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inputs. 

Physiologists, anatomists, and infor- 
mation theorists have long pondered the 
significance of synaptic endings upon 
distant dendrites of highly branched 
neurons. Controversy has centered upon 
the question of whether potentials gen- 
erated upon distant dentrites would 
have any significant effect upon the 
soma and nearby axon hillock region. 

We have analyzed the pyramidal cell 
of the cat motor cortex and estimated 
the upper and lower limits of attenua- 
tion of potential changes between the 
apical dendritic tree and the soma un- 
der "steady-state" conditions, a situation 
probably frequently approximated in 
maintained synaptic activity. The fact 
that the major apical dendritic shaft 
provides the single intracellular channel 
for spread of current from apical den- 
drites to soma simplifies analysis. Fur- 
thermore, the steady-state treatment ob- 
viates the need to consider membrane 
capacitances. We can calculate the po- 
tential (Vb) across the soma and basilar 
dendrites resulting from a synaptic 
bombardment of the dendritic tree distal 
to the major branch point (MBP) which 
sets up potential decrements (V2 and 
V3) upon the secondary and tertiary 
branches, respectively, resulting in a 
potential (V1) at the MBP (Fig. 1A), 
where V3 ̂ V2 - V1. An equivalent re- 
sistive circuit (Fig. 1B) can be con- 
structed from appropriately paired phys- 
iologic and new anatomic data. The 
only physiologic assumptions required 
are that the resting membrane potential 
is constant throughout the soma and 
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dendritic trees and that the external 
resistivity between different leakage re- 
sistances and between these resistances 
and ground is small and can be neg- 
lected in these calculations, and the only 
anatomic assumption required is that 
any shrinkage during tissue fixation is 
small and can be neglected in the cal- 
culations. It is then required only to 
find limiting values for the ratio of 
apical dendritic to basilar dendritic con- 
ductance (a) which can be done after 
presentation of the anatomic data. The 
attenuation ratios (V,b/Vj) can then be 
calculated by application of Kirchoff's 
laws. 

The theoretical advances of Rall (1), 
with applications of cable theory to 
branching dendritic trees, provided 
means of determining somatic mem- 
brane electrical constants from the type 
of data obtainable by intracellular mi- 
croelectrode techniques. These methods 
were applied to the pyramidal cell of 
the motor cortex of the cat (2). In the 
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best material on identified pyramidal 
cells the ratio of dendritic conductance 
to somatic conductance (p) ranged 
from 3 to 6.5. By using these respective 
values of p, we estimated the somatic 
membrane specific resistivity as ranging 
from 1500 to 4000 ohm cm2. Total 
neuron "input resistances" (RI) have 
been determined by Takahashi (3) and 
by us (2). The average values of R, 
for pyramidal cells with rapidly con- 
ducting fibers (30 to 60 meter/sec) were 
5.9 + 2.8 and 6.7 ? 1.9 megohm re- 
spectively. For any given value of spe- 
cific resistivity (Rm) and p, the larger 
the cell, the smaller is the input resist- 
ance. Hence the value of 4.5 megohm, 
which is representative of the lower 
values of both groups, can be taken 
as the input resistance of the largest 
neocortical pyramidal cells in the cat. 

The anatomic problem was to pro- 
vide measurements on a group of large 
pyramidal cells comparable to those 
studied physiologically. Sholl (4) in his 
classic study of dendritic branching had 
used mostly kittens and had restricted 
his analysis to apical dendrites branch- 
ing beyond the MBP. Neither he nor 
any other anatomist had provided data, 
crucial for our purposes, on the rela- 
tions of length and diameter of the 
major apical dendritic shaft of the ma- 
ture cat. Therefore, this data is pro- 
vided by one of us (S.J.). 

The brains from two adult cats (2.5 
kg) were impregnated by the Golgi-Cox 
method, dehydrated, embedded in paraf- 
fin, and sectioned frontally at 60 ,u. All 
measurements were made X 1200 with 
a calibrated eyepiece. The pyramidal 
neurons were sampled as follows: the 
count was initiated in the anterior sig- 
moid gyrus and continued into the pos- 
terior sigmoid gyrus. On the examined 
sections the sample was taken by start- 
ing on the lateroventral surface and 
moving at 1 mm intervals dorsomedially 
until five cells had been counted. The 
next section was examined, and the 
same procedure was followed at 180 i- 
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various values various values 

Values of R, Rsb RLI Vsb 
(meg- (meg- (meg- RL2 RL3 RL4 RLS Rbr VI 

a p ohm) ohm) ohm) (%) 

R,, 1500 ohm cm2 
0.3 3 25.6 5.44 134 174 192 236 286 318 27.5 
2 3 9.0 9.0 134 :174 192 236 286 318 36.2 

R, =4500 ohm cm2 
0.1 6.5 60.4 4.88 357 463 513 627 765 849 28.6 
1 6.5 10.5 7.94 357 463 513 627 765 849 38.1 
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Electrotonic Spread of Dendritic 
Potentials in Feline Pyramidal Cells 

Abstract. In pyramidal cells synaptic activation of the entire apical dendritic 
tree distal to the branch point of the major shaft can dominate the neuronal 
firing pattern. Uniform synaptic activation of distant parts of the dendritic tree 

( 750 microns from the soma) would produce potential changes at the soma 
of 2 to 3 percent of the magnitude of the dendritic potential changes. Even 
these small somatic potential changes could modulate the frequency of firing 
of neurons depolarized close to or above firing level by more proximal synaptic 
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intervals until 50 neurons had been ex- 
amined. The somata of most examined 
cells were from layer V close to layer 
IV, and the major apical dendritic shafts 
usually branched between layers II and 
III. 

