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Why use models?  

Å Quantitative models force us to 

think about and formalize 

hypotheses and assumptions  

Å Models can integrate and 

summarize observations across 

experiments and laboratories  

Å A model done well can lead to 

non-intuitive experimental 

predictions  

Å A quantitative model, 

implemented through simulations, 

can be useful from an 

engineering standpoint       

 i.e. face recognition  

Å A model can point to important 

missing data, critical information, 

and decisive experiments 

Case Study: Neuron-Glia 

Signaling Network in Active Brain 

Chemical signaling underlying neuron-

glia interactions. Glial cells are believed 

to be actively involved in processing 

information and synaptic integration. 

This opens up new perspectives for 

understanding the pathogenesis of brain 

diseases. For instance, inflammation 

results in known changes in glial cells, 

especially astrocytes and microglia.  



Simulation of a Neuron  

Single-Neuron 
Models 

Single-
Compartment 

Models 

Integrate-and-
Fire 

Hodgkin-
Huxley Model 

Cable Theory 

Multi-
Compartment 

Models 

To Model a Neuron:  

1. Intrinsic properties of 

cell membrane  

2. Morphology  

Single-Compartment Models 

describe the membrane potential 

of a single neuron by a single 

variable and ignore spatial 

variables 

 

Multi-Compartment Models 

describe how variables are 

transmitted among the 

compartments of a system   



Simulation of a Neuron  

Neuronal 

Structure 

Analogy 

Dendritic Tree Input (sums 

output signals 

received from 

surrounding 

neurons in the 

form of electric 

potential)  

Soma Processing 

Axon Output 

Synapses 
Chemical 

EPSP 

IPSP 
Electrical 

Input to Neuron: 

Continuous Variable 

 

Output to Neuron: 

Discrete Variable 



Biophysical Models of Neurons and Synapses 

Objective: Model the transformation from input to output spikes 

Agenda: 

1. Model how the membrane potential changes with inputs 

Passive RC Membrane Model 

2. Model the entire neuron as one component 

  Integrate-and-Fire Model 

3. Model active membranes 

Hodgkin-Huxley Model 

4. Model the effects of inputs from synapses 

  Synaptic Model  

 



Single Neuron Models 
Central Question: What is the correct level of abstraction? 

Abstract thought 

depicted in Inside 

Out by Pixar.  

Å Filter Operations 

Å Integrate-and-Fire 

Model 

Å Hodgkin-Huxley Model 

Å Multi-Compartment 

Models 

Å Models of Spines and 

Channels 



Single Neuron Models 

Artificial Neuron Model: aims for computational effectiveness 

and consists of  

Å an input with some synaptic weight vector 

Å an activation function or transfer function inside the 

neuron determining output   

 

 

Biological Neuron Model: mathematical description of the 

properties of neurons  

Å physical analogs are used in place of abstractions such 

as ñweightò and ñtransfer functionò  

Å ion current through the cell membrane is described by a 

physical time-dependent current I(t)  

Å Insulating cell membrane determines a capacitance Cm  

Å A neuron responds to such a signal with a change in 

voltage, resulting in a voltage spike (action potential)  

 

Oj = f ( wijei )å



Simple Model of a Neuron  

Attributes of Artificial Neuron:  

 1. m binary inputs and a single output (binary) 

 2. Synaptic Weights mij 

 3. Threshold ɛi 

Inputs 

Weighted 

Sum 

Threshold 

Output 



Modeling Neural Membranes as 

Capacitors 

Internal 

conducting 

solution 

(ions) 

External 

conducting 

solution 

(ions) 

Thin 

insulating 

layer 

(membrane, 

4 nm ) 



Modeling Neural Membranes as 

Resistors 

Internal 

conducting 

solution 

(ions) 

External 

conducting 

solution 

(ions) 

Ion channels 

(voltage-

gated and 

chemically-

gated) 



Passive RC Membrane Model 

The RC membrane 

model represents the 

passive electrical 

properties of a neuron: 

1.  R is Resistor 

(Ion Channels)  

2.  C is Capacitor 

  (Cell Membrane) 



Capacitors 

e o = electrostatic

C =
Q

V
= e o

A

d



Resistors 

R=
V

I
= r

L

A

For the same current, a larger R produces a larger V.  



