
The electrostatic potential within 
which the electron moves will differ 
from the usual Coulomb form it would 
assume if the proton were strictly a 
point charge. The actual potential en- 
ergy may be calculated for a known 
proton charge-density distribution from 
the relation 

V(r) = -(4-e/r) p(r')r'2 dr' - 
Jo 

(4,re) p(r')r'dr' (2) 

where V(r) is the potential energy and 
the other symbols have the same mean- 
ing as before. If the integrals in Eq. 2 
are evaluated with the proton density 
distribution of Eq. 1, the result is 

V(r) =-e'/r + 
(e2/r) [1 + (ar/2) exp (-ar) (3) 

Therefore, the electrostatic potential en- 
ergy consists of the usual attractive 
Coulomb term plus the short-ranged 
term V'(r) where 

V'(r) = (e2/r) [I + (ar/2)] exp (-ar) 
(4) 

As a result of this additional term, 
the electronic energy levels will be 
shifted from the values for hydrogen 
by an amount given, to a first approxi- 
mation, by V'nm, nzn, the expectation 
value of V'(r) in the state whose 
quantum numbers are n, 1, and m (2). 
Calculation of this expectation value 
for the Is and 2s states gives 

V'oo, 00 = (1.52 x 10-10) e/ao 

V'200, 200= (0.19 x 10-10) eVao 

where ao = 0.53 X 10'8 cm is the Bohr 
radius. Since the energy of the state 
of principal quantum number n is given 
by 

E. = -el/(2nao ) 

these shifts represent approximately 3.0 
and 1.5 parts in 1010 of the correspond- 
ing unperturbed energy values. The 
term V'(r) also causes a splitting of 
the 2s and 2p energy levels which is 
of the same order of magnitude as 
V'200, 200 and which corresponds to a fre- 
quency of approximately 0.10 mega- 
cycle. It is of interest to note that this 
frequency is of the same order of mag- 
nitude as the still-unexplained differ- 
ence between the measured and the 
field theoretical values of the Lamb 
shift for these levels (3). 

Calculations with charge density dis- 
tributions other than the exponential 
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Calculations with charge density dis- 
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form of Eq. 1 lead to comparable val- 
ues of the aforementioned effects. 
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Simultaneous Studies of Firing 
Patterns in Several Neurons 

Abstract. A tungsten microelectrode 
with several small holes burnt in the 
vinyl insulation enables the action po- 
tentials from several adjacent neu- 
rons to be observed simultaneously. A 
digital computer is used to separate 
the contributions of each neuron by 
examining and classifying the wave- 
forms of the action potentials. These 
methods allow studies to be made of 
interactions between neurons that lie 
close together. 

The extent to which physically con- 
tiguous neurons form domains of 
functional aggregates is a fundamental 
problem in studying the organization 
of the central nervous system. That 
such domains exist in sensory cortical 
regions has been shown by electro- 
physiological methods: a "cylinder," 
measuring 200 p in diameter and run- 
ning through the depths of the cor- 
tex, forms some sort of functional 
unit in the processing of sensory in- 
formation (1, 2). Elaboration of neu- 
ral interactions within such a func- 
tional aggregate has proved difficult. 
A macroelectrode picks up the sum- 
mated (slow) activity of thousands to 
millions of neurons while a micro- 
electrode usually picks up the electri- 
cal activity of one cell at a time. It 
is obviously necessary to bridge these 
extremes by recording simultaneously 
and separably the electrical activity of 
small clusters of neurons. 

Some data on the simultaneous ac- 
tivity of two neurons have been ob- 
tained from microelectrode recordings 
which show two spike trains that are 
distinguishable because of widely dif- 
ferent amplitude (2, 3). Other au- 
thors have used several microelec- 
trodes independently inserted into the 
structure being studied (4). With this 
technique it is difficult to ensure that 
the neurons under study are closely' 
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trodes independently inserted into the 
structure being studied (4). With this 
technique it is difficult to ensure that 
the neurons under study are closely' 
spaced because of deformation of the 
tissues and flexibility of the micro- 
electrodes. In addition, the neurons 
are more likely to be damaged as the 
number of microelectrodes is in- 

spaced because of deformation of the 
tissues and flexibility of the micro- 
electrodes. In addition, the neurons 
are more likely to be damaged as the 
number of microelectrodes is in- 

creased. Changes in neuron connectiv- 
ity, pressure changes, and altera- 
tions in microcirculation are not easily 
controlled or evaluated by the experi- 
menter. Accordingly, we approached 
-the problem by developing a single 
microelectrode that would allow three 
to five different trains of action po- 
tentials to be recorded simultaneous- 
ly. Since the geometry relative to the 
electrode differs for each neuron un- 
der observation, the various action 
potentials may be distinguished by 
their waveform. 

