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bulb, cerebellum and telencephalon, with exponents of be-
tween 0.08 and 0.20, but not in the brainstem and dienceph-
alon, the brain structures that receive inputs and send out-
puts to the growing body. Densities of both neurons and 
non-neurons decrease with increasing body mass. These re-
sults indicate that increasing body mass with growth in the 
Nile crocodile is associated with a general addition of non-
neurons and increasing cell size throughout CNS structures, 
but is only associated with an addition of neurons in some 
structures (and at very small rates) and not in those brain 
structures directly connected to the body. Larger bodies 
thus do not imperatively require more neurons to operate 
them.  © 2016 S. Karger AG, Basel 

 Introduction 

 According to Jerison’s [1973] theory of encephaliza-
tion, larger bodies need larger brains and spinal cords to 
power them. It is certainly true that, across species, brain 
mass is known to correlate very strongly with body mass 
in all vertebrate classes [Martin, 1981; Schoenemann, 
2004]. Still, according to this theory, the larger brains that 
accompany larger bodies would presumably be com-
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 Abstract 

 It is generally believed that animals with larger bodies re-
quire larger brains, composed of more neurons. Across 
mammalian species, there is a correlation between body 
mass and the number of brain neurons, albeit with low allo-
metric exponents. If larger bodies imperatively require more 
neurons to operate them, then such an increase in the num-
ber of neurons should be detected across individuals of a 
continuously growing species, such as the Nile crocodile. In 
the current study we use the isotropic fractionator method 
of cell counting to determine how the number of neurons 
and non-neurons in 6 specific brain regions and the spinal 
cord change with increasing body mass in the Nile crocodile. 
The central nervous system (CNS) structures examined all in-
crease in mass as a function of body mass, with allometric 
exponents of around 0.2, except for the spinal cord, which 
increases with an exponent of 0.6. We find that numbers of 
non-neurons increase slowly, but significantly, in all CNS 
structures, scaling as a function of body mass with expo-
nents ranging between 0.1 and 0.3. In contrast, numbers of 
neurons scale with body mass in the spinal cord, olfactory 
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posed of a higher number of cells, particularly neurons, 
than their smaller counterparts. This, however, is not
true – across mammalian species, there is not a single, 
universal correlation between body mass and number of 
brain neurons. Rather, primates and non-primates of a 
similar body mass can have highly dissimilar numbers of 
neurons in their brains [Herculano-Houzel, 2011; Hercu-
lano-Houzel et al., 2014]. Thus, body mass may not be 
such a strong determinant of the number of brain neu-
rons as presumed.

  It could still be the case that numbers of some neu-
rons, such as the motor neurons that control body mus-
culature, are more strongly dependent on body mass 
than others. In this scenario, it could be expected that 
numbers of motor neurons should be directly, and per-
haps linearly, correlated with body mass (as a proxy for 
total muscle mass), while other types of neurons possibly 
did not vary in numbers accompanying variations in 
body mass. However, numbers of motor neurons in-
crease only very slowly across species with increasing 
body mass, both across marsupial and primate species 
[Sherwood, 2005; Watson et al., 2012]. Among the 22 
marsupial species studied, body mass varied 5,000 times, 
brain mass varied 150 times, while the number of facial 
motor neurons varied only 4.8 times, scaling as a power 
function of body mass with an exponent of 0.184 [Wat-
son et al., 2012]. Similarly, among the 18 primate species 
studied by Sherwood [2005], the number of motor neu-
rons in the facial nucleus increased as a function of body 
mass raised to an exponent of only 0.127 [Watson et al., 
2012]. In a related study, the total number of neurons in 
the primate spinal cord (motor, visceral, sensory and as-
sociative) increased with body mass raised to an expo-
nent of 0.307, but was more strongly correlated with in-
creased body length [Burish et al., 2010]. While these 
studies show that numbers of neurons do increase with 
increasing body size, their allometry is not very steep and 
indeed far from linearity [Watson et al., 2012; Burish et 
al., 2010; Sherwood, 2005], thus raising the possibility 
that larger bodies, such as in the continuously growing 
crocodile, do not require larger numbers of neurons to 
control that body. 

  Within a single species, increasing body mass may be 
confounded with developmental, age-related changes, as 
continued growth may or may not be simply an extension 
of the developmental mechanisms that account for post-
natal body and brain growth. Age-related postnatal 
changes in cell number have been examined in the brains 
of rats and opossum, and the central nervous system 
(CNS) of mice [Bandeira et al., 2009; Fu et al., 2013; Seel-

ke et al., 2013]. These studies show that during growth 
(from the perinatal stage to adulthood), neurons and 
non-neurons are not added uniformly throughout the 
brain; rather, their addition is concentrated during the 
first postnatal weeks. Furthermore, postnatal growth of 
the CNS in the animals still occurs beyond the point when 
the addition of cell numbers has already stopped [Ban-
deira et al., 2009; Fu et al., 2013]. In these species, how-
ever, body and brain mass become stabilized in young 
adulthood, at around 2–3 months of age.

  The Nile crocodile CNS, in contrast, continues to grow 
throughout life, well beyond hatching and the first months 
of life. We have previously determined that the mass of 
CNS structures increases continuously together with 
body mass, at least in juveniles and subadults ranging in 
mass between 92 g and 90 kg [Ngwenya et al., 2013]. The 
small allometric exponents of 0.256 for the brain and 0.54 
for the spinal cord as a function of body mass across in-
dividuals of different sizes indicate that the rate of growth 
of the body far exceeds that of the brain and spinal cord. 
While body mass grew 1,000 times, brain mass varied 
only 6.3 times and spinal cord mass 51.3 times – an indi-
cation that increasing body mass does not produce par-
ticularly large increases in CNS mass [Ngwenya et al., 
2013]. It still remained to be determined whether these 
small increases in CNS mass were at all related to in-
creased numbers of neurons and non-neurons through-
out the life period sampled. If larger bodies do require 
more neurons to operate them, then the continuously 
growing Nile crocodile should exhibit continuously in-
creasing numbers of neurons in CNS structures, particu-
larly those that are directly connected to brain targets or 
inputs, such as the spinal cord, medulla, pons, midbrain 
(MB) and diencephalon (DI).

  In the current study we quantify the number of neu-
rons and other cells/non-neurons found in the whole spi-
nal cord, as well as specific brain regions, namely: (1) the 
olfactory bulb (OB) and tract (OT); (2) the telencephalon 
(TEL), (3) the DI, (4) the cerebellum (CB), (5) the MB 
and (6) the pons and medulla (P+M) oblongata, in 25 
Nile crocodiles of varying mass using a non-stereological 
method of cell counting known as the isotropic fraction-
ator method [Herculano-Houzel and Lent, 2005], which 
yields results comparable to stereology [Herculano-
Houzel et al., 2015]. We were able to quantify the cellular 
composition of each brain region as well as the whole 
spinal cord, and thus determine the extent to which the 
addition of neurons and non-neurons contributes to the 
growth of the various structures of the CNS of the Nile 
crocodile. 
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  Materials and Methods 

 The brains and spinal cords of 25 juvenile and subadult (6 fe-
male, 19 male) Nile crocodiles ranging between 92 g and 90 kg were 
selected for this study. All animals were euthanized with an over-
dose of Euthapent (1 ml/kg i.p. of a 200-mg/ml sodium pentobar-
bitone solution) and perfusion fixed transcardially initially with a 
rinse of 0.9% cold saline solution, followed by 4% paraformalde-
hyde in 0.1  M  phosphate buffer (PB) solution (between 0.5 and 1 
liters/kg of each solution) [for full details, see Ngwenya et al., 
2013]. The brain and spinal cord from each animal were removed 
and placed in 4% paraformaldehyde at 4   °   C overnight, before being 
transferred to a solution of 30% sucrose in 0.1  M  PB until equili-
brated. Following this, the tissue was placed in an antifreeze solu-
tion (30% glycerol, 30% ethylene glycol, 30% distilled water and 
10% 0.244  M  PB) at 4   °   C until equilibration, after which it was 
stored at –20   °   C [Ngwenya et al., 2013]. As a control, we also ex-
amined the liver of a subset of animals ranging in body mass be-
tween 5.34 and 90 kg and in liver mass between 80 g and 1.2 kg.

