.[~N by 10 7 tJ.log by 1 7 tJ.V = 58 

Almostentirelypermeableto ~. but nervecellsdon'tfollowNemsttotally.
Goldmanequation (Nemsteqn+ fudge factors) 

PxI Py= permeability ratio = ability of membrane to 
allow something through the holes. 

Permeability is a property of membranes. 

If cell mostly permeable to Na+: V = 58 log [440]/[50) = 58 log 8.8 = + 55 mV (like top of AP) 

AP like switching between 2 Nemst batteries! permeabilities: -70 -+ +55 -+ -70 :: EK-+ ~ -+ EK 
~ = Nemstequilibriumpotentialfor ~ 



- - 

2-19-02Lecture4 Action Potential I 
Hodklgn & Huxley bath-changing experiments
-Change [Naj outside axon ~ top ofAP changes 
-What results in switching of ion conductance channels from ~ to Na+1 
-Gating mechanisms for ~ v. Na+slightly different, though both voltage-gated 
-Defined threshold (60 mV) for axons ~ voltage important in determining AP 

- Adrian & Hodgkin: axon + vasoline to block AP ~ absence of AP, still got some depolarization, not enough for AP 
~ conducted voltage from AP ~ open & close channels based on voltage 

Olol.-T
V =~ = 58 log rKJoI rK1l - "OY~ , 

I = VI R = g.V .;t"~,,~ ~~~: 
IK = QK (Vm- E~ 
Vm= membrane voltage. When Vm=~, IK= O. 

Ohm's Law for Membranes 

3M.. ~ 
~ 

Et: - 1 -9T ,n T ~ \ 

If simple Ohmic model is true & if gK,QNeare Yoltage-gatedl then... 

Hodgkin-Huxleypredictive cycle ~1N8
Ohm'slaw 

for membrar es= gK(Vm - EK) + 

gN.<Vm - E,...> 

"" 
No spare charge in middle, charges all on surface 
7 charging & discharging 7 capacitance 

9K9N. 

~ 
Vm 

/ 
, ,../ 
voltage-gated
channels 

Q = CV C doesn't change 
dQ/dt = I = C dV/dt + V dC/dt = C dV/dt 

I =C .dV/dt 

Hodkln & Huxley's Problems 
. spatialvariationin Vm 

0 littlepatchesofaxon;alldifferent7 communicating. temporalvariation 
0 can'tholdconductancestillto measure;axonVmwon'tstaysame 

. Howto separateIK'INa 
Solutions . space clamp: conductors through inside & outside so voltage/conductances are same for each patch of 

membrane;shortcircuitwI wirethreadeddownmiddleof axon+ vasolineso wiresdon'tconnect;I always 
flows down V gradient until at equilibrium 7 no V variation 

I/~OII~e. 
at equilibrium- -0 - - - ~ - - -. 

~ ~'~~~~;:£;:/'- / I~slk 

no V VQ/I c:t>2.. \.d'Sic(£; 

~--

. voltageclamp:feedback system to wires (space 
clamp) to sense fluctuations in V ~ apply I to clamp at 

particular V to keep membrane at desired V. differential 
amplifier: inputV ~ outputI proportional to V. Impose 

command voltage. Measure feedback current All current 
leaking out must be = I~ from voltage clamp amp. 

A#»I 



. bath-changing (H&H) or drugs(modemmethod) 
0 bath-changing: at +52 mV (-~). no Na+current~ pureK+current Change~ by d1anging 

[NaJo ~ compare profiles 
~] 0 drugs:blockchannels.BlockNa+w/ TTX ~ pure~ current(outward).Block~ with 

~~"'-CH3 tetraethylammonium(TEA)~ pureNa+currents(inward/transient)
CH 0 Conductanceprofileslooklikepurecurrents. 

