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Abstract. Traditional techniques to stimulate neurons in Neuroscience include current injection using several protocols. In most cases, although neurons are able to react to any stimulus in the physiological range, it is diﬃcult to assess to what extent the response is a natural output to the processing of the input or just an awkward reaction to a foreign signal. In experiments that try to study the precise temporal relationships between the stimulus and the output pattern, it is crucial to use realistic stimulation protocols. Dynamic-clamp is a relatively recent method in electrophysiology to mimic the presence of ionic or synaptic conductances in a cell membrane through the injection of a controlled current waveform. Here we present a set of advanced dynamic-clamp protocols for realistic stimulation of cells that allow from the addition of single and multiple ionic or synaptic conductances, to the reconﬁguration of circuits and bidirectional communication of living cells with model neurons including plasticity mechanisms.
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Introduction



Traditionally, neurophysiologists have used current and voltage clamp protocols to assess the electrical properties of neurons. In the current clamp technique, a current (typically a pulse) is injected into the neuron while the membrane potential is being recorded. In voltage clamp, the membrane potential is kept at a controlled value while the transmembrane current is being recorded. Both †
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techniques have contributed to the understanding of the biophysical properties of excitable cells and allowed the design of conductance-based models of neurons. A decade ago, a new technique in neuron electrophysiology known as dynamicclamp was introduced [1, 2, 3]. This technique can simulate in a living neuron the addition of new ionic and synaptic conductances. In these ten years, modelers and experimentalists have used dynamic-clamp to design new experiments about excitable cell properties which were impossible or diﬃcult to carry out with classical techniques. For example, dynamic-clamp have been used to simulate the eﬀects of introducing or removing conductances [3], simulating the eﬀects of pharmacological conductance blocks [4], increasing or decreasing motoneuron activity [5], simulating in vivo conditions [6] and building or modifying neural circuits with artiﬁcial synapses and artiﬁcial neurons in hybrid circuits [7,9,8,10]. The dynamic-clamp technique operates in a cyclic way. An electrode is inserted into a neuron and the membrane potential is recorded into a computer that calculates the current to inject in a postsynaptic neuron, which can be the same or a diﬀerent cell. Usually the current is calculated after solving a set of diﬀerential equations that describe artiﬁcial models of ionic or synaptic conductances, or even models of artiﬁcial neurons and networks. This process is repeated indeﬁnitely with a ﬁxed frequency. The time between two consecutive membrane potential acquisitions is known as the update rate. The correct election of the update rate is critical for the well functioning of the application. The maximum update rate it is usually determined by the data acquisition board. A slow update rate avoids the correct simulation of conductances and a realistic stimulation. On the other hand, a fast update rate requires a very fast computer, depending on the computational load, to solve all the diﬀerential equations in time. In this paper, we describe a set of advanced dynamic-clamp protocols that we are developing for the realistic stimulation of neurons to investigate neural input/output relations, the eﬀect of intracellular transient memory and synaptic or intracellular plasticity mechanisms. The software tries to satisfy all the requirements that an experimentalist will expect from an ideal dynamic-clamp system and extend the existing protocols and techniques to achieve a more natural stimulation. Some of the features that our system accomplish are the following: high resolution time between updates, real time monitoring of all time series and parameters, ﬂexible control of model parameters in real-time, an extended library of ionic, synaptic and neural models, the ability to change online the models used in hybrid conﬁgurations, easy implementation of new models in the library, an easy to use Graphical User Interface (GUI), easy installation, and lastly the software is intended to be a general-purpose dynamic-clamp for vertebrate and invertebrate preparations. We intend this software can be used in any conﬁguration of dynamic-clamp, from the simulation of ionic or synaptic currents, to the implementation of pattern clamp protocols [11] and hybrid circuits.
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Existing Dynamic-Clamp Options