  Tissue Preparation 
 The meninges were removed from the brains and spinal cords 

before they were weighed. One brain hemisphere of each animal 
was dissected into 6 regions of interest (ROI) as indicated in  figure 
1 a: OB and OT, TEL, DI, MB, CB and P+M oblongata. The cerebel-
lar peduncle was severed to remove the CB from the rest of the 
brain; the OT was severed at the junction of the OT and the lat-
eral cortex. Incisions were made on either side of the optic tectum 
so that it was removed along with the torus semicircularis and the 
remainder of the MB, which also separated the P+M. The TEL and 
DI were separated by making an incision at the opening of the lat-
eral ventricle, such that small parts of the dorsal and ventral stria-
topallidal complexes were included in the DI, along with the dorsal 
thalamus and the hypothalamus ( fig. 1 a). Each ROI was weighed 
and the total mass of the hemisphere was taken as the sum of all 
the ROIs. Total brain mass was determined by multiplying the 
mass of each hemisphere by 2. All values reported here for the 
brain were multiplied by 2 for the sake of comparison with other 
data in the literature. The spinal cord, which extended from the 
junction with the brain at the foramen magnum to the end of the 
tail [Wyneken, 2007], was removed and analyzed in its entirety 
from each animal. Cell numbers in the liver were determined from 
small fractions of known mass taken from the organ. Numbers of 
cells were then extrapolated to the mass of the entire organ from 
the density of cells obtained in the samples.

  Isotropic Fractionator 
 The tissue was mechanically dissociated in a detergent solution 

of 40 m M  trisodium citrate (C 6 H 5 Na 3 O 7       ·      2H 2 O) and 1% Triton 
X-100 using a glass homogenizer [Herculano-Houzel and Lent, 
2005]. Homogenization was considered complete when there were 
no more identifiable pieces of tissue in the suspension. The suspen-
sion was transferred from the homogenizer to a graduated Falcon 
tube using a glass pipette. Both the pestle and tube of the homog-
enizer were rinsed over the Falcon tube with the detergent solution 
to collect any remaining nuclei, as was the glass pipette. The fluo-
rescent DNA marker DAPI (4-6-diamidino-2-phenylindoledihy-
drochloride, Invitrogen, Carlsbad, Calif., USA) was added to the 
suspension from a stock solution at 20 mg/l (dilution 1:   20) and the 
final volume of the suspension was recorded. 

  Cell Counting 
 Before cell counting, the suspension was agitated to ensure ho-

mogeneity. Four 10-μl samples were taken from the suspension 
and placed in hemocytometers for counting. The number of nuclei 
within the counting frame of either 40 or 100 nl was determined at 
400× magnification under a fluorescence microscope. Occasional 
red blood cells, which are nucleated in reptiles, were readily iden-
tifiable as very small nuclei which were autofluorescent, and were 
excluded from total cell counts. The average number of nuclei per 
milliliter in the samples as well as the coefficient of variation
(CV = standard deviation/average) were then determined for each 
sample. CVs were consistently below 0.15, and typically below 
0.10. The total number of cells in the suspension was then obtained 
by multiplying the average number of nuclei per milliliter by the 
total volume of the suspension. Following the completion of 
counting of the nuclei, each suspension was centrifuged at 3,200 
rpm for 8 min. The supernatant was discarded and the pellet was 
resuspended in varying volumes of the antifreeze solution and ali-
quoted for storage at –4 to –8   °   C until preparation for immunocy-
tochemistry.

  Immunocytochemistry 
 Once the total cell number for each structure was determined, 

one aliquot of each CNS structure was removed from storage and 
centrifuged for 5–10 min. The supernatant was removed and the 
pellet resuspended in 1 ml of phosphate-buffered saline (PBS) to 
rinse the nuclei of any remaining antifreeze; this was repeated 3 
times. After the third rinse the pellet was resuspended in 149 μl of 
PBS, to which 1 μl of Cy3-labeled rabbit polyclonal neuronal nu-
clear antigen antibody (NeuN, Millipore ABN78C3) was added
(1:   150 dilution). NeuN labels all neurons in the brain and spinal 
cord, except for the Purkinje cells of the CB and the mitral cells of 
the OB, and is known to react with brain tissue of salamander 
[Mullen et al., 1992]. The tubes were placed in the dark and incu-
bated for at least 2 h at room temperature. Following this period, 
PBS was added to the nuclei, which were then spun in the micro-
centrifuge to rinse the nuclei. This was repeated an additional two 
times.

  To determine the percentage of NeuN-positive nuclei, 10 μl of 
the immunolabeled suspension was placed in a hemocytometer 
and viewed under a fluorescence microscope. The percentage of 
nuclei that belonged to neurons was determined by counting at 
least 500 DAPI-stained nuclei and establishing the fraction that 
was also NeuN positive. The total number of neurons in each sam-
ple was determined by multiplying the total number of cells in the 
structure by the NeuN-positive fraction obtained. The total num-
ber of non-neurons (other cells) was determined by subtracting the 
total number of neurons from the total number of cells. Densities 
of neurons and non-neurons (per mg of tissue) were determined 
by dividing the number of neurons or non-neurons by the mass 
(in mg) of the structure or ROI. 

  Statistical Analyses  
 All statistical analyses, regressions and principal component 

analysis (PCA) were performed in JMP 9.0 (SAS Institute, Cary, 
N.C., USA). Nonparametric Spearman correlation analysis was 
employed rather than Pearson correlations because no normality 
could or should be expected in the distribution of the data, since we 
are looking at individuals of different sizes and not multiple indi-
viduals of comparable size. JMP calculates regressions to power 
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a

  Fig. 1.  Dissection of the brain into ROIs. To divide the brain into 
6 ROIs, incisions were made for each hemisphere in the locations 
indicated in  a . Some overlap of areas occurred, but the brain was 
mostly separated into OBs (main and accessory) and the OT (pur-
ple), TEL (red), DI (orange), tectum, torus semicircularis and MB 
(turquoise), P+M (green) and CB (blue). AOB = Accessory
OB; MOB = main OB; LC = lateral cortex; DC = dorsal cortex;
MC = medial cortex; ADVR = anterior dorsal ventricular ridge; 
PDVR = posterior dorsal ventricular ridge; DSpc = dorsal striato-

pallidal complex; VSpc = ventral striatopallidal complex; DT = 
dorsal thalamus; TO = optic tectum; Hyp = hypothalamus; OC = 
optic chiasm; TV = third ventricle; TS = torus semicircularis;
Cb = cerebellar cortex; 4V = fourth ventricle; P = pons; MO = me-
dulla oblongata; SC = spinal cord; dh = dorsal horn; vh = ventral 
horn.  b  High-power micrographs showing the appearance of 
NeuN-positive nuclei in the TEL. Panels show immunohisto-
chemistry for NeuN (left), staining with DAPI (center) and the 
merged images (right). Scale bar = 20 μm. 
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  Fig. 2.  Patterns of NeuN staining in the different brain regions of 
the Nile crocodile: relative proportion of NeuN immunopositive 
neurons to total cell number (DAPI stained). Low-power micro-

graphs of the OB ( a ), TEL ( b ), DI ( c ), MB ( d ) and CB ( e ), showing 
the proportion of NeuN-positive neurons (red) relative to all cells 
(blue). Scale bar = 200 μm ( a ); 500 μm ( e ; applies to  b–e ).  

(For figure see next page.)
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functions by performing least squares analysis on log-transformed 
data for both the x- and y-axes. Exponents of these power functions 
are reported as exponent ± standard error (SE); 95% confidence 
intervals are not given, as they can be calculated as the exponent 
±1.96 × SE, and their presentation would therefore be redundant.

  To further explore the relationship between brain and body size 
parameters, we used PCA as implemented in JMP 9.0 to reduce the 
number of variables to principal components (i.e. uncorrelated la-
tent variables) which explained the greatest source variation in the 
dataset [Sokal and Rohlf, 1995]. This statistical approach produces 
an ordered list of principal components derived from a combina-
tion of the ‘original variables’ arranged in a decreasing range of 
explanatory power [Barrickman et al., 2008]. Entered into the anal-
ysis were the following original variables: body mass, structure 
mass, number of neurons, number of non-neurons, neuronal den-
sity and density of non-neurons. PCA was performed using the 
Varimax rotation method, maximum likelihood as factoring 
method, common factor analysis to estimate prior communality, 
and restricting analysis to 2 factors.

