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Abstract

The cellular composition of brains shows largely conserved, gradual evolutionary trends between
species. In the primate spinal cord, however, the glia-neuron ratio was reported to be greatly
increased over that in the rodent spinal cord. Here, we re-examined the cellular composition of the
spinal cord of one human and one non-human primate species by employing two different
counting methods, the isotropic fractionator and stereology. We also determined whether
segmental differences in cellular composition, possibly reflecting increased fine motor control of
the upper extremities, may explain a sharply increased glia-neuron ratio in primates. In the
cynomolgus monkey spinal cord, the isotropic fractionator and stereology yielded 206-275 million
cells, of which 13.3-25.1% were neurons (28-69 million). Stereological estimates yielded 21.1%
endothelial cells and 65.5% glial cells (glia-neuron ratio of 4.9-5.6). In human spinal cords, the
isotropic fractionator and stereology generated estimates of 1.5-1.7 billion cells and 197-222
million neurons (13.4% neurons, 12.2% endothelial cells, 74.8% glial cells), and a glia-neuron
ratio of 5.6-7.1, with estimates of neuron numbers in the human spinal cord based on
morphological criteria. The non-neuronal to neuron ratios in human and cynomolgus monkey
spinal cords were 6.5 and 3.2, respectively, suggesting that previous reports overestimated this
ratio. We did not find significant segmental differences in the cellular composition between
cervical, thoracic and lumbar levels. When compared with brain regions, the spinal cord showed
gradual increases of the glia-neuron ratio with increasing brain mass, similar to the cerebral cortex
and the brainstem.
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INTRODUCTION

After a long period of conflicting claims, the number of neurons and non-neuronal cells in
the human brain has recently been clarified and a consensus has emerged (Azevedo et al.,
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2009; von Bartheld et al., 2016). However, uncertainty remains about the other major
component of the central nervous system (CNS), the spinal cord, in terms of numerical
composition, for both the human and the non-human primate spinal cord (Herculano-
Houzel, 2017). Earlier estimates derived from indirect projections postulated that the human
spinal cord contained 13.5 million neurons (based on extrapolation from dog spinal cords,
Gelfan, 1963), 20 million neurons (based on extrapolation from monkey spinal cords,
Herculano-Houzel et al., 2016) or one billion neurons (Kalat, 1998; also cited in Chudler,
2016). While numbers of neurons in the human spinal cord have to date only been estimated
based on extrapolations and formulas derived from other species (Gelfan, 1963; Herculano-
Houzel et al., 2016), one recent study used the isotropic fractionator to estimate the total
number of cells in the spinal cord of eight non-human primate species (at 21-380 million),
as well as the number of neurons (at 1.7-11.4 million, Burish et al., 2010). The latter work
estimated only numbers of neurons and non-neuronal cells (the combination of glial cells
and endothelial cells) and suggested an upper limit to the glia-neuron ratio (GNR) of nearly
40:1 (Burish et al., 2010). Such a GNR is more than one order of magnitude higher than that
in rodent spinal cords (GNR of 2:1 to 3:1, Bjugn, 1993; Bjugn and Gundersen, 1993). Since
other CNS components such as cerebral cortex, cerebellum, and rest of brain (brainstem)
show a much more consistent or gradually changing GNR between species, including
humans, the apparent wide fluctuations between species for GNRs in the spinal cord were
surprising.

We here examined three questions: (1) Since numerical estimates of spinal cord cells in
primates have to date been exclusively obtained by using the isotropic fractionator, we asked
whether such estimates could be verified by using a stereology approach in conjunction with
the isotropic fractionator method. (2) Could the surprising differences in GNR of the spinal
cord between primates and rodents (and other non-mammalian vertebrates) be due to the
emergence of fine motor control of the upper extremities, and related differences in cell
composition between the cervical and the other segments of the spinal cord? (3) How does
the GNR and the non-neuron to neuron ratio (nNNR) in the spinal cord compare with brain
regions and with other species when brains become larger?