Today and according to [12], there are more than 20 diﬀerent dynamic-clamp systems in the electrophysiology community. We can classify them into soft-
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ware or hardware implementations. Hardware implementations can also be divided basically into two groups. Firstly, there are very fast commercial hardware implementations in built-in analog devices that can operate up to 50 kHz in real-time (see [6] and http://www.instrutech.com). This approach is appropriate only to carry out easy experiments that simulate constant conductances or when they use a computer system to deal with more complex conductances. Secondly, analog devices can be replaced by quick embedded-processor or DSP systems [13, 17, 14]. However this solution is quite expensive. Increase in speed of data acquisition boards (DAQ) and personal computers allows the implementation of dynamic-clamp in software. These implementations are more suitable than hardware implementations as they are easier to program, generally inexpensive, and more ﬂexible to modify and customize to a particular experiment. As we mentioned in the previous section, the dynamic-clamp protocols rely critically on the update rate. This update rate must be strictly accomplish, requiring precise timing and no jitter. General-purpose OS are good in the overall performance, but are not suited to deal with applications that require deterministic control and timing. Here we describe brieﬂy some of the most popular dynamic-clamp software, indicating their advantages and disadvantages and how they solve the update problem mentioned above (see also [12]). 1. Extended Dynamic Clamp by Pinto et al. [8]. This a Windows-based program. The authors have solved the problem of working with a non real time operating system by reading the time clock in the DAQ, so they know exactly how long it takes between two successive updates. This solution limits the speed of the application and it works perfectly as long as the computational load is low. The implementation of models in this system can also be complex as the increment in time in every update is diﬀerent. An additional demultiplexing circuit has been built to control up to four neurons. This can be useful for electrophysiologists as they can control more than two neurons or two spatially separated sites in the same neuron, e.g. the soma and the dendrites. This program can simulate up to 8 HodgkinHuxley conductances and up to 18 chemical or electrical synapses. It provides a Graphical User Interface but does not display or save the time series, and other application is required for this task. The user can modify the parameters of the conductances on-line but can not build his own models. 2. RTLDC (Real-Time Linux Dynamic Clamp) by Dorval et al. [15]. This software runs in Real- Time Linux, it is ﬂexible, easy to use (provides a GUI), with high-speed, low cost and good performance. It allows the loading of neuronal models and the modiﬁcation of parameters on-line. It lacks online and oﬀ-line analysis tools. It also lacks a log to record what has happened to the variables and parameters in the model during the experiment. 3. MRCI (Model Reference Current Injection) by Railkov et al. [16]. This dynamic-clamp also operates in Real-Time Linux at a high-speed. There is no GUI, instead it has a shell where the electrophysiologist writes down the commands. Among other features, provides a model speciﬁcation language,



98



C. Mu˜ niz et al.



scripts to implement repeatable protocols, the ability to perform data logging of variables, on-line modiﬁcation of parameters and easy installation. 4. LabVIEW-RT Dynamic Clamp by Kullmann et al. [17]. This dynamicclamp runs under a proprietary OS, the labVIEW-RT from National Instruments [http://www.ni.com]. LabVIEW-RT dynamic-clamp operates with two computers. One computer contains the GUI and runs Windows while the other computer, which they call embedded controller, runs the dynamicclamp engine in labVIEW-RT OS. It is a fast, ﬂexible implementation with a GUI and facilitates the building of conductances to the user.



