PAGE  
1

Preprint of the LTP Program paper prior to submission to Journal of Neuroscience Methods
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Abstract

     The LTP Program is a stimulation, acquisition and on-line analysis program for studying long-term potentiation (LTP), long-term depression (LTD), and stimulus-evoked synaptic responses in general.  The program is freely available from the website: www.ltp-program.com.  It is a 32-bit DOS program that runs on Windows 3/95/98 computers having a Pico Technologies ADC-42, Axon Instruments' Digidata 1200, or Scientific Solution's Labmaster acquisition board.

     The program records two channels of activity in extracellular, current- or voltage clamp modes.  It acquires <1,000,000 samples/sweep, and has extracellular dual pathway stimulation and epoch-like intracellular stimulation.  Basic protocols include slow alternating dual pathway stimulation.  LTP is induced by single train, theta, or primed stimulation.  LTD is induced using fast 1 pulse repetitive sweeps (<2 Hz).

     The program analyzes all stimulus-evoked synaptic responses in both acquisition channels.  Analyses include: slope, peak amplitude/latency, population spike amplitude/latency, average amplitude, duration, area, rise time, decay time, coastline, cell resistance and patch electrode series resistance.  Sweeps can be averaged and digitally filtered.  Trains can be analyzed by measuring the responses of all pulses relative to the baseline of the first pulse.  Stimulus artifacts can be automatically removed for accurate determination of synaptic areas and peaks during a train.
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1.  Introduction

     Long-term potentiation (LTP) and long-term depression (LTD) are commonly used experimental models for understanding the synaptic basis of learning and memory.  A major consideration for LTP and LTD electrophysiological experiments is data acquisition and analysis.  An LTP program should, in particular, be able to measure the  peak amplitude of intracellular synaptic potentials and currents, the slope of field excitatory postsynaptic potentials (EPSPs), and the population spike amplitude of extracellular synaptic potentials.  Furthermore, it should be able to do this analysis on-line, since it is important to assess the progress of the experiment, and to accurately alter amplitude and slope baselines during the experiment.  The program should also have the capability to slowly (e.g. every 15 or 30 sec) stimulate a single pathway extracellularly, or to alternately stimulate two different pathways.  It is helpful if the program also produces the train, theta and priming stimulation that induces LTP, and the low frequency stimulation that induces LTD.

     A number of commercial software packages are available that have at least some of the   required capabilities of a good LTP program.  These software packages can be divided into those that are “ready to go” versus those that require programming, and those for  Intel/Microsoft computers versus Apple Macintosh computers.  The software packages that do not require programming for Intel/Microsoft computers include: Axon Instruments’ pClamp 8 (www.axon.com) and DataWave Technologies’ Experimenter’s Workbench (www.dwavetech.com).  For Apple MacIntosh computers they include AxoGraph 4 (www.axon.com) and A/Dvance (www.kagi.com/douglas).  Alternatively, custom LTP programs have been written for Intel/Microsoft computers with Cambridge Electronic Design’s Signal and Spike2 (www.ced.co.uk), Bio-Logic’s Aquis1 (www.bio-logic.fr/acquis1.html), National Instruments’ LabView (www.ni.com), and WaveMetrics’ Igor (www.wavemetrics.com) (when used with acquisition board drivers).  LabView and Igor software packages can also be used on Macintosh computers.

     We have developed a “ready to go” program called ‘LTP’ that performs stimulation,  acquisition and on- and off-line analysis for studying LTP, LTD, and stimulus-evoked synaptic responses in general.  This facilitates investigation of paired-pulse facilitation and depression, epileptiform bursting, kindling and ischemia.  Furthermore, the LTP Program is free and can use low cost data acquisition boards, therefore, making it a low cost, high quality data acquisition system for studying a variety of synaptic events.  A copy of the LTP Program and on-line manual can be obtained from  the website: www.ltp-program.com.  The LTP Program has previously been presented in abstract form (Anderson and Collingridge, 1997; Anderson and Collingridge, 2000), and has been used in at least 71 publications.

