Adding a potassium M conductance

I. M conductance
[bookmark: _GoBack]We wish to add a potassium M conductance to the dynamic clamp system. The conductance we have chosen is one that appears in Fransen et al., J. Neurosci. (2002). The conductance is modeled in the Hodgkin-Huxley way by a single activation gate:

Here,  represents the fraction of open M channels at an instant in time . Its steady-state value depends on membrane potential :


So does its time constant:


This is what they look like:
[image: ]

The current this conductances passes is given by:

where  is the maximal M condutance (in nS) and  is the potassium reversal potential (-80 mV).

II. Modifying the Arduino program
To add this conductance to the Arduino program, we have to do two things: (1) add references to the M conductance to the main file dynamic_clamp.ino, and (2) add a tabbed file defining the conductance.
Open the dynamic clamp program in Arduino.

Main file
(1) Add the maximal M conductance  to the list of global variables in the first section.
[image: ]
Note that we both changed the number of parameters (nPars) to 9 and added the last line declaring  and setting its initial value to 0.0

(2) In the setup() function, add a call to a function GenerateMLUT() that will create lookup tables of values of  and  for a wide range of membrane potentials. Rather than doing the calculations at every time step, we will simply look up the appropriate values for the measured , thus allowing the program to execute more quickly. 
The function GenerateMLUT() will be defined in the tabbed file we will create shortly.
[image: ]

(3) Add the maximal M conductance  to the list of parameters the Teensy receives over the USB port from the Processing sketch.
[image: ]

(4) If >0, have the simulated M current added to the other simulated currents. If it equals 0, then we don’t bother since the current will simply be zero.
[image: ]
Tabbed file
Now we create a tabbed file that defines the M conductance.
[image: ]

(1) Create a new file. In the Arduino window, look for the downward-facing arrow (indicated by the red arrow). Click it and select “New Tab”. You will then be asked to name the new tabbed file – just call it “M”.

(2) In that M file, enter the three parts shown below: (i) array declaration in which the lookup table values of  and  will be stored; (ii) the function GenerateMLUT() that generates the lookup tables (for membrane potentials between -100 mV and +50 mV); and (iii) the function that numerically integrates  and calculates the M current at every time step.

[image: ]

A few things to note. (1) We use the function expf() in preference to exp() because the former instructs the compiler to make use of Teensy’s floating point unit (FPU), thus speeding up the calculations. (2) We use the built-in function constrain() and an if statement to make sure vIdx and m_Var stay within bounds. These lines aren’t strictly necessary because an out-of-bounds situation may never arise, but better safe than sorry. (3) We use the forward Euler method to integrate , which is called m_Var in the code. The time step is short enough (compared to the kinetics of the M conductance) that this is acceptable.

Finally, save the modified program and upload it to the microcontroller by pressing the right-facing arrow at upper left.

III. Modifying the Processing program
To modify the Processing program (processing_control.pde) so that it will specify the maximal M conductance  in addition to the other parameters it already specifies, we need only add four lines.
(1) Add  to the list of variables declared when the GUI opens.
(2) Add a slider with which to specify the value of .
(3) Add a statement to write the value of  to the Teensy microcontroller through the USB port.
(4) Add  to the list of variables zeroed out when the user presses the Zero button.
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Save the changes and then run the Processing program. It should open up a GUI window that looks like this:
[image: ]Notice that a slider for the M conductance has been added to the end. It can be used just as the others are.

The completed Arduino and Processing programs, with the changes specified in this document, can be found in the folders called dynamic_clamp_with_M and processing_control_with_M.
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// Deciare the lookup table varizbles
m nf[151] = {0.0}; // Pre-calculate the activation parameters for
m_taul1s1] = {0.0}; // M currents: Vm from ~100 &V to +50 &V in
/7 steps of 17V
nerate the lookup tables
GenerateMLUT() {
for ;<151 x4
v = (sloat)x - 1007 // % goes from 0 to 150, so v goes from -1t
minflx] = 1/(1 + expf(-(v435.0)/5.0));
m_teulx] = 1/(3.3%expf ((v+35)/40) + expf (~(v+35)/20));
}
}
// At every vime step, calculate the KCN current in the Hodgkin-Auxley manner
e B
mver = 0.0; /7 activation gate
vidx = (i50)v + 1007
Vldx = constrain(vidx,0,150);
mVar = mVar +dt * ( -(mVar-m inf[vidx])/m taulvidx] );  // forward Euler method
if (mVar<0.0) mVar=0.0; // non-negative only
current = ~gM * mVar * (v + 80); // injected current (pB)
return current;
}
|
Done Saving

