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The enormous range of animal size raises a fundamental proh- 
lem: How do larger animals maintain adequate control of pe- 
ripheral structures that are many times more massive and ex- 
tensive than the homologous structures in smaller animals? To 
explore this question, we have determined neuronal number, the 
number of axons that innervate each neuron (convergence) and 
the number of neurons innervated by each axon (divergence), in 
a peripheral sympathetic pathway of several mammals (mouse, 
hamster, rat, guinea pig, and rabbit). The average adult weights 
of these species vary over approximately a 65fold range. How- 
ever, the number of superior cervical ganglion cells increases by 
only a factor of 4 between the smallest of these animals (mice; 
about 25 pm) and the largest (rabbits; about 1700 gm); the num- 
ber of spinal preganglionic neurons that innervate the ganglion 
increases by only a factor of 2. Thus, the number of nerve cells 
in the sympathetic system does not increase in proportion to 
animal size. On the other hand, our results indicate that there 
are systematic differences across these species in the number of 
axons that innervate each ganglion cell and in the number of 
ganglion cells innervated by each axon. We suggest that mod- 
ulation of convergence and divergence in sympathetic ganglia 
allows this part of the nervous system to effectively activate 
homologous peripheral targets over a wide range of animal size. 

The largest mammalian species are at least 10 million times the 
size of the smallest (Calder, 1984; Schmidt-Nielsen, 1984). Ho- 
mologous neural pathways in animals of different size must 
therefore initiate vastly different amounts of work. One solution 
to this problem is apparently the production and maintenance 
of more nerve cells in larger animals (Bok, 1959; Cobb, 1965; 
Holloway, 1968; Thompson, 1917). However, the weight of 
brain, at least, increases at a lesser rate across species than the 
weight of the body as whole (Cobb, 1965). Whether this dis- 
proportion means that neuronal number does not keep pace 
with animal size is unclear; neither is it known how such a 
disproportion might be compensated for in larger animals. 

In order to explore these issues we have examined several 
quantitative relations between pre- and postsynaptic neurons in 
the peripheral sympathetic systems of five mammals (mouse, 
hamster, rat, guinea pig, and rabbit). We have chosen the su- 
perior cervical ganglion and its preganglionic supply in the spinal 
cord as a relatively simple neural pathway, in which the number 
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of pre- and postsynaptic neurons, the number of axons inner- 
vating each ganglion cell, and the number of ganglion cells in- 
nervated by each axon can be assessed with reasonable accuracy. 
Our results suggest that increasing degrees of convergence and 
divergence compensate for the progressive discrepancy between 
neuronal number and target size in the autonomic systems of 
progressively larger animals. 

Materials and Methods 

Number of neurons in the superior cervical ganglia of 
different species 
Young adult mice (about 25 gm), hamsters (about 110 gm), rats (about 
175 pm), guinea pigs (about 380 gm), and rabbits (about 1700 gm) were 
used in all experiments; females were chosen because of a significant 
sex difference in the number of neurons in the rat superior cervical 
ganglion (Wright and Smolen, 1983). The number ofcells in the superior 
cervical ganglia of these five species was determined by conventional 
techniques (see, for example, Gorin and Johnson, 1980). Animals were 
sacrificed and perfused through the heart with saline. The right superior 
cervical ganglion was removed and fixed by immersion overnight in 
10% formalin-saline. Ganglia were dehydrated in graded ethanol so- 
lutions, cleared in methylsalicylate, and embedded in paraffin. Serial 
sections of 5 or 7 pm were cut in the horizontal plane and stained with 
thionin. 

Because the number of nucleoli is highly variable among these dif- 
ferent species, the unit chosen for counting was the cell nucleus; 7 pm 
was the greatest section thickness in which nuclei could be counted 
without ambiguity in all five species. A periodic sample of sections 
representing 5-20% of the volume of the ganglion was counted. Over- 
counting due to inclusion of single nuclei in multiple sections was cor- 
rected by the method of Abercrombie (1946); nuclear diameters were 
measured in transverse sections of the contralateral ganglia. The average 
nuclear diameter in these species ranged from 8 to 13 pm; the value for 
each species was used in making corrections of the raw counts (Table 
1). 

Rabbits and guinea pigs have significant numbers of ganglion cells 
with two nuclei (see Table 2 in Forehand, in press, and Fig. 3, below). 
In 15-20 pm sections, the majority of neurons in both these species 
appeared to be binucleate. Examination of the surface of the guinea pig 
superior cervical ganglion with Nomarski optics confirmed that most, 
if not all, of the cells had two nuclei. For purposes of counting, we have 
assumed that all superior cervical neurons in both rabbit and guinea 
pig are binucleate. If  some cells in fact contained only one nucleus, we 
may have slightly underestimated the total counts in these two species. 

