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This paper [9] was written to address three questions: 1)  Can a plateau potential be obtained using a minimal model that possesses a single population of sodium channels with both slow and fast inactivation kinetics?  2)  Do the proposed modifications in the biophysical properties of sodium channels account for the observed effects of dopamine receptor activation on the plateau potential?  3) What are the effects of such dopaminergic modulation of super- and subthreshold behavior of a spiking neuronal model? [9]

The model is based on experimental data provided by Yang et al [4,5].  These studies focus on the pyramidal cells in the prefrontal cortex of rats.  The prefrontal cortex is part of the frontal lobe of the cortex.  This is found anterior to the primary and association motor cortices.  It is divided into the dorsolateral, orbitofrontal (also called the limbic frontal lobe) and mesial prefrontal areas.  The prefrontal cortex is used in planning complex cognitive behaviors.  It is also thought to be involved in the expression of personality and appropriate social behavior.  Within the prefrontal cortex are pyramidal output neurons that are important for planned responses.


The pyramidal cells are found deep in layers V-VI of the prefrontal cortex.  There are three types of pyramidal cells found in the prefrontal cortex: regular spiking, intrinsic bursting, and repetitive oscillatory bursting.  This paper does not define or distinguish which type of pyramidal cells is modeled.  It is assumed that it is a model of generic pyramidal cells. 


Pyramidal cells have more extensive dendritic trees than spinal motor neurons.  These pyramidal cells in layers V-VI have dopaminergic targets in the dendritic spines and soma.  Dopamine can regulate the excitability of these neurons [2].  Dopamine is a neurotransmitter found all over the brain.  The activation of dopamine receptors correlates to many behavioral changes.    The effects of dopamine at the macroscopic level are well characterized; however, the specific effects on the pyramidal cells of the prefrontal cortex are controversial [9].  One hypothesis suggests that dopamine acts by increasing the gain of the pyramidal cells which makes the neurons more responsive to inputs [4].  More specifically, dopamine increases the influence of local inputs from neighboring deep layers V-VI neurons by enhancing the slowly inactivating sodium current and decreasing the slowly inactivating potassium current [4].


There are two families of dopamine receptors: D1 and D2.  The D1 family includes D1 and D5 dopamine receptors.  The D2 family includes D2, D3, and D5 dopamine receptors.  The D1 family is excitatory.  It is coupled to a Gs stimulatory protein that subsequently activates adenylyl cyclase.  The D2 family is inhibitory.  It is coupled to a Gi inhibitory protein that subsequently inhibits adenylyl cyclase [6].

The study of dopamine’s influence on neurons in the prefrontal cortex is important to neurological disease and mental illness research.  Dysfunction of the prefrontal cortex has been implicated in schizophrenia and other mental illnesses.  Dopamine modulation plays important roles in Parkinson’s disease, schizophrenia, migraine, drug dependence, mania, depression, and Gilles de la Tourette syndrome [1].


In the biological experiments of Yang et al. [4,5], the effects of dopamine on the pyramidal cells are measured using an agonist, SKF38393.  An agonist is a compound that binds to the receptor of the molecule it is imitating (dopamine in this case) and causes the normal biological repercussions.  In Dilmore’s model, dopamine is actually used to model dopamine’s effects [9].  SKF38393 is a D1 receptor agonist.  Thus, it preferentially binds to the D1 receptor.  However, agonists are not perfectly specific; therefore, SKF38393 may also bind to the other dopamine receptors.  This obscures Yang’s results to which Dilmore compares his model of the pyramidal cells.

In order to model this complex system, a modified Morris-Lecar model is used.  For the following portion of the text, we will be referring back to the equation that was used to model the neuron found below.

-C*(dV/dt) = gL(V-70) +  gNam3hs(V-VNa) + gAmA3hA(V-Vk) + gMw(V-Vk) + gDRn4(V-Vk) + Isyn
[9]
The model is based on the Morris-Lecar model, in which the voltage of a particular ion channel ((V-Vx,) where x is the type of ion channel and Vx is the equilibrium potential for that ion) is multiplied by the concentration of the channel in the cell, gx.  These models, however, also take into account three different types of potassium (K+) channels: A-type potassium channels, M or non-inactivating potassium channels, and DR or delayed rectifier potassium channels. The model also takes into account slowly inactivating sodium (Na+) channels [9].  In the standard Morris-Lecar model, it is assumed that the channels open or close instantaneously. In order to account for slowly inactivating Na+ and K+ channels another set of equations was used so the variable m was added.  The equation is multiplied by m so the voltage provided by a specific channel is able to account for the slow inactivation of those channels [9].  The equations for calculating m can be seen below:

· m’ = αm(V)(1 - m) – βm(V)m 

· αm = Φαm0.1(V + 40)/(1-e^(-(V + V1/2αm)/min))

· βm = Φβm4e^(-(V + V1/2βm)/mout)

[9]
where Φαm, V1/2αm, min, Φβm, V1/2βm, and mout are parameters.  The addition of these equations and parameters to the model make it mimic the biological system accurately. Further analysis of how well the model behaves will be discussed in a later section.  According to the .ode file provided by Boris Gutkin, the m, h, and s variables of gNam3hs(V-VNa) are calculated using the above set of equations, where m, h and s each have different sets of parameters [10].