While working with very large (30 
to 50 ,) tungsten microelectrodes 
we frequently observed the activities 
of a number of neurons, unfortunate- 
ly with very low amplitudes because 
of the large open area of the electrode. 
Tungsten microelectrodes with a small- 
er open area (5 to 10 ,t) produce 
excellent action-potential amplitudes, 
but allow only one or two neurons 
to be observed simultaneously. Obvi- 
ously, we required an electrode with 
a total open area comparable to the 
usual 5- to 10-t electrode, but with 
this open area distributed over some 
100 at of the shaft. 

Such a "distributed area" micro- 
electrode can be produced from the 
usual 10-v tungsten microelectrode 
(5) by damaging the vinyl insulation. 
Under 100-power magnification, the 
tip of the electrode is inserted into 
a hanging drop of clean mineral oil 
for protection. Another microelec- 
trode is brought up at right angles to 
within 5 to 10 K of the shaft some 
50 ,t from the tip, and a short series 
of sparks from a Tesla coil (6) is 
applied between the two electrodes. 
The intensity and duration of the 
sparks must be determined experi- 
mentally. By this procedure several 
small holes are burned in the vinyl 
insulation at random points along the 
first 100 t of the microelectrode 
shaft. When tested, the electrode 
shows bubbling at these several points 
as well as at the tip. By proper de- 
sign of the various electrode holders 
and saline test bath, the entire test- 
spark-test procedure for an electrode 
can be carried out under a microscope 
in a few minutes. 

Typical action potential data ob- 
served with the distributed area tung- 
sten microelectrode are shown in Fig. 
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Typical action potential data ob- 
served with the distributed area tung- 
sten microelectrode are shown in Fig. 
1A. This example is taken from the 
dorsal cochlear nucleus of a cat 
anesthetized with Nembutal; similar 
results have been obtained in various 
brain-stem, cerebellar, and cortical lo- 
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cations. The electrode will pick up a 
particular train of action potentials 
over some 200 t of electrode dis- 
placement. Thus neurons giving rise 
to a typical multiple-unit recording 
probably lie within a sphere 200 a 
in diameter. In Fig. 1B the same data 
are presented with a faster time base, 
so that the waveform of each action 
potential is visible. The oscilloscope 
was triggered as each spike crossed 
an amplitude setting; the initial rise 
of the spike from baseline is there- 
fore not shown. 

The differences in waveform evi- 
dent in Fig. 1B can be used to sepa- 
rate the data recorded by the distri- 
buted area microelectrode into the 
electrical activities of each of several 
neurons. Such a sorting of the com- 
posite electrical record could be per- 
formed by hand measurement on film 
strips (7). A less tedious procedure 
was accomplished by the use of TX-2, 
an extremely large and powerful gen- 
eral purpose computer (8). 

As the data are played back from 
analog tape, each action potential is 
sensed by the computer, and 32 digi- 
tal samples (points) straddling the 
waveform are placed into the com- 
puter memory. Simultaneously, the 

(A) 

time of occurrence of each action po- 
tential as well as of each stimulus 
marker is stored. A total of 7000 
action potentials can be accommo- 
dated. 

The program sorts the action po- 
tential waveforms by comparing each 
one to some particular action potential 
which has been chosen as the "stand- 
ard." The comparison is accomplished 
by calculating a weighted mean square 
difference over the 32 digital samples. 
The single positive number thus ob- 
tained for each comparison is a mea- 
sure of dissimilarity to the "standard" 
waveform. If the waveforms are identi- 
cal this dissimilarity number is zero; 
differences between the waveforms 
lead to a positive dissimilarity num- 
ber. This process is considerably more 
general than the sorting of action po- 
tential amplitudes alone, since it can 
distinguish two action potentials of 
similar amplitude but different wave- 
shape. (Such data are shown in Fig. 
1, A and B.) 

