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When I was a child,

I caught a fleeting glimpse

Out of the corner of my eye.
I turned to look, but it was gone.
I can not put my finger on it now.

The child is grown; the dream is gone.
And I have become comfortably numb.

- Pink Floyd (1979)
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NEUROPHYSIOLOGICAL EXPERIMENTS APPLIED TO

INTRINSIC OPTICAL IMAGING OF RATBARREL CORTEX

Bret Edward Peterson

As cortical processes are investigated in finer and increasingly complex detail, it
has become necessary to make experiments more efficient so that the large quantity of
data required from each experiment can be collected, analyzed, and described in a
reasonable amount of time. This thesis describes a cooperative set of programs that help

perform neurophysiological experiments as well as act as useful tools for demonstrating
the results of experiments to other researchers.

This software was used to investigate a new technique for imaging optical
changes in the cortex that correlate with neuronal activity. Optical images were obtained
using an experimental protocol that was simpler and equipment that was much less
expensive than has been used by other laboratories investigating this technique. Many
properties of the images differed from those previously described.

The technique was used to image distributed representations of whiskers in rat
barrel cortex. It was also used to investigate physiological thresholds and inhibitory

interactions. Previously, amplitude thresholds had not been directly measured. A new
stimulator was used in conjunction with the optical imaging technique as well as standard
electrophysiology to determine an amplitude threshold of 0.07". This measurement is
more in agreement than previous estimates of thresholds with behavioral results showing
that rats can discriminate a surface with 30pum grooves from a smooth surface (Carvell

and Simons, 1990). Electrophysiology was used to characterize the inhibitiory

interactions which occur when one whisker is deflected prior to the deflection of a second

whisker. These inhibitory processes (occuring on the order of tens of milliseconds) were

detected by the optical imaging technique.
An example of how the software might be used to present experimental data is

given in the final chapter. This form of presentation gives the user access to the dynamic
representations of data that the programs support. It also allows the user to interact with
the data and to explore it in the degree of depth required. Finally, the software gives the
user access to the same analysis tools that were available to the original experimenter.
Allowing such access maximizes the utility of experimental data.
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Introduction

The computer has become a fundamental tool of the neurophysiologist. Its full

potential for improving neurophysiology, however, is just starting to be realized. This

dissertation describes a new set of computer programs that were designed to aid the

neurophysiologist. It also describes a new approach to optical imaging of intrinsic signals

in rat somatosensory cortex. The software was used to explore the relationship between

optically measured "intrinsic" signals and the underlying physiology.
The motivation for developing this software was twofold. The first was a practical

need to improve the efficiency of experiments. Microcomputers are commonplace in

today's laboratories, but they are usually underutilized and are not directly applied to

experiments being performed by the laboratory. This failure results from the large time

investment required to develop customized software. However, if experimental protocols

being used by many researchers over many years are reasonably similar, investment in

customized software can reap large dividends.



In this laboratory, many experiments revolve around quantitative neurophysiology

and cortical mapping. The programs EXP (Chapter 1) and MAP (Chapter 2) were written

to address directly the requirements of these experiments. They have already been used

extensively by a number of researchers, and have greatly improved the efficiency of

experiments. This increased efficiency allows much more data to be obtained from

experimental animals which often have many months of behavioral training invested in

them. The automated analyses which these programs perform make compilation of this

large quantity of data feasible.

The second motivation for developing this software was to address some of the

shortcomings of the scientific paper. Though most researchers are quite careful in

describing their work, it is often not easy to replicate results. In addition, most papers

raise some questions which are unanswerable if the data or the researcher are not present.

Finally, for an in depth understanding of an experiment, the scientific paper provides an

unenticing, often painful means of extracting information. Computers provide a powerful

means of presenting experiments in a manner which can overcome many of these

problems.

Presenting data from the software in which it was originally gathered gives other

researchers direct access to the parameters used to perform the experiment. They can, for

example, directly view the presented stimuli. This access to the exact details of an

experiment greatly reduces the difficulty of repeating experiments.

The ability to ask questions and to get answers facilitates a person's understanding

of an experiment. The software demonstrates the possibility of providing an environment

in which the user can explore an experiment. It allows the user to obtain feedback, by

allowing control of the same program features used by the experimenter. In essence, the

user can employ these programs to manipulate the data to directly address any questions

about the results.



One example of the power of providing an environment that encourages

exploration is the Macintosh computer. The Macintosh was designed on a principal of a

standardized (via ROM calls, see Inside Macintosh, Apple Computer) graphical user

interface. By combining intuitive design with standardization, the Macintosh makes it

possible for many users to learn how to use new software packages without ever

removing the shrinkwrap from the software's accompanying manuals. The interface is

such that the user can learn most of the function by exploring the program with trial and

error. The standardized appearance gives the user the confidence and familiarity to be

able to explore a new program and to quickly achieve some functionality. This feedback

capacity encourages the user towards further exploration.

Giving the user the ability to explore an experiment may greatly improve the

exchange of information between laboratories. Manipulating the data, testing it, and

displaying results in alternative forms can lead to a deeper understanding of the

experiment, its results, and their implications. The exploratory nature allows the

information to be assimilated over time in a depth that matches the users needs. The

NOTES library (Chapter 5) provides a basic means for giving users these capabilities. A

discussion of how this library might be used to present the experimental data discussed in

Chapter 7 is presented in Chapter 8.

Intrinsic optical imaging was demonstrated by Grinvald in 1986. His laboratory

showed that cortical activity resulted in a change in the optical properties of the cortex.

This change resulted in an increase in absorption of certain wavelengths of light. By

imaging cortex in this light and by comparing images of stimulated and unstimulated

cortex, Grinvald and others demonstrated darkened regions in the images which

corresponded with the physiologically active areas.

One of the software programs, CAMERA (Chapter 3), was developed to

demonstrate that intrinsic optical imaging can be performed with inexpensive equipment



already present in many laboratories (the only addition to our existing laboratory setup

was $3 worth of LED's). The program uses optimized routines for averaging portions of

images to extract the small signals generated by changes in the optical properties of

cortex as a result of activity. Other features in CAMERA such as filtering and the use of

pseudocolors are also used to improve the quality of the images. This inexpensive

alternative makes optical imaging a viable option to many more laboratories previously

unable to justify the costly systems currently being sold.

The optical imaging technique was used to study rat "barrel" cortex. Barrel cortex

is the region of primary somatosensory cortex that represents the rat's whiskers. The

"barrels" are anatomical structures of cell dense areas separated by cell sparse areas

(septa) which can be identified in layer IV (Woolsey and Van der Loos, 1970). Each

barrel corresponds to a specific whisker on the mystacial pad. This discrete represenation

is maintained for the most part throughout the primary pathway. Neurons innervating the

follicle of a whisker project to a corresponding "barrelette" in the brainstem. The

"barrelette" projects to the corresponding "barreloid" in the thalamus. The "barreloid"

projects to the corresponding "barrel" in the cortex (for review see Woolsey, 1990). The

neurons at these locations respond by far most strongly to deflection of the principal

whisker that innervates them. Response to surrounding whiskers is relatively weak (for

reviews see Ebner, 1990; Killackey, 1983).

CAMERA was used to explore many aspects of intrinsic optical imaging in rat

barrel cortex. MAP and EXP were used to compare quantitative neurophysiogical

responses and qualitatitve maps of rat barrel cortex to intrinsic optical images generated

with CAMERA. A clear image of a single whisker cortical representation was obtained

when a whisker was stimulated. These images corresponded well with the physiological

map and the underlying anatomy.

The technique was also used to investigate physiological thresholds and inhibitory

interactions. Because of the sensitivity of the rat's whiskers, amplitude thresholds had not



been previously measured. A new stimulator (Fong, 1992) was used in conjunction with

the optical imaging technique as well as standard electrophysiology to determine an

amplitude threshold of 0.07". This measurement is more in agreement than previous

estimates of thresholds with behavioral results showing that rats can discriminate a

surface with 30pm grooves from a smooth surface (Carvell and Simons, 1990).

Electrophysiology was used to characterize the inhibitiory interactions which occur when

one whisker is deflected at varying intervals prior to the deflection of a second whisker.

Preliminary results indicate that these inhibitory processes (occuring on the order of tens

of milliseconds) can be detected by the optical imaging technique.

An example of how the software might be used to present experimental data is

given in the final chapter. This form of presentation has many advantages. It gives the

user access to the dynamic representations of data that the programs support. It also

allows the user to interact with the data and to explore it in the degree of depth required.

Finally, the software gives the user access to the same analysis tools that were available

to the original experimenter. The user can bring a new perspective to the data and

reanalyze them in novel ways. Allowing such access maximizes the contribution to

science of painstakingly acquired experimental data.



Chapter 1. The EXP Program

Most neuroscience laboratories have one or more computer programs and several

pieces of equipment for producing stimuli and for recording and encoding

neurophysiological signals. The microcomputer has made it possible for most of this

equipment to be replaced by software. EXP is a Macintosh program which attempts to

incorporate most of the necessary functions for performing a quantitative

neurophysiology experiment into a single package. The program collects analog signals,

outputs analog waveforms, and performs some of the early processing, consolidation, and

analysis of collected data.

The program requires a Macintosh II computer and a data acquisition card. It

currently uses the National Instruments' Lab-NB board as its interface to the real world,

but any board with D/A and A/D capabillities could easily be used. With the addition of

an amplifier and perhaps an oscilliscope, the program allows the Macintosh to act as a

fairly complete neurophysiology laboratory.



Many programs have been described previously that are designed to perform

some aspect of a neurophysiological experiment. For example, several of these programs

are used for recording and detecting spikes (action potentials) (Bergman and Delong,

1992; Skeen et al., 1992; Mishelevich, 1970) or for generating stimuli (Matheson and

Ditz, 1991). EXP, on the other hand, is designed to allow the user to specify a complete

experiment. It includes the ability to generate output waveforms, and more importantly, it

contains mechanisms for automating the extraction of results from large quantities of

multiple-site data.

Specifying an experiment is achieved by establishing a hierarchy of structures.

Input and Output structures are used to control the flow of data to and from the A/D and

D/A converters. The Experiment structure can control any Input and Output structure.

Finally, the Sequence structure can control any Experiment structure as well as other

Sequence structures. An overview of the flow of control between these structures is

shown in Figure 1. This hierarchical implementation allows the experimenter to perform

automatically complex protocols using many stimuli.

The notion of flexibility in software always involves a tradeoff. A program

designed for a specific task is easier to use but less flexible than a more general program.

EXP has less flexibility than a high level language such as C or National Instruments'

LabVIEW. However, the set up time for each new protocol in these domains is

considerably longer than it is for EXP. EXP focuses on the experimental domain while

allowing as much flexibility within that domain as possible.

The hierarchical organization of the control structures gives the user flexibility in

designing the experimental protocol. At different times during a single experiment, the

user might run at the Output level, the Experiment level, and/or the Sequence level,

depending on the required complexity of the protocol.

Flexibility is also provided for manipulating the data and for viewing results. The

user can create a customized window for run-time displays which can be critical in
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Figure 1. Overview of flow of control in data structure hierarchy. The Input and
Outputstructures control the A/D and D/A converters. The Experiment structures control
an Input and an Output structure. A Sequence structure controls multiple Experiment
structures and possibly another Sequence structure.
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getting necessary feedback while running an experiment. The window can contain raw

data and calculated histograms. The histograms can also be generated for off-line

analyses that can be used to automate the recovery and analysis of large quantities of

stored experimental data.

The program interacts with MAP, a cortical mapping program, so that quantitative

data is automatically associated with the penetration site from which it came. This

information can later be used to reconstruct the response to a stimulus at many

penetration sites across the mapped cortical zone (Chapter 2).

As with all of the programs described in the first half of this thesis, EXP uses the

NOTES Library (Chapter 5), which allows the user to maintain notes within the program.

These notes can contain references to other note files that can be defined within this

program, or within any of the other programs.

1.1 STRUCTURES

The main data structures in EXP are used to define how experiments are executed

and how the incoming data is analyzed and displayed. The format for editing these

structures is fairly uniform. A "selection" dialog box is brought up which allows the user

to sequence through the list of defined structures. The name of the structure is displayed

as well as any graphical information associated with the structure. For example, the

Experiment structure would show data from the last time the experiment was run, the

Output structure would show the output waveform, and the Histogram structure would

show a calculated histogram.

The user can elect to edit one of the existing structures or define a new structure.

To edit a structure, a dialog box asking for information specific to the structure is brought

up. After the structure's parameters are set, the user returns to the "selection" dialog box.

Any changes which have been made are reflected in the structure's graphical

representation.



1.2 DATA ACQUISITION

EXP uses the National Instruments' Lab-NB board as its interface to the real

world, but any board with D/A and A/D capabillities could be used. This board has eight

12-bit A/D input channels and two 12-bit D/A output channels. It also has a number of

digital I/O channels which are unused by this program because it is not possible to control

their timing precisely with the Macintosh.

1.2.1 Input

The Input structure specifies how data is acquired from the A/D channels. The

user can define up to 16 different Input structures. Each structure is given a name so that

it can be identified when defining an Experiment structure (Section 1.2.3). The structure

also defines the number of channels, the sample time (1/sample rate in msec), and the

duration of the acquisition (msec).

The Lab-NB board has eight A/D channels which can have a total sample rate of

about 60kHz. Sample time specified by the user must therefore meet the following

criterion:

sample time (msec) > 1/60 (msec) * number of channels

This limit is checked by the computer, and an error is flagged if the given values are not

possible.

1.2.2 Output

The Output structures define the waveforms which are generated by the two D/A

converters on the Lab-NB board. The user gives each output a name, a sample time, a

duration, and then specifies whether one or two channels will be used. The program then

brings up a dialog box for each channel which asks for the user to specify the waveform

10



type. The possible types are Trigger, Burst, and Complex. Another dialog box is then

brought up which allows the user to edit the parameters associated with the selected type.

The waveform types are described below.

1.2.2.1 Trigger

The simplest waveform is the Trigger waveform which requires no subsequent

dialog box because it has no parameters. This type of waveform is usually used to trigger

the A/D input via the external trigger or other devices to synchronize them with the

output on the other D/A channel.

The trigger waveform consists of a maximum output value (5V) in its first

sample, followed by all of the remaining samples being zero (OV). The width of the

trigger pulse is therefore determined by the sample time set for the output.

1.2.2.2 Burst

Burst waveforms consist of patterns of square pulses. They are used to control

devices for which timing control is critical, but a single amplitude is sufficient to control

the desired output. For example, a Burst waveform is used to control a current source for

ICMS (intracortical microstimulation) experiments. The current source is regulated by a

gate for which +5V turns on the preset positive current, -5V turns on the preset negative

current, and 0V results in no current. A burst waveform consisting of +5V and -5V pulses

of the desired duration are used to control the exact timing of the current pulses.

Burst waveforms are created by specifying up to 16 pulses by setting their start

time, their duration, and their amplitude (Figure 2). The user can have the pulse pattern be

repeated as many times as desired. For each repetition, the start time of a pulse is:

start time = initial delay + (rep-1)* burst width + pulse start time

11



BURST OUTPUT WAVEFORMS

A. -

DEFINE -

BURST

#------------------------------ burst width -------------------------------:
-

º - *

amplitude
of pulse 1

Hill–H–H––––––––––––––. |
: delay until ... pulse 1...} i.
! -- ** : * *ººl, **: amplitude
: pulse 1 : width : of pulse 2

i.…. delay until .................i..... pulse 2 ..... ;
: pulse 2 : width :

B.

BUILD |
WAVEFORM -- - - -

:
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - signal width -------------------------------: º

º

H–1–1–11–1–1–11–1–1–11–1––––––––––– f.

| | |
)

i. initial .i...... three repetitions ....... ; º

: delay : of the defined burst - -

º

-

Figure 2. A burst waveform is generated by defining a burst pattern which consists of square wave º
pulses (A). The waveform then consists of one or more repetitions of the burst pattern (B).

*

-
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The initial delay is the time before the repeat block begins. The burst width is the width

or period of the pulse pattern, and rep refers to the number of the current repetition. If the

user does not want to repeat the pattern, then the rep is always one so the formula is

simply:

start time = initial delay + pulse start time

1.2.2.3 Complex

Complex waveforms are made up of linear and sinusoidal segments. They are

used to control devices such as the a voltage-to-displacement converter which can apply

sinusoidal or constant velocity stimuli to the skin.

Linear segments define portions of the waveform that change at a constant rate. A

linear segment is defined by setting its start time, stop time, start value, and stop value.

Sinusoidal segments define oscillatory portions of the waveform. A sinusoidal . . . . |

segment is defined by setting its start time, start phase, frequency, amplitude, and
-

* .

duration or number of cycles. The number of cycles parameter can be used to control the
-

. /,

final phase of the sinusoid. The resulting waveforms from all of the segments are added . . .

together.
-

* e

A common waveform applied to a voltage-to-displacement converter is a sinusoid
1.

resting on top of a trapezoid (Figure 3). The rise of the trapezoid brings the stimulator

down onto the skin, the sinusoid causes it to vibrate the skin, and then the fall of the

trapezoid lifts the stimulator back off of the skin. To create this waveform, the user would
A.

specify three linear segments to specify the trapezoid, and a sinusoidal segment to specify

the sine wave. Since the segments are added together, the sine wave will rest on top of the

trapezoid.
º

º

:
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COMPLEX OUTPUT WAVEFORMS
A.

-

*. º

-1

2
~1–1–l4–1–1–1–1–1–1–1–1–1–1–1–1–1–1–1–Bel—l- 4.

: linear : linear : linear :
* Segment----------------- Segment -------------- *... segment:
: #1 : #2 : #3 :

B.

~ ;--~~

––––––A-AA-AA-H º 1.
: sinusoidal :

- -

!------------ segment ----------- :
: #1 : *

C. |
* :

º
}

L | | | |

1.

--

Figure 3. A complex waveform is generated by defining individual linear and sinusoidal segments -

which are added together to form the complete waveform. Three linear segments are defined to º
form a trapezoid which lowers the stimulator down onto the skin (A). A sinusoidal segment which
vibrates the skin is also defined (B). The resulting waveform is the sinusoid on top of the trapezoid
which provides the desired stimulus (C).

º
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1.2.3 Experiments

The Experiment structure is used to define how a set of trials will run. Each

experiment is given a name to identify it. The user sets the number of trials in the

experiment and the amount of time that should be spent between trials. This parameter is

important in neurophysiology experiments because the response properties of neurons

can change if stimulated too rapidly. The user also specifies whether or not the input

should be externally triggered.