  NeuN Immunohistochemistry 
 Although NeuN expression has been shown to be detectable by 

immunocytochemistry in salamander brains [Mullen et al., 1992], 
and is therefore likely to be detectable in crocodile neurons as well, 
the possibility remains that not all neuronal populations express it. 
To address that possibility and verify the pattern of staining ob-
tained with the NeuN antibody, 3 brains of different sizes were 
selected for NeuN immunohistochemistry on free-floating sec-
tions. Sections cut at 70 μm were taken from each ROI using a 
freezing microtome and stored in 0.1  M  PBS. Epitope retrieval was 
performed by placing the sections in 1.5-ml Eppendorf tubes with 
a solution of 0.2  M  boric acid, pH 9, and the tubes were then placed 
in a 70   °   C water bath for 45 min. Following antigen retrieval, the 
sections were twice rinsed in PBS for 10 min. Non-specific binding 
was blocked by placing the sections in blocking buffer (3% normal 
goat serum, 2% bovine serum albumin and 0.25% Triton X-100 in 
0.1  M  PBS) for 1 h. The sections were then incubated in PBST with 
the Cy3-labeled polyclonal NeuN antibody (1:   1,000 dilution) and 
DAPI (1:   20 dilution of a stock of 10 mg/ml) for 24 h. Following 
incubation with the labeled primary antibody, the sections were 
rinsed twice in PBS before being mounted onto 0.5% gelatin-coat-
ed glass slides and left to dry for 24 h. Once dry, the slides were 
coverslipped with Entallan. Images of the sections were taken un-

der a fluorescence microscope to indicate DAPI staining as well as 
NeuN staining. The pattern of staining in each brain structure ex-
amined is shown in  figures 1 b and  2 .

  Results 

 Liver Cell Numbers Increase with Body Mass 
 The mass of the liver increased as a power function of 

its number of cells raised to an exponent of 0.939 ± 0.082 
(r 2  = 0.922;  fig. 3 a). Similarly, the number of cells in the 
liver increased as a function of body mass raised to an ex-
ponent of 0.906 ± 0.054 (r 2  = 0.963;  fig. 3 b). There is no 
significant difference in the density of the cells in the liv-
er as the liver increases in mass or as the animals increase 
in body mass (p = 0.8285 and 0.8373, respectively). These 
findings indicate that liver mass increases as it gains more 
cells, without changes in the average size of its cells, and 
that the addition of cells to the liver occurs linearly with 
body mass. 

  Growth of CNS Regions  
 Statistically significant increases in mass of the indi-

vidual ROIs in the brain and spinal cord were observed 
with increasing body mass (p < 0.0001 for all regions). As 
reported previously for a larger number of individuals 
[Ngwenya et al., 2013], the mass of the brain regions in 
our smaller dataset was found to increase as a function of 
body mass raised to exponents of 0.2–0.4 for all brain re-
gions, while the spinal cord increased in mass as a slight-
ly steeper function of body mass, with an exponent of 0.6 
( fig. 4 a). The percentage of brain mass occupied by each 
region increased in some regions and decreased in others 
throughout the life period sampled, except for the CB, 
which maintained a relative proportion of brain of be-
tween 5 and 10% (Spearman correlation, rho = 0.0106,

a b

  Fig. 3.  The number of cells in the liver in-
creases linearly with increasing body mass. 
The total number of cells in the liver was 
strongly correlated with liver mass ( a ; r 2  = 
0.922) and body mass ( b ; r 2  = 0.963). The 
mass of the liver increased as a power func-
tion of its cell number with an exponent of 
0.939 ± 0.0.082 (p < 0.0001), while the 
number of liver cells increased as a func-
tion of body mass raised to the power of 
0.906 ± 0.054 (p < 0.0001).              

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f C
am

br
id

ge
14

9.
12

6.
76

.1
 -

 2
/2

6/
20

16
 9

:1
1:

40
 A

M



 CNS Growth without Mandatory 
Addition of Neurons in the Nile Crocodile 

Brain Behav Evol
DOI: 10.1159/000443201

7

p = 0.6135). The percentage of brain mass occupied by the 
DI, MB and TEL decreased significantly with increasing 
body mass (Spearman correlation, DI, rho = –0.562, p = 
0.0034; MB, rho = –0.662, p = 0.0003; TEL, rho –0.719;
p < 0.0001), while the percentage of brain mass occupied 
by the OB and OT as well as the P+M increased with body 
mass (Spearman correlation, OB, rho = 0.893, p < 0.0001; 
P+M, rho = 0.552; p = 0.0042;  fig. 4 b). As a result of the 
faster scaling of the spinal cord than the brain with in-
creasing body mass, the spinal cord grows from being half 
as large in mass as the brain in the smallest animals to be-

ing nearly 4-fold larger than the brain in the largest ani-
mals ( table 1 ).

  Addition of Neurons and Non-Neurons to the CNS 
 In most brain regions, the number of non-neurons 

varies between 3- and 5-fold throughout the period sam-
pled, but the number of non-neurons increases 8 times in 
the OB, similar to the 9-fold variation in the number of 
non-neurons in the spinal cord ( table  1 ). Importantly, 
this variation in numbers of non-neurons is related to 
variation in structure mass – in all CNS structures, the 

a

b

  Fig. 4.  All CNS structures grow as a func-
tion of increasing body mass.  a  Each CNS 
region increases significantly in mass 
across the body masses sampled. Increases 
in mass are strongly correlated with in-
creases in body mass, although with small 
allometric exponents for the power func-
tions plotted ranging between 0.2 and 0.4 
in brain structures such that increases in 
the mass of the structure occur at a much 
slower rate than increases in body mass 
(CB, 0.290 ± 0.016, r 2  = 0.932, p < 0.0001; 
DI, 0.206 ± 0.015, r 2  = 0.885, p < 0.0001; 
P+M, 0.298 ± 0.018, r 2  = 0.922, p < 0.0001; 
OB, 0.414 ± 0.024, r 2  = 0.932, p < 0.0001; 
MB, 0.223 ± 0.011, r 2  = 0.949, p < 0.0001; 
TEL, 0.242 ± 0.008, r 2  = 0.975, p < 0.0001; 
whole brain, 0.266 ± 0.010, r 2  = 0.971, p < 
0.0001). The spinal cord scales in mass with 
body mass raised to a larger exponent of 
0.594 ± 0.014 (r 2  = 0.987, p < 0.0001).  b  The 
percentage of brain mass occupied by the 
OB and P+M increases, while the percent-
age occupied by the TEL, DI and MB de-
creases. There is no significant change in 
the percentage occupied by the CB (Spear-
man correlation, CB, rho = 0.1062, p = 
0.6135; DI, rho = – 0.562, p = 0.0034; P+M, 
rho = 0.552, p = 0.0042; OB, rho = 0.893,
p < 0.0001; MB, rho = –0.661, p = 0.0003; 
TEL, rho = –0.719, p < 0.0001).                
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 Average ± SE Minimum Maximum  Variation

TEL
M, g 1.370 ± 0.120 0.448 2.612 ×5.8
N (×106) 21.92 ± 1.20 10.4 35.3 ×3.4
O (×106) 65.06 ± 3.67 28.3 98.4 ×3.5
DN, neurons/mg 18,553 ± 1,497 7,661 36,718 ×4.8
DO, cells/mg 52,431 ± 2,804 31,427 89,086 ×2.8
O/N 3.027 ± 0.141 1.717 4.556 ×2.6

DI
M, g 0.204 ± 0.018 0.090 0.396 ×4.4
N (×106) 2.93 ± 0.12 1.8 4.3 ×2.4
O (×106) 17.08 ± 1.03 8.0 27.1 ×3.4
DN, neurons/mg 17,545 ± 1,776 4,653 39,244 ×8.4
DO, cells/mg 89,443 ± 3,198 52,636 118,396 ×2.2
O/N 6.145 ± 0.510 2.460 12.514 ×5.1