2.  Methods

     The LTP Program is a 32-bit DOS program that runs on computers using Windows 3/95/98.  In addition it can run in on computers using Windows ME, NT and 2000 when the computer is started as a DOS 7 computer.  The LTP Program was written in Watcom C using the Tenberry DOS/4GW 32-bit DOS extender, and can directly access 64 MB of memory.  As it was written in extended DOS, it can use inexpensive data acquisition boards such as the Pico Technology’s ADC-42 because no on-board buffering is required.  It can also use Axon Instrument’s Digidata 1200 and Scientific Solutions’s Labmaster data acquisition board.  As it was written in C, the underlying non-interface code can relatively easily be transported to other operating systems such as Windows 2000.

3.  Results

     The LTP Program has extracellular and intracellular stimulation capabilities, records in extracellular, current clamp, patch voltage clamp modes, and has many different types of synaptic potential analyses which makes it effective for studying stimulus-evoked synaptic responses.  The LTP Program also has special capabilities that facilitate running LTP/LTD experiments.

     The program produces repetitive sweeps with simultaneous data acquisition and stimulation, and can acquire up to 1,000,000 samples for 2 channels at 10 KHz sampling.  The basic protocols include slow single extracellular pathway stimulation, and slow alternating dual extracellular pathway stimulation.  The LTP Program also produces the stimulations required to induce LTP (single trains, theta and priming stimulation) and the low frequency stimulation to induce LTD.  The LTP Program analyses include peak amplitude, slope, and population spike amplitude common to good LTP programs, and also prestimulus DC baseline, peak latency, population spike latency, area, rise time, decay time, average amplitude.  It also analyzes duration and coastline of stimulus-evoked epileptiform bursts which is helpful in epilepsy studies.  Cell resistance and patch electrode series resistance can also be monitored continuously throughout the experiment.  The LTP Program can also analyze all synaptic responses in a sweep.  Not only does this allow on-line measurement of paired-pulse facilitation and depression, but this also allows entire trains of synaptic responses to be analyzed.  Stimulus artifacts can be automatically removed to permit accurate determination of synaptic areas and peaks during a train.

3.1  Basic LTP/LTD experiment

     The protocols of the LTP Program for running the basic LTP experiment consists of either repetitive slow single extracellular pathway stimulation by electrode S0, or slow alternating dual extracellular pathway stimulation by electrodes S0 and then S1.  Intermittent single train, multiple train (theta) or primed (1 pulse followed by a train) stimulation induces LTP.  Low frequency stimulation (900 pulses at 1-2 Hz) induces LTD induction.