3



Advanced Dynamic-Clamp Description



The dynamic-clamp protocols that we are developing run in a hard real-time extension to the Linux Kernel (http://www.kernel.org) called Real-Time Application Interface (RTAI, http://www.aero.polimi.it/ ~ rtai/). This extension ensures that the operations speciﬁed in the software are executed in real time, while the general performance of the operating system is kept up. To control the data acquisition board, the software uses an open-source project known as COntrol and MEasurement Device Interface (http://www.comedi.org) that provides drivers, tools and libraries to control a wide variety of common data acquisition plug-in boards. Most of the DAQ boards used by electrophysiologists are supported by these libraries. Our software intends to be user-friendly, thus it includes a customizable GUI, which is programmed with two well-supported C++ graphical libraries: Qt (http://trolltech.com/products/qt) version 3.3 and Qt Widgets for Technical Applications (QWT) (http://qwt.sourceforge.net/) version 0.4.1. QWT is especially useful for displaying autoscaled and non-autoscaled time series. The RTAI Linux can manage real-time processes and non real-time processes. The user can work with Linux ordinary applications like any general-purpose OS and at the same time work with a real-time application. In our system two processes are running simultaneously: a RT Process (the core of the system) written in C and the GUI, which is a non real time process. The real-time process lives in kernel-space while the GUI resides in the user-space. This means that they are two independent processes working in parallel that need to interchange data and communicate to each other. We have implemented two FIFO (First-in First-out) queues. In one of them, the data FIFO, the RT process writes the voltage obtained by the DAQ or the output produced by the models. The GUI needs a timer to read from this FIFO. This timer can be modiﬁed by the user to adapt the performance of the application. The other FIFO, the command FIFO is used to interchange commands between the RT process and the GUI, and it allows the GUI to modify the RT behavior. The model parameters and the network topology is stored in a shared memory that can be modiﬁed by both the RT process and the GUI. Figure 1 shows a schematic representation of our system’s architecture. Firstly, the RT-Process initializes its internal structures, internal variables, FIFOs, shared



Realistic Stimulation Through Advanced Dynamic-Clamp Protocols



99



DAQ Read Voltage From DAQ



DAQ Board Monitor



Save Voltage in the FI FO



Simulate Neuronal and Conductances Models ( H-H, HindmarshRose, g_Na, g_K…) .



Mouse & Keyboard



Hard Disk



Modify parameters



Shared Memory



SETUP



Display Data



Amplifier



Simulate Synapses Models ( electrical, chemical, …) .



¿Parameters modified ?



mV Modify Parameters



Write data



Write current in the FI FO and w rite in the DAQ board.



RT PROCESS (KERNEL MEMORY SPACE)



Voltage Recording



Current Injection



Electrode(s) RT-FI FO



Sleep RT Proccess



nA



YES



Calculate current to inject back



Save Data Read data



Biological Preparation



NON REALTIME PROCESS: GUI (USER MEMORY SPACE)



Fig. 1. Schematic software architecture. The membrane potential is recorded by electrode(s) and processed by the intracellular ampliﬁer. The output of the ampliﬁer is converted by the DAQ board to digital data. In the computer a RT process periodically checks the arrival of new data from the DAQ. When this happens the RT process calculates the current to inject to the neuron as the result of a model simulation. The data generated during the simulation as well as the voltage of the cell and the current are stored in a FIFO queue. Meanwhile, the GUI reads from time to time the time series stored in the FIFO to display it, and the GUI can also save it at the same time into a ﬁle. The user can interact with the program by changing online all parameters and models. In this case, the GUI informs of the changes asynchronously to the RT process through a shared memory between both processes. The RT FIFO shown in this ﬁgure refers to the data FIFO. The command FIFO is not shown for the sake of clarity



