Neurodynamics - Fall 2019
BENG 260 / BGGN 260 / PHYS 279

Homework 4: Due November 4

1 Computational Lab

In this assignment we will explore the synchronization of two Hodgkin-Huxley model neurons connected
by reciprocal, inhibitory synapses. For both neurons use the full HH model.

The equations describing the HH dynamics are replicated here for convenience (Note: Parameters and
equations are slightly changed for a baseline voltage of -70 mV, it is recommended you use these
parameters):

C?t/ = % (—Ing — Ik — Ip + Ieyt) (D
INe = gnam’h (V — Eng) 2)
Ix = gxn'(V—Eg) 3)
Ir = g (V—-Ep) “4)

with parameters:

C = 1puF/cm?

En, = 45mV; gNae = 120mS/em? 5
Ex = -82mV; gk = 36mS/cm? )
Er = -59387TmV; g, = 0.3mS/cm?
where the dynamics of gating variables:
d
d—’? = am(V) (1 —m) — Bu(V)m 6)
dh
= V) A=k = B(V) b ™
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is determined by rate functions (note: these equations are different from Homework 2):
an(V) = 0.1(V+45)/(1 — exp(—(V + 45)/10)) 9
Bin(V) = 4 exp(—(V +70)/18) (10)
ap(V) = 0.07 exp(—(V + 70)/20) an
Br(V) = 1/(1+exp((—(V +40))/10)) (12)
an(V) = 0.01(V+60)/(1 — (exp((—(V 4 60)/10) — 1)) (13)
Bn(V) = 0.125 exp(—(V + 70)/80) (14)



1. Uncoupled Neurons [15 points]. Create two Hodgkin-Huxley model neurons and run the simulation
of both uncoupled neurons for 500 ms, injecting a constant 10 A /cm? current into one neuron and
20 pA/cm? into the other. Plot the last 100ms of the simulations and explain your results focusing
on how their spiking frequencies and phases.

Hint: It is convenient to vectorize variables so that V[1], m[1], ... are for neuron A and V'[2], m[2], ...
are for neuron B.

2. Inhibitory Synaptic Current [15 points].
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Add reciprocal, inhibitory (GABA ) synapses between the two neurons:

Isyn = 0gGABA, T (V}Jost - ECZ) (15)
with receptor channel kinetics r governing the synaptic dynamics:
dr
e aT](1=r)—= G r (16)
[T] = [Tmax/(1 + exp(=(Vore = Vp)/ Kp)) (17)
with:
EC’l = —80mV
ap = S5mM tms'; B = 018 ms! (18)
T)maz = 1.5mM
K, = 5mV; Vp = TmV

In these equations, Vpy. and Vyoe are the pre- and postsynaptic membrane voltage, which are V(1)
and V (2) for the first synapse, and V (2) and V (1) for the second synapse, respectively.

Run the simulation of the synaptically coupled neurons a number of times, increasing the peak
synaptic conductance ggap4, from zero to 0.5 mS/ em? by steps of 0.1 m.S/cm? while injecting
10 1A /em? into one neuron and 20 1A/cem? into the other. Plot the last 100ms of each simulation
and describe how the spiking frequency and phase change with changing goapa,. It can be helpful
to plot r; and ro as well as V7 and V5.

Next, increase ggapa, from 0.5 mS/cm? to 3.5 mS/em? by steps of 0.5 m.S/em?. Plot the last
100ms of each simulation and describe the changing behavior. Why does this phenomena happen?

Plot the spiking frequency of the two neurons as a function of ggapa ,. In general, it is a good idea
to have your program estimate the frequency (spike count over a time interval) after the neurons have
had time to recover (e.g. after 250 ms). You can use the 1si function to calculate the average and
standard deviation of the interspike intervals.

3. In-phase oscillations [15 points].

When the current injected into the two neurons is more similar, another interesting phenomenon
can be observed. Set the I.,; currents to 10.0 and 10.1 pA/ em? respectively and hold ggapa,


http://www.math.pitt.edu/~bard/classes/synapse/synapse.html

at 1.0 mS/ em?. Run multiple simulations, decreasing the value of the backward rate constant, 53,,
from 0.2 ms~! to 0.1 ms~! by steps of 0.01 ms~!, plot the last 100ms of each simulation.

This increases the decay time of the current, and at some value of (., the neurons should settle into a
nearly in-phase (as opposed to anti-phase) spiking pattern. Why do you think this happens?

Plot the phase of the two neurons as a function of 3,. You can use the spk_phase function to
calculate the phase between spiking patterns.

2 Homework

Expanding on the two state model, you will develop a model for the dynamics of an excitatory post-
synaptic current and use it to investigate the dynamics of two 3-neuron network motifs.

. Excitatory synapse model [20 points].

I ext ‘/out

Create an excitatory synapse using the same form as the inhibitory synapse but with the parameters:

E = -38mV
a, = 24mM'ms™!; B, = 0.56 ms! (19)
Tlmaz = 1.0mM
gciw = 0t00.5mS/cm?

Test the excitatory synapse by injecting current into A and recording spike(s) in B. First simulate
with I,y = 10pA/ em? and 9Giusp = 0.3. Plot the results and compare the spike rates in A and
B. Try different values of gy, , , and compare the spike rates in A and B. Tuning the strength of the
connections will be important for the subsequent parts.

. Feedforward inhibition [20 points].
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Feedforward inhibition is when a primary neuron has input current into an inhibitory neuron as well as
your output neuron. First simulate with I, = 10pA/ em? and 9GABAge = L, 9Glusp = 9Glupe =
0.4. Plot the results and comment on how this connectivity affects the dynamics of the input/output
function? What is the relationship between the spike train in neuron A vs. C for various currents?
You should play around with g, and ggapa , to alter the connection strengths of the network.



6. Feedback inhibition [10 points]

I ext Vout

Feedback inhibition occurs through the connectivity shown below. First simulate with I,y = 104/ cm?

and ggaBAge = 1, 9Gluae = 9Giucs = 0.5. Plot the results. Try other connectivity weights and
comment on how the spike frequency of the output varies with the input?

7. Function of mini-networks [5 points]
Explore and describe the potential uses of these feedforward and feedback network motifs in neuro-

science and other fields.

8. Loop [Bonus Problem: 20 points]
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You can connect many cells in a loop with excitatory synapses to get continual firing from just a small
pulse to one cell (10 A /em? for 1 ms). The more cells you have the easier it is to do. A 5-cell loop
can be done with just changing ggy,,. A 4-cell loop needs a few more tweaks. A 3-cell loop should be
possible. Once you get continual firing, what can you add to stop it?

Submission Guidelines

Solutions without work or explanations where applicable will receive no credit. Submit a single .zip file con-
taining a single PDF with all your solutions, plots, and any handwritten code as well as your Matlab/Python
code to both computational lab and homework problems by 3:00pm of due date on Canvas.

The submission file should follow the naming scheme LastFirst A12345678_HW2.zip