     Fig. 1a shows the main page of LTP Program illustrating the basic LTP experiment of slow alternating slow dual pathway stimulation, in this case using signal averaging.  The bottom panel shows an extracellular synaptic response from the CA1 region of the hippocampus, averaged from four sweeps, and produced by single extracellular S0 stimulus pulses, 10 msec from the start of the sweep.  Superimposed on the synaptic waveform are yellow lines to show where calculations were made for the S0 prestimulus baseline (left), slope (middle) and peak amplitude (right).  The baseline, slope and peak amplitude ‘calculation lines’ are color-coded and are shown in yellow for an S0-evoked field EPSP (fEPSP) and magenta for an S1-evoked fEPSP.  The top panel shows calculations for slope produced by S0 stimulation (yellow diamonds) and S1 stimulation (magenta squares).
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Fig. 1.  A basic LTP/LTD experiment run by the LTP Program.  a) A screendump of the main page of the LTP Program showing a slope calculation graph (top) and one sweep graph showing an EPSP evoked by S0 stimulation (10 ms after the start of the sweep, averaged from 4 sweeps) with yellow lines showing prestimulus baseline (left), slope (middle), and peak amplitude (right).  The slope graph shows calculations of slope for S0-evoked EPSPs (yellow diamonds) and S1-evoked EPSPs (magenta squares) caused by alternating S0/S1 pathway stimulation produced by alternating P0/P1 sweeps.  Calculations are normally made on 4 averaged sweeps, but on 20 sweeps during LTD stimulation.  Numerical values for peak amplitude (“PkAmp=”) and slope (Sl=”) are shown on the line below the graphs.  b) The basic protocol: Alternating Pulse P0 Sweep (with one S0 stimulation pulse), then Pulse P1 Sweep (with one S1 stimulation pulse).  c) Pulse P0 Sweep stimulation producing only one S0 extracellular stimulation pulse.  With this simple stimulation, rapid repeating of Pulse P0 Sweep produces rapid LTD S0 stimulation at the same frequency.  LTD stimulation (at bottom) shows the period of fast LTD stimulation (1 sec here) and the number of pulses that will be produced in an LTD stimulation period (900 pulses here).
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Fig. 2.  Raw sweeps can be signal averaged, stimulus artifact blanked, and/or digitally filtered.  a)  Raw sweeps (with no signal averaging) can be digitally filtered, stimulus artifact blanked, or stimulus artifact blanked first and then filtered.  The insets show the raw sweep (left trace), the  filtered sweep (right top trace), the stimulus artifact blanked sweep (middle trace), and the blanked and filtered sweep (right bottom trace).  b)  Raw sweeps can also be signal averaged, then filtered, stimulus artifact blanked, or stimulus artifact blanked first and then filtered.  The insets show two raw sweeps (left traces), the signal averaged sweep obtained from the two raw sweeps (2nd trace), the averaged and filtered sweep (right top trace), the averaged and stimulus artifact blanked sweep (3rd trace), and the averaged, blanked and filtered sweep (right trace).

     In the LTP Program, alternating dual pathway stimulation (S0 then S1) of the experiment in Fig. 1a is achieved by producing dual alternating sweeps (P0 then P1; Fig. 1b) in which Pulse P0 Sweep has one pathway stimulation by one extracellular electrode, S0 (Fig. 1c), and Pulse P1 sweep has one pathway stimulation by extracellular electrode S1.

     The induction of LTP by S0 stimulation (indicated by ‘LTP’ and up arrow of yellow diamondsin Fig 1a) is produced by evoking a single Train Sweep producing only 100 S0 pulses at 100 Hz (not shown).  The induction of LTD by S0 stimulation (indicated by ‘LTD’ of yellow diamonds in Fig. 1a) is produced by rapidly repeating Pulse P0 Sweeps a set number of times (900 here), once or twice a second.  Since the Pulse P0 Sweep produces only 1 S0 pulse per sweep, this generates 900 S0 pulses at 1 or 2 Hz. (see the LTD stimulation fields in Fig. 1c).

3.2  Signal averaging, stimulus artifact blanking and digitally filtering

     In addition to capturing and analyzing raw sweeps, the LTP Program can also do on- and off-line signal averaging of these sweeps, blank out the stimulus artifacts if required, and digitally filter the sweeps (Fig. 2).

     Single raw sweeps can either be (i) filtered, (ii) stimulus artifact blanked, or (iii) stimulus artifact blanked and then filtered (Fig. 2a) (but not first filtered and then stimulus artifact blanked).  The insets in Fig. 2a show a patch-clamp recording of an excitatory postsynaptic current (EPSC) from one raw sweep (left trace) showing substantial noise and a large stimulus artifact at the left of the trace, the sweep that has been digitally filtered to reduce the noise (note the large filtered artifact, right top trace), the sweep with the stimulus artifact removed (middle trace), and the stimulus artifact blanked sweep that has then been filtered (right bottom trace).
Alternatively, raw sweeps can first be (i) signal averaged, then this signal averaged sweep can either be (ii) filtered, (iii) stimulus artifact blanked, or (iv) stimulus artifact blanked and then filtered (Fig. 2b) (but not first filtered and then stimulus artifact blanked).  The insets in Fig. 2b show EPSCs from two raw   sweeps  showing  substantial  noise  and  a  large