Ion Channels as Resistors 



Circuits Primer 

Value Equation 

Current I = Coulombs/ second or Amperes 

(A)  

Ohmôs Law V = IR 

Capacitance C = Q/V = Coulombs/Volts (F) 

Voltage across capacitor V = Q/C 

Changing the voltage in a capacitor ȹV = ȹQ/ C 

We change the charge by passing 

current 

Ic = ȹQ/ȹt 

The change in V depends on the 

duration of Ic 

ȹV = Icȹt/C 



Kirchhoffôs Current Law  

Current flows through the path of least resistance 

 and IT = I1 + I2  

  

  



Electrical Model of the Cell Membrane 

Total current is the sum of the currents of each component.  

  

  



Current in RC Circuits  

The RC model of a neuronal membrane has voltage that 

changes exponentially over time.  

  

  



Electrical Recordings in Paramecium  



Modeling Neural Membranes 

V 

Rm = rm/ A 

rm ~ 1 Mɋ mm2 

(Specific 

Membrane 

Resistance)  

Q = Cm V  

Cm = cm A 

cm ~ 10 nF/ mm2 

(Specific Membrane 

Capacitance)  

dV

dt
=

dQ

dt
C
m 

 - im = 

Membrane Current due 

to Ions (ñLeak Currentò) 

im = gi

i
å (V - Ei ) = gL (V - EL ) =

(V - EL )

rm

Membrane Current with Leak Conductance Term  



Compartment Membrane Model 

V 

Rm = rm/ A 

rm ~ 1 Mɋ mm2 

(Specific 

Membrane 

Resistance)  

Q = Cm V 

Cm = cm A 

cm ~ 10 nF/ mm2 

(Specific Membrane 

Capacitance)  

Ie 
External 

current 

injection 

Membrane Time Constant 

Űm = rmcm 

cm

dV

dt
= -

(V - EL )

rm

+
Ie

A

dV

dt
= - (V - EL )+ IeRm

Űm 



Catecholamines 
Catecholamine: a monoamine that has 

a catechol (benzene with two hydroxyl 

groups at carbons 1 and 2 and a side-

chain anime)  

 

Dopamine (DA): important 

neurotransmitter involved in reward-

motivated behavior and motor control 

 

Norepinephrine (NE): functions to 

mobilize the brain and body for action as 

part of fight-or-flight response 

 

Epinephrine (EPI): (adrenaline) 

medication for anaphylaxis and cardiac 

arrest, hormone in fight-or-flight 

response   



Catecholamine Synthesis   

The rate-limiting enzyme is tyrosine hydroxylase, which is 

regulated by the product (feedback) and by stress (up-

regulation) 



Dopamine Vesicular Release  

1. In sender neuron, 

vesicular transporters 

(proteins) pack 

neurotransmitters 

(dopamine) into vesicles.  

2. When cell is activated, 

synaptic vesicles are 

discharged into synaptic 

cleft. 

3. Neurotransmitters bind 

to receptors on the 

surface of the receiver 

neuron, triggering 

changes in the cellôs 

activity.  
Two Messages in One Parcel 

Tritsch et al illustrate that dopamine-

releasing neurons use VMAT2 to store 

dopamine and GABA in the same vesicles. 

Co-release allows dopamine-releasing 

neurons to modulate activity.  



Modulation of Catecholamines 

1. Modulation of Release 
Release of catecholamines is dependent on neuronal cell firing.  

 

Some drugs induce the release independently from nerve cell 

firing. 

 

In animal models, an increase in catecholamine release 

produces increased loco-motor activity and stereotyped behavior.   

 

Psycho-stimulants such as amphetamine and 

methamphetamine in humans result in increased alertness, 

euphoria, and insomnia.  

 

2. Modulation of Auto-Receptors  
  Stimulation of auto-receptors inhibits catecholamine release.  

 

  Auto-receptor antagonists increase catecholamine release.  



Transgenic Animals 

Transgenic Animal: Animal that has a 

foreign gene inserted into its genome 

 

Transgenic animals are useful for the 

characterization of neurotransmitter 

action 

 

Dopamine Transporter (DAT): 

membrane-spanning protein that pumps 

dopamine out of the synapse back into 

the cytosol 

 

Figure illustrates that mutant mice 

lacking the dopamine transporter (DAT) 

show an increase in loco-motor activity.  

 

 



Effects of Cocaine on Dopamine  

Mice that lack dopamine receptors are insensitive to loco-motor stimulating 

effects induced by cocaine. 

 

Cocaine: Acts as an Inhibitor of Catecholamine Reuptake  