MB
M, g 0.293 ± 0.025 0.100 0.592  × 5.9
N (×106) 7.00 ± 0.32 3.2 9.8  × 3.1
O (×106) 25.77 ± 1.68 8.3 41.2  × 5.0
DN, neurons/mg 29,143 ± 3,013 6,464 72,696  ×11.2
DO, cells/mg 92,238 ± 3,165 69,583 139,606  × 2.0
O/N 3.972 ± 0.418 1.146 10.765  × 9.4

P+M
M, g 0.798 ± 0.092 0.204 1.738 × 8.5
N (×106) 3.39 ± 0.29 0.8 6.6 × 8.2
O (×106) 55.49 ± 3.57 26.1 92.1 × 3.5
DN, neurons/mg 6,309 ± 928 470 15,164  ×32.3
DO, cells/mg 82,477 ± 5,220 44,939 138,006  × 3.1
O/N 21.738 ± 4.180 6.812 110.111  ×16.2

CB
M, g 0.266 ± 0.026 0.062 0.572  ×9.2
N (×106) 39.27 ± 2.76 16.3 62.8  ×3.8
O (×106) 34.21 ± 2.53 12.5 60.2  ×4.8
DN, neurons/mg 167,708 ± 10,145 71,483 282,397  ×4.0
DO, cells/mg 143,990 ± 8,668 81,696 238,247  ×2.9
O/N 0.880 ± 0.036 0.621 1.299  ×2.1

OB
M, g 0.324 ± 0.050 0.058 0.924  ×15.9
N (×106) 6.01 ± 0.79 2.1 20.3  × 9.7
O (×106) 21.23 ± 2.10 5.6 44.1  × 7.9
DN, neurons/mg 25,661 ± 3,167 7,023 65,219  × 9.3
DO, cells/mg 84,501 ± 7,216 34,779 179,759  × 5.2
O/N 3.862 ± 0.293 1.817 7.000  × 3.8

SC
M, g 9.001 ± 1.557 0.517 26.503  ×51.3
N (×106) 4.62 ± 0.42 1.7 9.0  × 5.3
O (×106) 278.86 ± 30.70 63.3 577.0  × 9.1
DN, neurons/mg 1,227 ± 254 136 4,385  ×32.2
DO, cells/mg 51,857 ± 6,596 15,633 132,661  × 5.2
O/N 60.657 ± 5.660 24.000 141.857  × 5.9

BR
M, g 3.244 ± 0.319 1.016 6.834  × 6.7
N (×106) 80.51 ± 4.36 47.6 133.0  × 2.8
O (×106) 216.00 ± 13.02 96.1 306.0  × 3.2

CNS (BR + SC)
M, g 12.245 ± 1.869 1.533 33.337  ×21.7
N (×106) 84.98 ± 4.52 50.3 136.0  × 2.7
O (×106) 485.12 ± 41.88 160.0 883.0  × 5.5

 All values refer to both sides of the brain or to the whole spinal cord. M = Mass of the structure;
N = number of neurons in the structure, in millions; O = number of other cells in the structure, in mil-
lions; DN = density of neurons in the structure, given as neurons/mg of tissue; DO = density of other 
cells in the structure, given as other cells/mg of tissue; O/N = ratio between numbers of other cells and 
neurons in the structure; SC = spinal cord; BR = brain.

 Table 1.  Variation in mass and cellular 
composition of CNS structures

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f C
am

br
id

ge
14

9.
12

6.
76

.1
 -

 2
/2

6/
20

16
 9

:1
1:

40
 A

M



 CNS Growth without Mandatory 
Addition of Neurons in the Nile Crocodile 

Brain Behav Evol
DOI: 10.1159/000443201

9

mass of the structure increases across animals as a func-
tion of its number of other cells raised to exponents rang-
ing between 1.1 and 1.7 ( fig. 5 a). Exponents greater than 
1 indicate that all CNS structures gain mass faster than 
they gain numbers of non-neurons; thus, other factors are 
likely to contribute to the increasing mass of the CNS. 

  In contrast, while there is a similar range of variation 
in numbers of neurons in each CNS structure across ani-
mals ( table 1 ), only the TEL, CB, OB and OT and the spi-
nal cord show significant variation in structure mass as a 
power function of its number of neurons, with exponents 
ranging between 1.0 and 1.3 for the brain regions and 1.8 

a

b

  Fig. 5.  Increasing mass of all CNS struc-
tures with increasing numbers of non-neu-
rons ( a ), but not neurons ( b ). In all brain 
regions and the spinal cord, structure mass 
increases as a power function (plotted 
lines) of the number of non-neurons ( a ). 
The exponents larger than unity indicate 
that the addition of non-neurons is not the 
sole factor resulting in increased brain size 
(CB, 1.242 ± 0.135, r 2  = 0.786, p < 0.0001; 
DI, 1.275 ± 0.113, r 2  = 0.847, p < 0.0001; 
P+M, 1.725 ± 0.123, r 2  = 0.895, p < 0.0001; 
OB, 1.431 ± 0.122, r 2  = 0.862, p < 0.0001; 
spinal cord, 1.697 ± 0.115, r 2  = 0.904, p < 
0.0001; MB, 1.131 ± 0.085, r 2  = 0.886, p < 
0.0001; TEL, 1.375 ± 0.162, r 2  = 0.758, p < 
0.0001; whole brain, 1.552 ± 0.092, r 2  = 
0.928, p < 0.0001).  b  Unlike non-neurons, 
structure mass is only a significant power 
function (plotted lines) of the number of 
neurons in the TEL, OB and OT, CB and 
the spinal cord (CB, 1.300 ± 0.157, r 2  = 
0.748, p < 0.0001; OB, 1.142 ± 0.231, r 2  = 
0.526, p < 0.0001; spinal cord, 1.808 ± 
0.401, r 2  = 0.469, p = 0.0002; TEL, 1.052 ± 
0.293, r 2  = 0.359, p = 0.0015), but not in the 
DI, MB and P+M (DI, r 2  = 0.030, p = 0.4102; 
MB, r 2  = 0.004, p = 0.7550; P+M, r 2  = 0.097, 
p = 0.1303). Still, the mass of the brain as a 
whole increases as a function of its total 
number of neurons with an exponent of 
1.544 ± 0.247 (r 2  = 0.639, p < 0.0001).             
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in the spinal cord ( fig. 5 b). While the masses of the MB, 
DI and P+M increase significantly together with body 
mass ( fig. 3 a), the increase in mass is not related to in-
creasing numbers of neurons in these structures, as the 
power functions relating structure mass to numbers of 
neurons are not significant (p > 0.1;  fig. 5 b). Still, when all 
brain structures are pooled together, we find brain mass 
to increase as a power function of number of neurons 
with an exponent of 1.544 ± 0.247 (r 2  = 0.639, p < 0.0001; 
 fig 5 b). 

  When examined directly as a function of changing 
body mass across individuals, we find that numbers of 
non-neurons in each CNS structure scale with body mass 
raised to small exponents ranging between 0.1 and 0.3 

( fig. 6 a). Again, while numbers of neurons in the TEL, CB, 
OB and spinal cord increase as power functions of body 
mass raised to small exponents of around 0.1–0.2, num-
bers of neurons in the DI, MB and P+M fail to increase 
significantly as power functions of body mass ( fig. 6 b). 
The total number of neurons in the whole brain, however, 
still increases with body mass with an exponent of 0.113 
± 0.018 (r 2  = 0.641, p < 0.0001;  fig. 6 b).