Number of neurons in the preganglionic population of 
different species 
Animals of these five species were anesthetized with pentobarbital and 
the cervical sympathetic trunk exposed on the right side. The trunk was 
cut and the central end was dipped immediately into a small Styrofoam 
dish filled with a solution of 50% HRP and 1% lysolecithin (Frank et 
al., 198 1). The immersed cut nerve was kept under direct observation 
for 40 min; the dish was then covered with Parafilm and the wound 
closed. After 48 hr, the animals were reanesthetized and fixed by per- 
fusion through the heart; the spinal cords were then removed from lower 
cervical to lower thoracic levels and sectioned on a Vibratome at 60 
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Table 1. Number of superior cervical ganglion cells in five species of 
small mammals 

Animal 
Weight Raw 
(am) count 

Cor- Cor- 
rection rected 
factor count 

Corrected 
mean + SEM 

Table 2. Number of labeled preganglionic neurons following 
application of HRP to the cervical sympathetic trunk 

Animal 
Weight Raw 
(am) count 

Cor- Cor- 
rection rected Corrected 
factor count mean ? SEM 

Mouse 

Hamster 

Rat 

Guinea pig 

Rabbit 

32 21,310 0.43 9163 10,389 k 585 
27 30,440 0.35 10,654 
20 27,642 0.43 11,886 
20 22,9 11 0.43 9852 

90 40,824 0.42 17,146 16,697 t 1178 
100 31,927 0.44 14,048 
120 44,706 0.44 19,671 
90 37,912 0.42 15,923 

170 50,87 1 0.43 21,877 26,369 k 1621 
150 72,614 0.36 26,141 
160 70,720 0.41 28,995 
170 64,690 0.44 28,464 

360 76,730 0.45 34,529 35,546 + 2243 
480 106,958 0.36 38,505 
370 106,785 0.37 37,5 10 
400 75,998 0.39 29,639 

1600 95,446 0.41 39,133 40,517 + 2638 
1600 101,214 0.39 39,473 
1650 88,755 0.40 35,502 
1700 114,186 0.42 47,958 

Four animals of each species were examined. Correction factors here and in Table 
2 were calculated by the Abercrombie formula (section thickness/average nuclear 
diameter + section thickness). 

pm in the horizontal plane (see Rubin and Purves, 1980, for details). 
After histochemical processing, the number of HRP-labeled pregan- 
glionic neurons was counted at 125 x . Only labeled cell profiles con- 
taining nuclei were counted. The spinal cords of a separate series of 
animals were sectioned in the transverse plane to determine the dorsal- 
ventral dimension of the nuclei of the labeled cells in each species. This 
measurement was then used to correct the raw counts from the hori- 
zontal sections (see above). 

Although we have no independent measure of labeling efficiency, an 
estimate of the adequacy of the procedure was made by examining the 
segmental distribution of labeled preganglionic neurons in the spinal 
cord. For each species, this distribution closely matched the results of 
parallel physiological determinations (see Rubin and Purves, 1980, and 
below). Even preganglionic cells labeled in the segments farthest from 
the site of HRP application were well marked. However, whether all 
the preganglionic neurons are labeled by HRP is uncertain; the signif- 
icance of this problem for our results is discussed below. 

Results 

The number of neurons in superior cervical ganglia of 
different mammals 
Counts of neurons in the superior cervical ganglia of five species 
of small mammals are presented in Table 1. Comparison of the 
smallest and the largest of these animals shows that body weight 
increases more than 60-fold. In contrast, the number of superior 
cervical ganglion cells increases only about 4 x . 

The counts given here are in general agreement with some 
values that have appeared in the literature (e.g., for the rat see 
Dibner and Black, 1978; Gorin and Johnson, 1980; Wright et 
al., 1983). On the other hand, our counts differ by as much as 
a factor of 2 from other published values (e.g., for the rat, see 
Brooks-Foumier and Coggeshall, 198 1; Hendry and Campbell, 
1976; for the guinea pig and rabbit, see Johnson et al., 1980, 
1982). In general, determinations of ganglion cell numbers de- 
pend on the ability to identify unambiguously the structure 

