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[1] Astrid A. Prinz, L.F. Abbott and Eve Marder. 2014. The dynamic clamp comes of age. TRENDS in Neuroscience.

The dynamic clamp is a powerful tool used to simulate neuronal conductances and altering them by continuously measuring the membrane potential and controlling the amount of current injected. This review first gives a small historic overview of the tools used for dynamic clamp. It then compares between the different current implementations: windows based applications, real-time linux-based applications, embedded-processor and DSP-based systems, and analog devices. Several applications for the dynamic clamp are given at the end to give a better idea on how dynamic clamp can be useful. These applications include studying voltage-dependent and voltage-independent conductances, artificial synapses and neural circuits, as well as in vivo simulations.  

This review is very brief, but it is useful for someone who is starting to learn about dynamic clamp.

[2] Kristal R. Tucker, Marco A. Huertas, John P. Horn, Carmen C. Canavier, and Edwin S. Levitan. 2012. Pacemaker Rate and Depolarization Block in Nigral Dopamine Neurons: A Somatic Sodium Channel Balancing Act. The Journal of Neuroscience. 
Midbrain dopamine neurons (DA) are targeted by antipsychotic drugs to alleviate psychotic symptoms. Anti-psychotic drugs used act on the interplay between pacemaker activity and depolarization block (DP) displayed by DA neurons. The authors use dynamic clamp to demonstrate that voltage-gated sodium channels (Nav) at low density in the soma contributes to the same effects induced by the drugs. After validating their DA model, the authors induce DP block by virtually injecting NMDAR conductances. They use pharmacological block via TTX and virtual injection of anti-Nav channels to promote DP block. They manipulate channel density, gating properties and somatodendritic distribution to demonstrate that Nav alone produce fast firing, and that it is sufficient to have it a low density in the soma to obtain the slow pacemaker activity required for a healthy activity of DA neurons. 
[3] Michael N. Economo, Fernando R. Fernandez, and John A. White. 2010. Dynamic Clamp: Alteration of Response Properties and Creation of Virtual Realities in Neurophysiology. J. Neurosci. 
The dynamic clamp uses a combination of software and hardware to manipulate electrophysiological systems. This review presents direct applications for the dynamic clamp starting with increasing channel density via virtual conductances injections, virtual pharmacological block by channel knock-in, synaptic conductances simulations, or interfering with feedback mechanisms. The authors cite examples from the literature to back up each application and explain the major finding contributed by dynamic clamp manipulations. The authors devoted a section to mention the disadvantages of this technique. They emphasize on the importance of having a good model that replicates the physiological system as accurately as possible. Technical challenges can arise from the choice of hardware and software, but also the fact that any dynamic clamp manipulation is spatially limited to the area targeted by the pipette i.e. soma or dendrite only. All of these factors should be taken into consideration when designing the experiment and interpreting the data. 

[4] Jonathan C. Bettencourt, Kyle P. Lillis, Laura R. Stupin, John A. White. 2008. Effects of imperfect dynamic clamp: Computational and experimental results. Journal of Neuroscience Methods. 
This paper examines the technical difficulties arising from the dynamic clamp software/hardware combination especially when it comes to real-time performance related to current feedback delivery that is measuring the membrane voltage and applying current. The authors do so by focusing on two types of channels: transient sodium channels, and delayed-rectifier potassium channels. The parameters studied were differential equation integration method, jitter, and latency. The authors compare and contrast measurements obtained from slice recording and dynamic clamp simulations, as well as different software and protocols within the dynamic clamp. 
This is a technical paper that would be useful for researchers with more hands-on experience in dynamic clamp.

[5] Jean-Marc Goaillard and Eve Marder. 2006. Dynamic Clamp Analyses of Cardiac, Endocrine, and Neural Function. Physiology. 
The dynamic clamp is used to simulate a biological property such as channel conductance or synaptic input, in order to study their functional implications. What makes this review different is the fact that it gives a new dimension to dynamic clamp. The dynamic clamp is used to study the interactions between a specific channel for which we know the gating properties, reversal potential, and conductance, and other channels within an excitable cell. But what about the implications of manipulating the properties of a given channel to the whole organ or system. Some of the examples given by the authors include the following:
In cardiac muscles, dynamic clamp is used to create artificial electrical junction. Calcium currents for example were found to be asymmetrical between two neighboring cells and when perturbed, could lead to arrhythmogenesis. 

