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SUMMARY

1. The aim of this work was to quantify both the morphology and electrical
geometry of the dendritic trees of jaw-elevator motoneurones. To do this we have
made intracellular recordings from identified motoneurones in anaesthetized rats,
determined their membrane properties and then filled them with horseradish
peroxidase by ionophoretic ejection. Four neurones were subsequently fully
reconstructed and the lengths and diameters of all the dendritic segments measured.

2. The mean soma diameter was 25 ,am and values of mean dendritic length for
individual cells ranged from 514 to 773 ,am. Dendrites branched on average 941 times
to produce 10-2 end-terminations. Dendritic segments could be represented as
constant diameter cylinders between branch points. Values of dendritic surface area
ranged from 1-08 to 2-52 x 105 /am2 and values of dendritic to total surface area from
98 to 99 %.

3. At branch points the ratio of the summed diameters of the daughter dendrites
to the I power against the parent dendrite to the 3 power was exactly 1-0. Therefore
the individual branch points could be collapsed into a single cylinder. Furthermore
for an individual dendrite the diameter of this cylinder remained constant with
increasing electrical distance from the soma. Thus individual dendrites can be
represented electrically as cylinders of constant diameter.

4. However dendrites of a given neurone terminated at different electrical
distances from the soma. The equivalent-cylinder diameter of the combined dendritic
tree remained constant over the proximal half and then showed a pronounced
reduction over the distal half. The reduction in equivalent diameter could be ascribed
to the termination of dendrites at differing electrical distances from the soma.
Therefore the complete dendritic tree of these motoneurones is best represented as a
cylinder over the proximal half of their electrical length but as a cone over the distal
half.

INTRODUCTION

Our interest is in delineating the spatial organization of different synaptic inputs
onto masticatory motoneurones and an essential pre-requisite for this is quantitative
information on the geometry of their dendrites. A knowledge of the dendritic
geometry can also be the starting point for attempts to model current flow in these
neurones (Rall, 1959, 1962, 1977) and eventually for inferring the location of
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synaptic inputs from electrophysiological data (Rall, Burke, Smith, Nelson & Frank,
1967; Jack & Redman, 1971 a, b; Redman & Walmsley, 1983; for review see Jack,
1979).
To date there have been no descriptions of the electrical geometry of masticatory

motoneurones though there has been one qualitative description of their morphology
(Yoshida, Tsuru, Mitsuhiro, Otani & Shigenaga, 1987) and one quantitative
assessment of the membrane and firing characteristics of elevator motoneurones
(Moore & Appenteng, 1990). We therefore set out to obtain quantitative descriptions
of both the general morphology and electrical geometry of jaw-elevator moto-
neurones by combining the intracellular labelling of identified motoneurones with
the determination of their membrane properties. The approach is similar to that used
in the determination of the electrical geometry of a variety of different neurones:

motoneurones (Ulfhake & Kellerth, 1981; Fleshman, Segev & Burke, 1988; Clements
& Redman, 1989), hippocampal (Turner & Schwartzkroin, 1980,1983), visual cortical
(Blakemore, Jack, Larkman & Mason, 1987), lateral geniculate (Bloomfield, Hamos
& Sherman, 1987) and superior collicular (Schierwagen & Grantyn, 1986).
The reports on motoneurones have with one recent exception (Bras, Gogan & Tyc-

Dumont, 1987) dealt with spinal motoneurones (Ulfhake & Kellerth, 1981, 1983;
Egger & Egger, 1982; Cameron, Averill & Berger, 1985; Rose, Keirstead & Vanner,
1985; Cullheim, Fleshman, Glen & Burke, 1987) and so the general question remains
as to how far their neuronal geometry is representative of other motoneurone types.
In this paper we describe the electrical geometry of elevator motoneurones and then
compare this to the geometry of other motoneurones. A summary of the main
findings has been communicated to The Physiological Society (Appenteng & Moore,
1988).

METHODS

The surgical preparation and recording set-up were as described by Moore & Appenteng (1990).
In brief, rats were initially anaesthetized with a mixture of halothane in oxygen and subsequent
anaesthesia maintained with i.v. infusions of pentobarbitone (initial dose = 60 mg kg-'). The
masseter nerve was exposed for electrical stimulation, the trachea cannulated and a femoral
arterial catheter inserted for monitoring blood pressure. Animals were paralysed with gallamine
triethiodide and artificially ventilated for the duration of the experiment. Animals were maintained
deeply anaesthetized throughout all stages of the experiment and the criterion used to assess this
was that a noxious paw-pinch should elicit no change in blood pressure. A bilateral pneumothorax
was performed and end-tidal carbon dioxide levels monitored.