Fig. 3.  Complex stimulation that the LTP Program can generate.  This sweep generates simultaneous extracellular primed burst stimulation (S0, yellow trace), extracellular theta burst stimulation (S1, magenta trace), intracellular analog stimulation (IC, white trace) (with depolarization occurring during the S0 primed burst stimulation, hyperpolarization occurring during the S1 theta burst stimulation, and a Rs/Rm depolarizing pulse at the end of the trace to measure cell resistance and patch electrode series resistance cell resistance), and digital stimulation (including sync pulse (DO0 and DO1, white traces) and long pulse output (D2, white trace)).

stimulus artifact (left traces), the signal averaged sweep also with a large stimulus artifact (2nd trace) obtained from the two raw sweeps, the signal averaged sweep that has been digitally filtered (right top trace), the signal averaged sweep with the stimulus artifact removed (3rd trace), and the averaged, stimulus artifact blanked sweep that that has been filtered (right bottom trace).

     Calculations of slopes and peaks are made on the latest processed sweep, in this case the signal averaged, blanked and filtered sweep.  All these traces can be shown on the screen, saved to a data file, and all (except the raw sweeps) can be plotted on a laserjet printer.

3.3  Complex stimulation

     The LTP Program is not only capable of producing 1 stimulus pulses per sweep (e.g. 1 S0 pulse in a Pulse P0 Sweep; Fig. 1c), it can also generate paired-pulse stimulation, a single train to induce LTP, and more complex stimulations as demonstrated in Fig 3.  The top yellow trace in Fig 3 shows an S0 priming stimulation consisting of 1 pulse followed by a single train (this is actually generated by dual trains with the first train having only one pulse).  The next magenta trace down shows an S1 theta burst stimulation consisting of three repeating identical trains (see also Fig. 7).  Analog stimulation can also be generated in epochs (bottom white trace, IC) (in this example, depolarization during the S0 priming stimulation, hyperpolarization during the S1 theta stimulation, and a final ‘Rm/Rs’ pulse that could be used for testing cell membrane resistance and patch electrode series resistance.  Also, during these epochs, sync and pulse digital output can occur (third group of white traces, D0, D1 and D2).  Both S0 and S1 stimulation, as well as epoch analog and digitial stimulation can occur simultaneously in all sweep stimulations (e.g. in Pulse P0 and P1, and Train T0 and T1 Sweep stimulations).
3.4  Two channel acquisition with analysis of all S0- and S1-evoked synaptic responses

     The latest version of the LTP Program (2.2) is capable of acquiring data from 2 channels and analysing all S0- and S1 evoked synaptic responses on both acquisition channels.  Fig. 4 illustrates this with one acquisition channel extracellularly recording the CA1 dendritic layer of the hippocampal slice, and the other acquisition channel extracellularly recording the CA1 cell body layer (panels AD0 and AD1 respectively in Fig. 4b).  The stimulation during the sweep consists of paired-pulse S0 stimulation (yellow trace) followed by paired-pulse S1 stimulation (magenta trace) (Fig. 4a).  Both S0 and S1 stimulations evoke fEPSPs in the CA1 dendritic layer (AD0) and fEPSPs with overriding population spikes in the CA1 cell body layer (AD1).  All S0-evoked synaptic responses are analysed and shown by yellow lines in AD0 and AD1, and all S1-evoked synaptic responses are analysed and shown by magenta lines.  The values of the peak amplitude calculations for AD0 are shown in PkAmp0 (yellow diamonds for S0 evoked responses, and magenta squares for S1-evoked responses).  The values of the population spike amplitude calculations for AD1 are shown in PSamp1 (yellow diamonds for S0 evoked responses, and magenta squares for S1-evoked responses).

3.5  Program Output

     The LTP Program output consists of one ASCII data file for each acquisition sweep which has a 64 line header that contains complete acquisition and stimulation information for that sweep (not shown).