Although the population of wave- 
forms for a typical multiple-unit re- 
cording could be uniformly distribut- 
ed across a range of dissimilarity num- 
bers, usually there is sufficient cluster- 
ing to allow the action potential wave- 
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Fig. 1. Action potentials from several adjacent neurons. A, Approximately 1.5 seconds 
of action potential data from several units. B, Multiple triggered sweeps of an oscillo- 
scope at high speed to show the three waveforms of action potentials in the data. C, 
Population as a function of dissimilarity number during three stages of the separation 
(see text). 
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Fig. 2. A print-out which is used to moni- 
tor the waveform classifications achieved 
by the program. (The large numerals were 
added by hand.) 

forms to be sorted into several groups. 
Various options in the program allow 
overlap between such clusters to be 
minimized. For example, any of the 
action potentials in the data may be 
tried as "standard" waveforms. Al- 
ternatively, a number of waveforms 
which are most similar to a "stand- 
ard" can be averaged together to gen- 
erate a new "standard" waveform in 
an iterative sorting procedure. Each of 
the 32 points comprising a waveform 
can be individually weighted during 
computation of the dissimilarity num- 
ber, thus emphasizing various portions 
of the waveform. 

The most useful sorting procedure 
identifies one "most similar" group of 
waveforms in those cases when the 
population has only a bimodal distri- 
bution as a function of the dissimila.ri- 
ty number, and then removes the iden- 
tified group of waveforms from fur- 
ther calculations. (Only a waveform 
group defined by a small dissimilarity 
number is unique; there are many dif- 
ferences between waveforms which 
can produce a large dissimilarity num- 
ber.) An example of this type of sort- 
ing procedure for the same data from 
which Fig. 1A was selected is shown 
in three stages in Fig. 1C. Each his- 
togram represents the distribution of 
the population of action potentials as 
a function of dissimilarity number; the 
waveform used as "standard" is shown 
for each stage in the calculation. In 
the first stage of separation, the popu- 
lation is divided at the arrow into 
two groups: left peak, those wave- 
forms most similar to the "standard" 
shown; and right peak, all other wave- 
forms. All waveforms that fall into the 
left peak are labeled type 0 and re- 
moved from the data. In the second 
stage of separation, the remaining 
population is again divided into two 
groups; the waveforms that fall into 
the left peak are labeled type 1 and 
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removed from the data. The remaining 
population of waveforms falls mainly 
into one peak, as shown in the third 
stage. Those waveforms that fall to the 
left of the arrow are labeled type 2. 
The residue to the right of the arrow 
represents various anomalous wave- 
forms arising when two different ac- 
tion potentials almost coincide in time. 

A print-out for monitoring the final 
sorting of the data is shown in Fig. 2; 
each action potential was labeled by 
the computer. Errors in classification 
generally run well under 5 percent 
and the entire procedure takes several 
minutes. 

Once the action potentials have 
been sorted, it is easy to examine the 
statistical properties of the firing pat- 
terns of each neuron in the record- 
ing as well as the various conditional 
firing probabilities which can be used 
for examining interactions between dif- 
ferent neurons. A current study of the 
dorsal cochlear nucleus by these 
means shows that contiguous neurons 
interact in various ways that depend 
partly on the parameters of the stimu- 
lus. 

G. L. GERSTEIN 
W. A. CLARK 

Center for Computer Technology and 
Research in the Biomedical Sciences, 
Massachusetts Institute of Technology, 
Cambridge 
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Conglutination: Specific Inhibition by Carbohydrates 
Abstract. Conglutination of antigen-antibody-complement complexes is inhibited 

by a number of acetamido sugars, the most efficient being N-acetyl-D-glucosamine 
and closely related compounds. The effects of structural modification on activity 

Conglutination: Specific Inhibition by Carbohydrates 
Abstract. Conglutination of antigen-antibody-complement complexes is inhibited 

by a number of acetamido sugars, the most efficient being N-acetyl-D-glucosamine 
and closely related compounds. The effects of structural modification on activity 
of N-acetyl-D-glucosamine are described. 

Chromatographically purified bovine 
conglutinin (1) clumps, or congluti- 
nates, complexes of antigen, antibody, 
and complement. It has been suggested 
that this conglutination reaction is due 
to combination of conglutinin with sites 
on a component or components of 
complement which are only exposed 
after binding to the antigen-antibody 
aggregate (2). To elucidate the chem- 
ical basis of specificity of the conglu- 
tinin system we have examined a vari- 
ety of carbohydrates for possible in- 
hibitory activity. 

The results (Table 1) suggest that a 
molecule containing an acetamido sugar 
plays an important role in determining 
specificity of the conglutination reac- 
tion. A feature of all inhibitory aceta- 
mido sugars is the sequence 

y C OH 

I\ 13 a 
OH C---C 

NHCOCHa 
I 

In the case of 3-acetamido-3-deoxy-D- 
galactose, 3-acetamido-3-deoxy-D-man- 
no-D-galaheptose, and 3-acetamido-3- 
deoxy-D-glucose, all weak inhibitors, 
the y carbon is the anomeric carbon. 
a-Glycosides of these sugars should 
therefore be inactive if the structural 
sequence I is an absolute requirement 
for inhibition by acetamido sugars. 