Arduino/Genuing Uno an COM3.
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void setup() {

specify GUI wi
size(450,600) ;

background(150) ;
Label. secUpperCaseDefaule(false) ;

olo

sliders

decontrol = new ControlPS(chis);

deControl.addslider ("e_shunc’, 0, 10, 0, 100, 50, 200, 30);

deControl.addslider ("e_hen”, 0, 10, 0, 100, 100, 200, 30);

deControl.addslider ("e_lia", 0, 200, 0, 100, 150, 200, 30);

deControl.addslider ("n_OU_exc”, 0, 10, 0, 100, 200, 200, 30);

deControl.addslider ("D_0U_exc”, 0, 10, 0, 100, 250, 200, 30);

deControl.addslider ("n_0U_inh", 0, 10, 0, 100, 300, 200, 30);

deControl.addslider ("0_0U_inh", 0, 10, 0, 100, 350, 200, 30);

deControl.addslider ("e_epsc”, 0, 10, 0, 100, 400, 200, 30);

decontrol.addslider ("2 1",0,10,0,100,450,200,30) ;

PFont pfont = createfont("Arial", 8, true);

ControlFont font = new ControlFont(pfont, 18);

deControl.secFont(font) ;

deControl.addBang("upload”) .setPosition(125,500) . setsize(60,50) . sexColorForeground(color (100,100,100 ) ;
deControl.addBang("zero") .setPosition(250,500) . setsize (60,50) . sexColorForeground(color (100,100,100))

the microcontrolle
1
void araw(){

noth here equires every sketch to a dra
1

Upload the numbers i uI < ocontrolle

void upload O{

writetoteensy (g_shunt) ; ¥
<

NullPointer
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decontrol Controlps(chis);

deControl.addslider ("e_shunc’, 0, 10, 0, 100, 50, 200, 30);
deControl.addslider ("e_hen”, 0, 10, 0, 100, 100, 200, 30);
deControl.addslider ("e_lia", 0, 200, 0, 100, 150, 200, 30);
deControl.addsLider (" _OU_exc”, 0, 10, 0, 100, 200, 200, 30);
deControl.addslider ("D_0U_exc”, 0, 10, 0, 100, 250, 200, 30);
deControl.addslider ("n_0U_inh", 0, 10, 0, 100, 300, 200, 30);
deControl.addslider ("0_0U_inh", 0, 10, 0, 100, 350, 200, 30);
deControl.addslider ("c_epsc”, 0, 10, 0, 100, 400, 200, 30);
decontrol.addslider ("2 1",0,10,0,100,450,200,30) ;

 pfont ©("Arial", 8, true);

ControlFont font ControlFont(pfont, 18);
deControl.secFont(font) ;

deControl.addBang("uplozd") .setPosition(125,500) . setsize (60,50) . sexColorForeground (color (109,100,100
deControl.addBang("zero") .setPosition(250,500) . setsize(60,50) . seColorForeground(color (100,100,100)
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void upload O{

writetoteensy (g_shunt) ;
writetoteensy (g_hen) ;
writetoteensy (g_Na);
writetoteensy (n_0U_exc) ;
writetoteensy (D_0U_exc) ;
writetoteensy (n_0U_inh) ;
writetoteensy (D_0U_inh) ;
writetoteensy (g_epsc) ;
writetoteensy (g_M) ;

olle

Zero all ¢
void zero(){
decontrol.getController
decontrol.getController
decontrol.getController
decontrol.getController
decontrol.getController
decontrol.getController(
decontrol.getController
decontrol.getController(
decontrol.getController

sectvalue(0.0);

).setvalue(0.0);

setvalue(0.0);

) setvalue(0.0);

_exc") .setvalue(0.0);
) setvalue(0.0);

).setvalue(0.0);

secvalue(0.0);

).setvalue(0.0); v

NullPointerexception
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processing_control_with_M |-

wricetoteensy (8103 -

¥
11 the nubers vt < zeros i

zero(){

dcControl.getController("g_shunt").setvValue(0.0);

decControl.getController("g_hcn").setValue(0.0);

dcControl.getController("z_Na").setvValue(0.0);

dcControl.getController("m_0U_exc").setValue(0.0);

dcControl.getController("D_0U_exc").setValue(0.0);

dcControl.getController("m_0U_inh").setvValue(0.0);

dcControl.getController("D_0U_inh").setValue(0.0);

dcControl.getController("z_epsc”).setValue(0.0);

dcControl.getController("z_i").setValue(0.0);

uplosd();
¥

writetoteensy(float foo) {

bytel] b;