Pancreatic β cells display rhythmic bursting that changes its frequency when these cells are isolated in vivo. Dynamic clamp was used to demonstrate that the same frequency displayed in vivo can be achieved by injecting small voltage-dependent inward current into the cell. 

[6] Katarina E. Leao,Richardson N. Leao,  Adam S. Deardorff, Andrew Garrett, Robert Fyffe and Bruce Walmsley. 2010. Sound stimulation modulates high-threshold K+ currents in mouse auditory brainstem neurons. EJN.
The excitability of cells of the MNTB is shaped by low- and high-threshold voltage-gated potassium channels Kv1.1, Kv1.2, Kv2.2, and Kv3.1. Dynamic clamp is used in this paper to study the changes in the electrical properties of neurons in the medial nucleus of the trapezoid body (MNTB), and which channels underlie these modifications.  After acoustic stimulation, c-fos immunoreactivity confirmed an increase in neuronal activity of MNTB neurons, and immunohistochemistry showed an increase in Kv3.1b potassium channels expression. Whole-cell slice electrophysiology in the current- and voltage-clamp configuration showed increased outward potassium current in MNTB neurons following sound stimulation, and a greater repolarization ability of mice during high frequency firing. The contribution of dynamic clamp in this paper was by injecting Kv3.1 current into the cell, to demonstrate the acquired repolarization capability of MNTB neurons. 
[7] Joel Tabak, Maurizio Tomaiuolo, Arturo E. Gonzalez-Iglesias,Lorin S. Milescu, and Richard Bertram. 2011. Fast-Activating Voltage- and Calcium-Dependent Potassium (BK) Conductance Promotes Bursting in Pituitary Cells: A Dynamic Clamp Study. The Journal of Neuroscience. 
Somatotrophs and lactotrophs of the pituitary gland have distinct electrical activity: bursting vs. spiking, which translates into high vs. low basal hormone secretion level. The authors of this paper suspect that the difference in function observed between the 2 populations of neurons could be due to the distribution and properties of the large conductance potassium (BK) channel. 

Dynamic clamp served first in this study to create a model of a pituitary cell. The electrical activity of the virtual cell was recorded in the absence of BK channels, then after injecting different BK conductances. The authors were able to correlate the properties of BK channels with spiking/ bursting activity of a pituitary cell. They later used their finding to restore bursting activity of pharmacologically blocked cultured GH4C1 cells.

This study shows that BK channels with fast activation/deactivation drive the bursting activity in somatotrophs. 

[8] Minghong Ma and John Koester. 1996. The Role of K+ Currents in Frequency-Dependent Spike Broadening in Aplysia R20 Neurons: A Dynamic-Clamp Analysis. The Journal of Neuroscience.
Spike broadening in Aplysia is essential to facilitate communication between sensory and motor neurons. It is defined by increased spike duration, low-pass filtering properties of the electrical synapses involved, and increased presynaptic action potential duration. The ion channels involved in this phenomenon include: the transient A-type K+ current (IAdepol), the delayed-rectifier current (IK-V), and the calcium-sensitive K+ current (ICa-K). The dynamic-clamp technique was used in this paper to overcome the lack of selective blockers that could potentially tease out the contribution of each current in communicating between ganglia. 

The authors simulate IAdepol and IK-V mathematically, then used dynamic-clamp to selectively block these 2 channels in R20 ganglia of aplysia, either completely or their inactivation only. The action potential shape and dynamics of spike broadening were then analyzed. 

The authors conclude that IAdepol, IK-V, and IK-Ca act all together but sequentially during spike broadening. It results that when one of the currents is blocked, the physiological outcome is much more pronounced. 
[9] Huifang Ji, Kristal R. Tucker, Ilva Putzier, Marco A. Huertas, John P. Horn, Carmen C. Canavier, Edwin S. Levitan and Paul D. Shepard. 2012. Functional characterization of ether-a`-go-go-related gene potassium channels in midbrain dopamine neurons – implications for a role in depolarization block. European Journal of Neuroscience. 
Dopamine neurons (DA) in the midbrain switch from single spiking to bursting in response to novel stimuli and to reinforce learning. Bursting activity is due to multiple ion channels such as NMDA receptors, L-type Ca2+ channels, SK channels, and ether-a-go-go related gene (ERG) potassium current (IERG). 
Dynamic-clamp was implemented in this paper on coronal midbrain slices of rats to investigate the contribution of IERG in regulating the electrical activity of DA neurons. 