  Cell numbers in the spinal cord were also correlated 
with increases in the length of the body and length of the 
spinal cord ( fig. 7 a, b). Numbers of non-neurons in the 
spinal cord scaled with body length raised to an exponent 
of 0.997 ± 0.132 (r 2  = 0.760, p < 0.0001;  fig. 7 a), that is, 
linearly, while the number of neurons in the spinal cord 

a

b

  Fig. 6.  Increasing numbers of non-neurons 
in all CNS structures, but not necessarily 
numbers of neurons, with increasing body 
mass.  a  Numbers of non-neurons increase 
in all CNS regions at a very slow rate with 
increasing body mass. Exponents of the 
power functions plotted range between 0.1 
and 0.3 (CB, 0.172 ± 0.026, r     2  = 0.645, p < 
0.0001; DI, 0.138 ± 0.016, r 2  = 0.763, p < 
0.0001; P+M, 0.152 ± 0.016, r 2  = 0.794, p < 
0.0001; OB, 0.261 ± 0.021, r 2  = 0.879, p < 
0.0001; spinal cord, 0.321 ± 0.020, r 2  = 
0.910, p < 0.0001; MB, 0.175 ± 0.016, r 2  = 
0.847, p < 0.0001; TEL, 0.130 ± 0.018, r 2  = 
0.702, p < 0.0001; whole brain, 0.161 ± 
0.011, r 2  = 0.900, p < 0.0001).  b  Numbers
of neurons increase in only some CNS
regions, and also at a very slow rate, with 
increasing body mass. Exponents for the 
power functions plotted, where significant, 
range between 0.1 and 0.2 (CB, 0.161 ± 
0.025, r 2  = 0.049, p < 0.0001; OB, 0.184 ± 
0.043, r 2  = 0.458, p = 0.0003; spinal cord, 
0.161 ± 0.033, r 2  = 0.509, p < 0.0001; TEL, 
0.080 ± 0.024, r 2  = 0.329, p = 0.0027; whole 
brain, 0.113 ± 0.018, r 2  = 0.641, p < 0.0001), 
but there is no significant change in num-
ber of neurons as a function of increasing 
body mass in the DI (r 2  = 0.028, p = 0.4192), 
MB (r 2  = 0.008, p = 0.6791) and P+M (r 2  = 
0.112, p = 0.1017).              
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scaled with body length raised to an exponent of 0.530 ± 
0.221 (r 2  = 0.243, p = 0.0271;  fig. 7 b). Accordingly, the in 
situ length of the spinal cord (i.e. the length of the spinal 
cord prior to postfixation) increased as a function of its 
number of non-neurons raised to an exponent of 0.788 ± 
0.141 (r 2  = 0.661, p < 0.0001;  fig. 7 c); however, the in situ 
length of the spinal cord did not increase significantly 
with its number of neurons (r 2  = 0.197, p = 0.0647;  fig. 7 e). 
Fixed spinal cord length (which was on average 77% of 
the in situ length [Ngwenya et al., 2013]) did increase sig-
nificantly with an increasing number of neurons (Spear-
man correlation, rho = 0.6508, p = 0.0004;  fig. 7 f).

  Addition of Neurons across CNS Structures 
 As found previously in mammals [Herculano-Houzel 

et al., 2014], also in the crocodile the single brain structure 

with the most neurons is the CB, regardless of brain or 
body mass. However, we found that the relative distribu-
tion of brain neurons changes significantly with increas-
ing brain and body mass. As shown above, the MB, DI 
and P+M do not gain significant numbers of neurons as 
body mass increases across individuals, while all other 
CNS structures do. It is therefore expected that the rela-
tive number of brain neurons in those three structures 
decreases with increasing brain mass ( fig. 8 a), as well as 
with increasing body mass ( fig. 8 b). With increasing brain 
and body mass, the percentage of brain neurons located 
in the DI decreases from 6.8 to 2.4% of all brain neurons, 
the percentage in the MB decreases from 14.1 to 5.1%, and 
the percentage in the P+M decreases from 10.0 to 2.1%.

  At the same time, however, the relative number of 
brain neurons in the TEL and spinal cord, two of the 

a b

c d

e f

  Fig. 7.  Changes in cell number of the spinal 
cord in relation to the length of the body 
and spinal cord. Both other cells ( a ) and 
neurons ( b ) increase in number as a func-
tion of body length.  a  The increase in the 
number of other cells is strongly correlated 
with increasing body length (r 2  = 0.760, p < 
0.0001) and can be described as a power 
function with exponent 0.997 ± 0.132, that 
is, a linear function.                b  Increases in the 
number of spinal cord neurons were less 
strongly correlated with increasing body 
mass, but are still described by a power 
function of exponent 0.530 ± 0.221 (r 2  = 
0.243, p = 0.0217). Similarly, changes in 
spinal cord length were strongly correlated 
with the number of non-neurons (power 
function exponent 0.788 ± 0.141, r 2  = 0.661, 
p < 0.0001;              c ); however, in situ spinal cord 
length did not change significantly with 
neuronal number (exponent 0.376 ± 0.189, 
r 2  = 0.197, p = 0.0647;  e ). Fixed spinal cord 
length increased significantly as a power 
function of its number of non-neurons (ex-
ponent 0.947 ± 0.060, r 2  = 0.914, p < 0.0001; 
 d ) as well as neuronal number (exponent 
1.019 ± 0.220, r 2  = 0.484, p = 0.0001;  f ).     
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structures that gain neurons continuously, does not 
change with increasing brain or body mass ( fig. 8 ). The 
TEL holds between 20.4 and 40.4% of all brain neurons, 
but with no significant correlation with body or brain 
mass, while the spinal cord contains a number of neurons 
that corresponds to between 4.4 and 25.2% of all brain 
neurons, again regardless of body or brain mass ( fig. 8 ). 
In contrast, the CB and the OB hold progressively larger 
percentages of the total number of brain neurons as brain 
and body mass increase – the CB holds between 33.8 and 
59.8% of brain neurons, and the OB between 2.5 and 
15.3% ( fig. 8 ). Thus, continuous growth privileges the ad-
dition of neurons to the CB and OB.

  Cell Densities 
 In all brain regions and in the spinal cord, the densities 

of both neurons and non-neurons decreased significantly 
with increasing mass of the structures (p < 0.0001 in all 
structures). The rate of decrease in density of non-neu-
rons with increasing structure mass is relatively constant 
across all CNS structures, with exponents between –0.2 
and –0.4 ( fig. 9 a). In contrast, the density of neurons in 
the CB, OB, TEL and spinal cord decreases as more vari-
able functions of structure mass raised to more negative 
exponents ranging between –0.4 and –1.1 ( fig. 9 b). The 
marked decrease in neuronal density strongly indicates 
an increasing average neuronal cell size in all growing 
CNS structures, which might also account for the weaker 

a

b

  Fig. 8.  Changes in the relative number of 
brain neurons with increasing structure 
mass ( a ) and body mass ( b ). The percent-
age of brain neurons found in each struc-
ture increases in the CB and OB, decreases 
in the DI, MB and P+M, and remains un-
changed in the TEL and spinal cord as 
brain mass ( a ) or body mass ( b ) increase 
across individuals.  a  Spearman correlation: 
CB, 0.5200, p = 0.0092; OB, 0.4287, p = 
0.0366; DI, –0.6539, p = 0.0005; MB, 
–0.7826, p < 0.0001; M+P, –0.7287, p < 
0.0001; TEL, –0.2357, p = 0.2676; spinal 
cord, 0.2896, p = 0.1699. Exponents for the 
power functions plotted: CB, 0.196 ± 0.057, 
r 2  = 0.353, p = 0.0022; DI, –0.432 ± 0.084, 
r 2  = 0.545, p < 0.0001; P+M, –0.545 ± 0.123, 
r 2  = 0.471, p = 0.0002; OB, 0.286 ± 0.144,
r 2  = 0.152, p = 0.600; spinal cord, 0.131 ± 
0.153, r 2  = 0.032, p = 0.4033; MB, –0.384 ± 
0.069, r 2  = 0.582, p < 0.0001; TEL, –0.106 ± 
0.0.70, r 2  = 0.094, p = 0.1445.    b  Spearman 
correlation: CB, 0.5678, p = 0.0038; OB, 
0.3826, p = 0.0650; DI, –0.6617, p = 0.0004; 
MB, –0.7696, p < 0.0001; M+P, –0.7426,
p < 0.0001; TEL, –0.2791, p = 0.1865; spinal 
cord, 0.2791, p = 0.1865. Exponents for the 
power functions plotted: CB, 0.055 ± 0.015, 
r 2  = 0.379, p = 0.0014; DI, –0.120 ± 0.022, 
r 2  = 0.566, p < 0.0001; P+M, –0.155 ± 0.032, 
r 2  = 0.510, p < 0.0001; OB, 0.071 ± 0.040,
r 2  = 0.125, p = 0.0895; spinal cord, 0.041 ± 
0.042, r 2  = 0.041, p = 0.3399; MB, –0.102 ± 
0.020, r 2  = 0.545, p < 0.0001; TEL, –0.030 ± 
0.019, r 2  = 0.101, p = 0.1297.                      
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decrease in the density of non-neuronal cells in the same 
structures.