Mouse 

Hamster 

Rat 

Guinea pig 

Rabbit 

28 927 
25 1189 
28 658 
26 575 

135 862 
120 749 
130 553 
110 892 

200 1404 
205 1244 
160 786 
165 1179 

345 2247 
370 1576 
405 1347 
360 1083 
370 1631 

1500 1625 
1800 2614 
1600 1502 
2000 1610 

0.87 

0.87 

0.84 

0.84 

0.81 

806 
1034 
572 
500 

750 
652 
481 
776 

1179 
1045 
660 
990 

1887 
1324 
1131 
910 

1370 

1316 
2117 
1217 
1304 

728 + 140 

665 + 77 

969 + 127 

1324 + 182 

1489 + 243 

counted (nucleolus, nucleus, or cell profile), and the accuracy of 
the correction factors applied. Our purpose here is to compare 
species; for this reason, a uniform method of counting and cor- 
rection was applied to all ganglia. Even if our absolute values 
are to some degree imprecise, the relative differences between 
animals are likely to be quite accurate. 

The number of preganglionic neurons projecting to the 
superior cervical ganglion in different mammals 
The number of preganglionic neurons retrogradely labeled by 
HRP application to the cervical trunk also increases in larger 
species (Table 2). These values are in general agreement with 
most previous determinations in those species that have been 
examined in this way (for the rat, see Murata et al., 1982; Rando 
et al., 198 1; for the guinea pig, see Dalsgkrd and Elfvin, 1979; 
Purves and Wigston, 1983). 

The number of preganglionic neurons determined by retro- 
grade labeling is considerably lower than the values estimated 
from axon counts of the cervical sympathetic trunk (Aguayo et 
al., 1973; Brooks-Foumier and Coggeshall, 198 1; Murata et al., 
1982; Purves, 1976). This raises the possibility that each pre- 
ganglionic neuron has more than one axonal branch in the cer- 
vical trunk. Alternatively, this method of HRP application may 
systematically underestimate the number of preganglionic neu- 
rons (see, for example, Wesselmann and McLachlan, 1984). In 
spite of uncertainties regarding the efficacy of this technique, 
our comparisons of preganglionic cell numbers across species, 
like the comparisons of ganglion cell numbers, are likely to be 
valid. 

As in the case of superior cervical ganglion cells, the rate of 
increase in preganglionic cell number is much smaller than the 
rate of change in the body size of the various animals examined: 
the largest (rabbit) has only twice as many preganglionic neurons 
as the smallest (mouse). As a consequence of the changes in 



Purves et al. Vol. 6, No. 1, Jan. 1986 160 

40 

30 L 

‘5 4Or 
I-L 1 

Jnn 

MOUSE 

4or GUINEA-PIG 

Y 
to- 

- 

6 40- RABBIT 
a 30- 

- 
20 - 

~8 TI T2 T3 T4 T5 T6 T7 

SPINAL SEGMENT 
Figure 1. Segmental distribution in the spinal cord of retrogradely 
labeled preganglionic cell bodies following application of HRP to the 
cervical sympathetic trunk. For each species, the distribution is the 
average of the results in four animals (except for the guinea pig, where 
n = 5). In progressively larger animals, the cells projecting to the su- 
perior cervical ganglion arise from a larger number of segments, spread- 
ing principally in the caudal direction. The numbers of neurons in each 
species are given in Table 2. 

ganglion cell and preganglionic neuron number, the ratio of 
ganglion cells to preganglionic cells increases by a factor of 2 
among these species (cf. Tables 1, 2 and Fig. 2). 

The distribution of preganglionic neurons in 
different mammals 
The segmental distribution of the preganglionic neurons inner- 
vating the superior cervical ganglion also varies in these species 
(Fig. 1). In general, the preganglionic neurons supplying the 
ganglion occupy more segments in progressively larger animals. 

Table 3. Estimated number of ganglion cells innervated by each 
preganglionic neuron (neural unit size) in various species 

Mean no. of 
preganglionic 
neurons innervating Neural 
each ganglion cell unit size 

Mouse 4.5 64 
Hamster 1.2 180 
Rat 8.1 237 
Guinea pig 12.3 330 
Rabbit 15.5 422 

The values of neural unit size are based on the information in Tables 1 and 2, 
and the average degree of preganglionic convergence onto ganglion cells (Purves 
and Lichtman, 1985). The calculation is given in the text. 
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Figure 2. Summary of the relations between target size, the number 
of ganglion cells, and the number of preganglionic neurons in the five 
species examined. The values for these parameters, relative to the mouse, 
are plotted against animal size (weight in gm; log-log scale). The eyeball 
was taken as a representative target of the superior cervical ganglion 
(wet weight; n = 4 for each species). Note that the increase in target size 
is approximately the same as the increase in body weight among these 
animals. 