1.2.3.1 Data Collection

Each Experiment structure has an Input and Output structure associated with it.

When an experiment is run, the input is started first, and then the output is started (in case

the output is used to trigger the input).

After completion of a trial, collected data is moved from the Input structure to the

Experiment structure where it can later be manipulated (Section 1.3). This collection

process continues for the specified number of trials.

1.2.3.2 Saving Data

Another parameter of the Experiment structure is the Prompt flag, which if set to

true results in the user being prompted before the collected data is saved to disk. This

mode is useful while the experimental equipment is being set up and tested. Once the

experiment is running smoothly, having experimental data saved directly to disk can be

more convenient or even necessary (see Sequences in section 1.2.4).

In order for files to be saved automatically, the program must be able to create

unique file names. This is accomplished by allowing the user to specify a file name

template. The template is a string which can contain markers. Markers are replaced by the

current value of the variables they represent. Each marker begins with the '#' character.

The list of markers is shown in Table 1.

º
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Marker Represented Variable

#p Penetration number obtained from the MAP program

#S Current sequence number

#q String associated with the current sequence

#d Date when acquisition ends

#t Time when acquisition ends

#o Output name
-

#i Input name . . . .
-

. g
## '#' character … .

-
.

Table 1. Symbols used within templates for file names. They are replaced, when the file is º

created, by the appropriate string. They provide a means of specifying unique file names so . . . . l
that files can be automatically saved to disk.

- -
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If a Sequence (Section 1.2.4) is being run for each penetration being made in the

cortex, then a typical name template for Experiment 1 might be "Exper 1 pen #p seq #s".

If the current penetration is number 4 and the current Sequence is number 2, then the

results of Experiment 1 will be saved to a file called "Exper 1 pen 4 seq 2".

The program currently saves experimental data in one of several file formats. The

first format is called "raw data" which stores all of the collected data. The second format

is called "threshold data" which stores only the data above the set positive threshold or

below the set negative threshold. These thresholds can be generated automatically by

setting a constant which is multiplied by the standard deviation of the trace values:

positive threshold = (mean of trace) + (set constant) * (s.d. of trace)

negative threshold = (mean of trace) - (set constant) * (s.d. of trace)

Using a factor of 2.0, neurophysiological data was reduced by about a factor of seven.

Two other formats are the "spikes" and "spikes with waveforms" formats. These

formats allow the user to save only the super-threshold spikes (see Section 1.3.1). The

"spikes with waveforms" format saves each spike time as well as the waveform of each

spike. Using this format allows for stricter discrimination of spikes at a later time (see

Section 1.3.2). The "spikes" format is the most space-efficient it only saves the time at

which each spike occurred.

1.2.4 Sequences

The Sequence structure specifies a group of experiments that are run together.

Editing the sequence allows the user to select the Experiments that are included in the

Sequence. The user sets the number of times each Experiment is to be performed. If the

"Random Order" flag is set to true, then the Experiments are run in a pseudo-random

order on each repetition. This order is changed after all of the Experiments have been run

17



and the next repetition begins. Otherwise, Experiments are run in the order of the

Experiment definitions. The Experiments are run by executing the Sequence.

The Sequence structure also contains a parameter for specifying another EXP file.

If the "Use Subsequent File" flag is set, then this file is loaded when the sequence

finishes. If the "Run Subsequent File" flag is set, then the sequence defined in the loaded

file is run. This feature gives the user both the ability to use more than one sequence, and

an unlimited number of experiments, inputs, and/or outputs.

1.3 ANALYSIS

The analysis portion of EXP is based on the spike structure. Spikes are defined as

constant-length segments of an input signal which contain samples above some preset

threshold. The term "spikes" is biased by the use of this program for neurophysiology, but

could have as easily been called "events." Spikes are a useful mechanism for

manipulating input data if one can assume, as is often true for neurophysiology

experiments, that these events are the only points of interest in the collected input trace,

and that they are relatively infrequent throughout the trace (Leung, 1990). The spike then

provides an efficient mechanism for working with the relevant part of a trace while

ignoring the large amounts of dead time between events which would otherwise waste

time and space.
-

The following sections describe how spikes can be manipulated in the EXP

program. The thresholding section (1.3.1) describes how spikes are obtained from the raw

traces. The next section (1.3.2) on spike sorting describes how spikes can be categorized

so that the user can distinguish different types of events. Once spikes have been

categorized, their cumulative properties can be viewed in various forms as is described in

the histogram section (1.3.3). Finally, the views section (1.3.4) describes how the user

can create a customized window which will contain specified displays for the current data

A

l
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which will automatically update as the data changes. These views can also be used to

automate the analysis of the collected spikes.

1.3.1 Thresholding

Defining spikes is a simple procedure, but also an extremely important one. It

involves setting a threshold for the input trace(s), which if exceeded, results in the

creation of a new spike. It is at this early point in the processing that information is

potentially lost. If the user decides to save only spikes instead of the raw traces as space

may require, then any event which is below the set threshold is lost. For this reason, the

user may choose to be conservative by setting the threshold at a fairly low value. On the

other hand, the user does not want to waste time and space by having the threshold set so

close to the level of the noise that many of the spikes are due to noise rather than to

neuronal action potentials.

To set the threshold by hand, the user can bring up the "Set Threshold" dialog box

(Figure 4). This dialog box allows the user to view the threshold level with respect to the

raw traces. It is useful to display many traces at once when selecting the threshold level in

order to increase the chance that all of the spikes that the user wants to capture are

displayed.

The user can set the absolute value of the threshold by typing it in or using

buttons to increment or decrement it by a user-defined amount. The threshold can also be

set by describing it as the product of a user-defined value and the standard deviation of

the traces. The standard deviation of the traces will usually approximate the standard

deviation of the noise and thus is a good measure of where to place the threshold. This

method is preferred for the automatic generation of the threshold because it allows for

changes in the noise level or the DC offset.

Once the threshold has been set, spikes are obtained by clicking on the "Get

Spikes" button. They are obtained automatically at the predefined threshold if the

º

º

:

º

T
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Set Threshold

| | |

| | || ~.

*

~ :-----

.
- #

- - … .
-

EHperiment: |0 Step 10 of spikes = 32 - * - -
º

Channel: |0 HUTU | S.d 2.00 Set Globals }
Nest) r-,-l. Threshold = |367 ~

Trial: |0 to 0

)
Figure 4. Dialog for setting a threshold. The controls on the left are used to display data

-

that has been collected. More than one trial can be overlayed which is useful if spikes |are sparse. The controls in the middle column are used to set the threshold. The
threshold can be set graphically, or it can be set as some specified factor multiplied by >

the standard deviation of all of the trials. A different threshold can be set for each
- -

channel. The controls on the right are used to access spike sorting routines which rely *
on the threshold being set.
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Experiment file format is "spikes" or "spikes with waveforms" (Section 1.2.3.2). Once

spikes have been generated, they are displayed in a raster format over the raw traces. This

format consists of a small vertical line being drawn for each spike over the trace at the

time it occured. It allows the user to see exactly what parts of the trace(s) have been

classified as spikes.

The user can edit the spike parameters by clicking on the "Set Globals" button.

The spike parameters are "spike length" (in msec) and "percentage of the spike length

which occurs before the peak". For window discrimination spike sorting (Section

1.3.2.1), it is important that the spike length be long enough so that the entire shape is

available for discrimination. Spike length is also important for the template method of

spike sorting (Section 1.3.2.2), because the entire length of the spike is used in the

calculated correlation value. If the spike length is too long, then irrelevant parts of the

trace will be included making the correlation measure less sensitive. On the other hand, if

it is too short, information about the spike shape will be excluded and again the

correlation measure will be less sensitive. Because this value is critical, it may be worth

optimizing for each experiment rather than using a default value when using template

spike sorting.

1.3.2 Spike Sorting

Once spikes have been gathered by use of a threshold, they can then be used for

subsequent analysis. If recordings are made extracellularly, there may be several neurons

which are sources of the spikes. The shape of each spike depends on many parameters

such as the electrode's proximity to the neuron, the size and morphology of the neuron,

and the electrical properties of the electrode and amplifiers (Humphrey and Schmidt,

1990). Care must be taken not to filter out the frequencies which distinguish one spike

from another (Schmidt, 1984a). If there are not too many contributing neurons, it is

possible to classify spikes based on their shape (Wheeler and Heetderks, 1982; Glaser and
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Ruchkin, 1976). The user can then isolate the response of single neurons as one would

obtain from intracellular recording while using the much simpler technique of

extracellular recording.

1.3.2.1 Window Discrimination

The most common method of spike sorting is a technique called window

discrimination. This method assumes that spikes generated by a single neuron will have

similar amplitudes and will differ from those of other spikes generated by other neurons

(see Schmidt, 1984a,b for review). Previously, this technique was implemented in

hardware. The experimenter specified an "voltage acceptance window" for some time

after the trigger point. If the trace triggered the hardware and then had a voltage that

crossed into the acceptance window at the specified time, then the hardware would

generate a pulse indicating that a spike had been detected. In this simplest form, window

discrimination is limited in that there is only one acceptance window and there is no way

to reanalyze a spike once it has been accepted.

Software implementations of window discrimination allow for more flexibility.

Several "neurons" can be categorized at once. More than one acceptance window can be

assigned to each "neuron" for different time offsets relative to the spike's peak.

Figure 5 shows the dialog used to perform window discrimination. The "# of

groups" refers to the number of "neurons" or "spike sources" that are being classified. For

each group, the user defines the number of "bounds", which define the acceptance

windows. For each bound, the upper and lower voltage values are set as well as the time

relative to the beginning of the spikes. The bounds appear in the spike window where the

vertical line indicates the upper bound and the horizontal line indicates the lower bound.

After setting the bounds for each group, the user presses the "Sort" button. The

spikes are then classified into one of the defined groups or into the undefined group. Each

group has a color associated with it. The spikes are then drawn in the spike window in the

22



Dindolu Discriminate

* of groups: ||

group *: |0
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Figuº 5. Bialog for window discrimination of spikes. The user specifies the number offºupsthat the spikes are to be put into. Each group has a set of boundañes associated with it ■ he
boundaries and the above-thresholdspikes are shown in the upper right corner. In this case,
the; * Separated into two groups. This classification is reflected in the raster display abovethe da

tº traces in the Threshold Dialog (Figure 4). The controls in the lower right of this dialogare used to control the display of the spikes.
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color associated with the group to which they were assigned. In the "Set Threshold"

dialog, a raster display of spikes is shown above the traces. The group assignments are

also reflected in the colors of the raster spikes.

1.3.2.2 Template Discrimination

Template discrimination uses the entire spike waveform to classify a spike rather

than just using selected points as in window discrimination. It also has the advantage that

the templates which are the basis for discrimination can be automatically generated

(Jansen and Maat, 1992; Forster and Handwerker, 1990; D'Hollander and Orban, 1979).

The dialog used for template discrimination is shown in Figure 6. Template

construction is initiated by clicking on the "Build Templates" button. For each spike and

template, the "peak ratio" for the spike and template peaks is calculated as the lesser of

the peaks over the greater of the peaks. If this value is less than the "peak threshold" for

all templates, then the spike is discarded. The peak threshold allows the user to segregate

based on absolute size.

To segregate based on shape, the correlation between each spike's waveform and

each existing template is calculated. If there are no templates, then the spike's waveform

becomes the first template. If there is at least one correlation which is higher than the

"shape threshold", then the spike waveform is averaged into the template with which it

has the highest correlation. Otherwise, the waveform is used to create a new template. If

the six possible templates already exist, then the waveform replaces a template which

only consists of one waveform. If all of the six templates consist of the averages of more

than one waveform, then the spike is discarded.

Once the templates have been generated, spikes can be classified. A color-coded

group, analagous to those defined for window discrimination, is associated with each

template. For each spike to be classified, the peak ratio and the correlation with each

template are calculated. If the peak ratio is below the peak threshold, then the spike is
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Templates
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Trial: |0 peak threshold: |0.80

to |0 CUD )

Figure 6. Dialog for template discrimination of spikes. Templates are generated
automatically using the given parameters (see text) to group spikes based on their shape
and amplitude. The templates are shown on the right with a number indicating the number
of spikes which were averaged to create them. Once the templates have been created, they
can be used repeatedly to sort spikes acquired via the same channel. The classification of
the spikes is represented in the raster display above the trace. In this example, a group of
lower-amplitude spikes are shown in blue and a group of higher-amplitude spikes are
shown in red.
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placed in the undefined group. If no correlation is above the shape threshold, then the

spike is also placed in the undefined group. Otherwise, the spike is placed in the group

associated with the template with which it has the highest correlation.

1.3.3 Histograms

Histograms are graphs based on the binning of data. A bin represents an interval

of time, and its value is the number of events which occurred during that interval.

One commonly used histogram is the peristimulus time histogram (PSTH). This

type of histogram allows events (spikes) to be accumulated over many trials because they

can be aligned based on a known time, i.e. the stimulus presentation time. Since each

presentation produces only a few spikes, binning over many trials is necessary to produce

a smooth response curve which approximates the response probability distribution for a

single presentation of the stimulus. A typical PSTH is shown in the Figure 7.

The program allows the user to define up to sixteen different histograms. The user

defines a histogram by specifying the spikes which are to be used to build the histogram.

For instance, if a sequence had been run which consisted of four experiments, then the

user might define four histograms each containing the spikes generated by a single

experiment. If each experiment used a different stimulus (output), then the histograms

would represent the responsiveness of the neuron(s) to each of the stimuli (Figure 8).

Histograms can be defined even more selectively. When specifying the spikes, the

user defines not only the experiment, but the channel, a time window, a trial window, the

order, and the group of the spike. Each of these attributes is described subsequently and

can be used to explore different aspects of the collected data.

The channel refers to the A/D channel which is used if spikes were collected from

more than one electrode at a time. This feature allows spikes to be collected

simultaneously from more than one location. A common analysis of multichannel data is

crosscorrelation (see below).
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Select Histogram

Histo #2 # of Histos: |0

CDrell D.Name: 1.OU total: 115

DX Currently selected In ean: 89.12
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Figure 7. A typical PSTH (peristimulus time histogram) displayed in the "Select
Histogram" dialog. The user can define a new histogram by clicking on the "edit" button.
After the histogram is defined, the user can click on the "Update" button to recalculate
the histogram. The new histogram is then drawns. Also, statistics associated with the
histogram are shown on the right. They include the total spike count, the mean time, the
standard deviation about the mean time, the minimum time at which a spike occurred, the
maximum time at which a spike occurred, the maximum number of spikes in a single bin,
and the time at which that maximum occurred. These values can be useful for measuring
response attributes such as latency (see Figure 9).
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Figure 8. A set of PSTH's showing neuronal responses for stimuli of increasing
amplitude. The scale of the y-axis is automatically set to maximize the use of the
viewing area. No clear response is apparent in the first histogram. The second histogram
(0.5V) shows a weak response to the stimulus. A strong response (well above the
spontaneous firing rate) is seen in the last three histograms.
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The time window specifies a segment of time within which the spikes must have

occured in order to be included in the histogram. This feature allows the user to isolate a

particular interval of interest in the response. For example, the user might want to isolate

the onset response which refers to the first response after the presentation of the stimulus.

The time window can also be used to eliminate stimulus artifacts. These are

spurious signals generated by the stimulator at known times and which may otherwise be

displayed as spikes. Figure 9 shows an example of a histogram which isolates the onset

response to a stimulus from the stimulus artifact and the rest of the response.

The trial window allows the user to specify a set of trials from which the spikes

are gathered. Normally, all of the trials will be used to generate the histograms. But in

order to ensure that the response properties are not changing throughout the course of the

experiment (e.g. due to adaptation or fatigue), the user can compare the response of the

first half of trials to the last half.

The order of the spike refers to whether the spike, in any given trial, is the first

spike, second spike, third spike, etc., since the beginning of the defined time window.

Usually, the user is either interested in the first spike or all of the spikes.

The first spike can be used to measure latency of the response. If the spontaneous

firing rate is low, then a time window can be set which starts just after the stimulus

presenation time. The first spike in this window can be considered to have been elicited

by the stimulus. The latency refers to the time between the onset of the stimulus and the

spiking of the neuron. This value gives information about the length of the pathway to

this neuron and the strength of the connections within the pathway (Tuckwell, 1988;

Mayzner and Dolan, 1978). It can also be used as evidence for a specific physiological

pathway when anatomical connections provide more than one possible route (Armstrong

James et al., 1992).

The group refers to the classification of the spike based on window or template

discrimination method used to sort the spikes (Section 1.3.2). A group can be used to
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Figure 9. Onset response to a stimulus presented at 10 msec. The time window begins at
12msec to prevent contamination from any artifact that might arise from the stimulator.
The time window ends at 32 msec trying to capture all spikes that are truly
stimulus-evoked while at the same time minimizing the influence of spontaneous firings.
To measure latency, one can use the mean time (11.05 msec = 21.05 msec - 10.0 msec
start time) or the mode time (11 msec = 21 msec - 10msec start time) which happen to
agree in this case. The resolution of the mode time is limited to the histogram's bin width.
The mean is calculated from the actual spike times, and the mean time resolution is
therefore limited by the sampling rate.
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characterize the response of a single neuron. Spike sorting also allows functions normally

performed between separate recording sites such as crosscorrelaton, to be performed on

spikes in two different groups within a single recording.

Histograms generated from spikes represent only one of the possible histogram

types. The user can also elect to perform one of two types of crosscorrelation.

Crosscorrelation is used to make inferences about the connectivity between two neurons

or between two neuronal populations (Melssen and Epping, 1987).

The first type is called simultaneous crosscorrelation. This method calculates the

correlation between spikes which occured during the same trial. The second type is called

nonsimultaneous crosscorrelation. This method calculates the correlation between the

spikes in one trial with spikes in every other trial. The nonsimultaneous crosscorrelation

is used when a stimulus is being presented and gives an indication of how much of the

correlation is due to the effects of the stimulus rather than actual interaction between the

neurons (Perkel et al., 1967).

Another type of histogram is the cycle histogram. This type allows a histogram to

be folded in upon itself. If periodic stimuli are presented, then the user can create a

histogram which is the sum of the response over each cycle of the periodic portion of the

stimulus. The length of the histogram is the period of one cycle. To create this histogram,

the user specifies the starting time, the period, and the number of cycles.

The program also allows histograms to be defined in simple terms of other

histograms. A histogram can either be the sum or the difference of two other histograms.