Electrodes
These were pulled from thin-walled glass (o.d. = 1-2 mm, i.d. = 094 mm) and filled with a

solution of 4% horseradish peroxidase (HRP; Sigma type VI) in 0-5M-KCI. Their initial tip
resistances varied from 20-60 MQ and were then bevelled down ideally to resistances of between
14 and 18 MQ. Electrodes were only accepted for use if they could pass at least 10 nA of current
in both the hyperpolarizing and depolarizing directions without rectification.

Recording
Masseter and masseter synergist motoneurones were identified as described earlier (Appenteng,

Donga & Williams (1985)) and the different responses of the two to electrical stimulation of the
masseter nerve are illustrated in Fig. 1 A and B. Following penetration cells were left to stabilize
for some 5 min before their membrane properties were determined. The neuronal input resistance
(R.) and membrane time constant(To) were obtained from the transmembrane voltage response to
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a 50 ms hyperpolarizing current pulse. The amplitude of these pulses was 05-10 nA and the
voltage responses elicited were within the linear portion of the current-voltage relationship of jaw-
elevator motoneurones (Moore & Appenteng, 1990). Between 32 and 104 cycles of current injection
were averaged. Rn was calculated from the peak transmembrane voltage response and To from a plot
of the natural log of the decay of the transmembrane voltage against time (Fig. 1 C). Rheobase was
determined from the response to a 50 ms depolarizing current pulse.

A 1 mV B

J -60 mV Jim

Stim 3 ms Stim 3 ms

2.72 mV

\ O 3-09 ms

(V
0

18,uV
0 2 4 6 8 10

Time (ms)
Fig. 1. Antidromic activation of a masseter motoneurone (A) and monosynaptic
activation of a masseter synergist motoneurone (B) following electrical stimulation of the
masseter nerve. In A the first stimulus elicits an IS-SD spike and the second an M spike.
B, EPSP (average of 8 sweeps) recorded before (top trace) and after (bottom trace)
injecting HRP for 70 min. Note the virtually identical amplitudes. C, calculation of
membrane time constant for neurone in B from a semi-log plot of transmembrane voltage
response to a 0-5 nA, 50 ms hyperpolarizing current. A, cell 49; B and C, cell 33.

HRP injection
HRP was injected by passing depolarizing current pulses of intensity 1-4 nA for 10-80 min,

using an 80% duty cycle (12 s cycle time). By using such relatively low currents the electrodes
remained stable throughout the period of injection as judged by the voltage response to the current
pulse. Injections were continued as long as the membrane potential was greater than -40 mV.
After completing an injection the electrode was left in the cell for a further 5-10 min before it was
withdrawn. The bridge balance point was rechecked when the electrode was extracellular and
invariably found not to have been altered by the prolonged period of current injection.

Histology
Animals were then maintained alive for a further 60-90 min (3 h in one case; cell 27) to allow the

HRP to diffuse throughout the neurone. Heparin (2500 units i.v.) was given some 10 min prior to
perfusing the animals first with a Tyrode mixture and then 500 ml of a chilled 1-75%
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glutaraldehyde-05 % paraformaldehyde fixative, and finally 500 ml of chilled 10% sucrose

solution. The brain was then removed and allowed to sink in a 30 %/o sucrose solution. The fixative
and sucrose solutions were made up in 0 1 M phosphate buffer (pH = 7 4). Frozen, serial, transverse
sections (60 ,tm) were cut and the tissue processed for HRP activity using the tetramethylbenzidine
(TMB) method of Mesulam (1982). We chose to use the TMB method because of its particularly
high sensitivity but the potential pitfalls are that the reaction product mav extend outside
neuronal processes and the background staining may be high (Mlesulam, 1982). Both problems stem

from inadequate control of the reaction sensitivity. We used a staining solution that contained (per
litre) 006 ml of hydrogen peroxide, 1 g of sodium nitroprusside and 5 mg of T1\IB (Appenteng &
Girdlestone, 1987). Sections were mounted onto chrome alum slides and air-dried for at least 10
days before they were dehydrated in butanol (Jankowska, 1985).

Neuronal reconstructions and morphometric measurements

Initially a low-power ( x 100) reconstruction of the neuronal morphology was made from camera

lucida drawings to allow the location and orientation of the neurone to be determined and then
subsequently a more detailed high-power reconstruction ( x 1060) was made. Measurements of the
minimum and maximum soma diameter and length and diameter of dendrites were made from
these large scale reconstructions using a digitizing tablet (resolution = 001 mm). The diameters of
all dendrites were usually measured at intervals of 5-10 /am and never at more than 20 /tm. We used
a pythagorean correction to correct all measurements of length for the effect of depth through the
sections. No correction was made for shrinkage induced by the histological procedures.