! 0 Voltage-dependent:Tdepolarize~ faster,greaterconductance 

""""~~e ~~ ~ (k.)
oUt 

Reversal potential: potential at which I flips from inward to outward (or vice versa) 
. Negativecurrent=inward(+ from outside to inside) 
. INashould be inward, IKshould be outward (from voltage clamp trace) 
. p. 99 handout 
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~-~,!:?_2-,~~~.§- ~o.n ~oten~alllDepolarizationopensNa channelsquickly.MoreI rushesin, t depolarization,t Na+conductance~ positive 
feedback~ explosiveall-or-noneAP drivingmembraneto ENe 

m-gate:rapidopening
h-gate/Inactivation gate: closesslowlyafter m-gateopens;can't beopenedby t depolarization 

~ opensslowlyin responseto depolarization.Restingmembraneis 100Xmorepenneableto ~ than Na+, 
gK» gNeat end ~ undershoot 
gK,gNeriseduringAP; gKriseslater,gNafallsearlier. I 

/"~I,~~~~ k~ls"( \ t.".d.~r,qlso~ ' ~~1" r 
r--abAbl~ .I\)~Y\ ~\., 
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't.A.4ctj-1 Lf 6~t.et. r ~pB(VreFractoryperiod from inactivatedh-gates(Nachannelsinactivated) 3~. + ~ ~ 
PropagatedAP Theory: propagated wave maintains shape as it goes along -+ use wave-eqns (space & time). 
Mechanism of rise in gNa,gKis same but fall off is different K gates fall from repolarization. Na falls while still 
depolarized -+ deliberately engineered to fall by h-gates. inactivation. 

:::52

L
Voltagesv. smallbut spreadacrossA -+ hugeelectricfields.Moleculescan movefrom elec.field sb"ength. 

\~~~~1O6T [) 

K channels: 4 a-helices wi charged groups 

Na channels: 4 pseudo-subunits 

gating currents - charge movements/electrical events. Measure changes in charge distribution associated w/Na 
channel movement Na channel opening with charged domains that move. Individual conductance channels are 
either all open or all closed, open probability predicted by g. 

Eliminating inactivation: Na channels open but don't close. Depolarize w/o repolarize. 
- pronase (proteolytic enzymes) 
-DDT: abolishes inactivation of insect & crustacean axons. 

K channelwi inactivationgate in fly containscytoplasmicamino-terminalloop/tailwi + charges. 
Geneticdeletion7 no inactivation.Takeaway + charges7 no inactivation.Injectpeptides7 restoreinactivation 

2-25-02 Lecture 6 Neurons as Conductors: ProDaaationof the Action Potential 
Permeability:property of membranes. 
Conductance: property of system channels & ions 
Harvard Bridge analogy: 3 am-permeable but not much traffic (conductance); rush hour ~ action potential 
Resting potentials: use Goldman 
Synaptic potentials, reversal potentials: use Ohm's law for membranes (I =gK(Vm -~) + gN8(Vm - EN8)) 

~
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Fred the neuron is almost the world's worst wire. Leakage ~ attenuation of signal. 
Adrian & Huxley vasoline to block AP ~ found residual depolarization ahead of blocked AP (could contribute to AP) 
~ some current spreads ahead of AP to depolarize the next patch of membrane 

Patchof membrane. leaky cable ~ leakycurrentflowI can be modeledby laddercircuit 
electrotonic spread- passive spread of signals 
~1AIIde) .0 (very large area ~ very small R). rm =resistance of membrane rl =internalresistance. 

~~ ~~ 0 ~ leaky water hose-~~:]3~ pressure dissipates as go along, height dP/dx decreases 

r~ rWl (-- 'f"", wI more holes 

:t.'"1.~ tf~ . - - j'I. ~ r. r'
l \. .:tWl 

'\ 

-~~~ 

1. -d1,ldx=lm=Vm/Rm. Ij=intemal.,leaks 
2. -dVmldx= VI = Rill (Kirchoffs law) Q.i 

3. ~mld~ =R1. dl/dx=(1)=R,vmI Rm -:-:~-
AX I. ,- I : 

V m = ex/(.JRmIRI) -J. scale factor. space constant/length constant A = "VRnJR. I I 