     When the LTP Program performs an on- or off-line analysis of one or more acquisition sweeps, it outputs an Amplitude events list file (the ‘AMP’ file) such as the simplified one shown in Fig. 4c for the analysis of the sweep in Fig. 4b. The first column, ‘#’, shows the number of the calculated synaptic response.  The second column, ‘Filename’,  shows the filename of the sweep file.  The third column, ‘TimeOfDay’, shows the time the sweep began.   The fourth column, ‘Time sec’, shows the time of the stimulus pulse from when analysis starts (in this case simply the beginning of this sweep since this was the only sweep analyzed).  The fifth column, ‘AD’, shows the AD channel from which the synaptic response was obtained (channel AD0 is calculated first).  The sixth column, ‘Sx’, shows whether S0 or S1 stimulation was used to evoke the synaptic response (S0-evoked responses are calculated first).  The seventh column, ‘Pul#’ shows the number of the S0 or S1 pulse that evokes the synaptic response (pulse number is calculated sequentially).  The eighth column shows peak amplitude (PkAmp) values of the S0- and S1-evoked EPSPs in channel AD0.  The right-most  column shows the population spike amplitude (PSamp) values of the S0- and S1-evoked responses in channel AD1.  When the PkAmp or PSamp values are not calculated (e.g. PkAmp values for AD1 and PSamp values for AD0), they are set to 0.  The AMP file can be loaded into a spreadsheet program and the ‘#’, ‘Filename’, ‘Time_sec’, ‘AD’, ‘Sx’ and ‘Pul#’ columns can be sorted as desired

3.6  Analyses of Synaptic Responses

     The LTP Program has two types of analyses.  The first type analyzes each S0- and S1- synaptic response in  a  sweep,  and   includes  the  prestimulus  baseline,

Fig 4.  Two channel acquisition and analysis all S0- and S1-evoked synaptic responses in both acquisition channels.  a) S0 paired-pulse stimulation (yellow trace) and S1 paired-pulse stimulation (magenta trace).  b) Top two panels show calculated values for the peak amplitude of the synaptic responses in AD0 (PkAmp0), and the pop-spike amplitude from the responses in AD1 (PSamp1).  The bottom two panels show channel AD0 (a recording of synaptic responses from the CA1 dendritic layer), and channel AD1 (a recording of population spikes from the CA1 cell body layer). The peak and pop-spike amplitude calculations of paired S0-evoked synaptic responses are shown in yellow, and of paired S1-evoked synaptic responses in magenta.  c)  Program output.  A simplified Amplitude events list file (‘AMP’ file) from the analysis of the sweep in (b). The ‘Time sec’ field shows the time of the stimulus pulse from when analysis starts (in this case simply the beginning of this sweep). Channel AD0 is calculated first, S0-evoked EPSPs are calculated first, and pulse number is calculated sequentially. When the PkAmp values (for AD1) or the PSamp values (for AD0) are not calculated, they are set to 0.

peak amplitude, peak latency and slope (fig. 5a), population spike amplitude and population spike latency (fig. 5b), duration (fig. 5c), area, average amplitude, 10-90% rise time, 10-90% decay time, and coastline.  The second type analyzes cell resistance, and patch pipette series resistance only once per sweep (provided the Rm/Rs pulse is on).
     For the analyses of each S0- and S1- synaptic response in a sweep, input fields are used to set the times (after stimulus pulse occurrence) during which the calculations are made.  For example, in Fig. 5a, the peak amplitude will be measured only between 4 to 10 ms after each S0 pulse, and this is shown by the horizontal dotted and solid lines.

     The prestimulus baseline calculates the DC value of the waveform just before the stimulus pulse and gives an indication of DC shifts in intracellular current clamp and patch clamp recordings.  The peak amplitude is the difference between the prestimulus baseline value and the calculated peak. Whether a peak is detected as positive or negative can be determined automatically, or forced to be positive or negative.  Peak Latency is the time between the occurrence of stimulus pulse and the peak.