M1Worphometric calculations
Soma surface area. This was derived by approximating the soma to an ellipsoid.
Dendritic surface area. Dendritic segments (here defined as the distance between two consecutive

branch points along the same dendrite) were approximated as cylinders and their areas summed
to give the complete dendritic surface area.

Branch point ratio. Rall (1959) has shown that impedance matching occurs at branch points when
the summed diameters of daughter dendrites (ddaughter) raised to the 3 power equals the diameter
of theparent dendrite (D,) raised to the3 power (i.e. 1(d=ughter) = 2

T'apering of dendrites. The amount of tapering with increasing electrical distance from the soma,

within individual dendrites and throughout the complete dendritic tree was assessed by the
argument below which is broadly similar to that employed by Clements & Redman (1989).
However, one important difference is that Clements and Redman's arguments required a

knowledge of both the electrical properties and morphology of cells whereas ours simply requires a

knowledge of the morphology of neurones.

Considering first the case of an individual dendrite of a neurone, the condition required for
impedance matching to occur throughout the dendrite is that the diameter of the primary dendrite
(defined as the segment of dendrite extending from the soma to the first point of branching of the
dendrite) should equal the diameter of all the other segments of the dendrite raised to the3 power

summed and raised to the 2 power:
D = (X(d.l))i, (1)

wheredn is the diameter of any dendritic segment. The right hand-side of the equation was used
to calculate the diameter of the dendrite at any point in the dendritic tree and the answer obtained
for the left-hand side (D.) willbe referred to from here on as the equivalent diameter of an

individual dendrite. Where the combined diameter of the other dendritic segments is less than D.
then electrically there is tapering of the dendrite with distance from the soma, and where it is
greater than Dx there is flaring of the dendrite with electrical distance from the soma.

The electrical distance from the soma to any point along a dendrite can be determined by
calculation of the electrotonic length (L) which in turn can be derived starting from the
relationship: L 11A. (2)

where 1 = physical length of dendritic segment and A = the space constant. The value of L to a

point in the dendritic tree is simply the sum of the individual values obtained for segments lying
along the path from the soma to the point in question. A can be approximated as:

A = lX V(kd),(3

328

A = lx,\I(kd), (3)



GEOMERAIETY OF AMASTICATOR Y MOTONEEURONES

where k (a constant) = Rm/4Ri and d = diameter of dendritic segment. Rm (specific membrane
resistivity) and Ri (specific cytoplasmic resistivity) are assumed to be constant throughout the
neurone. Equation (3) allows the electrical distances along dendrites to be approximated purely
from morphological data and describes the effect of diameter on the electrotonic length. From eqn
(3) it can be seen that the primary dendrite will have the longest space constant as its diameter is
greatest. Continuing out along the dendritic tree, the space constant will decrease and electrotonic
length of the dendrite will increase in proportion to the square root decrease in the diameter of
dendritic segments.

TABLE 1. Values for equivalent, length and diameter

Physical Physical d2
Dendrite diameter length (tm2) Equivalent length (am)

d2- 1 4 100 8 100 x /(794/4) = 14089
d2-2 1 100 1 100 x \/(7 94/1) = 281 78

TABLE 2. Values for equivalent length and diameter including two new branches

Physical Physical d2
Dendrite diameter length (/tm2) Equivalent length (,um)

d2.2 1 1oo 1 281 78-14089 = 14089
d31 1 too I 100lxO\/(794/1)=28178
d3.2 1 50 1 50x+/(794/1) = 14089

TABLE 3. Values for equivalent length and diameter for remaining dendrite

Physical Physical d2
Dendrite diameter length (Itm ) Equivalent length (,um)

d3-1 1 100 1 28178-140-89 = 140-89

To calculate the equivalent, diameter for the combined dendritic tree of a neurone the equivalent
diameter of the nominal primary dendrite (Dcombined) is taken as the diameter of the individual
primary dendrites (dprimary) each raised to the 3 power, summed and raised to the 2 power:

Dcombined (E(dprimary ) ). (4)

The equivalent diameter of subsequent dendritic segments is calculated as in eqn (1). The
equivalent length of this combined primary dendrite is calculated from:

L' = I x \/(Dcombined/dprimary ), (5)

where L' is referred to as the equivalent length. The equivalent length of subsequent dendritic
segments is calculated by substituting dn for dprimary in eqn (5).
For individual dendrites, the equivalent diameter of the nominal primary dendrite (Dcombined) is

again used to calculate equivalent length. This is to allow the equivalent length of the different
dendrites of a neurone to be compared. The equivalent length of the primary dendritic segment is
calculated as in eqn (5) and the equivalent lengths of subsequent dendritic segments calculated by
substituting dn for dprimary in eqn (5).
The steps in the calculation of equivalent diameter and length are illustrated for the case of a

hypothetical neurone with two dendrites (Fig. 2A). The diameter of each of the primary dendrites
is 5,am, thus the diameter of the nominal primary dendrite is (51+ 51)1, i.e. 7-94. For the individual
dendrite shown in Fig. 2, the equivalent diameter of the primary dendrite is simply taken as its
physical diameter and its equivalent length is calculated as 125 99,m (i.e. 100 x V/(7 94/5)). The
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dendrite then branches in two and the values of equivalent diameter and length are calculated in
Table 1.
The equivalent diameter will be 4-33 ,tm ((8+ 1)3) and this will be for a distance of 140-89 at which

point dendrite2.1 branches to give rise to two daughter branches. The distance of 140-89 ,tm is
subtracted from the equivalent length of dendrite2.2 to give the remaining distance for dendrite2.2
and the table redrawn to include the two new branches (Table 2).

A

Soma

5 100

B

::-

a)
a)
E
'L

a)

._wJ

d2.1
4 100

1 100

0 100 200 300 400
Equivalent length (,um)

d3.1
1 100

1 50

500 600

Fig. 2. Determination of the equivalent diameter and length of a single hypothetical
dendrite of a neurone. The neurone is assumed to have two dendrites. A, branching
pattern of the dendrite, second dendrite of the neurone is not shown. The subscripted
numbers above each segment show the segment number and the values below each
segment show the diameter (on left) and length (on right) of the segment. B, plot of
equivalent diameter and length values calculated for dendrite (see text for values).

The equivalent diameter of the three branches is 2-08 (i.e. (1 + 1 + 1)3) and this will be for a
distance of 140-89 ,um at which point both dendrite3*2 and dendrite2.2 terminate. The length of these
dendrites is then subtracted from the remaining dendrite and the table redrawn (Table 3).
The equivalent diameter of the remaining dendrite is 1 and this will be for a distance of

140-89 ,um at which point the dendrite terminates. Figure 2B shows the plot of equivalent diameter
against length for this single dendrite.

Electrotonic length. The electronic length of individual dendrites was calculated from eqn (2) by
summing the electrotonic length of the individual dendritic segments stepwise along a common
pathway from the soma to the most distal dendritic segment. Membrane capacitance (Cm) was
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assumed to be 1 ,aF cm-2 and therefore Rm (Q cm2) assumed to equal T0 (ms). Ri was assumed to
equal 100 Q cm-' (Rall, 1977). The value of L for the entire dendrite was obtained by taking the
mean of the individual dendritic terminations.
Input conductance. A cylindrical dendritic segment can be represented by a finite length of core

conducting cable (Rall, 1959). The input conductance (Gin) of any segment is given by:

in = Binx dlxlT/2 x (Rm x Ri)2 (6)
and

Bin = (B+tanh (L))/(1 +Btanh (L)), (7)

where B represents the terminating conductance of the segment normalized with respect to the
conductance of a semi-infinite cable of the same diameter d. B was taken as either 0 or 1, values
assumed for either a sealed end or open-ended cable. At the soma the conductances of all the
dendritic trees (Gd) and of the soma (Ge) were added to give the computed neurone input
conductance (Gmorph)

Gmorph = GS+Gd, (8)
where Gs = As/Rm, where A. is the soma surface area.

RESULTS

The data here reported are derived from five motoneurones that were filled with
HRP. Four were identified as masseter motoneurones and one as a masseter synergist
motoneurone. Four cells were completely reconstructed and then further analysed
quantitatively as outlined in the Methods. The fifth cell was used only for
measurements of soma size and axon morphology as the three tracks made in the
motor nucleus prior to penetration of it resulted in a high level of background artifact
due to the bleeding induced. The electrical properties of the neurones are summarized
in Table 4.