In order to calculate the ma​ or ha variables for the A-type potassium, a different set of equations are used.  Please note that these equations are only referenced in the .ode file provided by Boris Gutkin.  The paper says that these variables are actually parameters.   

· ia=ga(V-Vk)(.6ha1ma14+.4ha2ma24)

· mainf1=1/(1+e^(-(V+60)/8.5))

· mainf2=1/(1+e^(-(V+36)/20)) 

· tma=(1/(e^((V+35.82)/19.69)+e^(-(V+79.69)/12.7))+.37)

· ma1'=(mainf1-ma1)/tma
· ma2'=(mainf2-ma2)/tma
[10]
In the gMw(V-Vk), w is calculated like in a normal Morris-Lecar model.  Where:


w’ = (w∞ - w) / τw
and w∞ and τw are parameters [9].  


The delayed rectifier potassium channels are either governed by another set of equations, provided by .ode file or by the same Morris-Lecar rules. 
· n’ = αn(V)(1-n) – βn(V)n

· αn(V)=0.01(-V-45)/(e^((-V-45)/5)-1)

· βn(V)=0.17e^(-(50+V)/40)

[10]
or

· n’ = (n∞ - n) / τn

· Parameters:  n∞ , τn  [9]
The correct set of equations that governs the delayed rectifier potassium channels was not determined due to the disparity between the paper and the .ode file.

Finally the Isyn is the simulated synaptic currents that are governed by the equation below:

· Isyn = t e^(-t/τ) 

[9]
A few notes about .ode file provided by Boris Gutkin [10].  The .ode file seems to have been modified to model a different system.  Other equations were used in place of the parameters in the paper. The parameters’ numerical values that were provided in the .ode file did not match the paper.

The objective of the model was to reproduce experimental results reported in Yang & Seamans [4]. A plateau potential is defined as a stable membrane potential more depolarized than the resting membrane potential [6]. A plateau potential (shown in Figure 1) is normally elicited in rat prefrontal cortex (PFC) cells upon a short electrical stimulus and sustained by slowly inactivating Na+ channels [4].

                      
[image: image2]

Figure 1: A plateau potential stimulated in a rat PFC neuron [4].

The first of the questions raised by the authors was whether the plateau potential could be obtained using a single population of Na+ channels with both slow and fast inactivating kinetics or two different types of sodium channels.  The model only uses one population of Na+ channels, modeled by Morris-Lecar, but with additional slow-inactivation parameters [9].  The resulting action potential of the model is shown in Figure 2A, and the similarity of its shape to that of the experimental results should be noted.  Both action potentials initiate with a fast spike that corresponds to the rapid influx of Na+ ions and fast inactivation of the Na+ channels. The efflux of K+ brings the potential down to the plateau.  The plateau is created by the slowly inactivating Na+ channels.  The efflux of K+ brings the potential down to resting. Also remarkable is the agreement between the experimental data and the model in the presence of a small oscillation in the potential just before falling back down to the resting potential. However, the plateau produced by the model appears to have a smaller duration than that of the actual plateau potential. 
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Figure 2: A) Potential obtained from the model at resting potential of -70mV 
B) Potentials obtained from the model at resting potentials of -50mV, -70mV, -80mV 
[9]
Illustrated in Figure 2B is the dependence of the model-produced plateau duration on the resting potential. This is in agreement with the experimentally observed dependence of the plateau duration on the resting membrane potential. The trend observed in both the experimental results (in Figure 3A) and the model results (in Figure 2B) shows that as the resting membrane potential decreases, so does the duration of the plateau potential, until it finally disappears. However, the plateau potential disappeared at -70 mV in the experiment, while it still existed at this resting membrane potential in the model. It did not disappear in the model until the resting membrane potential was -80mV. More disturbing was the supposedly spontaneous nature [9] of the plateau potential produced at -50 mV by the model, behavior rather unusual for models in general. 

The experimental results also showed that the duration of the plateau potential significantly increased when the cells were in the presence of a D1 agonist for several different values of resting membrane potential.


[image: image5]
Figure 3 – Experimental results exhibiting A) duration dependency on resting potential and B) increase in duration upon application of dopamine receptor agonist [4]
The second question addressed in the paper was whether modifications of the biophysical properties of sodium channels can account for the observed effects of dopamine receptor activation on duration of the potential [9]. The experimental results shown in Figure 3B illustrate that the duration of the plateau potential significantly increased when the cells were in the presence of a D1 agonist for several different values of resting membrane potential.