The sonma of the pyramidal neuron 
presents a two-dimensional profile 
which is triangularly shaped with the 
base in most instances wider than the 
apex; the point with greatest curvature 
was considered the origin of the major 

6 

C 

apical dendritic shaft (Fig. IA). Meas- 
urements were made across the base of 
the soma and from base to "height" to 
estimate somatic size; measurements 
were also taken at 50 , intervals along 
the apical dendritic shaft (110 cases) 
to determine its diameter as a function 
of distance from the soma to the major 
branch point. 

In different cells the major shaft 
branched at variable distances from the 
soma (from 100 et to 400 [/). It was 
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Fig. 1. (A) Golgi-Cox preparation of pyramidal neuron from cat motor cortex showing 
profuse distal apical dendritic branches separated from the soma by the apical dendritic 

shaft. A potential change (Vsb) across the soma and basilar dendrites results from 

potential changes (V2 and Vs) on secondary and tertiary branches, respectively, pro- 
ducing a potential change (VF) at the major branch point (MBP). (B) Steady-state 
"equivalent" circuit for dendritic shaft showing segmental core resistance (Rc1 through 

R,i,) leakage resistances (RL, through RL) and branch leakage resistances (Rhr). The 
soma and basilar dendritic resistances (Rs) and (Rb) are in parallel and may be re- 

placed by an equivalent resistance (Rsb). (C) Plot of average diameter (with standard 

deviations) of apical dendritic shaft as a function of distance from apex in 80 small 

and medium-sized pyramidal cells. (D) Graph shows core resistance of pyramidal 
cells with apical dendritic shaft branching 250 A from the soma as a function of 

somatic surface area. 
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necessary, in order to evaluate com- 
parably tapering major shafts, to re- 
strict analysis to those cells with shafts 
branching at a uniform distance from 
the soma. 

A length of 250 ,z was chosen 
as the longest distance to branch point 
for which data was available for small 
(soma surface 600 to 1200 /2), medium 
(1200 to 2250 p2), and large (> 2250 

/2) pyramidal cells. Inasmuch as the 

RI value was taken for large pyramidal 
cells, it was also necessary to take aver- 
age shaft dimensions from the group 
of large cells. Subsequent to analysis 
of these cells, an analysis based on 
geometric considerations was made to 
determine whether comparable results 
would obtain for the small and medium- 
sized cells. 

In the five largest pyramidal cells 

(soma surface - 3000 p2), the diameter 

of the shaft averaged 8.52 ? 0.48 and 
5.76 + 0.65, 5.44 ? 0.66, 4.48 ? 0.71, 
3.64 _ 0.64, and 3.2 + 0.55 t, respec- 
tively, moving out along the shaft in 
50 Mz sections until the MBP at 250 ,u 
was reached. The internal resistivity of 
mammalian central nervous system cy- 
toplasm may be taken as close to 75 
ohm cm (5); we then calculated core 
resistances for each section of the apical 
shaft, treating it as a truncated cone; the 
values in megohms were: R,1, 0.39; Re2, 
1.32; Re,3 1.66; RCe4 2.42; Re5, 3.53; 
R06, 2.19. The relationship of length 
and diameter for 80 small and medium- 
sized cells is shown in Fig. 1C. 

The total core resistance averaged 
11.5 ? 1.8 megohm. Between 3 and 12 
dendritic side branches measuring 1 to 
2 /z in diameter and about 100 , long 
arose from the major shaft. For our 
model shaft we will assume six side 
branches, 1.5 f/ in diameter and 100 ,u 

long, five of which are evenly spaced 
between each 50 /z section and the sixth 
at the junction with the soma (Fig. 1B). 

Using the values for specific resistivity, 
we calculated the "leakage resistances" 
for each section and side branch (Table 
1). 

An approximately correct numerical 
solution for the voltage drop across R4, 
can now be made for any reliable range 
of R,b values. To determine R4,, we first 

define a ratio of apical dendritic to basi- 

lar dendritic conductance (a), where a - 

R1J/Ra and where Ra and Rb are the 

apical and basilar dendritic resistances, 

respectively, as seen from the soma. 