Currentattenuationis a negativeexponentialspaceconstant! 
Longerspaceconstant,slowerdecay7 fartheraheadyoucandepolarizethe nextpatchoverthreshold. 
speedof propagationIXA. + increaseA.to increasespeed 
,Sgyjg:increasedA.7 minimizeRm.smallRI7 giantaxons 
PeoDfe:fewerholdsall in one place7 increaseinsulationwI glialcells,myelinatedcells-7 saJtatorvconduction 
throughnodeof Ranvier ~~~IIY\ 

~=~~ ~f~~" 
~---II\IIIII~ . ~ ~~1<.~V\ex-

Na+ inactivation7 refractoryperiod7 APdoesn'tspreadin bothdirections 

unidirectionalityfrom fact that AP starts at hillock and travels to presynaptic end. 

-fL~-!t.~/ 

P-.o- - -~__-r 
- '-a .. 

~~-:'T~~.T. 
-",-~..:J:_~.::x:.. 
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Membrane capacitance 
- Doesn't matter for steady input, but does for brief pulses like AP or square wave 
- For membranes (leaky cables) with Rand C: .!:". 

- Fall-off of voltage signal is more pronounced than e-x/).Jl J"L 
-Signals are delayed and smeared out in time 

Giant axons and myelination 7 decreased C 
Fewer Na+channels in cell bodies & dendrites 7 no AP 

~2.~ 

,2-27-0,2Lecture 7 Electrical and Chemical SvnaDticTransmissiQn 
Chemical Synapses 
simplest neuromuscular junction: motor neuron ~ muscle 
acetylcholine (choline+ aceticacid) ~c. ~I(~~
vesicles: -15 A (sizeof T4 phage) J~$lCIt. ~ 

I4P 

~ 'O(I~': 

~ 
pr~n '~'T"'l 

PresvnaDtic ~,tI~ ~~Linal'fit ~by~ 
AP ~ open Ca+2 channels ~ Ca+2 interacts wI vesicles ~ membrane fusion ~ exQcytosis ~ spew Ach into 
synaptic cleft 
PostsvnaDtic:folds 
Membranes wI Ach receptors (Iigand-gated) ~ bind Ach ~ open channels ~ let in current ~ depolarize ~ AP 

more holes, less insulation ~ lower rm~ more leakage ~ dV/dx greater (quicker V dissipates) 
Skinnier hose ~ i r, ~ more water leakage. Better conductor, less holes ~ less attenuation. 
r, = core conductor. rm= insulation, so attenuation goes with r,1 rm ~ exponential. Attenuation cx; leakage 

fI \1 



Electrical Synapses-gapjunctions-connections between pre and 
postsynaptic side; hexagonal hole for Ions to go through 

- quick & simple 7 pass on AP -found in embryonic cells, crayfish (escape responses) 

~ 
--~-

Postsynaptic Tennlnal 
Howdo we knowthe svnaDseworks? -Otto Loewi. Frog hearts in separate dishes ~ _!!~~ ~ 
Stimulatevagusnerve~ heartbeatsslower.Stimulatevagusnerve1 ~ heart2 beatsslower. Substancein the 
ringersolution:vagusstoffe=acetylcholine. 
PutAch on neuromuscularjunction~ musclecontraction 
Iontophoresis (likeelectrophoresiswflOns;spritzon ions)~ givestightspatial,temporalcontrolof Ach application 
Ach:mimicsrealneurotransmittereffects;abundantin groundup neuromuscularjunctions
agonist- Ach,mimicsbiologicalresponse-couldbe.tb! thing 
antagonist- bindsAchRbut doesn'tactivate,likecompetitiveinhibitorsin subsb'ate/enzymebinding 

-succinylchoJine,flaxedll(musclerelaxants,paralyzemuscle) -" 
-curare(~tubocuranine; blowdarts,v. effective) ~ 
- cobratoxin 
- a-bungarotoxin(usetightbindingto clonechannels) 

myastheniagl'8vis(-badmuscularweakness-)-disease,makeantibodiesto ownAchR.UseAchesteraseinhibitorsto allow Ach to stickaround. . 