Subtracting histograms can be used to directly measure effects such as weak inhibition.

Adding histograms can be used to pool the results from two different experiments.

The y-axis of all of the histograms is auto-scaled to include all values. The x-axis

is defined by the time window of the included spikes. The user can specify whether

histograms are to be drawn as line graphs or as the more familiar bar graphs.
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1.3.4 Views

Views provide a means for observing the data as it is collected by the program or

during analysis. These structures are placed in the View window. They appear as small

windows within this larger window. Like windows, they can be moved and resized. This

ability allows the user to structure the View window in a manner which is most useful for

the current experiment.

The contents of a View can be specified by editing the View. Editing the View

allows the user to specify whether a View should display raw data, a predefined

histogram (Section 1.3.3), or captured spikes. For formats other than the predefined

histogram, the user specifies which experiment and possibly which set of trials the data

will come from.

A typical set of views in the View window is shown in Figure 10. The top view

shows the raw data from the last experiment. The bottom left view shows the spikes that

were captured above threshold. And the bottom right view shows the histogram of all of

the spikes collected by the experiment.

1.3.5 Autoanalysis

EXP uses Histograms and Views as a means of allowing the user to specify the

type of analysis to perform on a complete set of experimental data. The experimental data

set is specified by a Sequence string or a list of Sequence strings and a range of

penetration numbers. The analysis is then applied to the files created by all of the

Experiments in the Sequence(s) for every penetration in the given range. A typical

threshold-detection experiment might involve a Sequence containing five Experiments

(one for each output intensity) at a hundred different penetration sites. The ability to

automate the consolidation of this data spread over 500 files greatly shortens the analysis

process.
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Figure 10. One possible configuration of the View window. The user has defined a
View on the left to show a calculated histogram of all of the spikes from the
Experiment "test." The top right View shows the raw data from the first trial of the
Experiment. Note that the current threshold for selecting spikes is also shown. The
waveforms of the selected spikes are shown in the View on the lower right.
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To specify the analysis, the user first defines the desired Histograms. These might

include a histogram of a complete trial, a histogram of a specific time window of each

trial, and/or a correlation histogram (Section 1.3.3). The user can then select one of four

functions to be performed based on the defined Histograms. Each function loads the data

for each specified penetration number and Sequence string, and then recalculates the

Histograms.

The first function is a simple print function which prints the View window

Histograms for every penetration in the specified experimental data set. This function

allows the user to get a complete hardcopy description of the experiment.

Two other functions save all of the defined histograms to disk. One function saves

each histogram to an individual text file. These files can be loaded into other programs

for further analysis. The other function places all of the histograms into a single text file.

This file can be used by the MAP program (Chapter 2) to display the histogram contents

as a "movie" across the mapped cortex. This ability allows the user to get an intuitive feel

for the sequence of events occuring across a densely sampled zone of stimulated cortex.

The final function, and the one most useful for quantitative neurophysiology,

saves the statistics for all of the defined histograms for the specified experimental data set

into a single file. The file is formatted so that it can be easily loaded into a spreadsheet or

statistics package. The histogram statistics include the temporal mean and standard

deviation, the total number of spikes, the minimum and maximum times at which a spike

occurred, and the maximum number of spikes in one bin and the time of that bin. A

simple threshold-detection experiment might use a histogram which looked at a small

time window just after the stimulus presentation (e.g. 5-20 msec after the stimulus), and

another window which looked at an equally sized time window just before the stimulus

presentation. After generating the file described above, the user could compare the total

number of spikes for the pre- and post-stimulus windows to make a determination if the

response to the stimulus was greater than the spontaneous activity rate. Because the data
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is organized in columnar fashion, a simple calculation, such as dividing the post-stimulus

total spike count by the pre-stimulus total spike count, could easily be set up in a

spreadsheet program such as Excel (Microsoft) for all stimulus levels at each penetration

in the file. Values which were much greater than one would indicate that the neurons at

that penetration site responded to the given stimulus; i.e. the stimulus was above

threshold.

1.3.6 Non-Spike Functions

Some functions are provided which operate on the raw collected experimental

data. These functions can be performed before the thresholding and spike sorting. One

simple function is the inversion function which replaces each value with its negative.

This function is useful for neurophysiological data because it can not always be

predetermined which polarity will have the maximum amplitude of the spike.

Another useful function is the "subtract average" function. This function

calculates the average of all of the trials, and then subtracts this average from each trial.

Because extracellular recording requires a great deal of amplification (100,000 times), the

input signal is very sensitive to fields generated by stimulators. These fields manifest

themselves as artifacts in the signal. By subtracting the average signal, these artifacts can

be removed. There is usually enough variance in the physiological response so that this

subtraction does not remove it from the signal. The average signal can be viewed before

allowing its subtraction to assure that it does not contain a physiological component.

Another caveat in subtracting the average is that the amplification must be small

enough so that the artifact does not saturate the amplifier. If it does saturate the amplifier,

then the subtraction of the average will result in a zero value at all of the saturation

points. It will therefore be impossible to recover any physiological signal riding on top of

the artifact at these points.
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Another function allows the user to calculate the rms (root-mean-squared) values

of a trace. This function produces a nonnegative estimate of the energy in the signal at

any point in time. It is useful for low impedance recordings containing many spikes in

which the energy may reflect the population response.

1.4 CASE STUDY

This section describes how EXP is used in an actual threshold experiment

performed on the whisker representation in primary somatosensory cortex ("barrel"

cortex). The program is first set up for the threshold protocol. It is then used to perform

the experiment. After the experiment, it is used to assist in the analysis of results.

To begin setting up the program, the inputs and outputs must first be defined. In

this experiment, five outputs of different amplitudes are used, all presented at 4 Hz. Since

these outputs are a simple 50% duty cycle square wave, the Burst waveform is used to

define the outputs. The outputs are identical except that the amplitude of the 125ms pulse

varies from 0.25V to 4V with each step increasing by a factor of two. The input is defined

to collect over the entire 250ms interval at 10kHz.

Next, an Experiment is defined for each output, pairing them with the one defined

input. The flag is set to save files automatically to the name "pen #p out #o". If the MAP

program is on pen 1 and the output is 2V, then the data will be saved to a file called "pen

1 out 2.0V". The data format is also defined which in this case is the "Spikes with

Waveform" format. This format is space efficient but also contains the waveforms which

can be used to sort spikes or remove artifacts. Finally, 50 repetitions is set as the number

of times to present each output.

A "Test" Experiment is also defined which has only 10 repetitions and uses the

4V output. This Experiment is set as the selected experiment and can be run by choosing

the "Run Experiment" option. It is used to collect a small amount of data which is used to
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set the spike threshold. The "Prompt for Save" flag is set which allows the user to dispose

of the data without having to save it to disk.

A Sequence is defined which contains the first five Experiments. The Sequence

repetition value is set to one so that the each Experiment is performed only once.

During the experiment, each penetration site is first marked in MAP. EXP is then

selected in MultiFinder. The "Run Experiment" option is selected to run the "Test"

Experiment. The "Set Threshold" option is then selected to set the threshold based on the

spikes collected in the "Test" Experiment. Once the threshold has been set, the "Run

Sequence" option is selected. The program then performs each Experiment defined in the

Sequence and saves the collected spikes automatically to disk. This process is repeated

for each penetration site.

To analyze the results, Histograms are defined. To get an overview of the

experiment, one might define a simple peri-stimulus time histogram for each Experiment,

which shows all of the spikes collected over the 250 msec interval. To print these

histograms, five Views are defined, one for each Experiment. The "Print Sequence

Histos" option is then selected which prompts the user for a range of penetration

numbers. It then proceeds to calculate the histograms for each penetration site in the

given range and print them in the format defined in the View window. A typical output is

shown in Figure 10. From these histograms alone. the response threshold is quite clear.

To make a more quantitative measurement, one might define five more

Histograms which look only at the first 20 msec after the stimulus onset. A sixth

Histogram might look at the last 20 msec of the lowest amplitude Experiment (where the

stimulus has been off for 105-125 msec) to get an estimate of the spontaneous rate for

that penetration site. The "Generate Histo Info" option could then be selected which

would create a file of statistics for the Histograms for each penetration site in a user

defined range. This file could be loaded into a spreadsheet package such as Excel for

further analysis. For example, the spike count for each onset response could be divided
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by the estimate of the spontaneous rate. These five values could then be plotted for each

penetration site to see if there is any variance in the threshold of the stimulus across the

map. Figure 11 shows the accumulated values for penetration sites which were

characterized as being in different whisker representations for a D1 whisker threshold

teSt.

1.5 CONCLUSION

EXP has proven to be an effective tool for quantitative neurophysiology. It has

been used in a wide variety of experimental protocols. During ICMS experiments, the

Output structure provides an easy means of generating pulse patterns for stimulating

neurons directly. For quantitative mapping experiments, the Experiment structure is used

to obtain responses at each penetration site to a single stimulus. More complex

experiments measuring neuronal thresholds and tuning properties use the Sequence

structure to obtain responses automatically to over 30 distinct stimuli.

EXP is also an important program for illustrating the NOTES library and for

demonstrating the power of an interactive presentation of results. Large quantities of data,

such as those which can be collected by EXP (an extreme example was 400 MBytes in a

single experiment), require a great deal of consolidation before they can be reasonably

presented. This condensation and abstraction of data, often into graphical form,

necessitates a loss of information. This level of presentation may be adequate for the

majority of readers, allowing them to appreciate the findings without overloading them

with detail.

For those working closely in the same field, however, the lost information may be

critical. It might give clues to why two similar experiments produce different results. It

also might be reanalyzed in a different manner to highlight other attributes of the results.

Most importantly, perhaps, it might contain nuances lost in the condensed presentation

which support new theories, suggesting new experiments to try. In essence, "thought
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Figure 11. Onset responses to a series of stimuli for 13 penetration sites. Each dot on the x
axis represents a penetration site. The letters below it show which whisker the penetration site

was qualitatively associated with based on the best response to light # with a glassprobe. For each penetration, the total number of spikes during the onset interva■ (2 to 20 msec
after the stimulus presentation) are shown for five stimuli. From left to right on º:each bar represents the response to a square wave stimulus of increasing amplitude. The
simulus was applied to the D\, whisker. As expected, most of the response is seen at sites
characterized º; in the D1 barrel (see introduction to thesis)."g" refers to the gamma
whisker, and "0" indicates that there was no driven response. This data was generated
automatically in EXP by defining the "Onset" histogram for each of the five Experiments,
and then having it build a "histo information" file based on all of the data collected at each of
the penetration sites. The "histo information" file was then loaded into Excel (Microsoft), the
spontaneous rate was subtracted, and the resulting values were plotted as shown here.
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experiments" might be tested on real data before any new experiments need be

performed.

A larger discussion of these issues and examples of how the NOTES library can

be used are discussed in Chapter 8. They show how it allows "normal" presentation of

abstracted data while also allowing access to original raw data
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Chapter 2. The MAP Program

A sensory receptive field is the area of skin, cochlea, retina, etc., effective for

exciting a neuron(s) at a specific site in the nervous system. This measure is often used to

define the selective response properties of neurons in both the peripheral and central

nervous system. In primary sensory cortex, neurons at neighboring sites tend to have

similar receptive fields. Sites sampled in a particular direction along this cortex tend to

have receptive fields which shift in a predictable fashion across the sensory surface

(Mountcastle, 1957, 1978; Hubel and Wiesel, 1962, 1974). This topographical

organization comprises a cortical "map" of the sensory surface.

Gross physiological maps, such as those made in humans using PET, have been

used to localize speech (e.g., Drevets et al., 1992), motor (e.g., Walter et al., 1992), vision

(e.g., Corbetta et al., 1990), pain (e.g., Jones et al., 1991), and memory (e.g., Heiss et al.,

1992) functions to specific cortical zones. Detailed physiological maps of the cortex can

be made by making many microelectrode penetrations into the cortex and measuring the
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receptive field of the neurons at each site. These higher resolution maps are used to study

how cortical representations reflect behavior (e.g., Jenkins et al., 1990; Recanzone et al.,

1992), how they vary across species and individuals within species (e.g., Merzenich et al.,

1987), how they change over time in adult animals (e.g., Pons et al. 1991; Kaas et al.,

1983; Merzenich et al., 1983), and how they are utilized in the working brain (e.g.,

Nelson and Bower, 1990).

In order to study these cortical representations in greater detail, it is necessary to

be able to create many detailed maps efficiently and to be able to analyze the data

quickly. To aid in this process, a customized program called MAP was developed which

facilitates both the experimental process as well as the subsequent analysis.

This chapter describes the basic structures of this program and illustrates how

they are used in the experimental and analysis phases. Though the program is described

in the context of experiments on somatosensory cortex, it is important to emphasize that it

is suitable to any application that requires the construction of categorical maps.

2.1 STRUCTURES

In this section, the general data structures used by the program are described. The

manipulation of these structures in the three phases of the experimenu process is then

demonstrated. The first of these phases is the preparatory phase, during which the

program is set up for the experiment. The second phase encompasses the actual

experimental mapping. The last phase is the analysis of the collected data.

The program uses three different kinds of windows: Cortical windows, Sensory

windows, and Text windows. Each window type has a set of structures associated with it

which are defined and manipulated within the window.

Most of the examples used in this paper refer to monkey somatosensory

experiments that use four windows. There is one Cortical window that contains an image

of the area of cortex being mapped. There are two Sensory windows. The first contains a
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picture of the volar, glabrous side of the contralateral hand; the second contains a picture

of the dorsal, hairy side of the hand. The final window is a Text window called the

Message window which is used for documenting the ongoing experiment and for

presenting information requested by the user.

One structure common to both Cortical and Sensory windows is the Background

Image structure. This structure consists of an image captured by a CCD (charge-coupled

device) camera and saved as a TIFF file (TIFF refers to the file format). The image then

forms the background upon which other structures in the Cortical and Sensory windows

can be defined. For example, in a simple somatosensory receptive field mapping

experiment, the experimenter marks the exact location of cortical penetration sites on a

highly magnified image of the cortex and its vasculature and draws skin receptive fields

on a magnified image of the hand.

2.1.1 Cortical Windows

The main structure used in Cortical windows is the Penetration structure. This

structure is used to represent each penetration site on the cortex. One obvious property of

the Penetration structure is the location of the actual sampling microelectrode penetration,

which is indicated by a symbol placed on the corresponding location on the image of the

cortex (Figure 1b, 2b). Aside from its location on the cortex, a penetration site also has a

number of other properties. For instance, in somatosensory cortex, most penetration sites

will have skin receptive fields associated with them. These are defined for a Penetration

as described below in the Section 2.2.2. The location of a penetration's receptive field

determines two other properties of the Penetration: the color and the shape. These

properties govern the appearance of the symbol on the cortical image which represents

the penetration site. The color and shape of the symbol reflect the category to which the

penetration site has been assigned which is later used to create a cortical map. When a
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Figure 1. Before mapping begins, regions are defined for receptive field classification. In
this example, the hand is segregated into anatomically distinct regions (A). A new
penetration site is defined by placing the cursor over the location in the image which
corresponds with the electrode entry site. The penetration site is initially marked with a
brown circle indicating that its receptive field has not yet been defined. The new penetration
site 253 is shown next to the hand-shaped cursor (B). The receptive field is then drawn on
the image of the hand (C). The region which most overlaps with the drawn receptive field
(in this case, the distal segment of the third finger which is represented by an orange
triangle (A)) is used to determine the new shape and color of the penetration site (D). The
orderly nature of the representation can be seen here where the third finger is represented in
orange, and the second finger is represented in green. Also, the proximal segments are
represented as squares, the middle segments as circles, and the distal segments as triangles.
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Figure 2. Data from a completed experiment (courtesy of Christian Xerri). The regions are
defined as shown in Figure 1. Receptive fields are drawn for each penetration site in the
hand representation of area 3b (A). A dense grid of penetration sites are made to obtain a
detailed map of the hand representation. Each penetration site is classified automatically
based on receptive fields drawn on an image of the hand (B). The classified penetrations
are then used to create a map which estimates the cortical representation of each of the
defined anatomical surfaces (C). The bottom yellow area represents response to stimulation
of the face. Above the face representation, the representation of the five fingers starting
with the thumb is clearly shown. The smaller regions to the left of the fingers represent the
palmer pads. The black areas represent dorsal, hairy surfaces of the hand.
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number of penetrations have been completed, the color and shape of the symbols give an

indication of how the sensory surface is represented across the cortex (Figure 2b).

Penetrations also have a value property that allows the user to assign a floating

point value to each Penetration. This value can then be used as an alternative to receptive

field location to determine a Penetration symbol's color and shape. This property allows

the user to map any imaginable variable across the cortical surface.

2.1.2 Sensory Windows

Sensory windows have two structures associated with them. The first is the

Receptive Field structure. A receptive field is defined by drawing a curve on an image of

the sensory surface (e.g. the hand) around the area that elicits a response at the

penetration site associated with the receptive field (Figure 1c). The Receptive Field

structure has

properties associated with this curve such as the area enclosed by the curve and an index

to the Region that most intersects the curve (see below).

The other structure associated with Sensory windows is the Region structure. This

structure is used to define categories by delineating the sensory surface into discrete

areas. These areas are defined by drawing polygons on the image of the surface (Figure

1a). A polygon along with the name

of the category and the Penetration color and shape associated with the category all form

a Region structure. When a receptive field is drawn, its intersection with every defined

Region polygon is calculated. The Region polygon that most overlaps the receptive field

determines the category to which the penetration site is assigned and thus determines the

shape and color of the Penetration symbol.
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2.2 RUNNING THE PROGRAM

The program can be run on any of the Macintosh II (Appie Computer) line of

computers containing a 68881 math coprocessor. It requires roughly two megabytes of

memory, but more if the global variables are set by the user to allow more than 300

penetration sites and receptive fields.

2.2.1 Setting Up The Experiment

Before starting the program, images are taken of the sensory surfaces and of the

exposed region of cortex and are stored in the TIFF format. These images then form the

background of the cortical and Sensory windows. After capturing the images of the

sensory surfaces, Regions, as described above, are defined by drawing polygons and

naming the categories they represent. For instance, on an image of the glabrous side of

the monkey hand, a Region is defined for each segment of each finger as well as one for

each palmer pad (Figure 1a). After drawing the polygon, the Region's category is given a

name (e.g. "distal thumb" would indicate a receptive field on the distal segment of the

thumb), and a color and shape that is assigned to Penetrations that are placed in that

category.