MATERIALS and METHODS

Human and animal tissues

Three spinal cords from cynomolgus monkey (Macaca fascicularis) and three human spinal
cords were examined for this study. Macaque monkey (cynomolgus) spinal cords were
obtained from Charles River Preclinical Services (Reno, NV). The Charles River
Institutional Animal Care and Use Committee (IACUC) approved euthanization of monkeys
(for reasons not related to this study), assuring compliance with the United States
Department of Agriculture, Public Health Service Office of Laboratory Animal Welfare
Policy and the Animal Welfare act. Monkeys were sedated with ketamine (10 mg/kg), then
administered 0.7 ml Beuthanasia-D solution (pentobarbital sodium and phenytoin sodium)
followed by exsanguination. The spinal cords were removed and placed in cold Krebs
bicarbonate buffer of the following composition (in mM): 118.5 NaCl, 4.7 KCl, 2.5 CaCl,,
1.2 MgCly, 23.8 NaHCOg3, 1.2 KH,PO,, 11.0 dextrose for 30 min during the transport on ice
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to the University of Nevada, Reno. Spinal cords were then fixed in 4% paraformaldehyde for
24-48 hours at room temperature. We examined spinal cords from three female macaque
(cynomolgus) monkeys with an average age of 3.4 years (range 3.1-3.6). The spinal cords
weighed on average 3.8 g (range 3.7-3.9 g). The IACUC of the University of Nevada, Reno
approved the tissue donations and use of tissues. The human spinal cords were obtained
from the Anatomical Donation Program at the University of Nevada, Reno School of
Medicine (tissues donated for research and teaching). Donors comprised two males and one
female. The average age was 71.3 years (range: 64-80 years). None of the donors had any
known neurodegenerative or neurological disease affecting the spinal cord. The postmortem
interval was approximately 24 hours. Tissues were fixed using conventional formaldehyde
fixation (arterial perfusion with a 2:1 dilution of 37% formalin, followed by several months
of fixation and storage in a 1% formalin solution), or by embalming fluid fixation, Maryland
state concentrate (arterial perfusion with a 2:1 dilution of 24-36 liters of 33.3% glycerin,
27.8% phenol, 33.3% methanol, 2.1% formaldehyde; fixation for several months in the same
fixative, followed by storage in 95% ethanol). The spinal cords weighed on average 27.7 g
(range: 24.6-33.3 ).

Tissue processing

Using scalpel blades, tissue samples of approximately 100 mg were dissected in a systematic
random sampling scheme from the cervical, thoracic, and lumbar regions of the spinal cord
and used for tissue processing according to the isotropic fractionator (IF) technique
(Herculano-Houzel and Lent, 2005). Small segments (about 1-2 mm thick) were taken
adjacent to tissue samples collected for IF and used for stereology. The weight of each
sample was determined on a Sartorius BP 110 S balance prior to further tissue processing.