At n-m~.unction, fast response ~ turned on by flooding with Ach 
0 C)C)C) A.. I-1)\~11:JJ:~R.. ld. ~ 

. . : : .. . , .' 
... .. . " -. 

acetylc~O"nesteraaec.(h~~rolyi~~~tic acid+ choline;useto turn off response) 
spritzon Achesteraseinhibitors~ bigger,longerresponse-neostigmine 

-physostigmine 
-Insectisides(Raid)
-Nervegases(Sarin,Tabun,Vx) 

How do we know Ach ooens channels? 
Record intracellulartyfrom muscle, stimulate nerve; fire action potential & end-plate potential simultaneously.

Of ({i: a: compromisebt 2 events:AP + channelsbeingdrivento 0 mV 
?-v muscte:APwIowntimeconstant 

,... openchannelsgettingdrivento newpotential(0 mV) 

~ 
reversal potential: 1N8= gN8(Vm- e...) ~ 0 when Vm~ e... 

--J 

Muscleend-plate~ Ach equallyconductiveto Na+ & ~ 
10=QN8E.. + QKEK. QN8 =QK ~ 10= halfwaybetweenfN8.~. 15mV (slightlymorepermeableto ~ -+ 0 mV) 
Add Ach to voltage clamped motor cell ~ individual openings ~ sign reversal @ 0 mV (in ~ out) 

Ach Receptor
-5 subunits. a subunit binds Ach (and a-bungarotoxin) 
- a helices twist ~ open: ~ out, Na+in ~ drive membrane to 0 mV 

3-04-02 Lecture 8 Mechanisms of Transmitter Release at Svnaoses 
How do you te/l between an inhibitory and excitatory synapse? 
De~larizing ~ excitatory. 
If E is at threshold -+neither inhibitory nor excitatory. 



If reversal potential more: -depolarized at threshold -:; excitatory 
-hyperpolarized at threshold -:; inhibitory 

Presynaptic Terminal 
frogsartoriusmuscle 

from presynaptic motor nerve 

<::==:::~;:;::>' record intracellularly from postsynaptic muscle (indirect measure) 

Ca+2is imoor1ant! Enters throughvoltage-gated channel ~ induces vesicle fusion ~ quanta release 
Series of experiments in Iow-Ca+2 solns. 

Block AP ~ measure postsynaptic extrusion in different [Ca+1 

size of 
EPSP 

[Ca+2] 

- No Ca+2 in extracellular solution (used Co+2 antagonist in soln). lontophoretically 
1. Neuromuscular transmission needs Ca+2. 
2. Spatial localization 

- needs Ca +2near presynaptic terminal for normal transmission 

3. Temporallocalization-Ca+2 long before AP invasion ~ nothing 
- Ca+2 after AP ~ nothing 
-Ca+2 at AP invasion ~ little 

- Ca+2just before AP ~ transmission 
- needs Ca+2just before AP gets there 

apply Ca+2. 

Leave nm junction alone (no extracellular stirn) ~ mini potentials all same size & timing (quanta)

Katz: maybe quanta from vesicles releasing transmitter

Detennine if mini-quanta are from Ach

-use Ach antagonists (e.g. curare) 7 bumps go away. 
- use Achesterase inhibitors (e.g. neostygmine) ~ bumps get bigger, longer, potentiated 

How to prove big neuromuscular EPSP is from little bumps?-First, make AP smaller/disappear by lowering [Ca+1 
-evoked release ~ small. spontaneous miniature end-plate potentials in multiples of 1 mV 

lots of vesicles waiting to be activated, but w/low [Ca+1, small chance of activation.

large synapse~ independentprobabilities;eachvesiclehasequalchanceof release,can be describedby:

Poisson distribution P(x)= mXe-fn
/ xl, x =0,1,2,3... (# events) 
m =mean quantal content, avg # (vesicles) released per stimulus; vary by varying [Ca+2] 

Frequency of failure , P(O)=.om I~ if knowfrequencyof failure,then knowmeanquantalcontent 

Do quanta correspond to vesicle exocytosis?-Arrange for AP to reach terminal just as piston goes down & smashes synapse onto frozen metal 
-Vesicles caught in the act of fusion -Cell clamp mast cells wi big vesicles, put AC current, measure impedance. current IX capacitance 
- capacitanceincreasesstepwisemannerIX surfacearea + area increasingfromvesicleexocytosis 

- Yes,secretion of quantais resultof vesicleexocytosis. 