2.2.2 Performing The Experiment

To begin the mapping process, a microelectrode is inserted into the cortex. By

using blood vessels on the cortex for landmarks, the cursor can be placed over the

corresponding location on the image of the cortex. By pressing the mouse button, a new

Penetration symbol will be drawn at this site. When the Penetration symbol is first drawn,

it has a color and shape that indicate that it has an unknown receptive field (Figure 1b).

The receptive field for this penetration must then be defined by the experimenter.

After locating it, the receptive field can be drawn in one of the Sensory windows (Figure

1c). The program then looks at the intersection of the receptive field with all of the
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Regions' polygons. The Region whose polgon most overlaps the receptive field

determines the color and shape of the corresponding Penetration symbol which then

changes in the Cortical window (Figure 1d).

The mapping process is thereby reduced to a simple mouse click in the Cortical

window and a drawing of a curve in one of the Sensory windows. Bookkeeping and

characterization of penetration sites and their associated receptive fields are done

automatically. By continuing this process, a representation of the sensory surface emerges

in the color-coded penetration symbols drawn across the cortical image.

2.2.3 Analysis

The program contains a number of analysis techniques that are specifically useful

for cortical map making. It also contains a number of routines for exporting data so that

they can be processed using more common methods in a spreadsheet or statistical

program.

2.2.3.1 Calibration and Measurement

The simplest form of analysis supported by the experiment is the ability to

measure distances on the images and maps. Each window is first calibrated by measuring

a known distance in its image (a 0.5 mm resolution ruler is included in each image), and

entering that distance and its units. Failure to calibrate each image results in distances

being expressed in the unit "pixels." After calibration, the user can measure any distance

by selecting the Measure option and then defining the distance as a line segment on an

image. Area measurements in the window are also based on the calibration.

2.2.3.2 Map Generation

One key function performed by this program is the automatic generation of

categorical maps. Categorical maps show which areas of cortex contain Penetrations that
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have all been placed in the same category. They are made by assigning each Penetration

to a category. The anatomical partitioning described above for Regions suggests one

possible set of categories. This partitioning produces categories such as the "distal

thumb" category which contains all Penetrations that have a receptive field on the distal

segment of the thumb. By filling in the area showing where Penetrations of each category

are, it is possible to describe a map of the sensory surface across the cortex.

The categorical maps are generated using a simple algorithm. Each point on the

map receives a vote from each Penetration for the category associated with that

Penetration. Votes for the same category from different Penetrations are added. The

weight of a penetration's vote is inversely proportional to the square of the distance from

the penetration site to the map point. If the distance is beyond a user defined limit, then

the vote is zero. This allows the map to contain areas that are undefined. The category

with the largest vote determines the color of that point on the map. A cortical map of the

hand representation in area 3b of the owl monkey cortex is shown in Figure 2c.

Other methods for generating maps were tested. The above method was modified

using votes proportional to the inverse of the distance rather than the inverse of the

distance squared. A simpler method where a map point was defined by the closest

penetration site was also tried. Each method was tested by sampling a known pattern

which simulates occular dominace columns (Siverstein, 1990). The generated maps were

compared to the original pattern. The results from these tests are described in Figure 3.

The inverse-of-the-distance method did not perform as well as the other two. All three

methods perform reasonably well if the sample density is high enough. The inverse-of

the-distance-squared method is used because it produced slightly better maps than the

nearest-neighbor method, and because it is more aesthetically pleasing because it tends to

round corners whereas the nearest-neighbor method leaves sharp edges. The inverse-of

the-distance-squared method and the nearest-neighbor method are essentially equivalent
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Figure 3. Test of different map generating techniques. The original pattern (A) was created by an
algorithm meant to simulate ocular dominance columns. The pattern was sampled randomly or
uniformly at different densities, and then a map was generated from the sampled points. The
generated map was then compared to the original pattern. The density value gives the relative
distance beween points (thus the total number of sample points is proportional to the square of
this value). Uniformly sampled maps were generated using a random starting point for the first
sample (i.e. 0 < x0 < sample distance; 0 < y0 < sample distance). The maps shown above were
generated from a uniform sampling (indicated by the dots) of the pattern. The 1/rºr (B), 1/r (C),
and nearest (D) techniques (see text) were then used to create the maps. The graphs (E& F) show
the performance of the different techniques for randomly and uniformly sampled maps at
different sample densities. Five maps were created for each sampling density with a new random
starting point (uniform sampling) or sample set (random sampling) for each map. At low sample
densities, the maps are not much better than chance (50% correct). At higher sample densities,
the 1/r"r technique performed slightly better than the nearest technique. It is also more
aesthetically pleasing as can be seen comparing B to D. Uniform sampling produced better maps
than random sampling at the same average densities.
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in terms of computation speed, whereas the inverse-of-the-distance method takes much

longer to compute because it requires the calculation of square roots.

The Penetration categories can be reassigned in several ways, and new maps can

be created based on these new assignments. For example, the anatomical Regions in the

Sensory windows can be redefined and the program can be made to recalculate the

categories based on the new Regions. This technique can be used to study cortical

magnification, which refers to how a single point on the sensory surface is represented

across the cortex. By defining one and only one Region at the point of interest, the

program will show all of the penetration sites that have receptive fields that enclose that

point.

Categories can be associated with numerical ranges, and Penetrations can be

assigned categories based on the range that their value falls into. In the auditory cortex,

categories can be based on ranges of frequency. If each Penetration value is given the

frequency which the neurons at that site best respond to, then a map can be created of best

frequency response across the cortex.

It is also possible to directly set the category to which a Penetration belongs. For

example, in the rat barrel cortex (whisker representation), most sites can be characterized

as responding best to a single whisker. By predefining a category for each whisker, it is

then possible to type the name of the whisker in order to assign that category to a

Penetration.

2.2.3.3 Observing Receptive Field Data

Because Penetrations and Receptive Fields are inherently linked, MAP contains

several features for exploring these links. A user can, for instance, set the number of

Penetrations whose receptive fields should be drawn, counting back from the currently

selected Penetration. The user can also select a mode in which a Penetration can be

selected by clicking on it in the Cortical window and its receptive field will then be
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drawn in one of the Sensory windows. A third feature allows the user to create a text file

of Penetration numbers, and then by loading that file, the user can observe the listed

Penetrations' receptive fields. All of these features help the user to discover and display

Penetrations with commonalities in their receptive fields.

2.2.3.4 Importing Neurophysiological and Other Data

This program was designed to work with a number of other programs. One

program it cooperates with is EXP (Chapter 1). EXP stores data in file names based on

the current Penetration in MAP. It is then possible after collecting neurophysiological

data at each site for a particular stimulus, to load the data into MAP. The program can

then sequence through the data using the values at a given time to set the gray-scale color

of the corresponding Penetrations (Figure 4). In this manner, the activity at each site can

be viewed all at once in a kind of "cortical movie". This feature gives the user valuable

insight into how the response to the stimulus changes across the cortex over time.

2.2.3.5 Exporting Data

The program also supports several formats for exporting textual data. A written

summary of the experiment can be obtained which describes each Penetration and the

corresponding Receptive Field(s). This file contains the name of the category that each

Penetration belongs to. It also gives the area of the receptive field and the percentage

overlap with the Region polygons. The Region whose polygon has the highest percentage

overlap should correspond to the Penetration category unless the category has been forced

by the user.

Two other text files are supported which can be loaded into spreadsheet or

statistical packages. The first format contains information similar to the one above except

that it is in tabular form. It lists the basic data associated with each penetration site. The

second format consists of a series of comparison matrices. They include distances
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Figure 4. Responses for each penetration site are loaded into MAP for a map made of the D1
whisker representation in barrel cortex of the rat. MAP can then display the responses over time
as a "cortical movie." Whisker D1 was deflected at time 0. Responses are shown for 7 ms (A),
9 ms (B), 11 ms (C), and 13 ms (D) after the deflection. Darker grays indicate more activity.
Penetrations 1, 2, 10, and 12 (dark squares in E) were characterized as responding primarily to
whisker D1. The light circles in E indicate a response to more than 1 whisker, and the other
shapes indicate primary response to other whiskers. The time series shows an early response by
the area of primary representation of whisker D1 followed by a longer latency response at some
of the surrounding sample sites.
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between penetration sites, distances between receptive field centers, and overlap of

receptive fields. These files make quantitative analysis of many features of the map a

straightforward process. Because these files can be quite large, the user has the option of

loading a file with a list of Penetration numbers for which the information will be

generated rather than for every penetration site.

2.3 USER INTERFACE

The program has the look and feel of most Macintosh programs. It uses the

standard event driven interface with windows, menus, and dialogs. Because there are only

one or two structures in each type of window, the program uses a technique in which the

position of the cursor in a window determines the function that can be performed by

clicking the mouse or hitting the delete key. This function is reflected in the shape of the

cursor. This eliminates the need to constantly return to a "tool box" as is in done in many

graphics programs.

As an example, the cursor is usually in the shape of a crosshair when over a

Cortical window which indicates that a new Penetration will be created at the cursor site

if the mouse button is clicked. If the cursor is placed over a Penetration symbol, however,

it changes to the shape of a hand indicating that clicking the mouse will now allow the

user to drag the Penetration symbol to a new location. This method has the advantage of

being both intuitive and quick and thus minimizes the experimental time spent on the

computer.

2.4 CONCLUSION

Cortical mapping is a valuable neurophysiological technique. It is used in our

laboratory to study plasticity by looking at how maps change over time. Others have

suggested that the organization of a map can also be used to gain insights into the types of

*
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processing taking place (Nelson and Bower, 1990). However the maps are used, MAP is

a useful tool for simplifying and accelerating the mapping process.

MAP has been used in several experimental protocols. These experiments

involved quite different animal models: owl monkey somatosensory cortex (Xerri et al.,

1991), owl monkey auditory cortex (Recanzone et al., 1993), and rat barrel (vibrissa)

cortex (Chapter 7). Despite these differences, the similarity of the techniques used in

terms of the structures defined for the program has made it a useful tool in each of these

experiments. It has clearly aided in improving the efficiency of the mapping process and

in the subsequent retrieval of data.

Like all of the programs described in this dissertation, MAP uses the NOTES

library (Chapter 5) as a basis for presenting acquired data. This allows text files

describing the mapping experiment to be linked to MAP files containing the actual data.

Initially, the user might be presented with a calculated categorical map as one

might be presented in a scientific paper. But unlike a paper, MAP would then allow users

to pursue in as much depth as was desired, the details of the data upon which that map is

based. Users could use the "Show Receptive Field" feature to select Penetrations in the

map and see the corresponding receptive field. They could examine how the receptive

field overlaps with the defined anatomical Regions.
-

If physiological data was acquired with EXP, then the user could look at dynamic

presentations (very difficult in scientific papers) of how physiological responses over

time correspond with the categorical map.

The user might then begin to explore the data in ways other than the way it was

originally presented. As described earlier, the anatomical Regions can be redefined and

the category for each Penetration can be recalculated based on the location of the

receptive fields. The corresponding categorical map can also be recalculated. The user

could take advantage of this feature to explore their own insights into the data.
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The user might also employ the "Export" functions to analyze the data in a

different program. New programs are always becoming available which allow data to be

represented in more colorful and dynamic ways. Allowing the user access to the data in

this way, prevents limiting the data to being presented forever in some obsolete fashion.

The goal is for users to be able to manipulate the data so that it can presented in a manner

that is most insightful and most useful to them.
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Chapter 3. The CAMERA Program

CAMERA is a program which shares many features of both MAP and EXP. Like

MAP, it is able to grab frames from a charge-coupled device (CCD) camera via a

QuickCapture card (Data Translation). Because this function is the focus of CAMERA, it

is of course able to do much more with the frames once they have been grabbed. Like

EXP, CAMERA can also control the D/A channels on the National Instrument's Lab-NB

board. The control of these channels is not as sophisticated as it is in EXP, but it is

enough so that experiments can be run which are synchronized with the capturing of

frames from the camera.

This program was written to facilitate a technique which uses intrinsic changes in

the optical properties of the cortex to measure correlated changes in neurophysiological

activity (Grinvald et al., 1986). These signals manifest themselves as changes in the

absorption of varying colors of light. By recording these changes with a camera, it is

possible to indirectly view cortical activity.
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One difficulty with this technique is that the signals are quite small. The change in

reflectance can be less than 0.1% of the reflected light (Grinvald et al., 1988). Measuring

this change with 8 bit images (a resolution of ~ 0.4%) was accomplished by averaging

frames in software. By using modest hardware to make these measurements, which is

more than an order of magnitude cheaper than the equipment originally used for this

technique, the technique is made more accessible and therefore more useful to a large

number of laboratories.

The tradeoff, however, is that many images must be averaged before a significant

signal can be obtained. CAMERA contains a number of experimental protocols, all which

revolve around the averaging of frames grabbed from a CCD camera. Using these

protocols, CAMERA has been able to obtain signals from images of the cortex that

reflect the underlying neurophysiological activity (Chapter 6).

3.1 STRUCTURES (FRAMES AND AVERAGES)

CAMERA manipulates two basic structures. The first is the Frame structure

which consists of a single frame captured from a CCD camera. The second structure is

the Average structure which is used to average a portion of an image over many frames.

A Frame is obtained by selecting a window and then starting the capture process. Frames

are continuously captured and displayed until the mouse button is pressed. The Frame

then forms the background of the selected window as it did in the MAP program.

There are several experimental protocols for building Averages that are described

below. Before starting any of these protocols, the user specifies an Average structure by

first capturing a Frame from the camera. The user then sizes the window and scrolls to

the area of interest on the Frame. The average structure will be the sum of all subsequent

frames in the bounded area.

Frames consist of a two dimensional array of 8-bit pixel values. The dimensions

of the array are set by the size of the frame captured by the camera (640 x 480 for the
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current camera). Averages, on the other hand, are two dimensional arrays whose

dimensions are set by the size of window which bounds the area of interest as described

above. Each pixel in this array is 32 bits. An average can therefore be summed over more

than 16 million frames.

Averages are allowed to vary in size in order to save space (a full frame average is

1.2 MBytes) and to speed up the capturing process. During averaging experiments, only

pixels in the frame defining the Average are moved across the bus. This technique makes

the averaging speed proportional to the number of pixels in the frame. By choosing a

small frame size, many more frames can be averaged in a given amount of time. Since the

quality of the image is based on the number of frames averaged (noise decreases

proportional to the square root of the number of frames), increasing the speed of frame

collection reduces the overall time of the experiment needed to reach some fixed level of

quality.

3.2 RUNNING THE PROGRAM

CAMERA is used to measure very small optical signals by averaging frames over

long periods of time. In order to optimize the performance and to prevent fruitless runs, a

great deal of care must be taken when setting up the equipment before starting an

experiment. CAMERA contains several features to aid the user in the initial set up.

The Camera-Set-Up and Capture routines allow the user to initialize the camera

and to grab frames. The collected Frames are used to specify the area of interest that is to

be averaged as described above. The collected Frames are also used to focus the camera

because the focal distance of the camera and of the eye through the dissecting microscope

are not exactly the same.

Once the area to be averaged has been specified, an Average Info routine can be

used to adjust the lighting. In the intrinsic imaging experiments, the signal is measured as

a percentage of the reflected light. In order to maximize the signal, the user must Sº
º

;
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maximize the amount of reflected light without saturating the pixels. The Average-Info

routine collects frames and then reports the mean, standard deviation, minimum, and

maximum pixel values for the area to be averaged. These values are displayed

continuously so that the light can be adjusted until the maximum is just below saturation

level.

The last pre-experiment routine is the Test-Output routine. This routine allows the

user to specify one of the outputs to be used in the experiment to make sure that the

stimulus equipment is working properly. In our experiments on the rat, we use this

routine to make sure that the bimorphs (piezoelectric devices) or other displacement

devices are effectively moving the rat whiskers (Chapter 6).

3.2.1 Experimental Protocols

CAMERA contains four protocols for different kinds of experiments. One

protocol is for testing the equipment, another is for testing the optical imaging technique,

and the final two are for doing physiological experiments.

3.2.1.1 Pixel Statistics

The first protocol called Pixel Statistics is used to test the CCD camera and the

video capture board. It allows the user to click the mouse on a pixel in the image, and

then builds a set of statistics based on the value of that pixel over several hundred frame

captures. In order to take accurate measurements, the camera is focused on a flat,

stationary surface that is lit in a manner similar to that used in the experiments. A typical

result for a pixel is shown in Figure 1.

3.2.1.2 Intratrial Times

Another protocol, the Intratrial Times protocol, is used to test how the optical

signal manifests itself over the course of a trial. It builds averages at fixed intervals
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Cohu 4815 Camera

Pixel Histogram
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Figure 1. This histogram shows the number of occurences of different pixel values for a single
pixel in the CCD camera focused on an evenly luminated white sheet of paper. These values
represent a nearly saturated pixel (a value of 0 indicates a white pixel and 255 indicates a black
pixel) similar to the level of saturation used in the imaging experiments. The mean pixel value
is 13.11 with a standard deviation of 3.22.
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throughout the trial. The user defines the frequency and the amplitude of the output (one

channel) which is to be used during this protocol. This protocol was used to determine the

optimum times for averaging in the experimental protocols described below. Figure 5 in

Chapter 6 shows results from an intratrial experiment.

3.2.1.3 Test One Channel

The Test One Channel protocol uses only one channel for the stimulus, but

several outputs of varying amplitude can be defined for this channel. The protocol builds

one average which is the sum of frames collected in the two seconds before each output is

presented. Each output has an average associated with it which consists of the sum of the

frames collected from 3.5 to 8 seconds after the output is first presented. The output lasts

for five seconds. The user defines the number of outputs, the pulse duration and the

frequency of the outputs, and then sets the amplitude of each output. The sequence can be

interrupted by holding down the mouse button. It can then be restarted by clicking the

"Yes" button when asked if the sequence should continue. This interruption facility

allows the experimenter to administer required care to the animal without interfering with

long protocols.

3.2.1.4 Compare Two Outputs

The Compare Two Outputs protocol uses both D/A channels. The user defines the

frequency and the amplitude of the two outputs. A third output which is a blank (OV) is

built automatically. The user specifies the time delay between the presentation of the two

outputs.They also specify whether there are to be 2, 3, 4, or 5 different presentations. The

number of presentations results in the protocols shown in Table 1. This protocol is used

to examine interactive effects of two stimuli. For example, if the two stimuli are mutually

inhibitory, then only the stimulus which is presented first will elicit a response.
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# of Stimuli Output

2 - output 1 then output 2 delayed by user defined amout.
- output 2 then output 1 delayed by user defined amout.