General Morphology
Figure 3 shows reconstructions of the morphology of two neurones and illustrates

the general tendency observed for dendritic branching to be more predominant in the
dorsal half of the dendritic tree than in the ventral half. What cannot be illustrated
in the figure was the tendency for dendritic branches to be also orientated rostrally.
The maximum and minimum diameters of the somata ranged from 35 to 15 ,tm

with the mean diameter for the sample being 25,um (range = 24-27 8). This figure is
identical to the mean value reported for rat elevator motoneurones labelled by
intramuscular injections of HRP (Rokx, van Willigen & Juch, 1985). Six to eight
dendrites radiated from the somata of each motoneurone in our sample and apart
from one dendrite which did not branch, individual dendrites branched between 2
and 33 times in total (225 branch points for the total sample; mean = 9*1
(dendrite)-'; S.D. = 2 66). The total number of branches produced by the four cells
was 391. Sixty-four per cent of these were fourth order or below and the remainder
fifth to ninth order. On average each dendrite gave rise to 10-2 end-terminations
(n = 252; S.D. = 2 7).
The maximum lengths of dendrites were determined by summing the lengths of

dendritic segments that lay along a path between the soma and the most distal
termination. Values of mean dendritic length for individual cells were 544 (S.D. =
116; cell 33), 773 (S.D. = 207; cell 43), 514 (S.D. = 165; cell 37) and 720 ,tm (S.D. =
120; cell 27). These values should be compared with the dimensions of the motor
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A

100 Pm \/

Fig. 3. Reconstructions of the morphology of two neuroines. A. cell 33 B, cell 43. Note the
tendency for dendrites to be dorsally directed. Arrowheads identify the axons which in
both cases gave off collaterals. 1). dorsal; L. lateral.

TABLE 4. Electrical properties of the neurones

Input D)endritic -Mean Soma Total
resis- surface soma surface neuronal

tUnit tance Rheobase No. of area diameter area surface
no. Vm (mV) (MQ) To (ms) (nA) dendrites (,um2) (,IM) (tm2) area (/tm2)
27 -60 1 81 3-25 6 2.522 x 105 27-7 3-3 x 103 2-55 x 105
33 -75 0(81 309 1 38 7 1817 x 105 24-0 29 x 103 1 846 x 105
37 -47 1-98 3-47 4 22 6 1-079 x 105 24-1 2-5 x 103 1-104 x 105
43 -60 4 12 343 2-64 8 2427 x 105 278 29 x 103 2456 x 105
49 -60 38 2 18 3:30 7 25-0 1-9x 103

nucleus which are approximately 800 ,tm in length and 500 ,um in width: thus on
average the dendrites can potentially traverse the full width and almost the entire
length of the nucleus.

Quantitative dendritic morphology
Patterns of branching and termination

Figure 4A summarizes the pattern of branching of all the neurones by plotting the
variation of the mean dendritic segment length calculated for the total sample
against dendritic segment number. The figure shows that the primary dendrites are
short, the second to fourth order dendritic segments are long and there is then a
progressive decrease in length over subsequent segments. Figure 4B shows the
proportion of dendritic segments (expressed as a percentage of the total number)
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which represented end-terminations. Dendritic segments of fifth order and above
accounted for 60(% of the total number of terminating segments.

Diameters and suirface area

Figure 5 shows a typical series of measurements taken along a dendritic segment
of a neurone which in common Nith all bar two dendrites of one neurone in our

A

- 200

D 100
E

a5

1 2 3 4 5 6 7 8 9 10 11

Dendritic segment number
B

25
C,,
Q) 20-
E

15-
0- CQ

DC .10
CO
a,

0

Dendritic segment number

Fig. 4. Representation of the branching pattern of the total sample of neurones. A,
variation of mean dendritic segmenit length with segment number. Note the continual
decrease in the mean lengths after the fourth order segments. Error bars show standard
deviations. B, proportion of all segments forming end-terminations in each segment. The
total number of end-terminations for the sample was determilned and the percentages
shown in the plot calculated.

sample (cell 27) showed no (lendiritic beading. The most striking feature is the great
variability in values obtained. However. this is random in nature (r2 = 0 0), a feature
common to all other segments examined. Two conclusions follow from this: (1) there
is no systematic tapering or flaring of dendritic diameter between branch points and (2)
the mean of these measurements represents the most reliable estimate of the
diameter of the segment and so this was the value used.
A consequence of the above is that the surface area of dendritic segments could be

calculated by representing them as cylinders. Values of the combined dendritic
surface area for our sample ranged from 1 08 to 2-52 x 105 /Im2 and values of dendritic
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Fig. 5. Variations in diameter along a dendritic segment. The measurements vary

essentially randomly over a twofold range. Line shows the mean diameter calculated from
the measurements. Mean = 1-39 ,um.
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8

Fig. 6. Relationship between dendritic surface area and diameter of primary dendrites.
Solid line is linear least-squared fit to data.