Isotropic Fractionator (IF) processing

Processing of tissues followed the protocol as previously described (Herculano-Houzel and
Lent, 2005; Herculano-Houzel et al., 2015). In brief, tissue samples of 100 mg were
homogenized in 1-2 ml standard solution (40 mM sodium citrate and 1% Triton X-100),
using a Wheaton 15 ml glass tissue grinder until all visible fragments were dissolved.
Homogenates were transferred to 15 ml conical tubes, along with the solution collected from
several washes of the homogenizer. Tubes were centrifuged in an Eppendorf centrifuge
(Model 5416) for 10 minutes at 4,000 g. Supernatants were collected and transferred to
separate tubes and stained with 1% 4’6-diamidino-2-phenylindole (DAPI, Invitrogen) to
verify that no nuclei remained in the supernatant, allowing to conclude that all nuclei were
contained within the pellet. The nuclear pellets were resuspended in phosphate-buffered
saline (PBS) with 1% DAPI. This mixture was agitated throughout the procedure to prevent
sedimentation. Aliquots of 5 pl were loaded onto a hemocytometer (Reichert Bright-Line).
Counts of cell nuclei were performed per manufacturer’s instructions by using boundary
lines to calculate the applicable volumes of each chamber. Counts were repeated 20 times,
resulting in a coefficient of error (CE) of less than 0.1. Average nuclear density was
multiplied by total suspension volume and divided by sample weight to obtain the number of
nuclei (and by extension, number of cells) per mg tissue. To estimate total neuron number,
500 pl was removed from the suspension and nuclei were collected by centrifugation, and
resuspended in a 0.2 M solution of boric acid, (pH 9.0), and heated for 1 h at 75°C. Nuclei
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were again centrifuged, washed in PBS, and incubated overnight at room temperature with
anti-NeuN mouse 1gG (1:300 in PBS; EMD Millipore, Billerica, MA). They were washed in
PBS, and incubated in cyanine 3-conjugated goat anti-mouse 1gG secondary antibody (Life
Technologies, 1:400 in 40% PBS, 10% goat serum, and 50% DAPI) for 2 hours, centrifuged,
washed in PBS, and then suspended in a small volume of PBS for observation in a Neubauer
counting chamber on a fluorescent microscope (Nikon Eclipse E600). We counted a
minimum of 500 DAPI-stained nuclei for each sample. The proportion of NeuN-positive
nuclei was determined separately for each region of the spinal cord and multiplied by the
total number of nuclei to yield total number of neurons in each segment. The total number of
“non-neuronal nuclei” was calculated by subtracting the number of NeuN-containing nuclei
from the total number of nuclei. Since the NeuN antibody did not work reliably in the
human tissue, the fraction of neuron numbers for the human spinal cord was estimated based
on morphological data obtained in the adjacent tissues (see below).

Paraffin embedding, sectioning and counting

Fixed tissue samples were dehydrated in an ascending alcohol series and embedded in
Paraplast Plus Tissue Embedding Medium (McCormick Scientific). Samples were sectioned
exhaustively into sections of 25-35 um thickness using a rotary microtome (AO Spencer
820). Every 10th section was collected in a water bath at 45°C on Surgipath pre-cleaned
Micro Slides Snow Coat X-tra glass slides or silane-coated glass slides (Fisherbrand, Fisher
Scientific). The sections were dried for at least 24 hours at 45-48°C, were then
deparaffinized and stained for 2-5 min with hematoxylin (7.5% Hematoxylin Accustain™,
Harris hematoxylin solution, modified, Sigma) and for 1 min with eosin (0.2% Eosin Y
solution, intensified, Eosin Protocol ™, Fisher Scientific). The hematoxylin-eosin stain was
used, because it was shown to be equally effective as Nissl stains in discerning small dorsal
horn neurons in the spinal cord, which have a very low content of rough endoplasmic
reticulum (Nathaniel and Nathaniel, 1966; Bjugn and Gundersen, 1993), and also because
hematoxylin-eosin produced advantageous differential staining of the entire vascular system
in some of the serial sections. The microtome’s section advance was verified to be accurate
within 6% of the nominal section thickness. All sections were dehydrated, cleared in xylene
and mounted with Di-N-Butyl Phthalate in xylene (DPX, Electron Microscopy Sciences,
refractive index = 1.52) under cover glasses (Corning, 11/2, 170 um thick). At least six
sections from each spinal cord were used for sampling, and in each of those sections 8-12
counting boxes (100 pm x 100 um x section thickness) were applied. In each counting box,
16-40 particles were sampled, with 750-900 nuclei counted for each segment, and about
2,400 nuclei for each spinal cord. An analysis of the distribution of particles in the z-axis
was performed on a total of 38 sections, to determine the position of approximately 700
particles in the section, to ensure optimal placement of guard zones (Hatton and von
Bartheld, 1999; Gardella et al., 2003; von Bartheld, 2012). These analyses showed
differential compression with enhanced densities of particles at the tissue margins, as
expected for paraffin sections (Fig. 1). Accordingly, guard zones (which are recommended
only in cases of lost caps, Baryshnikova et al., 2006) were not used, because there was no
evidence of lost caps. Sections of a final thickness of 22.5 £ 7.8 uym (SD, n=20, monkey) and
31.4 + 8.2 um (SD, n=18, human) were examined at a magnification of 1,000-fold on a
Nikon Optiphot microscope equipped with a z-axis encoder (MFC-1 from Applied Scientific
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Instrumentation), a 100x oil objective (NA= 1.25) and a 10x eye piece. Data were analyzed
using Nikon NIS elements software version 4.0. The program’s graticule was used to
perform systematic random sampling of fifty 10,000 um? areas and to count stained nuclei,
using an unbiased counting rule (Schmitz and Hof, 2005). Unbiased counting rules are
designed to ensure that the number of particles scored within the counting box is indeed
representative of the volume of the sample, and avoids double-counting of nuclei or nucleoli
(Williams and Rakic, 1988). The total area of each section was estimated by using NIS
software’s area function, by drawing a line around the section perimeter as seen with a 2x
objective, and letting the program automatically calculate the area. We multiplied the
average nuclear density by the average section area and the number of sections cut. This was
divided by the tissue sample weight to obtain the number of nuclei per mg sample tissue
weight. We estimated the percentage of presumptive endothelial cell nuclei within
systematic random samples by counting 100 cells in histological sections and determining
how many of them met our criteria for endothelial cells, including elongation of cells and
association with blood vessels. To determine whether cell ratios differed significantly
between segments of the spinal cord, we compared them using single factor ANOVA. To
determine whether the two methods gave different results for total cell numbers or for
neuron numbers, we used paired, two-tailed Student’s t-test.