A progressive decrease in activity of 
N-acetyl-D-glucosaminides, which paral- 
leled the change in size of substituents, 
was observed in the series 

-O-CH2- O 0- /-NO2 > 

-O-C2H > -0--CH3. 

Subsitution of an N-butyryl group for 
N-acetyl of N-acetyl-D-glucosamine had 
little effect on activity whereas substitu- 
tion of N-carboxymethyl or amino for 
N-acetyl markedly reduced or com- 
pletely abolished activity. Replacement 
of -CH2OH at carbon atom 6 of N- 
acetyl-D-glucosamine by either -H or 
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complement which are only exposed 
after binding to the antigen-antibody 
aggregate (2). To elucidate the chem- 
ical basis of specificity of the conglu- 
tinin system we have examined a vari- 
ety of carbohydrates for possible in- 
hibitory activity. 

The results (Table 1) suggest that a 
molecule containing an acetamido sugar 
plays an important role in determining 
specificity of the conglutination reac- 
tion. A feature of all inhibitory aceta- 
mido sugars is the sequence 

y C OH 

I\ 13 a 
OH C---C 

NHCOCHa 
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In the case of 3-acetamido-3-deoxy-D- 
galactose, 3-acetamido-3-deoxy-D-man- 
no-D-galaheptose, and 3-acetamido-3- 
deoxy-D-glucose, all weak inhibitors, 
the y carbon is the anomeric carbon. 
a-Glycosides of these sugars should 
therefore be inactive if the structural 
sequence I is an absolute requirement 
for inhibition by acetamido sugars. 

A progressive decrease in activity of 
N-acetyl-D-glucosaminides, which paral- 
leled the change in size of substituents, 
was observed in the series 

-O-CH2- O 0- /-NO2 > 

-O-C2H > -0--CH3. 

Subsitution of an N-butyryl group for 
N-acetyl of N-acetyl-D-glucosamine had 
little effect on activity whereas substitu- 
tion of N-carboxymethyl or amino for 
N-acetyl markedly reduced or com- 
pletely abolished activity. Replacement 
of -CH2OH at carbon atom 6 of N- 
acetyl-D-glucosamine by either -H or 

-CH2-O-/-D-galactose also diminished 
the inhibitory activity. The 4-O-p-D- 
galactoside was inactive. 

The assessment of significance to the 
weak reactivity displayed by L-fucose 
and 3-O-methyl-L-fucose is difficult at 
present. However, it is noteworthy that 
2-O-methyl-L-fucose as well as all the 
D-fucose derivatives tested were in- 
active. 

Certain sugars could not be tested 
for inhibitory activity because they ag- 
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Table 1. Inhibition of conglutination by car- 
bohydrate. The test system contained 0.1 ml 
of conglutinin dilution, 0.1 ml of sheep eryth- 
rocyte-antibody-complement complex (1), 
and 0.3 ml of sugar in buffered saline. The 
mixture was incubated at 32?C for 30 
minutes. 

Sugar Molarity required 
for inhibition 

N-Acetyl-D-glucosamine 0.0004-0.0008 
Chitobiose* 
N-Butyryl-D-glucosaminet 

6-O-/8-D-Galactosyl-N-acetyl- 0.0014-0.003 
D-glucosaminet 

p-Nitrophenyl-2-acetamido-2-deoxy 
,3-D-glucoside* 

Benzyl-2-acetamido-2-deoxy-a-D-glucoside? 
Benzyl-2-acetamido-2-deoxy-8-D-glucoside? 

Ethyl-2-acetamido-2,6-dideoxy---D-glusosidet 0.060 
Ethyl-2-acetamido-2-deoxy-8-D-glucosidet 
3-Acetamido-3-deoxy-D-manno-D-galaheptoset 
3-Acetamido-3-deoxy-D-glucoset 
3-Acetamido-3-deoxy-D-galactoset 
2-Acetamido-2-deoxy-D-xyloset 
N-Carboxymethyl-D-glucosaminet 
L-Fucose I 
3-O-Methyl-L-fucosel I 