  Neuronal and non-neuronal densities also decrease 
significantly as power functions of increasing body mass 
in all CNS structures ( fig. 10 ), although again with very 
small, but highly significant, exponents, ranging between 
–0.05 and –0.3 for non-neuronal densities ( fig. 10 a) and 
more negative exponents between –0.13 and –0.4 for neu-
ronal densities ( fig. 10 b). 

  Percent Numbers of Neurons and O/N Ratio 
 In the regions of the CNS that show increases in neu-

ronal number and in the spinal cord, a constant relation-
ship between the rates of addition of neurons and addi-

tion of non-neurons is maintained throughout the body 
masses sampled, although with structure-specific expo-
nents ranging between 0.8 and 1.1 ( fig. 11 a). These ex-
ponents are not significantly different from unity, given 
that the 95% confidence intervals for the exponents in-
clude 1.0, suggesting that neurons and non-neuronal 
cells are added in proportional numbers to the struc-
tures that gain numbers of both cell types (which ex-
clude the DI, the mesencephalon and the P+M). How-
ever, direct examination of the ratio between the num-
ber of non-neurons/other cells (O, which include 
endothelial cells besides glial cells) and number of neu-
rons (N) shows that the O/N ratio increases significant-
ly with increasing structure mass ( fig. 11 b) and increas-

a

b

  Fig. 9.  The density of non-neurons ( a ) and 
neurons ( b ) decreases with increasing 
structure mass in all CNS structures.  a  The 
density of non-neurons, expressed as non-
neurons per milligram, decreases in each 
CNS structure as similar, nearly overlap-
ping power functions (plotted) of increas-
ing structure mass (CB, –0.367 ± 0.069,
r     2  = 0.553, p < 0.0001; DI, –0.336 ± 0.059, 
r 2  = 0.586, p < 0.0001; P+M, –0.481 ± 0.037, 
r 2  = 0.880, p < 0.0001; OB, –0.397 ± 0.051, 
r 2  = 0.731, p < 0.0001; spinal cord, –0.467 ± 
0.036, r 2  = 0.879, p < 0.0001; MB, –0.217 ± 
0.059, r 2  = 0.374, p < 0.0001; TEL, –0.449 ± 
0.065, r 2  = 0.675, p < 0.0001; whole brain, 
–0.402 ± 0.036, r 2  = 0.853, p < 0.0001).
 b  The density of neurons, expressed as neu-
rons per milligram, also decreases in each 
CNS structure with increasing structure 
mass, albeit as more variable power func-
tions of structure mass (CB, –0.425 ± 0.070, 
r 2  = 0.618, p < 0.0001; DI, –1.083 ± 0.099, 
r 2  = 0.839, p < 0.0001; P+M, –1.231 ± 0.147, 
r 2  = 0.752, p < 0.0001; OB, –0.539 ± 0.093, 
r 2  = 0.604, p < 0.0001; spinal cord, –0.741 ± 
0.058, r 2  = 0.878, p < 0.0001; MB, –1.038 ± 
0.119, r 2  = 0.767, p < 0.0001; TEL, –0.659 ± 
0.095, r 2  = 0.678, p < 0.0001; whole brain, 
–0.586 ± 0.066, r 2  = 0.780, p < 0.0001).                    
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ing body mass ( fig. 11 c) in all CNS structures except for 
the CB and OB.

  The O/N ratio is mathematically related to the per-
centage of cells that are neurons in each CNS structure. 
We find that, except for the CB, all CNS structures in the 
crocodile contain a majority of non-neuronal cells, re-
gardless of age ( fig. 12 a). Moreover, the percentage of 
cells made up by neurons in each CNS structure de-
creased significantly as the CNS structures increased in 
mass (Spearman correlation, DI, MB, P+M, spinal cord, 
p < 0.0001; TEL, p = 0.0450), with the exception of the 
CB and OB (p = 0.8903 and 0.0893, respectively;  fig. 12 a). 
The percentage of neurons in the separate CNS struc-

tures also decreased as body mass increased; however, 
the decrease was not statistically significant in the CB, 
TEL and the brain as a whole (Spearman correlation, 
CB, p = 0.8709; DI, rho = –0.7513, p < 0.0001; P+M,
rho = –0.7575, p < 0.0001; OB, rho = –0.4305, p = 0.0357; 
spinal cord, rho = –0.7841, p < 0.0001; MB, rho = 
–0.8449, p < 0.0001; TEL, p = 0.0774; whole brain, p = 
0.0539;  fig. 12 b). 

  Principal Component Analysis 
 In order to determine which factors contribute the 

most to the continuous growth of CNS structures with 
increasing body mass, we performed a PCA for each 

a

b

  Fig. 10.  The density of non-neurons ( a ) 
and neurons ( b ) decreases in all CNS struc-
tures with increasing body mass.  a  The 
density of non-neurons, expressed as non-
neurons per milligram, decreases in each 
CNS structure as similar, nearly overlap-
ping power functions (plotted) of increas-
ing body mass (CB, –0.118 ± 0.019, r     2  = 
0.630, p < 0.0001; DI, –0.068 ± 0.014, r 2  = 
0.499, p < 0.0001; P+M, –0.146 ± 0.013,
r 2  = 0.844, p < 0.0001; OB, –0.153 ± 0.027, 
r 2  = 0.591, p < 0.0001; spinal cord, –0.273 ± 
0.0256, r 2  = 0.838, p < 0.0001; MB, –0.048 
± 0.014, r 2  = 0.346, p = 0.0020; TEL, –0.112 
± 0.015, r 2  = 0.700, p < 0.0001; whole brain, 
–0.108 ± 0.010, r 2  = 0.831, p < 0.0001).
 b  The density of neurons, expressed as neu-
rons per milligram, also decreases in each 
CNS structure with increasing body mass, 
but as steeper and more variable power 
functions (plotted) of structure mass (CB, 
–0.129 ± 0.020, r 2  = 0.632, p < 0.0001; DI, 
–0.223 ± 0.027, r 2  = 0.747, p < 0.0001; P+M, 
–0.375 ± 0.048, r 2  = 0.725, p < 0.0001; OB, 
–0.230 ± 0.040, r 2  = 0.596, p < 0.0001; spinal 
cord, –0.433 ± 0.040, r 2  = 0.838, p < 0.0001; 
MB, –0.234 ± 0.028, r 2  = 0.748, p < 0.0001; 
TEL, –0.162 ± 0.023, r 2  = 0.6808, p < 0.0001; 
whole brain, –0.156 ± 0.020, r 2  = 0.740, p < 
0.0001).                    
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a