Thus, in the mouse, the cells innervating the superior cervical 
ganglion are distributed across five segments (T l-T5), whereas 
in the rabbit, the cells are distributed across eight segments (C8- 
T7). The systematic change in the segmental distribution of cells 
supplying the ganglion closely matches physiological studies of 
ganglionic innervation in these same species (Purves and Licht- 
man, 1985; Purves and Lichtman, unpublished observations). 
A consistent shift was also seen in the distribution of labeled 
cells within the transverse plane of the spinal cord. In all the 
animals examined, labeled cells in rostra1 segments lay predom- 
inantly within the lateral funiculus and the intermediolateral 
nucleus, whereas in progressively more caudal segments, the 
labeled cells were located more medially (in the intercalated 
nucleus and dorsal to the central canal; see Rubin and Purves, 
1980). 

Increasing neural unit size in larger animals 
Intracellular recording shows that the number of preganglionic 
axons innervating superior cervical ganglion cells in these species 
varies systematically according to animal size. Ganglion cells 
in the mouse are, on average, innervated by about four to five 
different preganglionic axons, whereas the homologous neurons 
in the rabbit are innervated by about 15-l 6 different pregan- 
glionic axons (Purves and Lichtman, 1985). The convergence 
onto ganglion cells in the intermediate sized species (rats, ham- 
sters, and guinea pigs) varies proportionately. 

With this information, the number of ganglion cells contacted 
by a single preganglionic neuron (the neural unit size) was es- 
timated using the following formula: 

Neural unit size = 
No. of postsynaptic cells 
No. of presynaptic cells x ‘Onvergence 

The larger animals in our series have progressively larger neural 
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Figure 3. Structural differences of 
superior cervical ganglion cells asso- 
ciated with differences in animal size. 
L& Low-power EMS of ganglion cells 
in different species showing typical 
changes in cell size and nuclear num- 
ber (kindly provided by C. J. Fore- 
hand). The average diameter of gan- 
glion cells increases from 18.6 j4m in 
the mouse to 30.2 pm in the rabbit 
(n = 100). Right, Camera lucida 
drawings of HRP-filled ganglion cells 
showing typical changes in dendritic 
geometry according to animal size 
(from Purves and Lichtman, 1985). 

units (Table 3). Thus, each preganglionic neuron in the mouse 
innervates 64 ganglion cells, on average, whereas in the rabbit, 
each preganglionic neuron contacts an average of 422 ganglion 
cells. The values of neural unit size for the other animals studied 
were intermediate and progressed in the same order as increasing 

Discussion 

Numbers of neurons and animal size 
If the numbers of neurons in the sympathetic nervous system 
of various species increased in proportion to body size, one 

body weight. would expect the rabbit superior cervical ganglion to comprise 
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more than 65 x as many neurons as the superior cervical gan- 
glion in the mouse. In fact, the superior cervical ganglion of a 
rabbit contains only about 4 x as many neurons as the ganglion 
of the mouse; moreover, the number of homologous pregan- 
glionic cells is larger by only a factor of 2. These relationships 
are summarized in Figure 2. Clearly, a larger number of neurons 
is not the sole solution to the problem of achieving neural control 
over the progressively greater mass of sympathetic end organs 
in larger animals. 

Changes in neuronal stracture and animal size 
There are several systematic differences in the structure of sym- 
pathetic ganglion cells across these species (Fig. 3). For instance, 
the average diameter of superior cervical ganglion cells increases 
according to animal size; moreover, superior cervical ganglion 
cells have multiple nuclei in larger species. Most strikingly, gan- 
glion cells in larger animals bear progressively more complex 
dendritic arbors (Fig. 3; Purves and Lichtman, 1985). Vari- 
ation in the complexity of dendritic arbors has also been noted 
in other comparative studies. For example, the total dendritic 
length of nominally homologous pyramidal cells in the cerebral 
cortex of mouse, rat, guinea pig, and rabbit increases progres- 
sively according to animal size (Bok, 1959; see also Nieuwen- 
huys, 1967). Finally, it seems likely that the terminal arbori- 
zations ofganglion cell axons are more extensive in larger animals. 
Although we do not know to what extent peripheral sympathetic 
targets in larger animals comprise more cells, larger cells, or 
more end organs (e.g., hair follicles or blood vessels), each gan- 
glion cell in larger species must ramify more extensively in the 
periphery. This conclusion follows simply from the small in- 
crease in ganglion cell number compared to the large increase 
in target size across these species (Fig. 2). 