To find change in quanta! content 
. Do something and wait for nothing to happen 7 look at frequency of failures, P(O) = e"'" 

To find change in quantal size 
. Donothingandwaitfor something7 measureresponseto nothing,spontaneousrelease 

Ca+2-Induced vesicle exocytosis 

ve 
~ . Ie - Assay proteins at synapse: countable # of proteins in vesicle membranes 

a+2 - synaptotagmin (Zn+2fingers) 
-synaptophysin 

presynaptic -synaptobrevin(targetfor toxins) 
membrane - rab (GTP-binding siter G>rP«4- Makeclonesof the proteins~ genesequencing 

-Usetoxins: tetanus toxin (blocksvesicletransmissionat nmjxn) 
botulinium toxin (affectproteinat presynapticterminal) 

Synaptic Modulation & Medium-complexSynaptic Behavior 
Orbell' effect- potentiation of neuromuscular transmission when stimulating sympathetic nervous system 

hormones/neurotransmitters: t. adrenaline (Latin) =epinephrine (Greek)=EPI a . noradrenaline = norepinephrine = NA 7 no methyl group 
Fight or flight response 7 want to potentiate muscle oft 
Spritz EPI or NA 7 potentiate nm jxns l:ttNHEi!;] 
To find out if presynaptic or postsynaptic
-Measure quantal size (V1)and quantal content (m) 

- Presynaptic (stronger synapse) 7 p(failure) decreases -::""'~ft1 
-Postsynaptic 7 increase in response 7 increase V1 