b

c

  Fig. 11.  The relationship between changes 
in numbers of neurons and non-neurons.
 a  In those structures that gain neurons with 
increasing body and structure mass (spinal 
cord, CB, TEL, OB and OT), non-neurons 
are added as power functions (plotted) of 
neuron numbers with exponents ranging 
between 0.8 and 1.1 (CB, 0.956 ± 0.102,
r         2  = 0.794, p < 0.0001; OB, 0.779 ± 0.141,
r 2  = 0.581, p < 0.0001; spinal cord, 1.141 ± 
0.196, r 2  = 0.594, p < 0.0001; TEL, 0.774 ± 
0.166, r 2  = 0.485, p = 0.0001; whole brain, 
1.015 ± 0.136, r 2  = 0.716, p < 0.0001). In the 
other structures, there is no significant 
variation in number of non-neurons as a 
function of the number of neurons (DI,
r 2  = 0.017, p = 0.5297; P+M, r 2  = 0.054, p = 
0.2626; MB, r 2  = 0.000, p = 0.9809).  b  The 
O/N ratio (the number of non-neurons per 
neuron) increases more or less rapidly with 
increasing structure mass in some struc-
tures and brain as a whole (DI, 0.747 ± 
0.112, r 2  = 0.661, p < 0.0001; P+M, 0.750 ± 
0.145, r 2  = 0.539, p < 0.0001; spinal cord, 
0.273 ± 0.049, r 2  = 0.575, p < 0.0001; MB, 
0.820 ± 0.122, r 2  = 0.663, p < 0.0001; TEL, 
0.210 ± 0.088, r 2  = 0.197, p = 0.0261; whole 
brain, 0.184 ± 0.059, r 2  = 0.310, p = 0.0047) 
but does not vary significantly with struc-
ture mass in the CB and OB (CB, r 2  = 0.031, 
p = 0.3979; OB, r 2  = 0.103, p = 0.1265).
 c  The O/N ratio increases slowly with in-
creasing body mass in some structures and 
in the brain as a whole (DI, 0.156 ± 0.026, 
r 2  = 0.600, p < 0.0001; P+M, 0.229 ± 0.046, 
r 2  = 0.521, p < 0.0001; spinal cord, 0.160 ± 
0.030, r 2  = 0.548, p < 0.0001; MB, 0.186 ± 
0.028, r 2  = 0.655, p < 0.0001; TEL, 0.050 ± 
0.022, r 2  = 0.186, p = 0.0312; whole brain, 
0.048 ± 0.016, r 2  = 0.277, p = 0.0082) but 
again not in the CB (r 2  = 0.013, p = 0.5843) 
and OB (r 2  = 0.163, p = 0.0507).               
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structure on the following variables: body mass, struc-
ture mass, number of neurons, number of non-neurons, 
neuronal density and density of non-neurons. The re-
sults, summarized in  table 2 , show that the number of 
non-neurons loads positively, heavily and consistently in 
the first factor across all CNS structures except for the 
CB, and neuronal density loads negatively, heavily and 
consistently in the first factor across all structures except 
for the spinal cord and OB. In comparison, the number 
of neurons only loads positively in the first factor in the 
spinal cord and OB, and in the second factor in the TEL 

and CB, and non-neuron density loads either in the first 
or second factor depending on the structure. These re-
sults suggest that the main factors driving the increase in 
mass of CNS structures in the continuously growing Nile 
crocodile are increasing numbers of non-neurons and 
increasing average neuronal cell size (inferred from de-
creasing neuronal densities), although increasing num-
bers of neurons and average non-neuron size (inferred 
from decreasing non-neuronal densities) also contrib-
ute.

a

b

  Fig. 12.  The percentage of neurons in the 
CNS decreased with increasing mass of 
CNS structure ( a ) and increasing body 
mass ( b ).  a  The proportion of total cell 
number made up by neurons decreased as 
CNS structures increased in mass. A sig-
nificant decrease was observed in most 
brain regions and the spinal cord (expo-
nents of the plotted power functions: DI, 
–0.629 ± 0.094, r     2  = 0.660, p < 0.0001; P+M, 
–0.710 ± 0.138, r 2  = 0.535, p < 0.0001; spinal 
cord, –0.268 ± 0.048, r 2  = 0.572, p < 0.0001; 
MB, –0.624 ± 0.098, r 2  = 0.639, p < 0.0001; 
TEL, –0.151 ± 0.066, r 2  = 0.187, p = 0.0308; 
whole brain, –0.135 ± 0.043, r 2  = 0.307, p = 
0.0050) but not in the CB and OB (CB, r 2  = 
0.036, p = 0.3669; OB, r 2  = 0.108, p = 
0.1161).  b  The percentage of neurons in the 
CNS was found to decrease with increasing 
body mass in all CNS structures with the 
exception of the CB (r 2  = 0.010, p = 0.5548; 
DI, –0.130±.023, r 2  = 0.590, p < 0.0001; 
P+M, –0.216 ± 0.044, r 2  = 0.516, p < 0.0001; 
OB, –0.061 ± 0.029, r 2  = 0.169, p = 0.0458; 
spinal cord, –0.156 ± 0.030, r 2  = 0.546, p < 
0.0001; MB, –0.142 ± 0.023, r 2  = 0.633, p < 
0.0001; TEL, –0.036 ± 0.016, r 2  = 0.177, p = 
0.0363; whole brain, –0.035 ± 0.012, r 2  = 
0.274, p = 0.0086).                                 
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 Table 2.  Principal component analysis

Factor 1 Factor 2

SC
MBODY 0.987 –0.161
MSC 0.876 –0.429
N 0.643 –0.344
O 0.725 –0.543
DN –0.254 0.932
DO –0.376 0.881
Eigenvalue of reduced correlation

matrix 4.420 0.837
Cumulative % 79.4 94.4
% variance explained 48.1 85.9

TEL
MBODY 0.884 0.145
MTEL 0.908 0.419
N 0.043 0.999
O 0.512 0.678
DN –0.838 0.932
DO –0.828 0.881
Eigenvalue of reduced correlation

matrix 3.870 1.116
Cumulative % 69.1 89.0
% variance explained 54.3 82.8

DI
MBODY 0.469 0.803
MDI 0.738 0.674
N –0.050 –0.154
O 0.975 0.221
DN –0.733 –0.416
DO –0.274 –0.897
Eigenvalue of reduced correlation

matrix 3.940 0.730
Cumulative % 74.6 88.4
% variance explained 38.9 74.7

TEC
MBODY 0.708 –0.488
MTEC 0.936 –0.353
N 0.012 0.286
O 0.998 0.054
DN –0.835 0.110
DO –0.372 0.834
Eigenvalue of reduced correlation

matrix 3.664 0.754
Cumulative % 71.5 86.2
% variance explained 53.5 72.7

Factor 1 Factor 2

M+P
MBODY 0.456 0.890
MM+P 0.807 0.591
N –0.082 –0.418
O 0.918 0.224
DN –0.782 –0.184
DO –0.799 –0.406
Eigenvalue of reduced correlation

matrix 4.132 0.759
Cumulative % 75.0 88.8
% variance explained 49.3 75.4

CB
MBODY 0.892 0.198
MCB 0.754 0.657
N 0.274 0.787
O 0.192 0.981
DN –0.711 –0.430
DO –0.832 –0.163
Eigenvalue of reduced correlation

matrix 4.063 1.029
Cumulative % 72.7 91.2
% variance explained 44.6 82.3

OB
MBODY 0.826 –0.432
MOB 0.824 –0.566
N 0.729 0.016
O 0.650 –0.544
DN –0.066 0.998
DO –0.398 0.743
Eigenvalue of reduced correlation

matrix 3.944 0.898
Cumulative % 74.4 91.4
% variance explained 41.3 80.5

 A principal component analysis for each structure on the vari-
ables body mass, structure mass, number of neurons, number of 
non-neurons, neuronal density and density of non-neurons re-
vealed that growth of CNS structures was typically associated with 
the addition of non-neuronal cells and increasing neuronal size 
(that is, decreasing neuronal densities). Increasing number of neu-
rons was also a factor to increased mass of the spinal cord and OB. 
Only variables loading by at least 0.500 are shown. The percent 
variance explained is cumulative. SC = Spinal cord; TEC = tectum; 
M = mass of the structure; N = number of neurons in the structure; 
O = number of other cells in the structure; DN = density of neurons 
in the structure; DO = density of other cells in the structure.
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  Discussion 

 In the current study we estimated the cellular compo-
sition of the CNS of 25 Nile crocodiles ranging between 
92 g and 90 kg in mass to determine whether the continu-
ously growing body requires a continuous addition of sig-
nificant numbers of neurons. We found that the CNS in-
creases significantly in mass as a result of increased aver-
age cell sizes and the continuous addition of non-neurons 
to all CNS structures but of neurons to only specific CNS 
structures. In the brain, a continuously growing body 
mass was accompanied by more neurons only in the OB, 
TEL and CB, structures that are not directly connected to 
growing body parts, and with small allometric exponents 
of 0.1–0.2. These findings strongly suggest that a growing 
body does not impose an obligatory demand for more 
neurons to keep up with growing inputs and outputs; as 
discussed below, they suggest, rather, that the growing 
body allows the survival of newly generated neurons in 
those restricted structures that continue to exhibit post-
natal neurogenesis in the crocodile.