D-Glucosamine Inactive 
D-Glucosaminic acid? 
Muramic acid# 
4-Acetamido-4-deoxy-D-glycero-L-galaoctoset 
4-Acetamido-4-deoxy-D-glycero-L-idooctoset 
3-Acetamido-3-deoxy-D-gluco-D-idoheptoset 
3-Acetamido-3-deoxy-D-gluco-D-guloheptoset 
Methyl-2-acetamido-2-deoxy-a-D-glucoside** 
Methyl-2-acetamido-2-deoxy-,f-D-glucosidet ," 
Methyl-3-acetamido-3-deoxy-D-manno- 

D-galaheptose* 
2-Acetamido-2-deoxy-D-galactoset 
2-Acetamido-2-deoxy-D-guloset 
2-Acetamido-2-deoxy-D-arabinoset 
2-Acetamido-2-deoxy-D-riboset 
2-Acetamido-2-deoxy-D-mannosett 
2-N-Isopropyl-2-deoxy-L-glucosaminet 
2-Acetamido-2-deoxy-D-sorbitol* 
1-Acetamido-l-deoxy-D-glucitol? 
2-O-Methyl-L-fucose I 
D-Fucose 1 
Methyl-a-D-fucosidel I 
2-0-Methyl-D-fucosel I 
3-O-Methyl-D-fucose I 
All common nonnitrogen containing mono- and 

disaccharides except L-fucose and 3-O-methyl- 
L-fucose 

Table 1. Inhibition of conglutination by car- 
bohydrate. The test system contained 0.1 ml 
of conglutinin dilution, 0.1 ml of sheep eryth- 
rocyte-antibody-complement complex (1), 
and 0.3 ml of sugar in buffered saline. The 
mixture was incubated at 32?C for 30 
minutes. 

Sugar Molarity required 
for inhibition 

N-Acetyl-D-glucosamine 0.0004-0.0008 
Chitobiose* 
N-Butyryl-D-glucosaminet 

6-O-/8-D-Galactosyl-N-acetyl- 0.0014-0.003 
D-glucosaminet 

p-Nitrophenyl-2-acetamido-2-deoxy 
,3-D-glucoside* 

Benzyl-2-acetamido-2-deoxy-a-D-glucoside? 
Benzyl-2-acetamido-2-deoxy-8-D-glucoside? 

Ethyl-2-acetamido-2,6-dideoxy---D-glusosidet 0.060 
Ethyl-2-acetamido-2-deoxy-8-D-glucosidet 
3-Acetamido-3-deoxy-D-manno-D-galaheptoset 
3-Acetamido-3-deoxy-D-glucoset 
3-Acetamido-3-deoxy-D-galactoset 
2-Acetamido-2-deoxy-D-xyloset 
N-Carboxymethyl-D-glucosaminet 
L-Fucose I 
3-O-Methyl-L-fucosel I 

D-Glucosamine Inactive 
D-Glucosaminic acid? 
Muramic acid# 
4-Acetamido-4-deoxy-D-glycero-L-galaoctoset 
4-Acetamido-4-deoxy-D-glycero-L-idooctoset 
3-Acetamido-3-deoxy-D-gluco-D-idoheptoset 
3-Acetamido-3-deoxy-D-gluco-D-guloheptoset 
Methyl-2-acetamido-2-deoxy-a-D-glucoside** 
Methyl-2-acetamido-2-deoxy-,f-D-glucosidet ," 
Methyl-3-acetamido-3-deoxy-D-manno- 

D-galaheptose* 
2-Acetamido-2-deoxy-D-galactoset 
2-Acetamido-2-deoxy-D-guloset 
2-Acetamido-2-deoxy-D-arabinoset 
2-Acetamido-2-deoxy-D-riboset 
2-Acetamido-2-deoxy-D-mannosett 
2-N-Isopropyl-2-deoxy-L-glucosaminet 
2-Acetamido-2-deoxy-D-sorbitol* 
1-Acetamido-l-deoxy-D-glucitol? 
2-O-Methyl-L-fucose I 
D-Fucose 1 
Methyl-a-D-fucosidel I 
2-0-Methyl-D-fucosel I 
3-O-Methyl-D-fucose I 
All common nonnitrogen containing mono- and 

disaccharides except L-fucose and 3-O-methyl- 
L-fucose 

Kindly supplied by: * 0. Liideritz, t K. Ono- 
dera, t R. Kuhn, ? H. K. Zimmerman, 
11 G. Springer, ? M. Wolfrom, # R. Gigg, 
** F. Zilliken, tt S. Roseman. 

1327 

Kindly supplied by: * 0. Liideritz, t K. Ono- 
dera, t R. Kuhn, ? H. K. Zimmerman, 
11 G. Springer, ? M. Wolfrom, # R. Gigg, 
** F. Zilliken, tt S. Roseman. 

1327 