to total surface area from 98 to 99% (see Table 4). The surface area of individual
dendrites was linearly related to the diameter of the primary dendrites (Fig. 6; r=
083).
The plots in Fig. 7A and C show the typical variation in dendritic surface area with

distance from the soma for two neurones. In each case there is an initial increase in
area and then a pronounced reduction over approximately the distal third of the
dendritic tree. The increase in area would be expected on the basis of the branch
point ratio obtained for these neurones (see below) while the reduction in area in the
distal part of the dendritic tree would suggest that many dendrites terminate in
this region. Figure 7B and D shows plots of the cumulative surface area against
distance for the same two neurones and serve to emphasize that area increases
approximately uniformly and then levels off in the distal third of the dendritic tree.
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Electrical geometry of neurones
The large dendritic to soma surface area suggests that the majority of synaptic

inputs must be onto the dendritic tree. Therefore the way in which current flows in
their dendrites is clearly of importance in understanding the integration of synaptic

B
2.0

E 15

0°- 1-0I
x

< U0-5

0 200 400 600
Length (pm)

800

D
2.5

2-0

1.5

1.0

0-5

I

0 200 400 600 800
Length (pm)

0 300 600 900 1200 0 300 600 900 1200
Length (pm) Length (pm)

Fig. 7. Variation of dendritic surface area with distance from the soma. A and C show
plots ofthe surface area /am-' with distance from the soma for two neurones; B andD show
the corresponding variation in their cumulative surface areas. A and B are from cell 33;
C and D from cell 43.

inputs in these neurones. Current flow through the dendritic tree will in part be
determined by its complex branching morphology. This morphology can be simplified
in two separate ways: (1) as a single equivalent cylinder or (2) as a series of
compartments (Rall, 1959, 1962). The conditions necessary for representing the
dendritic tree as a single equivalent cylinder are first that there should be impedance
matching at branch points and second that the dendrites must all terminate at the
same electrotonic distance from the soma. We have tested for these two conditions
below.

Impedance matching
This occurs at branch points when the ratio ddaughter3/DP = 1 (Rall, 1959). The

significance of this is that where this occurs the three branches can be collapsed into
a single cylinder. Figure 8A shows the distribution of this ratio for all our cells. The
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values range from 0 8 to 1 19 with a mean of 1 00 (n = 185; S.D. = 0 06). Figure 8B
shows a plot of this ratio against the diameter of the parent dendrite and shows that,
there is no systematic variation in this ratrio across the dendritic tree.

Termination of dendrites
As there is impedance matching at individual branch points it is possible to

represent the entire dendritic tree as an equivalent cylinder of constant diameter if

A
60 -

50 -

40 -

E 30-
z

20 -

10-

0
o LC) 0

00 c0
o 0 0 0

3

3

D 2

n = 185
S.D. = 0.06

O Uf O LD O
0 0 CN
,-. .: .L .L r

B
1.4

1.2

Ed3 1.o v i *0
3 0-8-

D 2

0.6

0.4

0.2

D(pm)

Fig. 8. Branch point ratios for all units. A, histogram of ratios; mean = 1-00. B, ratios
plotted against diameter of parent dendrite. Clearly impedance matching occurs at
branch points throughout the dendritic tree.

in addition eqn (1) (see Methods) is satisfied throughout the dendritic tree. The
alternatives are either that the diameter of the dendritic tree decreases with electrical
distance from the soma (tapers) or that it increases (flares).

Figure 9 shows the variation in equivalent diameter with increasing electrical
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distance from the soma of all the individual dendrites of a cell. The figure serves to
emphasise two features. First the diameter of most individual dendrites can be seen
to remain relatively constant throughout most of the equivalent length of the
dendrites. Therefore to a first approximation the individual dendrites can be