Using Rall's (1) p (R-l- + R,-1)/ 

R,-~, where R. is the somatic resist- 

ance, and the definition of total input 
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resistance (Ri), where RI-1 R5-1 + 

RaJ1 + Rb-1 we find that 

R b=Rt (a 1l)(p+1) 
a+ p +1 

Values are already available for RI 
and p, and the upper and lower limits 
for a may be easily calculated by as- 
suming either an infinite resistance or 
a "zero" resistance, respectively, in se- 
ries with the apical shaft at the MBP 
and then calculating the total value of 
Ra as seen from the soma in each case 
(Table 1). From the previous definitions 
of a, p, and RI it then follows that for 
p = 3, the maximum possible value 
for a is 2.0, the minimum is 0.3. For 
p = 6.5, the maximum value for a 
is 1.0, the minimum is 0.1. 

In the least favorable case for den- 
dritic electrotonic propagation with low 
a, low Rm, and low p, 27.5 percent of 
a potential difference produced at the 
MBP occurred across the soma. In the 
most favorable case, the higher limit 
of 38.1 percent was calculated (Table 1). 

The anatomic data showed that cells 
with smaller somatic surfaces gave rise 
to narrower major shafts. Smaller cells, 
in general, also gave rise to small axons. 
The fact that the core resistance of the 
major shaft relative to the input resist- 
ance (Rsb) is the principal determinant 
of the potential drop across R,b when 
the leakage resistances are relatively 
high encouraged an attempt to see 
whether the core resistance of the shaft 
was related to size of the neurons. Core 
resistances decreased as cell size (sur- 
faces calculated assuming truncated 
cones) increased (Fig. 1D). This ap- 
proximately linear relationship suggests 
that the apical dendritic contribution 
relative to soma size may be approxi- 
mately the same for a wide range of 
pyramidal cell sizes, and that the results 
on large pyramidal cells may be gen- 
erally applicable to smaller pyramidal 
cells. 

Sholl (4) presented data on the diam- 
eter of branching dendrites as a func- 
tion of distance (extending up to 240 
,u) from the MBP. These data, however, 
were not derived from large cells com- 
parable to those whose major shafts 
were used in the above calculations. 
Nor do we have adequate data on the 
distant branchings of large cells, be- 
cause it becomes progressively more 
difficult to obtain full sections of the 
desired material. 
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However, for the sake of a rough 
estimate, a secondary branch 250 pt 
long and 2.5 pL in diameter at the MBP 
tapering to 2.0 ,t at the end would add a 
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core resistance of 47.8 megohm. When 
the appropriate leakage resistances are 
considered, the lower and upper limits 
for attenuation of a potential change 
(V2) applied to the end of the secondary 
branch (500 /t from the soma) would 
be 5.5 to 5.8 percent. A tertiary branch 
250 /t long and tapering from 2.0 to 
1.5 A/ would add another 75 megohm 
of core resistance per branch, and simi- 
larly considering the range of leakage 
resistances, the limits for attenuation of 
potentials (V3) (750 ,u from soma) 
generated on this tertiary branch would 
range from 2 to 3 percent. 

Somatic potentials of 27.5 to 38.1 
percent (estimated lower and upper con- 
fidence limits) of a potential difference 
appearing at the major branch point of 
the apical dendritic shaft would occur 
as a result of steady-state synaptic ac- 
tivity in the more distant branches. If 
it is reasonably assumed that depolari- 
zations of 20 mv can occur over the 
entire dendritic tree distal to the MBP 
250 / from the soma, then 5.5- to 7.6- 
mv depolarizations would occur at the 
soma. These values are in the same 
range as the peak depolarizations pro- 
duced by strong stimulation of the non- 
specific thalamic system, a fiber system 
believed to have the majority of its end- 
ings on apical dendrites in the super- 
ficial cortical layers (6). As depolari- 
zations in this range would bring most 
neurons to or above firing level, then 
it can be considered that the apical 
dendrites, when all are excited, can 
play a dominant role in determining 
the neuronal firing pattern. Apical dend- 
rites, 750 /t distal from the soma, if all 
depolarized could produce only 2 to 3 
percent changes at the soma. If a 20-mv 
depolarization on these dendrites is as- 
sumed, then 0.4 to 0.6 mv of depolari- 
zation would occur at the soma. This 
is a fraction of the depolarization nec- 
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(2) described antibodies specific for 
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essary to reach a firing level, usually 5 
to 10 mv. However, even a 0.4-mv de- 
polarization can have a marked effect 
on changing the frequency of firing of 
a neuron already depolarized close to 
or slightly above firing level (7). In this 
respect the distant dendrites can play 
an important modulating role, not so 
much in setting up sporadic action po- 
tentials, but in providing a refinement 
in the regulation of firing rates of 
neurons brought close to firing level by 
afferent systems ending close to the 
soma (1). 

Finally, it should be noted that the 
strength of this assessment of the im- 
portance of the apical dendritic tree 
rests in its quantitative aspect (Table 
1), wherein the values depend almost 
entirely upon anatomic and physiologic 
measurements and minimally upon fac- 
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Antibodies to Deoxyribonucleic Acid Irradiated with Ultraviolet 

Light: Detection by Precipitins and Immunofluorescence 

Abstract. Two rabbits were immunized with a complex consisting of ultraviolet- 
irradiated DNA and methylated bovine serum albumin. Serum antibodies reacted 
only with irradiated DNA, and the serological reaction was shown by immune- 
precipitation and immunofluorescence. 
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