Survey of glia-neuron ratios (GNRs) and non-neuronal-neuron ratios (nNNRs) from
previously published work

To compare our data on GNRs and nNNRs in the spinal cord with those from other CNS
regions (cerebral cortex, cerebellum, rest of brain), we compiled data for the same and other
vertebrate species from the literature. These data points were from either histological/
stereological or isotropic fractionator studies, primarily from the labs of Bjugn, Friede,
Haug, Herculano-Houzel, Kaas, Pakkenberg, Sherwood, and Stolzenburg, and included data
from species such as frog, mouse, shrew, mole, rat, rabbit, monkey, dolphin, seal, human,
elephant, and whale, among others, as indicated in the Tables. The GNRs and nNNRs were
plotted on a log scale over brain mass, and the slopes of GNRs and nNNRs were calculated
and compared for different CNS regions, using linear regression models through Statistical
Analysis Systems (SAS 9.4).

The relationship between the glia-neuron ratio (GNR) and the non-neuronal-neuron ratio
(nNNNR) for cerebral cortex, brain stem and cerebellum

We determined both the GNR and the nNNR, depending on the type of counting method
used. The distinction between these two ratios is important. Figure 2 illustrates the
differences and the relationship between the two ratios. Stereology is a histological counting
method that identifies and distinguishes glial cells from neurons; it allows — with some
caveats (small neurons may be difficult to discern from glial cells) — to compare numbers of
glia with numbers of neurons, thus resulting in a GNR for the structure examined. The
isotropic fractionator (IF) collects the nuclei from all three major types of CNS cells (glia,
neurons and endothelial cells), and then identifies among all the cells those that are neurons,
based on staining with a neuron-specific antibody. Accordingly, the number of neurons is
established, as well as the number of all non-neuronal cells (glia and endothelial cells
combined). Therefore, the IF only establishes an NNNR for the CNS structure, but not a
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RESULTS

GNR. The nNNR, however, sets an upper limit for the GNR, and the GNR can be estimated
when the relative fraction of endothelial cells and glial cells among the total number of non-
neuronal cells is known (typically between 12% and 30% of all non-neuronal cells,
depending on the structure, Nurnberger, 1958; Blinkov and Glezer, 1968; Brasileiro-Filho et
al., 1989; Bjugn and Gundersen, 1993; Davanlou and Smith, 2004; Lyck et al., 2009; Garcia-
Amado and Prensa, 2012; Bahney and von Bartheld, 2014; reviewed in: von Bartheld et al.,
2016). The nNNR is always larger than the GNR, but by a relatively small and predictable
percentage, as shown in Figure 2 for three brain regions.