Spontaneous and evoked activity as well as the duration of the plateau portion of intrinsic oscillations in DA neurons were affected by ERG. This result was obtained by combining pharmacological blockade of ERG in the cell-attached patch-clamp recording, and by modulating gERG in a mathematical model of DA neurons. ERG channels were also found to subtly control the incidence and mean frequency of bursting activity in vivo.

Dynamic-clamp, even though used modestly in this paper, robustly corroborated the physiological effect of IERG, the fact that establishes ERG channels as novel targets for antipsychotic drugs targeting the midbrain.

[10] M. M. McCarthya, C. Moore-Kochlacsa, X. Gub,2, E. S. Boydenc, X. Hanb, and N. Kopella. 2011. Striatal origin of the pathologic beta oscillations in Parkinson’s disease. PNAS.
Beta frequencies are in the range of 8-30 Hz, and are typically enhanced in the basal ganglia and cortex of patients with Parkinson’s disease. 
Dynamic-clamp served in this paper to construct models of a normal and parkinsonian medium spiny neuron (MSN). The disease model was realized by reducing the M-current, typically due to cholinergic activity. Dynamic-clamp allowed changing different parameters in the cell until the enhanced parkinsonian beta oscillations are observed. GABAa conductances and decreased M-current seemed to be the main effectors. In order to test this theory, LFP activity was then recorded from the striatum of awake, head-fixed mice. M-current was modulated by infusing carbachol, a cholinergic agonist. This increased beta activity that was reduced below baseline shortly after. Lower concentrations of the agonist and infusion further away from the striatum such as in the cortex did not modulate LFP activity in the striatum. This suggest that the striatum alone is responsible for modulating beta oscillations, and that cortical brain regions can inhibit its activity. 
[1] http://www.rtxi.org/about-rtxi/dynamic-clamp/ 

This website presents an illustrated and simplified overview of the dynamic-clamp technique.
[2] https://www.youtube.com/watch?v=P-9JmP-QnEA
This video from the University of Sussex introduces us to the hardware used in dynamic-clamp. We can also see a live example of pattern clamp on an invertebrate ganglion.
[3] https://www.youtube.com/watch?v=ut28hs3VLaA 
This video is taken from a senior project at Case Western Reserve University. The circuit modeled- which was a simple Hodgkin-Huxley model, is presented is first explained then shown as it is fed to a dynamic-clamp software to prove it’s working.

[4] https://www.youtube.com/watch?v=tqM0nXK7l2Q 
This video is from the same senior project at CWRU as previously. Here the students perform transient analysis of potassium and sodium currents to control for the membrane potential.

[5] https://www.youtube.com/watch?v=xZNmoBmFbnM 
This is an excellent tutorial that gives us a great understanding of the basis of dynamic-clamp which is really the Hodgkin-Huxley model. The video explains in details the J. Physiol paper published in 1952. It explains the Nernst equation and how it leads to the membrane voltage. It then goes over the experiments in the paper such as clamping the membrane at different voltages while measuring the conductances for potassium and sodium. The narrator breaks down the equations and also goes on MATLAB and writes the code that reproduces the data obtained in 1952 including the conductivity for potassium and sodium channels, activation and inactivation rates, as well as open probabilities. 

[6] https://www.youtube.com/watch?v=fHD_dexFmGA 
This short video presents the mathematical representation of a membrane, and focuses on the voltage-dependence property of the current which changes the membrane potential: the conductances of sodium and potassium channels that are voltage- and time-dependent, as well as their gating represented by m, n, and h. 

[7] https://www.youtube.com/watch?v=Y7Jz5VRCnaM 

This video was useful for reading the papers because the low-pass filtering properties of the neurons was mentioned several times. It is part of several other tutorials explaining the properties of a passive membrane, and how to mathematically modulate its activity. 

[8] https://www.youtube.com/watch?v=MaajXWp1Gp4&index=6&list=PLFF9E1C2E5CB78B96 
This video presents a lecture from a course on computational neuroscience. It is an advanced class about neuronal representations and neural networks with their mathematical representations. 

[9] https://www.youtube.com/watch?v=1doFpyXvAFs 

This is a video taken from the JoVEJournalVideo. It tackles dynamic clamp implementation with synaptic and artificial conductances in mouse retinal ganglion cells in whole-mouse retina.

[10] http://www.briansimulator.org/docs/electrode_compensation.html 

This website is a broad library of different software, hardware, and other computational tools in electrophysiological recording and analysis.  