[image: image6]
Figure 4 – Model results exhibiting A) and B) small variation in parameters causing C) and D) significant increase in duration between dopamine and control conditions [9]
To mimic the application of dopamine in the model, the threshold for the activation variable m was shifted from -50 to -55mV and the amplitude of the rate constant Φb (for b for slow inactivation) was decreased by 30% [9]. The results of these changes produced the action potentials seen in Figures 4C and 4D, which illustrate that mimicking dopamine appears to have the same duration-extending effect in the model. Some slight discrepancies remain in that the dopamine seems to extend the plateau duration much more in the model than in the experiments; however, since comparable resting membrane potentials were not used, it is not possible to state this conclusively. Also of note is that a small parameter change (illustrated in Figures 4A and 4B) has a very significant effect on plateau duration, indicating lack of robustness of the model or at least behavior that is not commonly found in biological systems. 


A third question was also posed concerning the effects of dopaminergic modulation on the super- and sub-threshold behavior of the action potential. The model was extended to include several K+ conductances, and mimicking the dopamine application as before resulted in greater excitability than the control condition [9]. This is demonstrated by the larger number of spikes to the same stimulus in the dopamine condition vs. the control condition, as shown in Figure 4a. The relationship between firing frequency and injected current shown in Figure 4b shows the increased excitability of the dopamine condition is observed for currents above the threshold, but not for those below it. Since sufficient experimental data has not been produced to determine the accuracy of this model, it provides a prediction to which future biological experiments can be compared. 
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Figure 5: A) Number of spikes to the same stimulus in dopamine and control conditions

B) Relationship between firing frequency and injected current [9]

In conclusion, the model successfully reproduces the more general characteristics of the experimental results, though a few minor discrepancies exist. Some questions are not fully settled based on the fact that different resting membrane potentials were chosen to demonstrate the model’s results than were used to report the experimental data, making comparisons more difficult. Furthermore, discrepancies could be explained by the fact that the experimental data was based on the use of dopamine receptor agonists and not dopamine itself, whereas the model was designed to mimic dopamine.
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Figure 5. DA DI receptor stimulation increases the excitability of PFC neurons by interacting directly on a voltage-dependent slowly inactivating Na*

current. 4, An isolated Na” plateau potential elicited by a depolarizing pulse (100 msec, 100 pA). Note the voltage-dependent changes in the duration

of the Na* plateau. At —70, the same depolarizing pulse failed to elicite the Na* plateau potential. B, The D1 agonist SKF38393 (40 uM) prolonged the

duration markedly, but not the amplitude, of the Na *plateau potential at all the holding potential tested. Unlike in the control, the Na * plateau potential

could be elicited at 70 mY in the presence of the DI agonist (r = S). P1 and P2 indicatc the carly—fast and the late-slow components of the Na platcau
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A response showed a typical downward bend when the membrane
CONTROL was depolarized to beyond —50 mV. This slowly inactivating
conductance was attenuated markedly by 4-AP (0.2-2 ) (Fig. §
in the companion paper) or dendrotoxin (50 mv) (Fig. 6). Block-
ade of this current resulted in an increase in the slope of the

voltage-current plot ( = 5 for 4-AP; n = 4 for dendrotoxin).
Bath application of D1 agonist SKF38393 (40 pus), or 4-AP
application (data not shown), removed this slowly inactivating
outward rectification, and increased the slope of the V-I plot (1 =

5,2 of which were identified PFC — NAc neurons) (Fig. 6)

Thumbnaits

Action of the DA DI and D2 receptor agonists on the denditic
high-threshold Ca®* conductance

IN 62mM Na+ ACSF Recent ultrastructural evidence has demonstrated that DA DI/DS
receptors in the primate PFC are exclusively distributed on den-
dritic spines and shafts (Smiley et al., 1994). Whether a similar
arrangement is present in rodents is not known. One important
fonic conductance present in the dendrites of cortical neurons is
the high-threshold Ca* current. The following procedures were
used to determine whether DA interacts with this current in PEC

neurons were impaled with Cs*-flled or KAc-illed mi-

croelectrodes in the presence of TTX (1 u) and [TEA], (20

IN 62mM Na+ ACSF ‘m). Under these conditions, the HTS was elicited from —50 mV
by stepped depolarizing puses (1 = 10, 4 were identificd PFC —

NAc neurons). The mean peak amplitude the first HTS evoked by

the minimum current pulse was 46 = 1.4 mV (from threshold)

with a mean half-width of 35.8 = 5 msec, In three ROB neurons

tested, the HTS was regencrative and outlasted the duration of

the current pulse. Bath application of the D1 agonist SKF38393
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