     Slope is calculated by taking all the waveform voltage/current points of the slope and calculating a linear regression line (least squares fit) through these points. Slope can be analyzed either by using beginning and end time points of the slope (3.5 to 5 ms after the stimulus pulse in Fig. 5a), or by calculating the slope from a low % of the peak to a high % of the peak (say between 20% and 80% of the peak, not shown).  If the time between the stimulus pulse and the slope shifts with time, the low % to high % of the peak is best. However, when the amplitude of the synaptic response approaches 0, the low % to high % method begins to calculate slopes made of noise, and the beginning/end time method is preferred.

     The population spike amplitude (shown as a solid vertical line in Fig. 5b) is automatically measured as the amplitude from the population spike peak to the intersection with a tangent line drawn between the pre-population spike peak to the post-population spike peak.  To use this method, you must set the population spike to be measured as positive or negative (e.g. the “P/N:N” field in Fig 5b).  The population spike latency is calculated as the time between the stimulus pulse and the population spike peak. 

     Duration measures the duration of a peak or peaks during the time in which  the peak amplitude is being detected, and is shown by the solid line between the arrows in Fig. 5c.  The duration is measured at a certain percentage of the amplitude between the prestimulus baseline and peak amplitude (e.g. “Dur: 35% of peak).  

     Area calculates the area of the peak more negative or positive than the prestimulus baseline and is measured in mV*ms or pA*ms (see Fig. 7).  Area is measured over the time in which the peak amplitude is detected.  Rise time calculates the time between 10% and 90% of prestimulus baseline to peak on the rising phase of the peak, and decay time calculates the time between 10% and 90% of prestimulus baseline to peak for the falling phase of the peak (not shown).  The average amplitude is the difference between the prestimulus baseline value and the averaged values over times after the pulse (not shown).  Coastline calculates the amount of vertical deflection between two time points after the stimulus pulse, and is measured in mV or pA.

     The values of these calculations are plotted in calculation graphs, and up to ten graphs can be shown on- or off-line (up to two graphs on the main page (Fig 4b, top two panels), and up to four graphs on each of two other pages).

3.7  Measurement of Cell Resistance and Patch Electrode Series Resistance

     The second type of analysis the LTP Program can perform is measurement of  cell resistance and patch pipette series resistance once per sweep during the Rm/Rs pulse (Fig. 5d).  The LTP Program is capable of measuring Rm and Rs and plotting the results on-line throughout an experiment.  During an experiment, accurate on-line series resistance measurement is very important, because even small changes will affect EPSC amplitude, and series resistance often increases gradually during the experiment.

     Cell resistance (Rm) can be measured during intracellular sharp electrode and patch clamp recording in both current and voltage clamp modes.  Rm  detection occurs automatically during the latter part of the Rm/Rs pulse region of the sweep (marked by ‘Rm’ in Fig. 5d).  

     Patch electrode series resistance (Rs) can only be measured in the voltage-clamp mode of patch clamping.  The LTP Program calculates Rs by two methods.  The first method is  to directly measure the peak of the capacitative transient (marked by ‘Rs’ in Fig. 5d).  However, the moderate 10 KHz maximum sampling rate of the LTP Program and the 5KHz external filter cutoff frequency are too low to capture the true peak of the capacitative transient, and series resistance could therefore be overestimated.  Instead, to accurately determine Rs, we measure the peak (with a filter setting of at least 10 KHz) on the oscilloscope at occasional times during the experiment, and use the peak Rs measurement made by the LTP Program to detect if there is a change in Rs.  The peak Rs measurement made by the LTP Program is roughly proportional to the more accurate oscilloscope measured Rs.  To accurately measure Rs using these methods  assumes  that  pipette  capacitance  has  been



















Fig. 5.  Various analyses of synaptic responses that the LTP Program can perform.  a) Prestimulus DC baseline, slope, peak amplitude and peak latency.  b) Population spike amplitude and population spike latency is measured between the brackets after each stimulus pulse. c) Duration of an epileptiform burst is measured as a value (35% here) between the prestimulus baseline and the peak (dotted lines).  d).  Detection of patch electrode series resistance (Rs) (the transient peak) and cell resistance (Rm) (the steady state value) during a response to a Rm/Rs voltage-clamp pulse in patch clamp mode.  In this case, Rs is taken from the peak of the capacitative transient.

cancelled out, and that series resistance compensation is not on.