  The Nile crocodile reaches sexual maturity at body 
masses of approximately 150 kg [Pooley and Gans, 1976]. 
Thus, the animals used in this study represent juveniles 
and subadults, which makes it possible that the patterns 
of cell addition observed here represent growth up to 
adulthood and different cellular scaling rules may apply 
after sexual maturity. However, we previously demon-
strated that the increase in mass of the brain and spinal 
cord of Nile crocodiles between 92 g and 90 kg of body 
mass as power functions of body mass with exponents of 
0.256 and 0.540, respectively, predict reasonably well the 
brain mass for a 200-kg alligator [from a previous report 
by Crile and Quiring, 1940] and a fossil crocodyliform 
with an endocranial volume of 40 cm 3  [Holliday and 
Gardner, 2012]. It is thus likely that the patterns of cell 
addition observed in these animals continue throughout 
the life of the Nile crocodile, even after sexual maturity. 

  Different Mechanisms to Increase Structure Mass 
 In the continuously growing Nile crocodile, growth of 

the liver appears to be the result of a simple increase in 
cell numbers (hyperplasia) and not hypertrophy, given 
that we find no significant change in cell densities in the 
organ across individuals. However, because the individu-
als used in this study were juveniles and subadults, it re-
mains possible that further growth of the liver following 
sexual maturity will occur by hypertrophy or a by a com-
bination of hypertrophy and hyperplasia. It is also pos-
sible that numbers of cells in the liver were slightly over-

estimated, as a small minority of liver cells (less than 3% 
in humans) are known to have two cell nuclei [Kudriav-
tsev et al., 1991].

  In contrast to the continuous growth of the liver by 
the simple addition of cells of a constant average density 
(and therefore cell size), the CNS of the Nile crocodile 
grows continuously together with the body through the 
decrease in cell density (and thus an inferred increase in 
average cell size) in all structures, the addition of non-
neuronal cells to all structures, and the addition of neu-
rons to the TEL, CB, OB and spinal cord, but not to the 
DI, MB and P+M oblongata. As the brain grows, the OB 
and the P+M oblongata become relatively larger, the 
TEL, DI and MB become relatively smaller, and the per-
centage of brain mass occupied by the CB does not 
change. However, these changes in the relative mass of 
different brain structures mask a decrease in relative 
numbers of brain neurons in those structures that do not 
gain neurons during continuous growth (the DI, MB and 
P+M) and a constancy in relative number of brain neu-
rons in two of the structures that gain neurons continu-
ously (the TEL and spinal cord). Instead, it is the OB and 
CB that exhibit a continuous gain not only in absolute 
but also in relative number of neurons. These differences 
indicate that all brain regions do not grow in mass as the 
result of a single mechanism, nor is growth of the brain 
shared across all brain regions. Rather, the continuous 
postnatal growth of the Nile crocodile seems to privilege 
the addition of neurons to the OB over other brain struc-
tures.

  Addition of Neurons to the CNS  
 Here we find a significant postnatal increase in the 

number of neurons in the TEL, OB, CB and spinal cord 
of the growing crocodile brain. We have confirmed, using 
doublecortin immunohistochemistry, that newly born 
neurons are continuously added to the TEL, OB and cer-
ebellar cortex of the Nile crocodile in animals ranging be-
tween 350 g and 86 kg in mass [Ngwenya et al., submit-
ted]. The pattern of constitutive neurogenesis in these re-
gions was very similar to previous reports in several lizard 
and turtle species [Font et al., 2001]. In the Nile crocodile, 
the increasing mass of these structures was strongly cor-
related to increasing numbers of neurons, although the 
mass of these structures increased with neuronal number 
with allometric exponents greater than 1 (between 1.0 
and 1.3 for brain regions, and 1.8 for the spinal cord), an 
indication that increased cell size also contributes to the 
growth of these structures. In contrast, the increasing 
mass of the DI, MB, P+M is not related to any significant 
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increase in numbers of neurons, despite the increasing 
mass of the body to which neurons in these regions are 
connected. 

  Despite a 1,000-fold increase in body mass across in-
dividuals in our sample, numbers of neurons in the whole 
brain varied only 2.8 times (between 2.4 and 9.7 in the 
individual brain regions) and 5.3 times in the spinal cord. 
The number of neurons in the regions showing post-
hatching neurogenesis scaled with increasing body mass 
with very low allometric exponents ranging between 0.08 
and 0.2. In earlier studies, it was found that numbers of 
motor neurons in the facial nucleus of primates and mar-
supials scaled with body mass with similar exponents 
(0.127 and 0.184, respectively), and despite even greater 
variations in body mass (5,000 times) the number of mo-
tor neurons in the facial nucleus of marsupials increased 
only 4.8 times [Sherwood, 2005; Watson et al., 2012]. 
Most importantly, we found that while the OB and CB 
gain neurons continuously, other brain structures that 
are also directly connected to the body in continuously 
growing crocodiles (the DI, mesencephalon, P+M) do 
not gain neurons concomitantly with body growth. Col-
lectively, the data on mammals and the growing croco-
dile suggest that larger bodies do not necessarily require 
more neurons (both between species and within a single 
species). Rather, it may be that larger bodies provide the 
opportunity for a greater number of neurons by increas-
ing the target muscle field (supposedly through a greater 
number of muscle fibers). In the Nile crocodile, in par-
ticular, a significant increase in neuronal number was 
observed only in brain regions known to show constitu-
tive neurogenesis in continuously growing reptiles, 
which suggests that the ongoing addition of neurons to 
these structures (TEL, OB, CB and possibly the spinal 
cord) is a constitutive process that is not related to any 
need for larger numbers of neurons imposed by a grow-
ing body. 

  In the spinal cord, numbers of neurons increased sig-
nificantly with body length, but neurons did not con-
tribute significantly to in situ spinal cord length. Post-
fixation of the spinal cord resulted in shrinkage, with an 
approximately 30% decrease in the length of the spinal 
cord [Ngwenya et al., 2013]. However, when the neuro-
nal number was compared with fixed spinal cord length 
(for which more data points were available), fixed spinal 
cord length increased as a function of the number of 
neurons with an exponent of 1.019 – that is, linearly, as 
found across primate species [Burish et al., 2010]. The 
continued addition of neurons to the spinal cord of 
growing crocodiles may thus be the result of a more fun-

damental mechanism that sustains the formation of the 
spinal cord with a fixed number of neurons per millime-
ter, in individual crocodiles as across primate species.

  Addition of Non-Neurons to the CNS  
 Non-neurons (which include all glial types, endothe-

lial and ependymal cells) were found to be added con-
tinuously to all brain regions and to the spinal cord. In 
the CB, TEL, OB and spinal cord, the addition of non-
neurons is coordinated with neuronal number, and non-
neurons were found to increase as power functions of 
numbers of neurons (in the remaining regions, numbers 
of neurons do not increase with body mass). In all CNS 
structures, the rate at which non-neurons are added ex-
ceeds the rate at which neurons are added such that the 
ratio of non-neurons/other cells (O) to neurons (N) con-
tinues to increase with increasing structure mass and 
body mass in all CNS structures, with the exception of 
the CB and the OB, where a constant O/N ratio is main-
tained.

  Increasing Average Cell Size 
 One of our main findings is that the densities of both 

neurons and non-neurons decrease in all CNS structures 
with increasing body mass, which indicates that the aver-
age cell size increases in all structures as the animals in-
crease in mass. While the use of cell density does not al-
low us to determine whether cell growth is restricted to 
the soma or also applies to cell processes, it is likely that 
axonal elongation is a main contributing factor to cell 
growth. Body length varied almost 9 times across the 
crocodiles used in this study, from 29.4 to 261 cm, imply-
ing that the axons of spinal cord neurons needed to elon-
gate to maintain connection with the body. A possible 
mechanism for growth of the axons in the spinal cord 
(and possibly the brain) is by stretch growth as proposed 
by Smith [2009]. As the body increases, the axons stretch 
as they maintain their connections to body targets. Cel-
lular building elements are added to the axons to prevent 
them from rupturing, resulting in elongation of the ax-
ons [Smith, 2009]. In this scenario, Schwann cells would 
likely need to be continually generated to myelinate the 
new segments of axons. Likewise, the brain undergoes a 
significant increase in size with increasing body mass. 
Though stretch growth has not been shown to occur in 
the brain, it is possible that a similar mechanism occurs 
as neurons maintain their connections with increasing 
brain size.
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