7 shows both pre and post synaptic changes 

NA binds to a-adrenergic receptors on presynaptic side -) increase m 
Epi binds to ~drenergic receptors on postsynaptic side -) increase 9', 

~~~~o~ ~ 
-slow 

~ /Q..'feslOi.4) 

~,~ 
mY 

isoproterenol =used for 
anaphalacticshock 
j3-blockers- heartattack. 

spInal i~~Ympathetic ganglion
column 

sympatheticnerveendings 

excitatorytransmission;2 neurotransmittersto 3 kindsof receptors.
Stimulatepreganglion,recordfrom postganglion 
Fast(nicotinicAchR).slow(muscarinicAchR),lateslow(lHRHR) 



LHRH =luteinizinghormonereleasinghormone 
nAchR = ligand-gated channel to let in Na+,ionotrophic 
mAchR= lookslike ~drenergic receptor,rhodopsin:7­
member transmembrane, coupled to G-protein; close ~ ch 

LH releasedfrom pituitarygland;2 tissues­
neuronalpartsendssignalto hormonalpart. 
iontophoreseLHRH7 lateslow response 

~ L.HRtf~f~ ~ACij ~\S'~ 
@ 

occlusion (cosaturatlon) experiments 
. e.g.LHRHresponseoccludes mAchR response 
. implies converging downstream pathways 
. LHRH& mAch~ convergeon closing m-channel using same 2M messenger system 

Aplys/acal/fomica $fI\1~t~ 
- learning-like effects fU;{b~-/,,""=, ~' - traceableganglionic circuit . t~ -L --~ -~ f~ 

-gill & siphon withdrawal response (reflex) 
-monosynapticcomponent(sensory~ motor)+ polysynaptic(sensory-+ interneurons~ motor) 
Reflex modulation 

habltuatlon- decreasein responsiveness to repeated stimulus (gill withdrawal reflex can habituate) 
sensltlzation- increasein responsiveness following strong noxious stimulus; dishabituation 

(tail shock~strong withdrawal reflex) 
Presynaptic or postsynaptic- quanta/ analysis 
- Stimulate sensory neuron extracellularly 
- increase in rate of failures ~ presynaptic 
-Post-tailshock,see:(monoamines) Ii 

dopamine (~) octopamine ~ serotonin (5-HT.5-hydroxytryptamine)(Of 0 ~ 0 tt<~t~:I:'\fcH2..c.~ :3 
#oH 0 \ 

:Hz I 
CHN~2. ~Ntf. ~ 

- increases in all 3 in abdominal ganglion after shock 
-iontophorese them in area of synapse (sympathetic ganglion) ~ only 5-HT produces response 
-+ tail shock~ 5-HT~ increasecAMP (2M messenger system) 

Late slow epsp only from B cells BUT immunoactivity stain only on presynapse of C cells -+ LHRH diffuses from C 
presynapse to B postsynapse (only B has receptors for LHRH) ..\ ~~ 

CU~(W~.Ac , N:\IJ 

ACt"" L~~ u:~ 

PKA - catalytic (C) + regulatory (R ) subunits; C phosphorylates proteins, R attaches to C to stop it; cAMP makes

R drop off C to activate PKA

PKI (Walsh inhibitor) - constitutive inhibitor; shuts off PKA (binds to C, not to cAMP) ~ no transmission; blocks

synapticfacilitationI 

Apply 5-HT or tail shock to SN -7 repolarization down very short time later 
Block ~ channel (TEA) to make effect larger. Facilitation shuts off ~ channel. 
TEA + facilitation -7 bigger repolarization effect from decreased gK 
Close ~ channel -7 delay repolarization ofAP -7 more Ca+2 -7 more vesicle fusion -7 more transmitter release 
Patch clamp expts -+ PKA closing ~ channels (K-S channels)
Tail shock -7 excite neurons -7 5-HT -7 cyclase -7 PKA -7 close ~ channels -7 Ca+2 ~ more ve~ease 
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3-13~2 Lecture 11 Leamina and Memorv I 
Identified cell co-culture experiment
- If you tie a string around axon so cell juice doesn't come out. culture SN & MN -+ they die 
-Spritz 5-HT -+ synaptic facilitation in a dish for 1 hr -5 x 5-HT -+ facilitation for ~ 24 hrs. 
- + inhibitors of transcription {actinomycin D) & translation (aniaomycln) -+ block short-tenn, not k>ng-tennfacil 

Memory in a dish 
1. Motphoiogical changes-Aplysia: sensitized repeatedly ~ bigger & more synaptic (SN) endings 

-4 proteins down regulated after LT facilitation (with 10 x 5-HT) 
AoCAM (Aplysia NCAM) - cell adhesion molecule, non-specific, abundantly made extracellular stickum 
downregulated ~ make less with neural plasticity ~ melt old connections 

2. ~S-channelclosure 