2.5 5
2.0 4
1.5 -3-
1.0 2-

0.5 -1
0.0 0I I

-
I . ,1

0 1000 2000 3000 0 1000 2000 3000

2.5 6
2.0 5
1.5 -4

E 1.0 2

a5o- 1
o-0 I 0

0 1000 2000 3000 0 1000 2000 3000
E

C 4 7
_ ~~~~~~~~~6

X 3 5

> o
4

2 3
1 2 -

0 ~~~~~~~0
0 1000 2000 3000 0 1000 2000 3000

4-6

3
~~~~~~~5

3 ~~~~~~~~~~4-
2 3

2-
1 1
0 or
0 1000 2000 3000 0 1000 2000 3000

Equivalent length (pm)

Fig. 9. Variation in equivalent diameter of the individual dendrites of a neurone (cell 43)
with equivalent length from the soma. Diameter remains approximately constant and
then reduces abruptly in the most distal part of the dendrites. Note that dendrites
terminate at widely differing equivalent lengths.

represented electrically as equivalent to cylindrical cables of constant diameter.
Second the individual dendrites terminate at differing electrical lengths from the
soma. For example the shortest dendrite terminates at an equivalent length of
1205 ,tm while the longest dendrite terminates at 3655 ,tm.
Figure IOA and lOB shows plots of equivalent diameter against equivalent length
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for the combined dendritic tree of two neurones with the neurone in Fig. lOA being
the same as the one shown in Fig. 9. In each case the diameter remains constant for
approximately 50% of the total equivalent length of the neurone and then tapers
rapidly over the distal half of the equivalent length of the neurone (Fig. lOA and B).
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Fig. 10. Variation in the equivalent diameter of the combined dendritic tree of two
neurones with equivalent length from the soma. Note that in each case diameter remains
approximately constant over the proximal half of the dendritic tree and then decreases
abruptly in the distal half. A, cell 43; B, cell 27.

Precisely the same trends were shown by the remaining two neurones in our sample
so suggesting that this may be a characteristic feature of elevator motoneurones. In
each case the tapering over the distal half of the equivalent length could be ascribed
to the termination of individual dendrites at different electrical distances from the
soma (cf. Figs 9 and lOA).

Electrotonic length
A more conventional estimate of the electrical length ofdendrites is the electrotonic

length (L) and Fig. 11 shows the distribution of values calculated for all the
individual dendrites of the three neurones for which values of T0 were obtained. A
significant feature of the plots is the wide variations evident in values of L for the
different dendrites of a neurone. The differences in values between neurones are in
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part dependent on errors in the estimation of T. because Rm is estimated in this
calculation by assuming that To oc Rm. However, the variation within a neurone is
independent of this error.
The membrane time constant will be underestimated if there is a leak at the soma

because of the increased conductance there. One way of assessing if there is a leak is

A B C
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1-0 1 4 18 22 1 1.4 118 22 08 12 16 20 24
Electrotonic length Electrotonic length Electrotonic length

Fig. 11. Plot of the distribution of mean electrotonic lengths of the individual dendrites
of the three neurones for which time constants were obtained. A, cell 33 (mean = 1-54);
B. cell 37 (mean = 1-49); C, cell 43 (mean = 1-95).

to compare the input conductance derived from the morphological data with the
value obtained from the input resistance of the neurone (Gin).

Given that the individual dendrites can be approximated as cylinders of constant
diameter over most of their length, then the input conductance of a dendrite can be
calculated using the derived value of L and the diameter of the primary dendrite (see
eqns (6) and (8) in Methods). The whole cell input conductance calculated from the
morphological data (Gmorph) was in all cases smaller than the value obtained from the
input resistance. Values of Gmorph were 1-19 x 10- (cell 37), 1P92 x 10- (cell 33),
1P83 x 1tO- S (cell 43). The respective values of Gin were 5 05 x 10', 12 4 x 10- and
2-423 x 10- S. The difference in Gin and Gmorph values indicates that there was a
shunt at the soma and the magnitude of this varied between neurones. The shunt
could be due either to a poor seal round the electrode or a lower Rm value at the soma.
We can not distinguish between the two but a soma shunt would cause Rn and To to
be underestimated, the effect being proportionally greater on Rn (see Gustafsson &
Pinter, 1984). Therefore Gin would be greater than Gmorph, precisely the situation
here. Irrespective of the cause of the shunt, the implication of the above is that our
values ofRm are underestimated and therefore the true values ofL for individual cells
(and dendrites) are shorter. Thus these motoneurones are even more electrically
compact than our data would suggest.
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DISCUSSION

The results of this study provide a quantitative description of both the general
morphology and electrical geometry of jaw-elevator motoneurones and so provide a
basis for comparing these motoneurones to others. One factor that becomes
immediately evident in any such comparison is the relatively small size of elevator
motoneurones compared to the more commonly studied cat spinal motoneurones.
For example the mean soma diameter of elevator motoneurones is approximately
half that of spinal motoneurones (Cameron et al. 1985; Rose et al. 1985; Cullheim
et al. 1987), and their membrane area is approximately one third that of lumbosacral
motoneurones (mean = 5-58 x 105; Cullheim et al. 1987). The difference in areas can