ByceBuffer byceBuffer = Bycetuffer.allocate(d);

byteBuffer.order (ByteOrder.LITTLE_ENDIAN);

b = byceBuffer.pucFloat(foo) .array ()5 v
. >
Done Saving.
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dynamic_clamp_with_1§
#include <math.h>

// Scaling for the patch clamp amplifier
float inputscaling = 50.0;

float outputScaling = 400.0;

7/ vben the scaling is 400

7/ N.B.: these parameters (mumerators) are properties of the components on the breadboard;
7/ they are independent of the amplifier and DAQ board

const float inputSlope = 7.67812538/inputScaling;

const float inputlntercept = -15940.06952/inputScaling;

const float outputSlope = 757.2606458/outputScaling;

const float outputlntercept = 2417.9572;

// Conductance parameters are sent by the host computer over the USB port

const int nPars = 9; // number of adjustable parameters
float gShunt = 0.0; /7 1S, shunting conductance

float gh = 0.0; 7/ nS, maximal H (HCN) conductance

float gia = 0.0; // 55, maximal fast, transient sodiun conductance

float OUL_mean = 0.0; 1/ 1S, excitatory Ornstein-Uhlenbeck (0U) mean conductance
float OULD = 0.0; // n52/msec, excitatory OU diffusion constant

float OU2_mean = 0.0; // 1S, inhibitory OU mean conductance

float 002D = 0.0; // nS2/msec, inhibitory OU diffusion constant

float gEPSC = 0.0; // 7S, maximal conductance of EPSCs

float gi = 0.0; // 1S, maximal ¥ conductance

// Common global variables

loat t0 = micros(); 7/ microsec, t0 is used to calculate dt on every iteration

// Baravere comnections
const int analoglnPin = 0; 7/ BDC pin used to read membrane potential
const int analogOutPin = A21;  // DAC pin used to output current
const int epsclnterruptPin = 2;  // pin used to trigger EPSC train

void setup() {
Serial.begin(115200);
analogiiriteResolucion(12)
analogReadResolucion(12)
while (Serial.available()>0) {
char foo = Serial.read();

}

// make sure serial butfer is clear

attachInterrupt (digitalPinTolncerrupt (epsclnterruptPin) , UpdateEpscTrain, RISING);

void loop() {

// Barc 1:  Serial Commnication : Parameter Setting
// The nost computer tells the Teensy when the dynamic clamp parameters should change.

// To do this, it sends 4-bye-long numbers, one for each parameter. So if there are

// & adjustable parameters, it will send 32 bytes. At present, the adjustable parameters

// are the shunt conductance (nS), maximal KN conductance (nS), maximal Na conductance (nS),

// Calibrating the input/output nurbers given the resistor values and power supply values of the breadboard

float dt = 0.01; /7 msec, the time step — on a Teensy/Arduino dt will be variable

// excitatory OU conductance (OUL) mean (nS), excitatory OU conductance diffusion constant (nS"2/ms),

// mumber of millivolts sent out by amplifier for each millivolt of membrane potential
// e.g., with a scaling of 50, if the membrane potential is -65 u,
// number of picoamps injected for every volt at the amplifier's command input

// e.g., if the DAC or the Teensy outputs -0.5 V, this is interpreted as -200 ph by the amplifier

the amplifier outputs -3.25 V

GenerateGaussiantiunbers () ; 1/ generate a pool of Gaussian mumbers for use by the OU processes
GenerateSodiunlUT () ; // generate sodium activation/inactivation lookup table