Cell numbers in a non-human primate spinal cord (cynomolgus monkey, Macaca
fascicularis)

Isotropic Fractionator (IF)

Stereology

We estimated the average number of cell nuclei in the spinal cord to be 275 million £ 55.5
million (SD, n=3), with a range of 230-337 million cells (Table 1). The percentage of NeuN-
labeled cell nuclei among all cell nuclei was 21.5-28.2%, with a mean of 25.1%.
Accordingly, the number of neurons in the spinal cord is about 69 million.

Examples of stained histological sections for the monkey spinal cord are shown in Figure
3A-B. Note that the entire vascular system, including the smallest capillaries, was stained
with an orange hue, which greatly facilitated identification of endothelial cells. Based on the
stereology approach, we estimated the average number of cell nuclei in the spinal cord to be
206 million £ 31.2 million (SD, n=3), with a range of 172-334 million cells (Table 1).
According to our stereology data, we estimated that the average percentage of neuronal
nuclei in the entire spinal cord was 13.4% of the total cell number (27.4 million neurons,
based on a total cell number of 206 million). This percentage is significantly less (p=0.015)
than that of NeuN-labeled cell nuclei in the IF protocol, indicating that, as already
mentioned, many small neurons (up to 11.7% of all cells) in the spinal cord may be mis-
classified as glial cells in histological sections. The average percentage of endothelial cells
in the entire spinal cord was 21.1% of all cells, and other cells (presumed to be glial cells)
was estimated to be 65.5% of all cells in the whole spinal cord (Table 1). Regarding
segmental regions, the average percentage of neurons ranged from 10.4% (cervical) to
16.7% (lumbar), the average percentage of endothelial cells ranged from 18.7% (thoracic) to
22.6% (cervical), and the average percentage of glia ranged from 61.3% (lumbar) to 68.4%
(thoracic), as shown in Table 1.

The total cell numbers estimated by IF and stereology were not significantly different
(p=0.215, t-test). Neuron numbers estimated by the two methods were significantly different,
with the IF yielding 69.4 million neurons vs. 27.4 million by stereology (p=0.015), likely
because of the difference in the percentage identified as neurons, as mentioned above.

Nonneuronal-neuron ratio ("NNR) and glia-neuron ratio (GNR) in a non-human primate
spinal cord
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Isotropic Fractionator

Stereology

The IF provides the information to calculate the ratio of non-neuronal versus neuronal cell
types. The total number of spinal cord cells according to the IF was a mean of 275 million.
When one subtracts the number of neurons (69 million), there are 206 million non-neuronal
cells. Dividing those by neurons (69 million) yields an nNNR of 3.2 (3.2 + 0.47, SD, see
Table 1).

nNNR= re-n

(nNNR, nonneuronal to neuron ratio; TC, total cell number; N, neuron number)

Based on the percentages of cell types obtained from our histology data, we directly
calculated the GNR for the spinal cord: 65.54 divided by 13.35 = 4.9. That is the traditional,
histology-based GNR, with the caveat that some small neurons and glia cannot be
distinguished with certainty (see above). When the information from the IF procedure is
taken into account (an additional 11.7% of all cells may be neurons rather than glia), the
GNR is 2.1. When stereology data was used to calculate the nNNR, 206 million cells minus
13.4% neurons = 178.4 million non-neuronal cells, divided by 27.6 million neurons, this
yields an nNNR of approximately 5.6 (5.6 + 1.57, SD, see Table 1). This stereology-derived
nNNR is larger than that obtained by the IF (about 3), presumably because with stereology, a
significant number of small neurons are classified as glial cells (Bjugn and Gundersen,
1993).