- output 1 then output 2 delayed by user defined amout.
- output 2 then output 1 delayed by user defined amout.
- blank presented on both channels

- output 1 then output 2 delayed by user defined amout.
- output 2 then output 1 delayed by user defined amout.
- output 1 and blank on channel 2
- output 2 and blank on channel 1

- output 1 then output 2 delayed by user defined amout.
- output 2 then output 1 delayed by user defined amout.
- output 1 and blank on channel 2
- output 2 and blank on channel 1
- blank presented on both channels

Table 1. Output pattern is based on the specified number of stimuli. If more than two stimuli
are requested, the program puts out blanks (no stimulus) on one or more channels to be used
as controls.
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3.2.2 Analysis

CAMERA contains a number of features for doing simple analysis on the

calculated averages and frames. One set of functions is used to build, filter and display

Averages. The other, more general functions are used to obtain quantitative information

about a Frame.

3.2.2.1 Difference of Averages

The imaging technique is based on a change in the optical properties of the cortex

as a result of neuronal activity. To measure the change, one must compare the average

image of the unstimulated cortex to the average image of the stimulated cortex. Grinvald

defined the change appropriately as a percentage change in reflectance, Ar /r (Grinvald

et al., 1986). The program calculates this value as:

Ar
-

R - (R - 9)
-

o
r

-
R R

Where R represents the pixel values of the unstimulated cortex, and (R - 0) represents the

pixel values of the stimulated cortex. 0 is the small change in reflectance which

comprises the signal. Note that since o is much smaller than R (roughly three orders of

magnitude), whether one chooses R or (R-0) as the divisor is inconsequential.

3.2.2.2 Filtering

Because the image acquisition system and the biological systems are quite noisy,

CAMERA allows the user to filter Averages by convolving them with the common

stencil (Klaus and Horn, 1986):

1 || 2 || 1

1
-

2 || 4 || 2
16

1 || 2 || 1
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This simple filter reduces high frequency noise in the images. The filter can be applied

repeatedly to narrow the low frequency band which is passed (i.e. convolving the above

stencil repeatedly is effectively convolving the image with a broader estimate of a

Gaussian in the spatial domain that is the equivalent of a narrower Gaussian in the

frequency domain which is multiplied by the image's frequency spectrum, attenuating the

high frequencies).

Filtering of this sort is particularly important for calculating the Difference of the

Averages as described above. From the formula, it is clear that what is being measured is

effectively a time derivative of reflectance. Derivatives are, almost by definition, highly

sensitive to high frequency noise. If we assume that the reflectance changes slowly across

the spatial domain, i.e. neighboring pixels tend to have similar changes in reflectance,

then applying a low pass filter in the spatial domain acts as a low pass filter in the

reflectance domain. Using the above spatial filter to dampen out high frequency noise, the

user can uncover the low frequency signal of the change in reflectance (Figure 2).

Because convolution is commutative, the user saves time by filtering the calculated

difference rather than the more intuitive low pass filtering of both individual averages.

3.2.2.3 Gray-Scale and Pseudo-Color Averages

In order to maximize visual contrast, all Averages are displayed as having their

range of values completely span the color set being used. The default color set is 240

grays ranging from black to white.

CAMERA also allows the user to overlay pseudo colors. If the Auto Color option

is used, then the colors span a range from

-
(mean pixel value) - 2 * (standard deviation)

to

(mean pixel value) + 2 * (standard deviation)
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Figure 2. Effect of filtering images. The original image formed by normalized
subtraction (A). The image after convolving four times with the spatial filter
described in the text (B). The smoothed image makes it easier to delineate
boundaries of the excited region.

-
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A legend is shown below the Average indicating the percent reflectance change that the

colors correspond to. The range of values that the colors span can also be set by hand.

Pixels above the pseudo color range are shown in black, and pixels below the range are

shown in white. Pseudo color is a useful tool for enhancing features in the measured

signal.

3.2.2.3 Sequencing and Printing Averages

CAMERA has several viewing features which allow comparative viewing of

Averages. The first option allows the user to select a set of Averages to be printed onto a

single page. Black and white printing is usually able to capture at least some of the

grossest features of the images.

A second routine allows the user to sequence through a group of Averages on the

screen. After the user specifies which Averages are to be loaded, the program displays

each Average consecutively on the screen. When it reaches the end of the list, it begins

again with the first Average. This mode of display is useful for groups of Averages which

are collected from the same location on the brain. It allows the user to discern spatial

and/or temporal features. For example, sequencing a set of Averages created by

stimulating different whiskers on the rat shows the spatial relationship of the "barrels"

(somatosensory cortex whisker representations) (Chapter 6, Figure 7). Sequencing a set

of Averages created by averaging over different time intervals after the stimulus

demonstrates how the signal arises over time (Chapter 6, Figure 5).

CAMERA contains two windows which can display Images and Averages. This

feature allows two Averages to be loaded into different windows so that they can be

compared simultaneously.
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3.2.2.4 Cross Sections

The cross section routine allows the user to define a line across any part of a

Frame. It then shows the cross section of the Frame (i.e. a two dimensional representation

of the pixel values) for the pixels that were beneath the defined line (Figure 3). This

feature can be used to get a more objective measure of contrast in the image than can be

obtained by simple viewing.

3.2.2.5 Histograms

Pixel histograms are obtained by selecting a rectangular area of an image. A

histogram is then created which shows the number of pixels in that area having each of

the 256 possible pixel values (Figure 4). The histogram indicates how effectively the

intensity bandwidth is being utilized in the selected area of the image.

3.2.2.6 Regions

Regions are colored polygons which the user can draw over collected images.

Each Region is given a name which is displayed along with the polygon. If different

cortical responses are imaged from the same camera position, a different Region can be

drawn for each response area for each stimulus protocol. The relative position of the

cortical areas is then indicated by the relative position of the Regions. A set of whisker

representations derived from a different image for each whisker is shown in Figure 5. A

pseudo color representation (not shown) was used to draw the regions.

If frames are not all created from the same camera position, CAMERA allows the

user to scale, rotate, and translate the Regions. If some of the drawn Regions indicate the

positions of blood vessels, the Regions can be aligned independent of the camera

position. This technique is also useful for overlaying the Regions on the physiological or

anatomical maps.
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Pixel Cross Section
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Figure 3. Cross section across an image. The graph shows the pixel intensity values
for pixels underneath the defined line (black) in the image.
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Pixel Histogram
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Figure 4. Histogram of selected region. The graph shows the number of pixels (y-axis)
in the selected rectangle of the image which have the given pixel value (x-axis). The
histogram suggests two overlapping populations of pixel values; one has a mean of about
90, and the other has a mean of about 140.
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Figure 5. Regions are used to outline dark areas in the images (A). If many images are
made from the same camera position for different whisker stimulations, then a map of
the whisker representation can be made (B).
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The Regions also provide a means of obtaining quantitative data about the images.

Area measurements of the regions and statistics on the pixels they contain can be

calculated by CAMERA. Also, for single camera position studies, quantitative

comparison of different stimulus protocols can be automated. First, all of the regions of

interest are defined. Then a list of images to study is entered. Finally, CAMERA

calculates the pixel statistics (mean value, standard deviation, minimum, and maximum)

for each Region in each Average and places the results in tabular form in a file. These

results indicate differences between a particular area when it is active and inactive, as

well as between different regions which are not concurrently active.

3.3 CONCLUSION

Optical imaging provides a noninvasive mechanism for studying

neurophysiology. Previous work relied on expensive hardware to measure the small

signals associated with this technique. The expense of this equipment made the technique

inaccessible to many laboratories.

CAMERA demonstrates that by using software to average many frames, good

images can be obtained by using inexpensive equipment already available in many

laboratories. It provides the means for making optical imaging a common tool in the

neurophysiologist's repertoire.
-

CAMERA also contains the NOTES library. Notes describing an imaging

experiment might reference CAMERA files which present processed images. For the

casual reader, these processed images might be enough to explain the main points of the

experiment.

For readers requiring more information about the experiment, CAMERA allows

them to inspect the original Averages from which the processed images were generated.

They can also reanalyze the data in new ways. For example, instead of building two
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images for two different stimuli, the reader might want to build a single image by

subtracting the Averages associated with each stimulus.

Again, the ability to explore the data in this manner is more likely to give the

reader a realistic view of the significance of the experimental results. It also improves the

chances of the experiment being successfully repeated. By using available computer

technology in this fashion to facilitate these fundamental processes of science, scientific

progress can be accelerated.

s
-
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Chapter 4. The BIBLIO Program

One important aspect of research is keeping up with the work being done by

others in the field by reading scientific journals. In the past, people indexed their readings

by a particular attribute such as the author's last name. They used this attribute to

alphabetize the papers in filing cabinets or index cards in boxes. In order to find a paper

again, a person would have to remember the name of the first author on the paper. This

became quite difficult when there were hundreds of papers On file.

Computers can use any data attribute to retrieve a data record. This ability makes

them a perfect tool for maintaining a database of articles. It allows the user to recall any

feature such as keywords, part of a title, notes taken on a paper, etc., rather than just the

author's name in order to find a paper of interest. Libraries have used this ability to create

databases such as Medline (MELVYL, 1984).
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The BIBLIO program is a tool for an individual user which shares many features

with the library database programs. The user enters relevant data about each paper that is

read. This information can then be retrieved and displayed in a variety of ways.

There are other bibliography programs (e.g. "EndNote plus" by Niles and

Associates, Inc.), but this program has several features which are unique. The program

contains a Terminal window which can be used to access outside databases via a modem.

This feature allows the user to download references directly into the program. The

program can then automatically convert these textual references to entries in the program.

Library reference databases are becoming increasingly more complete, and this ability to

directly access them and load relevant listings can save the user a great deal of time.

BIBLIO also supports the NOTES Library (Chapter 5). One of the most natural

uses of hypertext links is the ability to tie text to a reference. Many readers perform this

task manually. When they come to a referenced point of interest, they look it up in the

bibliography. If the title is interesting, they then go to the library to read the abstract or

get the article. The BIBLIO program allows the user to quickly follow hypertext links

from references in the notes of other programs to the bibliographic information in this

program including the abstract and any personal notes about the paper that the user might

have taken. They can then return automatically, if they wish, to their original location in

the original program's notes.

4.1 STRUCTURES

This section gives an overview of the structures used by the program.

4.1.1 Windows

The program uses five windows. The Biblio window displays the entries (see

below) in a typical bibliographic format. The Summary window is used for taking notes

on the selected entry. The Terminal window acts as a remote terminal for accessing
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outside databases. The Notes window is used for taking general notes on the experiment

(see Chapter 5). Finally, the Message window is used to display diagnostic information.

4.1.2 Entries

Entries are the basic unit on which the program operates. The Entry structure is

made up of the information about a reference. This information includes the basic data

needed to find the reference as well as a pointer to a note file which can be used to make

notes on the reference. The program allows the user to create new entries as well as to

edit existing ones. It displays the entries in the Biblio window. The entries can be printed

to obtain a hardcopy of the current bibliography, or they can be saved as text and loaded

into a word processing program.

To perform an operation on an entry, the user selects it by clicking on it with the

mouse. The entry will appear with a black background once it is selected (Figure 1).

This entry will be referred to in this chapter as "the selected entry." The operations which

can be performed on an entry once it is selected are described below in Sections 4.2 and

4.3.

4.1.3 Patterns
-

This program manipulates text. Many of the text operations allow the user to

enter patterns rather than just strings. A pattern can contain special characters in it which

make the specification more general. The two special characters used in this program are

'*' and "?". " matches any string of characters, and "?" matches any single character. For

instance, "vibris”" matches "vibrissa" and "vibrissae". " vibris??", on the other hand,

Imatches " vibrissa" but not "vibrissae" because there is no character to match the 'e' of

"vibrissae".
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•º.
• File Edit Entru Uieu Format Terminal Notes IIJindou

HEE Bibliography
24, 1991

42. Erzurumlu, Reha S., Ebner, F. F. Maintenance of discrete somatosensory maps in subcortical
relay nuclei is dependent on an intact sensory cortex A***Ayamevnfº/&n Kºsauru■ 44:302-308 1988

43. Fabri, Mara, Burton, Harold Ipsilateral cortical connections of primary somatic sensory cortex
in rats Whº Azarmu■ of Cºmayºffry Mºurvøy 311:405-424 1991

44. Ferster, David, Koch, Christof Neuronal connections underlying orientation selectivity in
cat visual cortex Wºnºr in Mºwusurfivºy 10(12):487-492 1987

45. Finkel, L.H. A model of receptive field plasticity and topographic map reorganization in the somatos
portex cºnnectiºns favº/hy any&n anctiºn 164-192 The MIT Press 1990

#. Fox, K & ºriti: ºl periºr■ fºr . . peri-rº-depender" fºr ºptiº plasti ºg in ra" tºrr-, ºr ". . .
| C 5 13-rº-E3. 133. I 1311

47. Fromherz, Peter. Offenhausser, Andreas, Vetter, Thomas, Weis, Jurgen A neuron-silicº
junction: a retzius cell of the leech on an insulated-gate field-effect transistor Swävº 252:1290-1293
May 31, 1991

48. Fujita, T, Kanno, T. Kobayashi, S The Paraneuron Springer-Verlag

9, F o -
e Prefrontal Cortex: Anatomu, Phusiolo nd Neuroosucholoqu of th

Figure 1. A typical screen from the Biblio program. Entries have been sorted by the authors last name.
The cursor is placed over an entry and the mouse pressed in order to select an entry. The selected entry
appears with a black background. This entry can now be reedited by double clicking on it or by choosing
the "Edit Entry" item from the "Entry" menu. The Summary notes associated with the entry are automa
tically loaded into the Summary window (not shown) whenever an entry is selected.

83



4.2 BUILDING A DATABASE

A database is built by creating a new entry for each reference to be entered. The

information for each entry is typed into a dialog box as is shown in Figure 2. To edit an

entry, the entry is selected with the mouse in the Biblio window, and then, the "Edit

Entry" command is selected from the "Entry" menu.

Whenever an entry is selected, the notes file associated with it is loaded into the

Summary window. This window can be selected and read, or new notes can be added.

Summary window is a good place to enter the abstract associated with an entry if it is

available.

Another mechanism for adding entries is by automatically loading them from

library article databases. This technique is described in Section 4.4.

4.3 MANIPULATING THE DATABASE

The program has a number of features for searching for entries and for selectively

displaying them. These features make it relatively easy to locate any set of related papers.

They can be related by any attribute of the entries such as by author or by keyword. The

parsed set of entries can then be added to, subtracted from, or if the desired set has been

found, printed.

4.3.1 Sorting

One mechanism the user can use to help find a desired entry is to sort the

bibliography. The program will sort all entries which have not been filtered out (see

filtering below). Entries appear in the Biblio window in the order that they were sorted.

The program currently allows the entries to be sorted by either first author or date.
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•º.
- File Edit Entru Uieu Format Terminal Notes Dindou■

ENTRY # 46

Title: ||A critical period for experience-dependentsynaptic plasticity in rat bamel cortex.

Journal:

Publisher:

Location:

Date:

Author: Last Name: Fox

First Name: K

Author # 1

J Neurosci

1992 May
F

(Volume) Pages: [12(5):1826-38
Keyword # 1

rat

Figure 2. The dialog box for editing entries. The user can elect to fill in as many of the items as he wants.
Subsequent authors are enterred hitting the Next Author button or by typing return when in the Last or
First Name items. If part of the last name of an author is typed and the right arrow key is hit, then the
computer looks for a name in the database which starts with those letters. The computer enters the last
name and the corresponding first name from the database that is closest (alphabetically) to the enterred
letters. The arrow key can be hit repeatedly to sequence through the names in the author database. Key
words are handled similarly to author names. All other items take only a single entry.
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4.3.2 Filtering

Filtering is a key part of this program. It is the mechanism by which the user can

select a set of entries to be viewed from a large database of entries. For instance, one

might set up a filter to accept all entries with a keyword which matches the pattern

"vibris”." Such a filter could be used as a first pass attempt to recover all of the entries

dealing with vibrissae.

Filtering always takes place on the remaining entries that have not yet been

filtered (those that are visible in the Biblio window). If a large number of entries still

remains after the keyword-"vibris" filter, then another filter could be applied that only

includes entries with the keyword "rat." The program would then eliminate any of the

remaining entries which did not contain this keyword.

Unfiltering takes place on those entries which have already been filtered and

provides a mechanism for bringing entries back into view. If the last filter on the

keyword "rat" was too strict because it eliminated many related articles which used mice,

then the user could unfilter on the keywords "mouse" and "vibris”." This would bring

back into view all of the vibrissae papers which were performed on mice.

One special type of filter uses a text file rather than a pattern to filter entries. The

program looks for all instances of parentheses in the text file. If the parentheses are of the

form "(Author lastname)" or "(Author lastname, date)", then any entry with a

corresponding author and date is not filtered. All other entries which were not referenced

by the file are filtered from the visible entries. This feature allows the user to

automatically create the bibliography from the actual references in the paper.

Clearing the filtering makes all entries visible again.

4.3.3 Searching

There are two search routines built into the program. One is used for searching for

an entry that has not been filtered. If an entry is found which meets the required

86



specifications, then it becomes the selected entry and is displayed at the top of the Biblio

window.

The other type of search is one which allows the user to search for words in the

Summary window. This type of search can be time consuming since the program must

load all of the summary files of all of the entries to search for the given pattern.

4.4 OUTSIDE SOURCES

Because libraries now provide databases of articles with all of the bibliographic

information already entered, BIBLIO allows the user direct access to these databases. The

program provides a simple Terminal window for accesssing the data via a modem and

telephone line. It also provides the means by which information from the library database

can be automatically transferred to BIBLIO entries.

4.4.1 Terminal Window

The Terminal window is a text window that gives the user access to the serial

port. Text coming in from the serial port is shown in the window. Keystrokes made when

this window is active are sent out through the serial port.

Functions are provided for dialing a modem to give the user access to another

computer and for hanging up the phone line when the session is finished. Text file

functions for saving and loading text into the window are also provided.

If a modem is used to connect the program to a library database computer, then

bibliographic data can be loaded directly into the program. The information can be saved

as text for later use, or it can be converted into entries as described below.
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4.4.2 Integrating Medline

The Medline database provides bibliographic data for 1.5 million life science

articles. In order to utilize this valuable resource, BIBLIO contains a mechanism for

converting Medline entries displayed in the the "medline" format into BIBLIO entries.