GenerateHenllT () ; 7/ generate HCN activation lookup table

pinMode (epscInterruptPin, INEUT_EULLUP); // define the pin that receives a trigger when an EPSC should be injected
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floet g = 0.0; // 55, maximal B (KQN) conductance ~
loat glla = 0.0; // 15, mexinal fast, transient sodium conductance
float OUL_mean /7 15, excitatory Ornstein-Unlenbeck (OU) mean conductance
Sloet OULD = 0.0 /1 n5"2/msec, excitatory OU diffusion constant
float 0U2_mean /7 15, inhibitory O mean conductance
floet 0U2.D = 0.0; /1 n5"2/msec, inhibitory OU diffusion constant
Sloet GEESC = 0.0; // 1S, mexinal conductance of EPSCa
floet oM = 0.0; // 1S, mexinal ¥ conductance
// Common globel variables
ot dc = 0,01 // msec, the time step - on a Teensy/Arduino d will be veriable
float ©0 = micros(): // microsee, 0 is used to calculate dc on every iteration
// Bardwere connections
const in analogIntin /7 30C pin used to read membrane potential
const int analogOutRin = A21;  // DAC pin used to output current
const int epsclnterruptPin = 2; // pin used to trigger EPSC train
void setup() {
Serial.pegin(115200);
enalogiriteResolurion (12)
2nalogReadResolurion (12)
uhile (Serial.available()>0) { // make sure serial buffer is clear
char foo = Serial.read():
)
GenerateGaussianliunbers () ; // generate a pool of Gaussien numbers for use by the OO processes
GenerateSodiunlUT () // generate sodium activation/inactivation lookup table
GenerateHenlUT() // generate HON activation lookup table
GenerateMLUT () /7 generate M activation lookup table
pindode (epscTnterrupcPin, TNEUT_PULLUP); // Gefine the pin that receives a trigger when an EPSC should be injected
attachInterrupt (digital PinTolncerrupt (epsclnterrupckin)  UpdateEpscTrain, RISING):
)
void loop() {]
// Barc 1:  Serial Commmnication & Perameter Secting
// The host computer tells the Teensy when the dynamic clamp parameters should change.
// To do this, it sends 4-byce-long numbers, one for each parameter. So if there are
// & adjustable parameters, it will send 32 bytes. AU present, the adjustable parameters
/7 are the shunt conductance (nS), maximal KN conductance (nS), maximal Na conductance (nS),
/7 excitatory OU conductance (OU1) mean (nS), excitatory OU conductance diffusion constant (nS2/ms),
// imnibitory OU conductance (OU2) mean (nS), imhibitory OU conductance (002) diffusion
// constant (nS2/s), and meximal EPSC conductance (aS).
unton {
byce asByce(d]:
float asFloat
) datal;
static flcat dataTemplntars] = (0.0];
static byte parllo = 07
if (Serial.availanle()>3) {
for (inc x=0; x<h; x++) datal.asByte[x] = Serial.read();
dataTenp[partio] = datal.asFloat:
parliors
if (parlio=—nPars) ({
gShunt = dataTemp(0];
gH = detaTemp(1];
ala = dataTemp(2];
OU1_nean = dataTemp(3];
001D = dataTemp(4]:
002 nean = dataTenp(s];
002D = dataTemp(s]: v
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void loop() {

// Barc 1:  Serial Commnication : Parameter Setting
// The nost computer tells the Teensy when the dynamic clamp parameters should change.
// To do this, it sends 4-bye-long numbers, one for each parameter. So if there are
// & adjustable parameters, it will send 32 bytes. At present, the adjustable parameters
// are the shunt conductance (nS), maximal KN conductance (nS), maximal Na conductance (nS),
/1 excitatory OU conductance (OU1) mean (nS), excitatory OU conductance diffusion constant (nS~2/ms),
// inhibitory OU conductance (0U2) mean (nS), inhibitory OU conductance (0U2) diffusion
// constant (nS"2/ms), & maximal EBSC conductance (nS), and maximal M conductance (nS).
union {
byce asByre[4];
“loat asFloat;
} datal;
static float dataTemp(nPars] = (0.0];
static byte parllo = 0;
if (Serial.available()>3) {
for (int x=0; x<4; x++) datal.asByve[x] = Serial.read();
dataTenp(pazlio] = datal.asloat;
parliors;
it (parflo=npars) [
oShunt = dataTenp[0];
off = dataTenp[1];
olfa = dataTenpl2];
OUL_mean = dataTenpl3];
OULD = dataTempl4];
OU2_mean = dataTempl5];
0U2_D = dataTenpl6];
QEBSC = datalenpl[7];
o = dataTemple];

partio = 0;
}
}
// Parc 2:  Read membrane potential & calculate dynamic clamp currents
loat v = inputSlope * analogRead (analogInBin) + inpuclntercept;  // &V, given arplifier settings
float injectionCurrent = 0.0; =
= 0.001 (micros ()-£0) 7 // msec, vime step
©0 = micros(); /1 usec, now

if (gShunc>0) (
injectionCurrent 4= Shunting(v);
)
i (@wo) |
injectionCurrent 4= HCN(v);
)
it (@a>0) |
injectionCurrent += Sodium(v);
)
if (OUL_mean0 || OV2_meam>0) {
injectionCurrent += OrnsteinUhlenbeck(v);
)
it (gERSC0) (
injectionCurrent += EBSC(¥):