memory and the DAQ board. The shared memory contains among other information a graph representation of the ionic channel, synapse and neuron models loaded (network topology). After the initialization, the RT-process enters a hard RT thread which is suspended and awakened with a ﬁxed periodicity. Every time the DAQ reports the arrival of a new voltage the selected gain and oﬀset is adjusted and introduced in the FIFO. Secondly, the RT-process calculates the response of the models to this voltage and the selected user variables and parameters are inserted into the FIFO. Thirdly, the RT-process calculates the current to be injected to the neuron and the selected parameters and variables are inserted into the FIFO. In the last step, the current is inserted into the neuron.
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The GUI reads periodically the data inserted in the FIFO by the RT-Process. The workspace of our GUI is divided in three parts. On top of the workspace there is an easy-access tool bar, that allows the user to modify in real-time the model parameters and variables, create a new network topology (an hybrid circuit), start or stop the data recording or the generation of a stimulus, etc. The rest of the workspace is splitted into two parts. One of them is the DAQ window, a multiplot where the user can monitor the biological system and the current being injected into the neuron(s). The last part of the workspace can be used to display the evolution of diﬀerent time series generated by the models, e.g. the potential of neurons models, the simulated conductances or synaptic currents, etc. Therefore, the experimentalists can take advantage of the dynamic-clamp protocols and the data acquisition tool without having to use additional software or displays. On top of the workspace, experimentalists can ﬁnd a menu bar with all the features not found in the tool bar. There are options to save a hybrid circuit for posterior retrieval. This is useful to repeat the experiment. There are options to customize the DAQ input output channels, e.g. to adjust the range and the gain of the channels, change the operation frequency of the DAQ board or modify the measure mode of the DAQ, etc. The user can control also the speed at which the GUI reads the FIFO queue and the speed at which the plots are updated. The user can change the model integration step, modify the number of points drawn in the plots, and personalize the windows, or the zooming options. The windows that display the time series also have their own properties: autoscaling in the screen, trace color, gain, oﬀset, etc. To build hybrid circuits the program oﬀers a wizard where users can select the topology of the network. Firstly, the user chooses the diﬀerent neuron models from the library. The user also has to specify whether he/she wants to interact with elements outside the computer such as the biological neurons or other devices. Secondly, the user can choose the topology of connections between the elements selected in the previous step, indicating the kind of synapses and its number. In the last step, the user can change the default values of the state variables and parameters of the models.
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Example Experimental Protocols



As an example of the dynamic-clamp protocols we show here a set of experiments on the mechanoreceptor touch cell (T-cell) of the leech Hirudo medicinalis. We followed standard preparation techniques [18]. In brief, hungry leeches were obtained from a German supplier (Zaug GmbH) and maintained in artiﬁcial pond water at 15o C in natural light. Leeches were anesthetized in cold saline for few minutes. Ganglia 7th-9th were dissected out and pinned ventral side up in a Petri dish with a Sylgard base and ﬁlled with Ringer solution containing 115 mM N aCl, 4 mM KCl, 1.8 mM CaCl2 · 2H2 O, 1.5 mM M gCl2 · 6H2 O, 10 mM Glucose, 4.6 mM Tris Maleate and 5.4 mM Tris base, driven to pH 7.4. Neuron T was identiﬁed from its position in the ganglia and ﬁring characteristics. Intra-
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cellular recordings were made using a single quartz microelectrode ﬁlled with 4 M potassium acetate and pulled to resistances 40-70 MΩ (P2000, Sutter Instruments). Signals were ampliﬁed using an Axoclamp 1A ampliﬁer and acquired with a National Instruments data acquisition card. BEFORE STIMULUS
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Fig. 2. Stimulation of a T-cell of the leech Hirudo medicinalis through a realistic neural model: Left panels show the control experiment. Panel A shows the state of T-cell without external stimuli: no current is ﬂowing through the artiﬁcial synapse (panel B). Panel C shows the activity of the artiﬁcial neuron (HR model) in the ADC. The parameters were chosen to place the model in the spiking regime. Right panels show the activity when the artiﬁcial neuron is connected to the living cell through the graded synapse implemented in the dynamic-clamp. Panel D shows the activity of the T-cell under the stimulus. Panel E shows the artiﬁcial current injected to the T-cell through the dynamic-clamp synapse. Panel F shows the activity of the model during the stimulation period