The structure of preganglionic neurons also changes system- 
atically in these animals. For example, the average diameter of 
preganglionic neurons increases from 9.0 Km in the mouse to 
13.6 Mm in the rabbit (n = 150). The finding that each pregan- 
glionic neuron in larger animals innervates a greater number of 
ganglion cells (Table 3) implies that the terminal arbor of pre- 
ganglionic axons, as the terminal branching of postganglionic 
axons, increases in relation to animal size. Finally, the number 
of synapses made on each ganglion cell increases substantially 
across these species (Forehand, in press); therefore each pre- 
ganglionic neuron must elaborate more synaptic boutons in the 
larger of these animals. Whether preganglionic neurons in larger 
animals bear more complex dendrites (as do ganglion cells) is 
not yet known. 

Compensatory mechanisms in larger animals 
These several differences may, of course, reflect adaptations to 
a number of different functional requirements in these species. 
Nevertheless, it is obviously of interest to ask how these differ- 
ences in dendritic complexity and axonal branching might be 
used to meet the particular requirements arising from variation 
of size. 

One way that limited numbers of preganglionic neurons ap- 
pear to enhance their peripheral effect in larger animals is to 
individually innervate more ganglion cells. Although it is dif- 
ficult to estimate with much precision the number of ganglion 
cells innervated by each preganglionic axon, the average neural 
unit size of each preganglionic neuron in the mouse is about 60, 
whereas in the rabbit this value is on the order of 400. In general, 
larger neural units amplify the peripheral effect of each action 
potential in a preganglionic neuron. As a consequence, the mass 
of tissue that is ultimately activated by each preganglionic neu- 
ron in a large animal like the rabbit is considerably greater than 
the mass driven by a preganglionic neuron in a small mammal 
like the mouse (see Fig. 2). Such modulation of neural unit size 

may allow each preganglionic neuron in larger animals to have 
the same relative motor influence as individual preganglionic 
neurons in smaller animals. 

Two factors appear to contribute to the larger neural unit size 
in the superior cervical ganglia of larger species. The first is a 
modest increase in the ratio of ganglion cells to preganglionic 
neurons in larger animals (see Fig. 2). A second factor is the 
greater degree of convergence of preganglionic neurons onto 
sympathetic ganglion cells in larger animals (Purves and Licht- 
man, 1985). These differences in convergence presumably 
come about because dendritic arbors regulate the number of 
preganglionic axons that innervate ganglion cells (Hume and 
Purves, 198 1, 1983; Purves, 1983; Purves and Hume, 1981). 

Differences in convergence may also have functional impli- 
cations for autonomic end organs. For example, in the ciliary 
ganglion of the rabbit, the average frequency of postsynaptic 
potentials in individual ganglion cells recorded in vivo varies 
directly with the degree of preganglionic convergence onto each 
neuron (Johnson and Purves, 1983). Since the axons that in- 
nervate superior cervical ganglion cells initiate postsynaptic po- 
tentials that can be (and frequently are) above threshold for 
firing a given ganglion cell (see, for example, Nja and Purves, 
1977) increasing degrees of convergence may elicit proportion- 
ately greater levels of ongoing activity from each neuron. 

Conclusions 
Our findings in the superior cervical ganglion of mice, hamsters, 
rats, guinea pigs, and rabbits suggest some ofthe ways that neural 
systems adapt to the requirements of animal size. Although 
some increase in neuronal numbers occurs in this pathway, there 
is an obvious discrepancy between body size and the number 
of sympathetic nerve cells in progressively larger mammals. 
Thus, the sympathetic system of larger animals must achieve 
the same peripheral action with relatively little change in neu- 
ronal number. One way that the mammalian sympathetic sys- 
tem appears to compensate for the differences in animal size is 
by modulating convergence and divergence of preganglionic ax- 
ons. Since convergence and divergence are determined by den- 
dritic and axonal branching, regulation of neuronal ramification 
appears to be fundamental in adapting the sympathetic nervous 
system to operate effectively in animals of different size. The 
fact that homologous ganglion cells in larger animals have larger 
dendritic (and terminal) arbors raises the possibility that gan- 
glion cell geometry is regulated by the mass of peripheral targets. 

Note added in proof: Two other interesting papers by S. 0. E. 
Ebbesson that bear on the issue we discuss here have recently 
been called to our attention (J. Morph. 124: 117-l 32, 18 l-l 86). 
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