Segmental analysis of the spinal cord in a non-human primate spinal cord

We examined the possibility of segmental differences in cell ratios in the cynomolgus spinal
cord, because a previous study of primate spinal cords (Burish et al., 2010) reported a much
larger nNNR than would be expected based on published GNRs for rodents (Bjugn, 1993;
Bjugn and Gundersen, 1993). As shown in Table 1, the IF-derived percentages of non-
neuronal cells (71.8-78.5%) and neuronal cells (21.5-28.2%) differed little, and resulted in
nNNNRs for the cervical, thoracic and lumbar spinal cords of 3.0, 3.7, and 2.8, respectively.
The differences between ratios were statistically not significant (Table 1). Likewise, the
percentages of glia and neurons based on stereology ranged between 61.3% and 68.4% for
glia, and between 10.4% and 16.7% for neurons, with GNRs for the cervical, thoracic and
lumbar levels of 7.3, 5.3, and 4.2, respectively. Despite a trend for larger GNRs in the
cervical spinal cord, statistically, these ratios were not significantly different from each other
(Table 1).

Cell numbers, nonneuronal-neuron ratio ("NNR) and glia-neuron ratio (GNR) in the human
spinal cord
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Isotropic Fractionator (IF)

Stereology

Using the IF procedure, we estimated the average number of cell nuclei in the spinal cord to
be 1.66 billion + 251.8 million (SD, n=3), with a range of 1.4-1.9 billion cells. Since the
neuron-specific antibody did not work reliably in the fixed human tissue, we could only
establish the total cell number, but not the neuron number by using the isotropic fractionator
(IF) protocol. However, we could estimate total neuron numbers and the GNR and nNNR by
combining IF data (for total cell numbers) with the information about percentages of cell
types in adjacent tissue, obtained through the stereology approach. The nNNR was
calculated by adding to the number of glial cells (1.160 billion) all endothelial cells (182.9
million) to get the sum of 1.343 billion non-neuronal cells, and dividing this by the number
of neurons in the spinal cord (195-221 million):

G+FE
NNR=——
nNNR N

(nNNR, nonneuronal to neuron ratio; G, number of glial cells; E, number of endothelial
cells; N, number of neurons)

This amounts to an nNNR of about 6.5 (6.51 + 1.03, SD, see Table 2). The segmental
analysis showed that the percentage of non-neuronal cells ranged from 86.0% to 87.4%, and
the percentage of neurons (based on morphology) was between 12.6% and 14.0%. The
NNNR was 7.25, 5.33, and 6.94 for the cervical, thoracic and lumbar spinal cord,
respectively. There were no statistically significant differences in the nNNR between
segments (for details, see Table 2).

Using stereology, we estimated the average number of cell nuclei in the spinal cord to be
1.47 billion + 148.9 million (SD, n=3), with a range of 1.3-1.6 billion cells. The glia-neuron
ratio (GNR) in the human spinal cord was calculated to be about 6 (6.15 + 0.86, SD, Table
2). The segmental analysis showed that the percentage of glia ranged from 71.2% to 80.5%,
and the percentage of neurons (based on morphology) ranged from 12.6% to 14.0%. The
GNR was 7.25, 5.33, and 6.94 for the cervical, thoracic and lumbar spinal cord, respectively
(Table 2). There were no statistically significant differences in the GNR between segments
(Table 2). There were no statistically significant differences in total cell numbers between
the two methods (p=0.314, t-test).