cAMP7 PKA CRE(cAMP-responseelement)- TGACGTCA7 cAMPinducibility 

nsaiptionalevents ACTGCAGT 
promoterbashing
CREB-PKAbindingsitefor phosphorylation,bindsto CRE 
CREB.phosphorytation. 
Injed CREoligomers,but nototherlandingsites,intonucleusof SN 7 blockLTM, notSTM 
Antibodiesto CREBalsoblockmemory 

'\~~> 
Associative Learning 
Pavlovian conditioning. 
Dog: meat powder ~ salivation; bell ~ no saliva; meat powder + bell ~ saliva + bell ~ saliva 
Can make Aplysia learning more specific. 
Poke A + tail shock + poke A alone ~ jumpy, sensitization; poke B alone ~ not as much 
PokeB + nothing , SNI ,~ S)..I~ 

Pair aversivestimulus(or 5-HT)w/firing 
for one, not other. Both synapses stronger 
but paired ~ greater synaptic facilitation. ~~f~~/AP amplifies sensitization response. ~ 1.1\. NIn AP, Na+ in, ~ out, Ca+2 in. Ca+2 -+ 2nd msgr. 

Train in Ca+2-free soIn -+ no amplification.
Ca+2+ 5-HT-+ adenYly1cyclase -+ cAMP -+ learning 
Ca+2 bindsto calmodulin-+ CaM 

-~u 

Drosophila associative learning w/odors 
Mutants that learn poorly: 

- dunce: phosphodiesterase (PDE) problem 
-rutabaga: adenylyl cyclase prob 
-amnesiac: forgetful; mutation in strudural gene for peptide neurotransmitter; bad CREB 

l.!l ~ 

Vertebratelearning 
H.M.& ischemic patients-+ hippocampusis importantfor memorybut memoriesaren'tstoredthere 
Trisynapticcircuitin hippocampus'7~ c.A \ IA ~O.Q~ 

s~ ~ -~~r r ::J~ 

coli~ &(,~\ile 
CA3 "'<::l..~--=~-- ~~ -Fr~~ ~tWftlXf.e~~\;:- r 

Iong-tenn potentiation (LTP)-potentiatesynapse,increasedthroughput 
transmitter:glutamate(mostexcitatorysynapsesuseglu) 
Glurece torsin CA3 meta ic 7-transmembranedomain) 

nlst AMPA NMDA specificto receptorsubtypes . -
Anta onlat CNQX APV blockAMPA~ blockeverything.blockNMDA~ blockplasticity 



~~8~.2_L~re 12 Leamina and Memorv II 
D.O. Hebb 
What synaptic properties are needed for animals to learn associatively? 

. ~ . Synapticpathfrom visualstimulusto salivation 
8-' . SynapseBA is invariant,excitatory (BORING) 

. latent pathwayCA in existence 
0 Canteachdog in 15-30min;fasterthanable to makenew 

synapses . SynapseCA initiallyineffective(ring bell~nothing),but 
strengthenedif C + A fire simultaneously+ Hebblan synapse. Presynapticterminalreleasestransmitterat same time as 
postsynapticcell fires (depolarization) 

. Hebbiansynapsesfoundin CA1 cells 
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Is LTP Hebbian? 
. Tetanusspecificto synapse ~ L\ 
. SinglepulseSC, + postsynaptic ~ 

depolarization(currentinjection)~ LTP 4 . If tetanusto SC, + hyperpolarizeCA1 cell A~~ 
(negativecurrentinjection)~ no LTP "-.. . . LTP appears Hebbian sciY~ 

NMDAReceptors I~ c~ . ligand-gated~ openedbyglutamate(or NMDA) 
. Mg+2blockschannelfrom ion flow 

0 postsynapticdepolarization~ chargerepulsion~ kickout Mg+2 . permeableto Na+ andCa+2(2ndmessenger) 
. voltageand ligand-gated~ simultaneitydetector 

AMPAReceptors rJ 1.. fi1 
. permeableto Na+ W ~ fiI 

Is Ca+2important for LTP? 
. Yes! 
. InjectCa+2intoCA17 LTP 

0 Ca+2can substitutefor simultaneousfiring 
. Whatdoes Ca+2do? 

0 2nd messenger effects of Ca+2 
. bindsto calmodulin7 changesshape7 CaMadaptor7 activatesCaMkinaseII . activatesproteinkinaseC 

Kinases 
phosphorylatesthingswi catalyticsubunit 
contains inhibitory domain saying .Ooh, phosphorylate me'8- pseudosubstrate (same sequence as P-sites 
on substrate) !?:)CaMkinaseII blockspseudosubstratesites~ free up catalyticsubunits .. 

0 blockCaMkinaseII ~ no LTP 
PKCinducesa shapechange~ free up catalyticsubunits '"~bl1sY!j~~ 

Both pre- and post- synaptic effects found. 

Experiments

H.M.7 nodeclarativememory

Morriswatermazetask


. kiddiepoolwino visualcues,filledwi milkywater;onlyspatialcueson walls-distalcues;hiddenplatform 

. spatialleamingtask


. Beandry,Lynch& Morris:shootup rats intraventriculariy
w/APV7b1ocksLTP7blocks watermazelearning 

. Tonegawa:knockoutNMDAreceptorsin CA1cells 7 no LTP 
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