We have built two diﬀerent circuits, connecting a T-Cell through artiﬁcial synapses to a Hindmarsh-Rose model neuron [19]. The artiﬁcial chemical graded synapse we implemented is described in [8]. In this model, a unique diﬀerential
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equation describes the postsynaptic conductance. The current injected by this synapse is the following: Iinj (t) = g · S(t) · (Esyn − Vpost (t)), where g is the maximum synaptic conductance, S(t) is the synaptic activation variable, Esyn is the synaptic reversal potential and Vpost is the postsynaptic potential. The synaptic activation is described by the following diﬀerential equation: dS(t)/dt = (S∞ (Vpre ) − S(t))/(τsyn · (1 − S∞ (Vpre )), S∞ (Vpre ) = tanh[(Vpre (t) − Vth )/Vslope ], when Vpre > Vth , else S∞ (Vpre ) = 0, where Vth is the synaptic threshold voltage, τsyn is the synaptic characteristic time constant, S∞ is the steady synaptic activation, Vpre is the presynaptic potential and Vslope controls the slope of the function. The presynaptic neural model does not need to work in the electrophysiological range of the biological neurons. In fact, the Hindmarsh-Rose model used here works in a range from -1.5 mV to 2 mV. This model is very suitable to use in hybrid circuits as it has a very rich individual dynamics and many realistic bifurcations in the behavior [7, 9]. To increase the width and reduce the frequency of the model in this experiment, all equations were multiplied by 0.25. In our ﬁrst conﬁguration, the artiﬁcial model was connected to a T-cell unidirectionally through a fast excitatory chemical synapse, as the one described above. The parameters of the synapse were the following: g = 0.05 µSiemens, τsyn = 10 ms, Esyn = 0 mV, Vth = −0.5 mV. Panel A in Fig. 2 shows the membrane resting potential of the T-cell before being connected to the model. Panel D shows the action potentials induced by the stimulation from the HindmarshRose. Every time the Hindmarsh-Rose potential overpasses -0.5 mV, which is the synaptic threshold voltage, the dynamic-clamp synapse injects current into the T-Cell depolarizing its membrane. We repeated the experiment with a bidirectional connection between the model and the real neuron implemented through two excitatory graded synapses. The parameters of the fast synapse between the model and the neuron were the followings: g1 = 0.2 µSiemens, τ1syn = 10 ms, E1syn = 0 mV, V1th = −0.5 mV. The parameters of the slow synapse between the neuron and the model were: g2 = 2 µSiemens, τ2syn =100 ms, E2syn = 0 mV, V2th = 0 mV. The connection of the neuron with the model is stronger because the neuron spiking rate is much slower. As can be seen in Fig. 3, the model induces bursts of action potentials in the postsynaptic neuron. When the neuron ﬁres, current is injected back to the model. As can be seen in the ﬁgure, this produces a change in the model regime, from tonic spiking to an irregular bursting mode.
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Fig. 3. An example of bidirectional communication with a living neuron. Left panels in the graph show the control experiment. Panel A shows the state of T-cell without external stimuli: no current through the artiﬁcial synapses (panels B and C). Panel D shows the voltage value that exhibits the model neuron implemented in the dynamicclamp. The parameters were chosen to place the model in the spiking regime. Right panels show the activity when the artiﬁcial neuron is connected to the T-cell through the graded synapses. In this case the interaction is bidirectional. Panel F shows the artiﬁcial current injected into the T-cell. We can see that due to this interaction the Tcell begins to ﬁre bursts of action potentials (see panel E). Panel G shows the artiﬁcial current injected to the model neuron through the other synapse. Note in panel H the robust bursting behavior in the artiﬁcial neuron as reaction to this bidirectional interaction
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Discussion



Advanced dynamic-clamp software can contribute to a realistic stimulation of neurons by allowing pattern clamp protocols, the construction of hybrid circuits of interacting artiﬁcial and living cells, and the implementation of artiﬁcial synaptic and intracellular plasticity. Existing dynamic-clamp software is usually
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too oriented to a particular experimental setup or neural system, diﬃcult to use, lacking extensive libraries of ionic channels, synapses and neuron models, limited in the set of parameters that can be changed on real time and without a customizable graphical interface. We are developing an advanced dynamic-clamp software that tries to solve these problems and provides additional features. In the near future, this software will have the capability to control microinjectors of neuromodulators and neurotransmitters, so that neurons can be stimulated in a less invasive manner than electrode injection. The kernel of this software will also be adapted to control more advanced protocols that involve multi-photon microscopy and laser stimulation. Dynamic-clamp has provided a long list of successful experiments in the last ten year. Hopefully its more remarkable results are yet to come. Acknowledgments. This work was supported by Fundaci´ on BBVA and MEC (BFI 2003-07276, TIN 2004-04363-C03-03).
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