To convert a Medline entry, the displayed information associated with the entry is

selected in the Terminal window. The "Get Medline Entry" command is then executed. A

new entry will then appear in the Biblio window with the data from the Medline entry. If

more than one Medline entry is selected, then all of them will be converted to BIBLIO

entries.

4.5 CONCLUSION

BIBLIO provides a reasonable method for maintaining a database of scientific

papers. The computer makes retrieving articles much simpler because they can be

searched for in a variety of ways. The ability to integrate information from large

databases such as Medline saves the user a great deal of time.

The main reason for writing BIBLIO, however, was so that the NOTES library

could be included. The hypertext descriptions of an experiment, if ever to be accepted,

must provide at least the same amount of information as a scientific paper. References to

earlier work is a key part of these papers.
-

References also require cross-referencing (a small description in the text leads to a

more complete description of the reference in the bibliography that leads to the original

article) which makes them a familiar example for illustrating hypertext concepts. They

provide an obvious point where Link building (Chapter 5) might begin.
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Chapter 5. The NOTES Library

The NOTES library provides a mechanism for linking together notes and data

from all of the programs described in the previous chapters. This ability to link together

related pieces of information is referred to as "hypertext" and/or "hypermedia" (Fraase,

1990a). Many of the ideas that these terms encompass were first described in an essay by

Bush in 1945. The actual term "hypertext" is credited to Nelson in the 1960s. Nelson has

continued working with hypertext ideas and has been designing Xanadu, an operating

system based on these concepts, for more than twenty years (Swaine, 1990). The first

working hypertext program was called NLS and was presented by Engelbart in 1968.

This program later became the AUGMENT system (Engelbart, 1984). Despite its long

history, hypertext is still regarded as new, or even futuristic (Elmer-Dewitt, 1993).

Hypertext is not an unfamiliar concept to most people because tables of contents,

indices, and cross-references provide a primitive basis for understanding its function.

Hypertext, however, refers to the use of these kinds of approaches in the realm of the
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computer, so that much of the work of these processes is automated (Weiss-Fersko,

1991).

Hypertext has been described as a nonlinear mechanism for exploring text (e.g.

Shneiderman and Kearsley, 1988). The phrase "nonlinear mechanism" refers to a

deviation from the normal sequential or linear method in which text is usually presented.

A hardcopy of text is necessarily a sequential presentation. But when text is displayed on

a computer, it is nearly as easy to bring up some distant paragraph as it is to bring up the

next paragraph. Capitalizing on this potential, early designers of hypertext realized that

text documents could have built in cross-referencing (Fraase, 1990a). If a user comes

across a point of interest which contains a Link to more details, then that Link can be

followed instantly leaving the current text. If it turns out not to be of interest, the Link can

be returned from to the starting location in the original text.

Hypertext is often cited as a useful way of creating an encyclopedia (e.g. Fraase,

1990b). This example is probably so common because cross-referencing is already a

familiar notion in encyclopedias. But the more fundamental reason, and the reason why

there is cross-referencing in encyclopedias, is because the encyclopedia is a research tool,

and research requires sifting through data at varying levels of detail. Some areas can be

reviewed quickly, whereas others require great depth. In those areas of most interest,

Links can be followed to "the bottom" where the finest level of detail can be obtained.

Science research, like all research, requires this ability to filter data. This project

gives hypertext-like capabillities to a series of experimental programs so that a reader can

quickly move from a general overview of experimental results to looking at the actual

raw data and the routines that collected them. Providing this feature makes the necessary

level of explanation available to both the researcher searching for a summary point and

the researcher attempting to duplicate the experiment.

This notion can be extended to link a series of papers. The classic review article

would be the most general level which would have Links to the experimental papers
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which support its conclusions. Each of these papers would have Links to the programs

and data that they describe. Using the tools described here in this manner makes them a

powerful device for both searching and comprehending the vast amount of data being

generated by scientific research.

The essay by Vannevar Bush foresaw the need for such tools almost fifty years

ago:
Science has provided the swiftest communication between individuals;
it has provided a record of ideas and has enabled man to manipulate and
to make extracts from that record so that knowledge evolves and
endures throughout the life of a race rather than that of an individual.

There is a growing mountain of research. But there is increased
evidence that we are being bogged down today as specialization
extends. The investigator is staggered by the findings and conclusions
of thousands of other workers -- conclusions which he cannot find time
to grasp, much less to remember, as they appear. Yet specialization
becomes increasingly necessary for progress, and the effort to bridge
between disciplines is correspondingly superficial.

Professionally, our methods of transmitting and reviewing results of
research are generations old and by now are totally inadequate for their
purposes.

- Bush, 1945

5.1 STRUCTURES

The NOTES library uses four main structures: Notes, Links, Destinatons, and a

Follow Stack. Notes are just text files of written notes. They contain all of the written
information which the user can read. The other two structures allow the user to move

through the notes in nonlinear ways.

Links are used to mark sites where the user can move from to get more

information. They contain information about where they are, the current program and

Notes file, and where they lead to, the Destination program and Notes file. When a Link

is selected, the user moves from the current location to the Destination.

Destinations are just the endpoints of Links. They mark where exactly in the

Notes file the Link leads to. They also have the option of describing the current state of
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the program which is recreated if the Link is followed. Destinations can also specify a

pointer which can be used to indicate a particular point of interest on the screen. The

relationship between Links and Destinations is shown in Figure 1.

When a Link is followed, it is pushed onto a stack. The stack allows the user to

follow several Links consecutively and then to return to each Link in the reverse order

that they were followed by popping them off of the stack. If the Return To First Link

option is used, all of the Links are popped of the stack and the program returns to the

original Link that was on the bottom of the stack.

5.2 CREATING LINKS

In order to create a new Link, the user selects the location in the Notes file where

the Link is to be positioned. The user then selects the Create Link option. A dialog

appears which asks the user for information about the type of Link being created. The

user enters whether the Link will be to another program and/or to another Notes file. If

the Link is to another program, the current program will try to make that program the

active program.

After creating the Link, the program waits for the user to specify a Destination.

During this time, no other Links can be followed, but otherwise, the programs run as

usual. The user selects the location in the Notes file where the Destination is to be

located. The user can also set up the program to be in the state which will be entered

whenever the Link being created is followed. The Return From Create Link option is then

selected, and a Destination is created. The user is asked if the current state of the program

should be saved in the Destination. After the Destination is completed, the program

returns to the Link which leads to it.

--

º
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Links and Destinations

Program A

Notes File 1

LINK

—-s follow
link

Notes File 2

Program B

DESTINATION

Link

Maintains its own location

including the program and
notes file that it is in, as
well as maintaining the
program and the notes file
of the destination it
points to.

NA
N

Destination

Maintains the text in the notes
file which should be selected if
its link is followed. It also has

the option of storing the current
state of the program it is in. This
state is restored when the link is
followed.

Figure 1. Links can point to destinations in other note files in other programs. Destinations can store
the current state of the program. By following a link, a user can be led to a desired state in another
program which can be explained by the text at the destination location. The links can be used to
explore descriptions of data collected by multiple programs. The programs are completely functional
during this exploration so the user can use them to further analyze any of the presented data.



5.3 FOLLOWING LINKS

Links are represented by hollow diamonds and Destinations are represented by

smaller solid diamonds. Links can be followed by clicking once on the diamond and then

selecting the Follow Link option or by double clicking on the diamond. If the Destination

is in another program, the Link attempts to activate that program. It then specifies the

Notes file which contains its Destination. The text associated with the Destination is

selected. If the program state was saved in the Destination, that state is recreated. If a

pointer was specified, the pointer cursor moves to the assigned position.

Following a Link makes no restraints on the next action to be taken. Users can

follow more Links, or they can select the Return From Follow option which will return

them to the last Link that was followed. As described above, the Return to First Link

option can be chosen to return to the first Link that was followed. This action clears the

stack so that other Links that were followed can no longer be returned to.

5.4 BUILDING AN EXPERIMENTAL SUMMARY

One problem with hypertext is defining a useful set of guidelines for building

linked documents (e.g., McKnight et al., 1989). The best, but perhaps unnecessary advice

is to keep it simple. A single Link is probably sufficient to lead to reference material

which will contain its own network of Links. Trying to create Links to every conceivably

related document is probably a waste of time since the majority of them will never be

followed. Adding only a few Links to each experimental description will make the task

less foreboding while potentially greatly enhancing the explanatory power of the text.

A powerful aspect of Links is that they give the user the ability to reach a state in

a program that would be difficult to achieve otherwise without a lot of detailed

documentation. Users do not have to concern themselves with the location of various data

files and program commands. The data can be made as readily available as if it were

presented in a scientific paper.
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But this is where the similarity to a scientific paper ends, and where the

documents become more like a personal presentation. The fact that the data are presented

within the programs used to collect them allows the user to "ask questions" about the

experiments. Methods can be inspected by directly viewing the presented stimuli.

Parameters used in the analysis can be checked and even modified for a recompilation of

the results. Most importantly, new questions can be asked about the raw data which were

not posed by the original experimenter. Such capabilities make many pilot studies

feasible from the domain of the computer.

In summary, only a few Links are usually necessary to present most of the data in

the programs in which they were collected. Users can then follow a Link to reach a

program loaded with the relevant data to explore the experiment in the desired level of

detail. Beyond understanding the presented results, new information can be sought by

reanalyzing the raw data.

5.5 CONCLUSION

The NOTES library is used to interconnect descriptions of experiments which

employ one or more of the programs described in this dissertation. Embedding the ability

to link data in the programs used to collect that data allows the experimenter and other

users to view the data in context. This provides a more powerful platform from which one

can interact with the data than has previously been possible with stand-alone hypertext

authoring systems (Meyorwitz, 1989).

Following Links can bring the user to a specific state in one of the programs with

data from an experiment loaded and displayed. Users can then continue following the

linear flow of the experimental description, or they can use the program to explore the

presented data in more detail. An example of how the NOTES library could be used to

create a description of the optical imaging experiments is described in chapter 8.
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Chapter 6. A New Approach to Intrinsic
Optical Imaging

Several techniques such as positron emission tomography (PET) and 2

deoxyglucose autoradiography (2-DG) are based on the assumption that neuronal activity

is reflected in the metabolic activity of the cells. Indeed, studies have shown a strong

correlation between neuronal and metabolic activity (for review see Raichle, 1987). Much

of this metabolic activity is thought to be used for reestablishing Na and K concentrations

via the ATP driven Na,K pump.

An increase in metabolic activity requires more oxygen delivery to the cells.

Feedback systems in the vasculature can respond to this demand with an increase in

blood flow and blood volume (Fox and Raichle, 1986). Whether or not these changes in

blood flow occur, the amount of deoxygenated hemoglobin leaving the capillary beds

necessarily increases. Because deoxygenated hemoglobin has a different absorption

spectrum than does its oxygenated counterpart, a change in the amount of deoxygenated

hemoglobin results in a change in the optical properties of the activated tissue. A change

-->
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in optical properties provides a potential signal which, if imaged, would provide an

indirect measure of the activity that initiated these changes.

In 1986, Grinvald et al. described a slow time course signal that was interfering

with their voltage-sensitive dye measurements. By eliminating the dyes, they found that

they could use these intrinsic optical signals to image activity correlates in the brain. This

technique has been used to form images that strongly resemble physiological maps in

somatosensory and visual cortex (Gochin et al., 1992; Bonhoeffer and Grinvald, 1991;

Ts'o et al., 1990; Grinvald et al., 1986, 1991). It has also recently been used to image

language centers in the human cortex (Haglund et al., 1992).

This technique has several advantages. It is relatively noninvasive, so it does not

have potential toxicity problems associated with voltage-sensitive dyes. It provides a

measurement similar to that produced by 2-DG studies, but since it is conducted in vivo,

many different images from different stimulus paradigms can be gathered from a single

animal. Finally, it permits activity reconstruction across ralatively large cortical areas.

One drawback of this technique, however, is the described complexity and

expense of the equipment used to perform it. In order to make the technique more

accessible to many more laboratories (including our own), a much simpler and cheaper

experimental setup was developed for measuring intrinsic optical signals in rat "barrel"

cortex. Images that correspond well with physiological maps of whisker (vibrissa)

representations in this area of cortex were obtained using this simplified technique.

Figure 1 describes how whiskers are labeled and shows how they are represented

across barrel cortex. References by name to whiskers and their corresponding barrels are

occasionally made throughout the next two chapters. The nomenclature is quite

straightforward. Letters refer to the row (A - E running dorsal to ventral) and numbers

refer to the column or arc (1 - 6 running caudal to rostral). The four most caudal

whiskers lie between the five rows and are labeled "alpha", "beta", "gamma", and "delta".

º
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Rat Vibrissae

i i i i i ;
Left Hemisphere of Rat's Brain

Left Barrel Cortex

Figure 1. Representation of rat whiskers in primary somatosensory cortex. Whiskers are
labeled by row (A-E) and arc (1-6). The caudal most whiskers are given the first four
letters of the Greek alphabet (A). The body representation in primary somatosensory
cortex is dominated by the whisker representation (B). An enlargement of the whisker
representation ("barrel" cortex) demonstrates how the spatial relationship between the
whiskers is preserved in the cortical representation (C).
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The large, caudal barrels are approximately 400pm across. Under pentobarbital

anesthesia, neurons in the barrels respond primarily to the principal whisker with which

they are associated. Their response properties have been well characterized (e.g., Simons

1979). In addition to having well-studied anatomy and physiology, barrel cortex is a good

testing ground for optical imaging because the whiskers are the easiest part of the

somatosensory system to which one can apply controlled stimuli. Also, stimuli to a single

whisker will, for the most part, activate a distinct, relatively large area of cortex.

The technique produced good images of cortical areas representing single

whiskers. Curiously, some of the details of the images obtained using this technique

differ from those of images described by Grinvald. The time course of the signal is slower

and longer than Grinvald et al. (1991) described. Grinvald's images are described as

arising from small arteries (1986), whereas the images obtained using this modified

technique reflect increased absorbance by blood in the venous return pathway. This signal

most likely arises from an increase in the amount of deoxygenated hemoglobin resulting

from an increase in metabolism due to increased neuronal activity. In essence, the images

seem to be capturing the signal which deoxygenated hemoglobin must provide if more

oxygen is being utilized by active neurons.

6.1 MATERIALS AND METHODS

6.1.1 Preparation of the barrel cortex

Sprague Dawley rats were anesthetized with sodium pentobarbital (Nembutal,

55mg/kg i.p.). Rectal temperature was monitored and maintained at 37.5°C with a

thermostatically-controlled heating pad. Tracheal and femoral venous cannulae were

inserted. The atlanto-occipital membrane and dura covering the cisterna magna were

transected to reduce cerebrospinal fluid pressure. A unilateral craniotomy was performed

over the barrel cortex. The dura over the cortex was reflected, and the cortex was covered
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with silicon oil. Intravenous pentobarbital was administered as necessary to abolish the

corneal eyeblink reflex and the hindpaw pinch withdrawal reflex.

Physiological recordings were often made to verify the location of key barrels.

These recordings were made using 10um carbon fiber electrodes (Armstrong-James and

Millar, 1979) which were introduced orthogonal to the surface and inserted 580pm

beneath the pia with a microdrive. The neural signals were amplified and connected to a

speaker. The response properties of each penetration site were characterized qualitatively

by tapping lightly on each whisker with a glass probe and noting the neuronal response.

A map of the whisker representation ("barrel" cortex in SI) was created using the MAP

program (Chapter 2) to record the characterization of penetration sites made at 2001m

intervals.

6.1.2 Basic Imaging Technique

The optical imaging setup is shown in Figure 2. The cortex was illuminated with

red light (mean wavelength ~660 nm) from high-intensity LED's. A CCD camera (Cohu

4815) connected to a dissecting microscope (Zeis) was focused on the area of interest

based on the physiological map. The program CAMERA (Chapter 3) was used to capture

frames from the camera via a QuickCapture card (Data Translation). CAMERA also

controlled a National Instruments' Lab-NB board that was used to control bimorphs. The

bimorphs are piezoelectric devices that were used to deflect the whiskers.

Experiments were based on the coordination of frame capturing from the camera

with the application of stimuli which effectively excite the region of cortex being imaged.

For each paradigm, two average images were created. The first average was made from

frames captured before the stimulus was delivered. The second was made during and after

the whisker stimulation (see description of trials in Figure 3). The average images were

normalized based on the number of frames used to create them, and the percent change of

--
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Experimental Set Up

Camera and

Dissecting
Scope

Craniotomys
,-

C-5-e

_^

Bimorph

N
Control Box

Figure 2. Experiment set up. The camera is used to image the cortex via the
dissecting microscope. The images are captured by the Macintosh through an
add-on board. The Macintosh also controls whisker stimulation by sending signals
to the bimorph control box. The control box converts these signals to high voltages,
causing the bimorph to move the whisker. The software creates an average image
when the stimulus is on, and another when the stimulus is off. The difference
between these two images indicates a change in the intrinsic optical properties of
the cortex as a result of the cortical response to the whisker stimulation.
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WHISKER STIMULATION -

!------------------------------- 20 sec per trial -------------------------------
-
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Figure 3. Each trial is 20 seconds long. During the first two seconds, frames are collected and
added to the "no-stimulus" average. The bimorph is then turned on and moves the whisker at ! º,
4 hx. After three seconds of stimulation, frames are collected and added to the "stimulus" -

average. The stimulus is turned off after it has been presented for 5 seconds. The "stimulus" 5
average frames are collected for another two seconds after the stimulus has been turned off.

-

For the 13 seconds after the stimulus stops, the cortex is allowed to recover. |
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each pixel from the unstimulated average to the stimulated average was calculated and

used to form an image.

Noise in the equipment made the effective measurement resolution about 3%.

Since the change in reflectance for the optical signal is on the order of 0.1%, a

measurement 100 times better than can be obtained from a single frame is required. Since

the measured mean value approaches the actual mean value as one over the square root of

the number of frames which have been averaged, signal measurement would theoretically

require about 10,000 frames for each average. In the current experimental set up, about

forty frames are averaged each trial. Since each trial takes 20 seconds, it would take well

over an hour to obtain this many averages.

By using low-pass spatial filters, images can be enhanced by removing spatial

high frequency noise. In essence, averaging is done spatially as well as over time. Using

these filters, reasonably high quality images have been consistently produced in 30

minutes. In some cases, clear images were produced in under 10 minutes.