/7 vare 3: Send out the calculated dynamic clamp current
injectionCurrent = outputSlope * injectionCurrent + outpuclntercept; // ph converted into analog output integers
int outputSignal = constrain((int)injectionCurrent,0,4095); // make sure the output is an integer between 0 and 4095 (12 bits)

analogiirite (analogOutPin, outputSignal) ; // send the output to the patch clamp or summing amplifier
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// Part 2:  Read membrane potential & calculate dynamic clamp currents ~
v = inputSlope * anzlogRead(analoglnPin) + inputlntercept;  // mV, given amplifier settings
injectionCurrent = 0.0; /7 pA
dt = 0.001% (micros ()-t0) 7 // maee, time ste
€0 = micros(): 1/ usec, now
if (gSmunt>0) {
injectionCurrent += Shunting(v);
}
if (@i0) {
injectionCurrent += HCN(v):
}
if (@) |
injectionCurrent += Sodium(v) ;
}
if (OU1mean>0 || OU2_mean>0) {
injectionCurrent += OrnsteinUhlenbeck(v);
}
if (gEBSC0)
injectionCurrent += EBSC(v) ;
}
i (@w0) {
injectionCurrent += M(v):
}
1/ Part 3: Send out the calculated dynamic clemp current v
< >
Done Saving

Arduino/Genuing Uno an COM3.
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Tabbed file
Now we create a tabbed file that defines the M conductance.

dynarmic_clamp_with_M

// vesnsy 3.6 sketch to implement dynamic clamp NewTeb CubsshiteN

% Rename

// The sketch includes a mein file (this one) and other files (which appear as tabs) that define the conduct{  Delete

// The main file is organized like thi

” (1) globel varisbles are declared first. inputScaling end outputScaling are properties of the patc|  PreviousTab CtrlAltsLeft

7" Clamp amplifier (a user should specify these for their ovn amplifier). The calibration Paramet]  NedTab CtleAlRight

7" are properties of the components on the breadboard (and are usually set by the calibration ske|

7" The dynamic clamp parameters will be specified by the Processing GUI or by some other Progfam |  dynamic_clampwith M

7" Tgor Bro, Bython, etc.) the user chooses. dt and ©0 are used to keep tie. Herdvare comectioni oo

7" are chosen by the user.

" (i1) setup(). Every Arduino-like sketch includes a setup() function which is run when the sketch is e

7" uploaded to the microcontroller. Serial commnication is established with the host computer (5{  OmsteinUhlenbeck

7" by Processing, Matlab, Igor Pro, Bychon, or whatever). 12-bit resolution is specified for anal{ g

7" read and write. Any numbers that should be pre-calculated and stored in global varisbles (e.g.|

7" the lookup teble numbers for sodium activation/inactivation) are calculated by calling the fun __SO0UM

” (in one of the tabbed files) that defines them. The trigger pin for EPSCs is established.

” (111) 100p(). The loop() function is run continuously (i.e., once per Time step). The First part check

” whether the microcontroller has received any serial commmication instructing it to change the

7" dynamic clemp perameters (e.g., shunt conductance or OU excitatory diffusion constant). The secc

” part reads the signal from the patch clamp amplifier’s output (vhich hes already been buffered,

7" snifted, and scaled by the breadooard electronics), converts this signal into membrane potential

7" in millivolts (using the calibration parameters), and sends v out To the functions (in the Tabbe

7" that calculate the dynamic clemp current in picoamps for the various conductances. All of these

7" are sumed. The third and lest part converts the summed current (in picoamps) into the OUEPUC te

7" be sent (0-4095) from the analog output pin. This output will be shifted, scaled, and added to ¢

7" DAQ board's current clemp commend by breadboard electronics. The total signal will then be fed t

7" the patch clamp amplifier's command input.

< >

InjectionCurrent += SBUNEing(v):
)
if @0 {

injectionCurrent b= HON(¥):
)
it (@uw>0) {

injectionCurrent += Sodiun(v);

)

if (0UL_means0 |1 002_means0) {
injectionCurrent += OrnsteinUhlenbeck(v);

)

if (gERSCH0) (

injectionCurrent
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