     The second method of measuring Rs is by fitting a single or double exponential to the capacitative transient and extrapolating to when the Rm/Rs pulse begins to determine the true, non-filtered capacitance transient peak.  For a discussion on the correct measurement of series resistance using exponential curve fitting see Ogden and Stanfield (1994).  Double exponential fitting is necessary for CA1 hippocampal neurons with their extensive dendritic branching.  In practice,  we have found that due to the moderate 10 KHz sampling rate of the LTP Program, this double exponential fit can be variable.  This exponential fitting method should be checked against the Rs value obtained using the high frequency oscilloscope method with a filter setting of 10 KHz or higher.  To accurately measure Rs using the exponential fit method also assumes that series resistance compensation is not on.

3.8  Special Analysis of Train-Evoked Synaptic Responses

     The synaptic responses evoked by train stimulation can be treated in a special manner by the LTP Program.  Sometimes the experimenter is interested in examining each postsynaptic response evoked by a stimulus pulse in a train, in which case the baseline and synaptic response of each pulse is analyzed (as with the ‘two pulse trains’ in Fig. 4).  

     Alternatively, the synaptic responses to train stimulation may be treated as a single entity.  Fig. 6 shows measurement of each EPSP in a 100 pulse train relative to the prestimulus baseline of the first pulse. In this example, stimulus artifacts have been automatically removed (Fig 6c) because this allows peak amplitude measurement that is not contaminated by stimulus artifacts occurring near the EPSP peak.  
     Trains can also be analyzed as a single entity by using the baseline and response of only the first pulse in the train, but with the time measurements set to a sufficiently long duration after the first stimulus pulse to encompass the whole train (Fig. 7).  With this analysis, the peak amplitude of the largest EPSP in the train, and the area of the entire synaptic response can be determined. In this example, stimulus artifacts were removed to permit accurate calculation of area and peak amplitude.

     Trains can also be analyzed as a single entity by using the baseline of the first pulse and response of the last pulse (not shown). This measures the response at the end of the train regardless of the length of the train. In addition to measuring the last pulse of a train, this is useful for measuring responses that only occur after the train has ended, such as post-inhibitory rebound.

3.9  Using the LTP Program in Epilepsy Studies

     The LTP Program has several capabilities useful for epilepsy studies.  First, because the LTP Program can record up to 1 million samples/sweep on 2 channels while simultaneously evoking train stimulation, the LTP Program can both trigger and record kindled electrographic seizures lasting up to 100 sec (at 10KHz sampling rate).  Second, the LTP Program can measure the duration of stimulus-evoked epileptiform bursts (burst of ca. 100 msec in duration, Fig. 5c) and electrographic seizures (not shown).  While amplitude measurement is crucial for LTP experiments, duration measurement is crucial for epilepsy studies.  Third, the LTP Program can measure the coastline of stimulus-evoked epileptiform bursts.  Coastline is sensitive to the addition of extra population spikes in an epileptiform burst and can, therefore, be useful in indicating changes in excitability.