be attributed to the greater number of dendrites given off by spinal motoneurones
(mean of 11P7; Cullheim et al. 1987) and the fact that on average the primary
dendrites of spinal motoneurones have larger primary diameters (mean = 66 ,am;
Cullheim et al. 1987) than those of rat elevator motoneurones (mean = 43 ,tm) and
so would be expected to result in dendritic trees of larger surface area (Ulfhake &
Kellerth, 1981, 1983).
However, there are important differences in the pattern of branching, in particular

the relative lengths of terminating dendritic branches. The terminating branches of
spinal motoneurones have longer mean lengths than non-terminating branches (Rose
et al. 1985; see also Fig. 1 of Cullheim et al. 1987) whereas the terminating dendrites
of both elevator and abducens and laryngeal motoneurones (see Fig. 12 of Bras et al.
1987) are generally among the shortest dendritic segments. For example the length
of terminating dendrites of hindlimb motoneurones can exceed the combined length
of other dendritic segments along the same path length (see Fig. 1 of Cullheim et al.
1987). Terminating segments would have the smallest diameters and so for any given
length would exert a much greater effect on the total electrotonic length of the
dendrite. Therefore long distal dendrites will have a disproportionate effect on
clectrotonic length and would result in more attenuation of current in the distal
portion of the dendritic tree. The result is that the distal dendrites of elevator
motoneurones would contribute relatively less to the total electrotonic length of the
dendrite than would be the case for spinal motoneurones.
Both Fleshman et al. (1988) and Clements & Redman (1989) have described for

hindlimb motoneurones how the combined diameter of the dendritic tree varies with
electrical distance from the soma. When Rm was assumed to be uniform throughout
the neurone the combined diameter remained c(onstant over the proximal 23% of the
neurone and then tapered over the remaining part of the neurone (Clements &
Redman, 1989). Fleshman et al. (1988) have calculated the profile of the equivalent
cable assuming either a step-like or sigmoidal increase in Rm throughout the neurone.
The result was that diameter remained constant over the proximal 30-35% of the
dendritic tree and then tapered (inferred from Fig. 9 or Fleshman et al. 1988). Similar
trends were seen in our data but with the difference that the combined diameter
remained constant over a longer equivalent distance from the soma (about 50 %).

In principle the reduction in diameter could be due to: (1) tapering of individual
dlendrites, either due to tapering in diameter between segments and/or early
termination of branches. (2) individual dendrites not tapering but terminating at
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different electrical lengths, and (3) tapering of individual dendrites combined with a
difference in their electrical lengths. We were able to distinguish the cause of this
tapering by showing that the individual dendrites approximated electrically to
cylinders of constant diameter which terminated at different electrical lengths and so
implying that the tapering of the combined dendritic tree could be ascribed to the
second of the three possibilities outlined above. A similar analysis has not so far been
reported for the hindlimb material and so the cause of the tapering of the combined
dendritic tree remains to be made explicit. Clements & Redman (1989) stated that
the tapering in the combined dendritic tree of spinal motoneurones could be ascribed
to 'a combination of premature dendritic terminations and taper in the diameter of
terminal dendrites (Ulfhake & Kellerth, 1981)'. However, they presented no specific
evidence to justify this.
As individual dendrites of elevator motoneurones can be represented as cylinders

current injection into these dendrites is more akin to injecting current off-centre into
a cylinder of uniform diameter. An important practical result is that wide variations
in the electrical lengths of individual dendrites will lead to errors in localizing
synapses on dendrites (Redman & Walmsley, 1983). In consequence current flow in
their dendrites must be simulated with a compartmental model and not by an
equivalent cylinder model of constant taper.

Finally we have assumed in all our calculations that Rm is uniform throughout the
neurone but there is increasing evidence that the soma and dendritic membranes
may have different values ofRm (see discussion in Fleshman et al. 1988; Clements &
Redman, 1989) and also that Rm may perhaps vary in a uniform manner throughout
the dendritic tree (Fleshman et al. 1988; Clements & Redman, 1989). A lower Rm
value at the soma than the dendrites may be of functional significance in that it
would provide a means of reducing electrical interactions between dendrites as the
soma would act as a shunt. Thus our suggestion is that elevator motoneurones may
organize their electrical geometry so as to optimize current transfer from dendrites
to soma and that this is enhanced by two adaptations. One is to ensure that the
individual dendrites approximate electrically to uniform cables over most of their
length. The result is that current flow to the soma will be optimal because the
gradient of the electrotonic potential will remain constant throughout the length of
the cylinder. The second and more speculative suggestion is that current flow to the
soma is also favoured by a lower Rm at the soma than over the dendrites.

We are grateful to the WVellcome Trust for supporting this work. The data reported formed part
of the PhD thesis of Jane A. Moore (University of Leeds).
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