The resolution of these images is dependent upon the magnification used on the

dissecting microscope. Pixels in most of the shown images are 16 pum on a side.

6.2 RESULTS

6.2.1 Comparison of images to qualitative physiological maps

Figure 4 shows an image formed while stimulating a single whisker. This image

was created by stimulating whisker D1 (see Figure 1 for whisker nomenclature). By

comparing it to the blood vessel pattern seen in the physiological map (vessels

highlighted in both figures to aid in this process), one can see a strong agreement between

the optical image, in which darker grays indicate more response, and the measured

physiological response.
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Figure 4. Comparison between optical imaging and an electrophysiology map. Image created while
stimulating whisker D1 at 4Hz (A). The same image with vessels outlined (B). A map of some of the
whisker representations created by characterizing the neuronal response at each marked penetration
site. The three sites which responded best to whisker D1 are circled (C). Vessels are outlined in (C)
which correspond to those outlined in (B). The locations of the dark patches in images in (A) and (B)
(corresponding to neuronal activity) match well with the location of the circled penetration sites in (C)
relative to the vessels. The two techniques produce similar locations of the D1 whisker representation.
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In two other experiments, optical imaging was used at low magnification to locate

a particular whisker representation on the cortex before a physiological map was made.

The first electrode penetration was made in the darkened region of the images. In both

cases, the physiological response verified that the whisker used to make the images was

the most effective for evoking neuronal responses at those cortical sites.

6.2.2 Image quality over time

In order to maximize the efficiency of the technique, the development of the

signal over time both within a trial and over many trials was measured. Figure 5 shows

the intratrial signal for different time intervals over the first 14 seconds after stimulation

begins. Each image was made by averaging frames over two second intervals at a

constant time relative to the signal. Frames were averaged for 60 minutes. The optical

signal is not clearly apparent until the third second after the stimulation begins. It is then

observable for several seconds after the stimulus has stopped. Based on these images,

frames are subsequently routinely averaged from 3.5 to 8 seconds after the beginning of

the stimulus.

Figure 6 illustrates the development of an image over many trials. For this figure,

frames were averaged during the two second interval just after the simulus stopped. The

signal steadily increased as the noise was averaged out and then hit a plateau between
3600 and 5400 frames.

6.2.3 Several whiskers mapped over barrel cortex by optical imaging

To ensure that the technique was not being influenced by the position of the

camera or the light source, several different whisker representations in the rat "barrel"

cortex were imaged without moving the camera or the lights. Each image was gathered

over a 30 minute period. The images were filtered and then displayed in a pseudocolor

representation. Polygons were drawn by following a high contrast border that
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10-12 Sec 12-14 Sec

Figure 5. Signal development within a trial. The first image was created by capturing frames in
the interval 1 to 3 seconds after the 4 Hz stimulus began. The signal reaches a maximum in the
last two seconds of the stimulus (3-5 sec) and during the two seconds after the stimulus has
stopped (5-7 sec). The signal slowly returns to the comparison state which is captured during
the 18-20 sec interval. The 9-10 sec interval was not captured because of memory constraints.

-
■

&

I
S

º

- ---

5.;

º 24

* R

º

106



900 frames 18OO frames

Figure 6. Development of image as frames are averaged. The numbers above each image show the
approximate number of frames in both the signal average (5-7 sec after stimulus began) and the
unstimulated average (13-15 sec after stimulus stopped) used to create the images. The image
stabilizes after about 3600 frames.
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distinguished the signal from the background. Compensation was made to disallow

signals from veins which were in the return pathway from being included in the activated

region. A map of the whisker representation based on the acquired images is shown in

Figure 7.

6.3 SIGNAL ORIGIN

The images show a dark area where the activity is presumably centered. They also

show a darkening of veins which are likely to be collecting blood from the activated area.

Because deoxgenated hemoglobin is more absorbant of the color of light being used

(~660 nm) than is oxygenated hemoglobin (Figure 8), the signal probably results from an

increase in the relative amount of deoxygenated hemoglobin in the area. Such an

explanation is supported by the darkening of veins in the return pathway.

This explanation is also consistent with the findings of other techniques which

find a strong correlation between neuronal activity and cellular aerobic metabolism. Since

an increase in cellular metabolism would require an increase in oxygen uptake, one would

expect an increase in oxygen removal from the local blood supply.

Also in agreement with this theory is the relative invisibility of large arteries

against the cortical background in this color of light. Increased oxygen uptake is unlikely

to change the composition of arterial blood. Arterial responses such as dilation resulting

in greater blood flow have been measured to be as great as 30% in awake humans

whereas changes in oxygen uptake were only 5% (Fox and Raichle, 1986). Arterial

changes do not manifest themselves as signal in this technique presumably because the

composition of the arterial blood does not change, and therefore changes in arterial

diameters and blood flow remain invisible against the cortical background. Only after the

blood passes through the capillary beds where oxygen is extracted does the signal appear.

If blood flow increases are larger than increases in oxygen uptake (as mentioned

above for awake humans), then the deoxgenated hemoglobin concentration should
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Figure 7. Response area of six different whiskers imaged from the same camera position
under the same lighting conditions. The stimulated whiskers from left to right and from
top to bottom were delta, gamma, E1, D1, C1, and D2. Below the images is composite
made by lining up the vessels and then tracing the darkened region. The composite shows
that there is a great deal of overlap in the optical signals, but also that the signal centers
appear to be in the correct location.
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Figure 8. The spectrum of the light source (high intensity LED's) used to
illuminate the area of cortex being imaged (courtesy of P. Goldreich and G.
Rossman) (A). The absorption curves for oxygenated (dashed) and deoxygenated
(solid) hemoglobin (Tremper and Barker, 1986) (B). The deoxgenated
hemoglobin absorbs more red light than oxygenated hemoglobin so it appears
more blue. The dashed vertical line shows that the center wavelength of the light
source is near the wavelength where the absorption between oxgenated and
deoxygenated hemoglobin differ most and thus where the largest signal is likely
to be produced.
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decrease rather than increase. According to Beer's law, absorption should therefore

decrease as well. It is possible that the flow rate increase is not greater than the increase

in oxygen uptake in the rat; an anesthetized rat is not an awake human. More likely,

perhaps, is that increases in flow rate, though having a rapid onset, may have a slow

decay and therefore come to an equilibrium over the course of many identical stimuli. At

this point, the flow rate would be more or less constant and the observable signal would

be the change in the amount of deoxygenated hemoglobin. This effect could explain the

differences between the images described here and those obtained by Grinvald. Because

he employed a more sophisticated camera, he needed only to average a few frames (~36).

All of these frames might be captured before the arterial dilation equilibrated. Thus the

changes he sees are in the arterioles. Because our averages are collected over tens of

minutes, most of our frames may be gathered after arteriole diameters have stabilized.

There are several other important differences between the the experiments

described here and those described by Grinvald which might explain some of the

differences in the details of the results. These include differences in the spectrums of the

light sources, differences in the species and sensory systems, and differences in the

stimulus presentations and the corresponding frame collection times.

6.4 CONCLUSION

Optical imaging is a powerful technique for imaging in vivo correlates of

neuronal activity.The technique has several important features. It is relatively

noninvasive. It is insensitive to electrical noise. It can image a broad area in a short

amount of time. Most importantly, it is easily accessible to neurophysiological

laboratories because, as described here, it can be performed simply with inexpensive

equipment already available in many laboratories.
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Chapter 7. Intrinsic Optical Imaging Applied
to Rat Barrel Cortex Physiology

Thresholds are used in sensory physiology to compare the minimal stimuli

required to evoke neuronal responses at different levels along the sensory pathway as

well as the minimal stimulus required to evoke a behavioral response in an awake animal

(Dudel, 1986). They measure sensitivity of the sensory system at these different levels.

Because responses at threshold are quite small, they provide a challenging physiological

measure to test a new technique.
-

Like many animal sensory systems, the rat vibrissa system is exquisitely sensitive.

Using their whiskers, rats are reliably able to discriminate a smooth surface from a

surface with very shallow (30 pm) grooves (Carvel and Simons, 1990). Velocity

thresholds have been measured in single unit recordings in layers IV and V of barrel

cortex to be as low as 5.7°/sec (Simons, 1978; Ito, 1981). From these studies, Amplitude

thresholds in these layers have been inferred to be less than 0.42°.
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In the present study, amplitude thresholds in layer IV of rat barrel cortex were

measured directly. Neurons in this layer have been characterized as responding primarily

to amplitude rather than velocity (Ito, 1985). Different amplitude high-velocity

displacements were applied to a vibrissa and the response was measured with optical

imaging and with extracellular recording in layer IV (580 plm beneath the pia). Both

techniques show that the cortex responds to vibrissa displacements as small as 0.07%.

Another physiological phenomenom that relates to discrimination sensitivity

rather than detection sensitivity is inhibition. Inhibition is thought to enhance both spatial

and temporal resolution. Evidence of strong inhibitory effects being utilized in rat barrel

cortex has been gathered in a number of studies (Simons, 1983, 1985; McCasland et al.,

1991).

Because inhibitory pathways are often less direct than excitatory pathways,

inhibition usually lags behind excitation. The initial stimulus activates excitatory and

inhibitory neurons in sensory cortex. A transmitter (GABA) is released which opens

chloride channels which impede depolarization of the neurons. After some time, the

channels close, and the cells are again easier to excite. In rat barrel cortex, responses to

second stimuli coming 10 - 40 msec after an initial stimulus are greatly inhibited.

The preliminary experiments described here show that inhibitory processes can be

monitored using the optical imaging technique. By repeatedly presenting paired stimuli,

different images are obtained depending on the temporal spacing of the two stimuli.

These images are compared to extracellular recordings of responses in layer IV to

identical stimuli. The images demonstrate that the optical imaging technique, despite its

being a measurement of a slow time course signal, can be used to measure temporal

events on the order of milliseconds.
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7.1 THRESHOLD METHODS

Sprague-Dawley rats were anesthetized and the cortex was exposed in a manner

similar to that described in Chapter 6. Initial experiments with bimorphs (piezoelectric

devices) indicated that the imaging technique might be sensitive enough to detect

thresholds.

Since bimorphs are nonlinear and subject to ringing, a new displacement

stimulator using feedback from a Linear Variable Differential Transformer (LVDT) was

used to move the whiskers (Built by Marshall Fong, University of California, San

Francisco, 1992). The LVDT was calibrated and its outputs for the presented stimuli were

recorded (Figure 1). Thus a known stimulus (rather than a known driving signal) was

applied to the whisker being studied.

After several experiments indicated that the imaging technique could indeed

capture thresholds and also gave a suitable range in which to search for the threshold, a

fixed protocol was established for three subsequent rats (2 females; 1 male).

After the cortex was exposed, low magnification images were made using the

optical imaging technique with a relatively large stimulus (0.68° -- 168 pum at 14 mm)

being applied to whisker D1. After locating the D1 representation, the camera was

focused at higher power upon that area (16 pum/pixel). Four different near-square wave

stimuli of increasing amplitude were then applied to whisker D1 14 mm from the snout

while frames were collected (See trial description in Chapter 6). An average image was

created for each stimulus in the interval 3.5 to 8 seconds after the start of the stimulus.

Trials, in which stimuli were of different intensities, were interleaved. A single "no

stimulus" average image was created from frames gathered during the 2 seconds before

the beginning of each trial. Averages for each stimulus were created over 90 trials (30

minutes); the entire run lasted for 360 trials (120 minutes). Images were then created as

described in Chapter 3 by subtracting the "no stimulus" average from each of the stimulus
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Figure 1. Recordings from the Linear Variable Differential Transformer (LVDT) mounted on the
stimulator. The graphs on the left show the four displacements used to measure thresholds. They
verify that there is only slight overshoot with no ringing in the applied stimulus. The graphs on
the right show the stimulus velocity calculated from the displacement data.
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After completing the imaging, extracellular recordings in layer IV (580 pum

beneath the pia) were made in and around the D1 representation using EXP (Chapter 1)

and MAP (Chapter 2). Responses to the exact same stimuli used in the imaging were

recorded. Responses of all penetrations characterized as being "inside" the D1 barrel

(clear response to D1 with a much weaker response, if any, to surrounding whiskers when

tapped lightly with a hand-held glass probe), were combined into a single characteristic

response histogram. Penetration sites were characterized before the threshold stimuli

were presented.

7.2 INHIBITION METHODS

Sprague-Dawley rats were prepared in a manner similar to that described in

Chapter 6. Extracellular recordings using carbon-fiber electrodes (Armstrong-James)

were made at regular intervals (~200 pum) across the cortex representing the two whiskers

to be stimulated. Penetration sites were marked using MAP (Chapter 2), and responses to

stimuli of two whiskers at different temporal spacings were recorded using EXP (Chapter

1).

Stimuli identical to those used for physiological recordings were then presented

by CAMERA (Chapter 3) while capturing images of the cortical regions being

stimulated. Trials were similar to those described in Chapter 6. Average images were

made for each stimulus pair. The images were qualitatively compared to the physiological

responses.

7.3 THRESHOLD RESULTS

The stimulus applied to whisker D1 as recorded from an LVDT mounted on the

stimulator is shown in Figure 1. These reconstructions of the stimuli indicate that they

were presented at high velocities with only a slight overshoot. The velocity was
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calculated from the displacement values and is also shown. The driving signals to the

stimulator were square waves, and no attempt was made to control the velocities.

For each of the three rats, an average histogram was made for the responses at

penetration sites characterized as being in the cortical representation of whisker D1.

These histograms are shown for each of the four stimuli in Figure 2. The average

responses were remarkably similar for the three rats with an amplitude threshold near

0.079.

Images created using the optical imaging technique for each of the four stimuli

are shown in Figure 3. Images from the first and third rats corresponded well with the

physiology. They show responses to the three larger stimuli with little or no response to

the smallest stimulus. Images for the second rat show responses to the two largest stimuli

but little or no response to the two smallest stimuli. Because of interference from large

brain pulsations, images for the third rat were taken over a smaller area to reduce

movement artifacts. The images for this rat are shown at twice the magnification of the

other two.

7.4 INHIBITION RESULTS

Results from imaging the response to a pair of stimuli are shown in Figure 4. The

responses are shown for the D1 whisker (A) and the gamma whisker (B) being hit alone

as well as presented as paired stimuli 10ms apart (C and D). When the gamma whisker

was hit 10ms before the D1 whisker, the image produced closely resembles the image

produced when the gamma whisker was hit alone. When the D1 whisker was hit 10ms

before the gamma whisker, the image shows activation of both the gamma and D1 areas.

Electrophysiology associated with the deflection of whisker gamma and a subsequent

deflection of whisker D1 is shown for a penetration site located within the D1

representation (Figure 5).
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Figure 2. Average histograms from three threshold experiments. Averages were created
from all penetration sites which were characterized qualitatively as belonging to the
whisker D1 representation in rat barrel cortex. Recordings were made extracellularly in
layer IV 580 pum beneath the pia. For each experiment, the first histogram shows
spontaneous firing when no stimulus was presented. The remaining four histograms show
response to stimuli of increasing magnitude. For all three rats, a stimulus of 0.07% was
sufficient to produce a significant response. The two larger stimuli, .14° and .28°,
produced similar responses (presumably because these were already nearly saturating the
response).
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Figure 3. Imaging results from threshold experiments in a patch of cortex representing the D1
whisker. Moving from left to right and top to bottom, each image was generated during a stimulus
of twice the amplitude of the previous stimulus. The images were collected during interleaved
trials so that each stimulus was presented before any one stimulus was repeated. The apparent
threshold near 0.07%in the first two experiments corresponded well with the thresholds derived
from extracellular recordings (Figure 2). Images from the third experiment appear to have a
threshold near 0.14° which is higher than is indicated by the corresponding extracellular recordings.
Images from the last two experiments show the deleterious effect on images that nearby large
vessels can have. The scales indicate the color corresponding to the percent difference between
the stimulated and unstimulated images. All of the images are filtered. *
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Figure 4. Image created when the D1 whisker alone was deflected (A). Image created when
the gamma whisker alone was deflected (B). Image created when the gamma whisker was
deflected 10ms after the D1 whisker (C). Image created when the D1 whisker was deflected
10ms after the gamma whisker (D). See text for discussion of results.

S

I

4.

º

125 -



* -" !

*
A. D 1 alone

-
S.

-

--

;
~

126



C. D 1 then gamma (1 Oms)

127



gamma then D

8.OO alone

6.00

4.OO

2.OO

O.OO | , | Illin
i

O.OO 1 Cºa ( mº-90 3OO.OO

30.00 Oms

2O.OO
-

10.00
l

O.OO L a = f_ -

O.OO 1 Gºa ( mº-SO 300.00

12.OO | Oms

8.OO

4.OO

O.OO | 1 I i

O.OO H ãº, ( m???.S.0 3OO.OO

10.00 20ms

8.00

6.00

4.OO

2.00

O.OO I , I , —a

O.OO 1 ºa (mº 3OO.OO

5.OO 40ms
4.OO

3.OO

2.OO

1.OO

O.OO l
| |

t I

O.OO 1 Cººe ( m???.Sº 3OO.OO

3O.OO 60ms

20.00

10.00

O.OO

0.00 1 Cºa ( m?\}.S9 300.00

Figure 5. Response from neurons in the barrel cortex representation of D1 to stimulation of gamma
and D1. The first response is to gamma alone. The subsequent responses are to gamma being stimulated
first and then D1 Oms, 10ms, 20ms, 40ms, and 60ms later. Similar D1 reponses are seen for Oms and
60ms delays (note y-axis values are not the same for the 6 graphs). For 10ms, 20ms, and 40ms delays,
the gamma stimulation suppresses the response to the D1 stimulation.

128



7.5 DISCUSSION

The images for the first and third rat in the threshold experiments show that the

technique is sensitive enough to measure low level responses. The measured responses

correlated well with the extracellular responses in layer IV of rat barrel cortex. It is

unclear why the image for the 0.07% stimulus from the second rat failed to show a

response.

In order to give an accurate measure of the strengths and weaknesses of the

imaging technique, a single threshold run was performed for each rat. Many variables can

interfere with images such as brain motion, large vessels, foreign bodies (e.g. blood or

bubbles in the silicon oil) crossing the imaged area. These were minimized (except for

vessel location since the protocol called for a specific whisker representation: D1) in the

initial images made with larger stimuli. After optimizing the image quality, the threshold

run was initiated. The images in Figure 3 represent these three runs.