4.  Discussion

     Several concepts went into the development of the LTP Program.  First, we wanted to run both basic and advanced LTP/LTD experiments with the LTP Program.  This included using special LTP analyses such as population spike amplitude, alternating S0/S1 extracellular pathway stimulation, on-line analyses so that baselines could be reset during the experiment, and single train, theta and priming stimulations to induce LTP in a relatively easy way. Most neurophysiological data acquisition programs are oriented to epoch stimulation for the generation and analysis of endogenous membrane currents, and only a few pulses/sweep can usually be generated to evoke synaptic responses.  Therefore, only one or a few synaptic responses are usually analyzed in an acquisition sweep.  Because the LTP Program can generate complex trains, we expanded the analysis beyond one synaptic response per sweep to paired-pulse dual synaptic responses, and then to entire trains of synaptic responses.  Since the synaptic responses evoked by train stimulation can either be treated as many individual synaptic responses or as a whole entity, we also developed special analyses particular to trains, such as measuring each synaptic response relative to the baseline of the first pulse, and analyzing the train as a whole.  When dealing with the high frequency trains, we also found that contamination of synaptic responses by stimulus artifacts prohibited accurate  measurement of  peaks  and areas,  and so we











Fig. 6.  Analysis of each mossy fiber-CA3 EPSP in a 100 pulse train relative to the prestimulus baseline of the first pulse.  Stimulus artifacts have been automatically removed.  a) Top panel: Calculated peak amplitude values (PkAmp0). Bottom panel: Recording of the whole train showing superimposed peak amplitude calculations.  b) Sweep time  magnification showing the first 9 EPSPs of the train. The gray traces show the waveform with stimulus artifacts present, the dark traces show the waveform with the stimulus artifacts removed. c) Amplitude and sweep time trace magnification showing automatic (1 msec here) blanking of the stimulus artifact riding on the top of the second EPSP.




Fig 7.  Analysis of trains as a single entity by using the baseline and response of only the first pulse in the train, but with the time measurements set to a sufficiently long duration after the first stimulus pulse (1.5 to 50 ms here) to encompass the whole train.  This measures the peak amplitude of the largest extracellular CA1 EPSP in the train and the area of the entire synaptic response of the train.  Accurate calculation of area requires removal of stimulus artifacts.  a)  Top two panels: Calculated peak amplitude (PkAmp0) and area (Area0) values for each train.  Bottom panel: Recording of the entire 4 train sweep.

automatically removed the stimulus artifact.  Because the LTP Program generates the train stimulation and  knows when each pulse occurs, it can therefore easily remove the stimulus artifacts.

     Second, we were also interested in supporting epilepsy studies.  Simultaneous acquisition of 1 million samples per sweep and train stimulation while analyzing duration permits studying kindling.  Duration and coastline are useful in analyzing triggered epileptiform bursts.  One drawback of the current version of the LTP Program for epilepsy studies, that we would like to rectify in future versions, is the inability to acquire and analyze spontaneous epileptiform events.

     Third, we were interested in developing a low-cost data acquisition system (including both software and data acquisition board).  Currently we support the low cost ($150) one channel Pico ADC-42 board, and plan to support another inexpensive multi-channel acquisition board.  This low-cost is particularly useful when the rest of the equipment is relatively inexpensive, such as with extracellular experiments.  This low cost acquisition board, the free LTP Program software, and the stimulation, acquisition and analysis capabilities of the LTP Program make it a low cost, high quality data acquisition system for studying a variety of synaptic events.

     Earlier versions of the LTP Program have been in general distribution since December, 1997.  This  32-bit DOS program will run on computers ranging from Intel 386’s to 800 MHz Pentium III ISA bus computers – roughly a 10 year range.  These computers comprise almost all of the current Windows/Intel computers in use today at desks and electrophysiology setups.  However, new computers supporting real DOS and ISA bus have recently stopped being sold.  Therefore, we plan to migrate the non-interface C code of the DOS LTP Program to Windows 2000 and will use PCI bus data acquisition boards in PCI/ISA and PCI-only bus Windows/Intel computers faster than 300 MHz.  Other enhancements of the LTP Program will include having better patch electrode series resistance (Rs) measurements, and implementing increment/decrement protocols to vary intracellular analog voltage, and vary interpulse intervals (for example to run input/output curves on paired-pulse facilitation and depression).
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