For different experimental goals, one might choose to make several images for

each stimulus paradigm. An objective criterion might then be established for selecting

images. Under such a paradigm, we might have been much more likely to see a response

for the second rat to the near-threshold 0.07% stimulus.

The inhibition images demonstrate that the imaging technique can be used to

monitor physiological processes occurring on the order of milliseconds. By stimulating

one whisker before another, the normal response seen in the image for the second whisker

was suppressed. In the case shown in Figure 4, deflecting the gamma whisker 10 ms

before deflecting the D1 whisker suppressed the response in the D1 representation. This

result corresponds well with inhibition seen in the extracellular physiological recordings

shown in Figure 5.

However, how inhibitory effects manifest themselves in optical imaging is still

unclear. Local inhibition would result from neural activity of the inhibitiory neurons in
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the cortical column which might produce a response in the image. One possible reason

that no such response is seen is that the inhibition might be enacted by axons from the

neighboring whisker representation which was stimulated first. Since the cell bodies of

these inhibitory neurons would be in another area, no response would be seen in the

inhibited area. Another possibility is that the imaged signal is largely due to the

metabolism and hence firing of the large pyramidal neurons. If the smaller stellate cells

were activated and prevented the pyramidals from firing, no signal would be generated in

the image.

7.5 CONCLUSION

This chapter demonstrates how the optical imaging technique can be used to make

useful physiological measurements. The amplitude threshold of 0.07% found here for the

vibrissa is much lower than has been tested in other studies. It helps explain the behavior

result in which rats were able to detect 30 pm grooves (Carvell and Simons, 1990). More

work is being done to elucidate the effects of velocity at these low amplitude levels.

The inhibition studies show how the technique can be used with paired stimuli to

measure physiological effects happening on the order of milliseconds. More work needs

to be done to determine how and why inhibitory effects manifest themselves in the

images.

Chapter 8 demonstrates how some of these results might be better presented with

the help of the NOTES library.

- ■

º

s

º
G

{
osºT

-

4.
%

130



Chapter 8. Using the NOTES Library to
Demonstrate the Optical Imaging Results

Oral presentations are an integral part of science because scientific papers are

unable to explain results as effectively as experimenters can in person.

This fact is partially due to the availability of a wider range of mediums which the

experimenter can use during a presentation. For example, large numbers of color pictures

can be shown quickly with slides or video. There are also intangibles such as humor and

intonation which can help maintain the audience's interest and stress points of particular

importance.

Probably the most important attribute of an oral presentation, however, is the

ability of the audience to ask questions. These questions serve two purposes. They

indicate to the experimenter which parts of the presentation require greater elaboration to

be made clear, and they indicate which parts of the work are of particular interest to the

audience. A good presenter uses this information to customize the talk to the needs of the

audience. Customization is of course impossible in the scientific paper.
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The work described in this thesis resulted from the realization that current

technology can provide many of the attributes of an oral presentation without requiring

the presence of the experimenter. The computer can be used as a powerful presentation

tool as well as an experimental one. It can be used to demonstrate how the experiment

was performed, what data was collected, and how the results were interpreted.

Computer presentations can be driven by the user and thus share features with

question-directed oral presenations. The user can explore in more depth those areas which

require clarification or which are of particular interest. The computer can also make use

of a wide range of media to effectively demonstrate an experiment and its results.

This chapter describes how the threshold data from Chapter 7 might be described

in the context of the NOTES library and the programs described in the first four chapters

of this thesis. It discusses how such a linked description might be generated. The

generation processes are described in relation to currently popular software design

strategies which are encompassed by the programs. These strategies include data

abstraction, encapsulation, and reusability.

Different forms of presentation supported by the programs are illustrated for the

threshold data. It is also shown how new software features in a program might be used to

redisplay old data.

This chapter also describes how the linked description might be employed by

users seeking different levels of explanation. User strategies of exploration and

reanalysis are described in terms of how they might increase the users understanding and

intuition about the data as well as help the user find undiscovered attributes that might lie

hidden in the data.

8.1 BUILDING A LINKED DESCRIPTION

One possible objection to the NOTES library is that building linked descriptions

of an experiment is more work than most experimenters are willing to do. In truth,
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however, very few links are required to make a powerful presentation. If the experimenter

only uses links to alleviate the users need to find and load the data, the data immediately

become more accessible and intrinsically tied to the corresponding text. These links are

created in steps that the experimenter would have to take anyway in order to write a

paper.

The linked description of the threshold results from Chapter 7 is very simple. An

overview of this description is shown in Figure 1. The main documents are just the

sections that would be written for a scientific paper: the introduction, the methods, the

results, and the discussion.

The Introduction document is the natural starting point and contains links leading

to the other three documents as well as to bibliographic references in the BIBLIO

program. The Methods document contains links to the EXP program which can show the

output signals used to test the threshold as well as the recorded LVDT values showing the

actual motion of the stimulator. The Results document contains links leading to

CAMERA, MAP, and EXP showing the data collected with these programs. Like the

Introduction document, the Results and Discussion documents also have links to

references displayed in the BIBLIO program.

The documents are created as text files as they would be for writing the paper.

The bibliographic links are made by finding the reference in BIBLIO which would be

required anyway. Links to the data are made by simply loading the data in the program

that collected them and creating the link. This process requires little more work than

would be required to load the data to review it before writing the paper. In summary, a

linked description can be created quickly by the experimenter with little more effort than

is already required for writing papers.

º

A■

S.

!,

■ º

-Tºº
4.

C

º
~

.
º

133



Introduction Methods

Results CAMERA

(Crº

\
Discussion

-

Figure 1. An overview of a linked description of the threshold experiments. The main
documents (rectangles) mirror sections which would be written for a paper: Introduction,
Methods, Results, and Discussion. These contain links which lead to data (triple ovals)
and the programs (rounded rectangles) which can display and manipulate the data. Users
can quickly access data at different levels of detail. They can also use the programs to
further explore the data.
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8.1.1 Data Abstraction

The term "abstraction" is used in computer science to refer to a removal or hiding

of "unnecessary" information. For example, the "sin" button on a calculator is an

abstraction. The user knows that he needs a value of the sine function, but he may not

know (and does not need to know) how the calculator calculates that function.

Almost all scientific papers present data at a high level of abstraction. Typically,

all of the data collected in the experiments is represented in a few graphs and/or numbers.

This highly abstracted form allows experimenters to describe relatively quickly the

features of the data they believe to be most important.

Abstraction fails when users require some of the information which has been

hidden. For example, the user of the calculator might need to calculate the value of sine to

twenty decimal places, though the calculator only calculates it to ten decimal places.

Since the method of calculation has been hidden, the user may not be able to perform this

calculation even though the calculator is perfectly capable of doing so.

Researchers working on closely related projects may require finer detail than is

normally presented in papers. By building up the abstraction from the raw data, but not

removing the raw data or any of the intermediate forms, other researchers can access the

data at a level most appropriate to their needs.

The threshold images shown in the CAMERA program are initially presented as

colorized, normalized images created from subtracted average images of the stimulated

and unstimulated brain. Some of the features in the processed images may be very

familiar to the experimenter who has generated hundreds of such images, but they are

novel to other researchers just beginning in the paradigm. Because the average images are

also included, these researchers can inspect how features in the processed image

correspond to features in the two average images. They can also look at the effects of

filtering. This data is easily accessed by the user by following links in the original

description.
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Abstraction plays an important role in reducing the amount of data one must

absorb. However, in those cases where more information is required, this ability to

transcend the abstraction allows researchers to gain much more insight and intuition into

the data which are most critical to their work.

8.1.2 Encapsulation

Encapsulation is a new variation on an old computer science idea of the

desirability of not separating data from code. Originally, this idea allowed for a unified

memory system known as RAM (random access memory). Today, when there are many

tools for managing data, it allows these tools to treat code as data. It also allows code to

be inextricably linked to the data it acts on. When one receives data, one also receives all

of the code which can manipulate that data.

In this project, the data from the experiments is linked to the programs used to

gather them. Because the data and programs are packaged together, users have the same

access to all of the routines in the programs for manipulating and viewing the data as did

the original experimenter. This packaging allows users to explore the data in a way which

is most intuitive to themselves.

Many questions at oral presentations attempt to force the presenter to explain

experimental results in a framework that the questioner is familiar with. This demand

requires the presenter to grasp the framework that the questioner is working from. The

presenter and questioner often struggle to find common ground if they work in slightly

different areas.

A physical, rather than intellectual, gap gives a simple illustration of this idea. If

the threshold images are presented by CAMERA in pseudocolor to a color-blind

researcher, that person may be unable to distinguish the significant features of the images.

However, since the images are presented by the program which created the presentation,

the color-blind researcher need only turn off the pseudocolor option so that he might then

■ C

4.

|
-

º

>
sº

º
*

T
9.

º
~

e

!º (

136



view the images in a gray-scale representation. This example, however contrived,

demonstrates how being able to change the representation of data can make clear

previously opaque results.

8.1.3 Reusability

Another heavily sought feature in software design is reusability of code. The goal

is to prevent redundant work on similar problems.

Reusability is also an important feature of linked descriptions. It only takes one

link to transfer the user from one set of documents into another previously created set of

documents. For example, a set of help documents might be created for each program

described in this thesis. Once these are created, it would be unnecessary for presenters to

spend time describing how to use the programs within their own documents. If part of

their description requires some manipulation in a program, they would just create a link

which led to the appropriate help file.

In the same vein, a set of experiments could be described with simple links

referring to earlier experiments with their associated data and documents. These links

would actually minimize work because they would make all but the briefest descriptions

of earlier work pointless.

8.2 PRESENTING A LINKED DESCRIPTION

As mentioned in Section 8.1.2, packaging the programs with the data gives

presenters flexibility in how they present the data and gives users flexibility in how they

view the data. Some further details on the possiblities of such presentations are described

below.
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8.2.1 Dynamic Presentation

The range of media viable for computer presentations is more comparable to oral

presentations than scientific papers. Computers can present a large number of color

images as well as sound.

The MAP program makes use of the ability of computers to sequence colors to

demonstrate responses across the sampled cortical area to a single stimulus. The response

recorded with EXP is shown at each penetration site where the gray-level indicates the

amount of activity for each moment in time. The user can play back the responses at

varying speeds to get a temporal and spatial representation of how the cortex responds to

that stimulus.

Dynamic presentations such as those supported by MAP are becoming

increasingly common in a move towards scientific visualization. It is believed that only

by using their highest bandwidth channels (vision) and associated pattern recognition

abilities will humans be able to manage the large number of complex data now being

collected by science. In order to make such presentations, computers will increasingly

have to become the medium of the presenter.

8.2.2 Software Evolution

Another advantage of presenting the complete set of data is that it prevents the

presentation form from becoming outdated. If changes are made to the programs which

allow for new presentation styles or new analyses, as they inevitably will be, the user can

simply apply these to the original data.

For example, a new feature has recently been added to CAMERA which searches

for an ellipse which best bounds the darkened area of an image. If thousands of images

had previously been distributed to other researchers, then it would be much easier to

distribute this modified version of CAMERA rather than the images themselves. The

users could then run the routine on the images they were most interested in.
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8.3 USING A LINKED DESCRIPTION

This section describes how a user might use a linked description of an experiment

and what particular advantages this description might offer. The two user strategies

described, which are the essence of the motivation for all of the software described in this

thesis, are exploration and reanalysis.

8.3.1 Exploration

The linked description is intrinsically nonlinear. The user is encouraged to follow

links leading to areas of greater interest while skipping links describing areas which

might be addressed at a later time. This form of description allows for a highly

individualistic manner of presentation driven by the user. It can achieve what an oral

presenter tries to do for the majority of an audience for each individual user.

In the small example presented here for the threshold experiments, there is limited

depth of links which the user might follow. But even in this tiny domain, it is easy to

create a scenario in which the user employs the exploration capabilities of the programs

to clarify the experiments.

For example, the user might be curious about the relationship between the imaged

thresholds and the physiological map. This relationship was not addressed in the

threshold study because it had already been addressed for larger stimuli. But the user

might think that the relationship might change for smaller stimuli or might be unaware of

the previous study.

To explore this relationship, the user would follow links in the Results document

leading to the physiological map in MAP and the threshold images in CAMERA. Once

these were loaded, the user could compare the two side by side by adjusting the windows.

If the user was having difficulty making the comparison because of a lack of

corresponding features, links in the CAMERA description could be followed which

would bring up one of the average images. These images have clearly defined vessels in
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them which could be compared to those in the physiological map. Having oriented the

location of the image frame with respect to the physiological map, the user could once

again bring up the threshold images and now compare them directly to the corresponding

area of the physiological map.

Allowing users to explore the data on their own in this manner is in many ways

more powerful than the interaction which can be obtained via an oral presentation. Users

are given the ability to answer their own questions as well as to pursue new questions

which might arise during the process. The amount of time this exploration requires is

dependent on each user and their level of interest rather than on the schedule of the

experimenter.

Users can explore all of the original raw data. In the threshold experiments, they

might examine some of the individual spike-collecting trials for the different stimuli. In

such a way, a user can approximate the understanding and intuition that experimenters

have for their own data. Sharing data at this level could maximize the value and

importance of experimental results.

8.3.2 Reanalysis

The ultimate goal of this work is to provide the means by which new discoveries

could be made without requiring a new experiment. By allowing more people to have

intimate knowledge of experimental results, the chances of important features being

missed are unlikely. Also, there would be the possibility for researchers to combine the

results from many different experiments to expose features which were not apparent in

any one experiment.

There are many attributes in the physiological threshold data presented here that

might be interesting to another researcher. An obvious one would be to look at how onset

latencies change with smaller stimuli. EXP contains specific mechanisms for looking at
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latencies, so all the researcher need do is load the spikes for each stimulus and invoke the

latency routines.

Another attribute easily within access with EXP would be to look at the relation

between the onset and offset response. Because the data is presented, as is commonly

done, as an average response, information about the individual trials is hidden. But since

the raw data are available, the user can look at responses on individual trials. The user

might then measure the probabilities of an offset response given the size of the onset

response which preceded it. These values might give indications of recurrent inhibition

which might lead to future studies.

MAP and CAMERA also have many mechanisms for reanalysis which have

already been discussed. Because there are so many ways to look at the data, it is

impossible for an experimenter to explore them all. By making the data and tools

available, other researchers could apply their own fresh prospectives to the data analysis.

If credit is apportioned fairly, talented experimenters will feel more free to relinquish

their valuable data which might then benefit science in a much greater manner than if

they are noted briefly and then buried in the experimenters' archives.

8.4 FUTURE DEVELOPMENT

The NOTES library is the newest code described in this thesis. Improvements are

still being made. One current problem is that it requires a program to be running before a

link can access it. This constraint can cause a space problem if many programs are linked

by a set of documents. Fortunately, Apple's new operating system, System 7, now

supports a number of functions which make it straight forward for programs to share data

as well as launch one another. The NOTES library will be converted to take advantage of

these functions. Under this system, if memory is scarce, a link to another program will be

able to quit the current program before launching the destination program.
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Another desirable quality of the NOTES library currently being investigated is

access via HyperCard. HyperCard (originally Apple's, now Claris') is designed for

hypertext-like nonlinear presentations of data (pictures and sound as well as text). It has a

large user base and would be a natural place to begin creating an experiment description.

Links could be implemented by using the built in language (HyperTalk) with perhaps a

few XCMD's (C functions which can be compiled and added to HyperCard). Using

HyperCard for the core description will allow the user to make robust presentations of the

processed data while still giving access to the original data through the programs

described here.

8.5 CONCLUSION

The NOTES library provides a straightfoward framework for creating a linked

description of an experiment. This description allows users to guide themselves through

an experiment and it results. The description can give access to dynamic presentations of

the results made by the computer which can help users comprehend complex data. If the

user requires, the description can present a great deal of detail including the original data.

This form of presentation allows users to reach a level of familiarity with the data

comparable to that of the experimenter who gathered them. This familiarity may allow

researchers to make new discoveries by bringing a fresh prospective to the data. In

summary, a linked description can be created with little more effort than is required for

writing a scientific paper, but it is capable of presenting the experiment in a much more

powerful manner.
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Conclusion

Prestige and position in academic science are largely based on

contributions of new data and ideas. These contributions are often indirectly measured by

assessment of the quantity of papers published in scientific journals. Negative results are

difficult to publish (damning large numbers of laboratories to unknowingly repeat many

experiments without any information ever being generated about the confirmation of

results), so positive results are usually carefully guarded. Advantage is gained by

prevention of other laboratories from repeating one's experiments until every last paper is

Squeezed out of a successful experiment.

The software described here does not address issues of shared data from a

professional point of view, though it was clear from the onset that this is a formidable

obstacle. However, it is possible to imagine how data (experimental and written text)

could be tagged so that it would always be associated with its originator. If tools such as

those described here were used to access data in a shared database, then hypertext links
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would give an indication of how later work was based on information generated by any

one contributor.

A new merit system could be created which would assess a person's work

by how it contributed to the body of work being performed in the person's field. Such a

system has several advantages over the current system. Sheer quantity of data would give

little advantage. This fact would reduce the temptation to manufacture results as has

occasionally been a problem. Immediate sharing of data would be encouraged because

more research based on the findings would increase the value of the findings. Negative

results could be easily added to the database. A reasonable amount of credit would be

given to independent confirmation of results. Though this is a fundamental principle of

science, it is discouraged under the current system because repeated, time-consuming

experiments are unpublishable by the conscientious scientist who does them.

Encouraging confirmation is key to preventing the database from being corrupted by

fraudulent data. Within the merit system, information should benefit both the confirming

laboratory as well as the original researcher. A researcher would thus have more to gain

by accurately describing the methods used to obtain the results.

This merit system is still imperfect, but it is a considerable improvement

over the current system. It may not be coincidental that much of the work described in

this thesis is on technique development, and this merit system would strongly favor the

development of techniques since merit would accumulate based upon the number of

people using a technique. It also might threaten truly original work which might require

time before others knew how to utilize it. But this problem is no better under the current

system. The gist of the system is to encourage science to be done in the manner in which

it was meant to be: thoroughly and cooperatively.

Restructuring science in this way would require a great deal of force to

move its considerable inertia. There are signs, however, that some disciplines, such as

molecular biology, have already begun this transition. Alas, neuroscience is not as far
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along as are some others. The work described in this thesis was an attempt to present a

model of a platform upon which such a shared database system could be built. The

restructuring of the merit system will have to be embraced by the young scientists. They

are the ones who have the most to lose, and for the good ones, the most to gain.
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