Survey of GNRs and nNNRs from other CNS parts and species

Whether GNRs increase with increasing brain mass is controversial (Stolzenburg et al.,
1989; Nedergaard et al., 2003; Marino, 2006; Sherwood et al., 2006; Herculano-Houzel et
al., 2007; Herculano-Houzel, 2011). To place our data on cell numbers and ratios in the
spinal cord of human and non-human primates in a larger comparative and evolutionary
context, we compiled data from previous quantitative studies on spinal cords and three other
CNS parts: cerebral cortex, cerebellum, and rest of brain (brainstem). We list all GNRs and
nNNRs that were available in the literature in Tables 3 and 4, sorted by the total brain mass
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for each species. We then graphed each data point for either GNRs or nNNRs against brain
mass on a logarithmic scale and applied linear regression models, using the formulay = a +
B In (x), where y is GNR or nNNR, a is the intercept, B is the slope, and x is brain mass. In
the formula, x was transformed to natural logarithm (In), and the slopes of GNRs and
nNNRs were compared (Fig. 4A-F). The obvious outliers (indicated as red squares in Fig.
4B, D) were excluded from the model. As can be seen in the Figure 4A-F, the GNRs and
nNNRs gradually increased with increasing brain mass in most CNS regions: cerebral
cortex, rest of brain, and spinal cord, but not in cerebellum. The slope of GNRs with
increasing brain mass was +0.39 for cerebral cortex, and +0.50 for spinal cord. The slope for
nNNRs with increasing brain mass was +0.25 for cerebral cortex, +0.93 for rest of brain, and
+0.33 for spinal cord, with outliers removed. There was no correlation between the brain
mass and the nNNR for the cerebellum. Accordingly, there is a strong positive correlation of
GNRs and nNNRs with brain mass in most CNS structures. The data from two previous
studies on nNNRs do not fit with the other data: The nNNRs from a recent elephant study
(Herculano-Houzel et al., 2014) were significantly higher for cerebral cortex and for rest of
brain than would have been expected based on the GNRs and nNNRs among other species
(Fig. 4B, D); and all the nNNRs for spinal cords from one study (Burish et al., 2010) were
significantly higher and the slope significantly steeper (+6.63, p=0.0012) than expected
based on other species” GNRs and nNNRs for spinal cord with slopes between +0.25 and
+0.93 (Fig. 4E, F). Possible reasons for these discrepancies are considered in the Discussion.
Overall, we conclude that ratios of cell types (GNRs and nNNRS) in the spinal cord of
primates are similar to those of the brainstem (“rest of brain,” Fig. 2), but differ from the
ratios in the entire primate brain (Fig. 5).

DISCUSSION

Our study is the first that directly counted and estimated, by using systematic random
sampling, the number of cells and neurons in the human spinal cord. Ours is also the first
study that applied two different cell counting techniques, stereology and the isotropic
fractionator, to estimate the number of neurons and non-neuronal cells in the spinal cord of a
human and a non-human primate, and the first that systematically compared GNRs with
nNNRs for large datasets. Previous work indicated a surprisingly high GNR in the primate
spinal cord, mainly due to a very low number of neurons (Herculano-Houzel et al., 2016).
We compare our data with those from previous studies in spinal cords of primates and other
vertebrate species, and we identify evolutionary trends of glia-neuron ratios in the spinal
cord and other, cranial, CNS regions (cerebral cortex, cerebellum, and rest of brain).

Methodological considerations

Previous work on the numerical composition of the spinal cord has utilized either stereology
or the IF, but not both. The two approaches each have advantages and disadvantages
(Herculano-Houzel et al., 2015). The stereology approach to estimate neuron and glia
numbers in spinal cords is limited by the problem of not being able to distinguish all small
neurons from glial cells (Bjugn, 1993; Bjugn and Gundersen, 1993; von Bartheld et al.,
2016). Indeed, when we compared data obtained by the IF with the data obtained from
stereology for the percentage of neurons, we found that as many as 11.7% of presumed glial
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cells may actually be neuronal. This problem is particularly relevant in the spinal cord,
because most dorsal horn neurons — the large majority of neurons in the spinal cord — are
small, contain very little rough endoplasmic reticulum (Nathaniel and Nathaniel, 1966), and
therefore remain pale with Nissl stains. Motoneurons are easily distinguished from glia
(Bjugn and Gundersen, 1993; Hatton and von Bartheld, 1999), but they constitute a minute
fraction of only about 1-2% of all spinal cord neurons (as documented for the sacral
segment of the rat spinal cord, Chung et al., 1984), while the dorsal horns contain the
majority (more than 70%) of neurons in the gray matter in the rodent spinal cord (Bjugn,
1993). Therefore, until unambiguous markers — that can be shown to work in human tissue —
are available to distinguish glia from neurons, histological methods such as stereology are
less than optimal to obtain numerical estimates, especially in human tissues (Lyck et al.,
2008, 2009). This likely constitutes the largest potential error in our stereology method and
may be calculated to maximally involve up to 11.7% of all cells surveyed, as mentioned in
the Results.

The IF was developed as an alternative counting method to stereology. Results obtained with
the IF were initially met with skepticism, because the method had not been formally
validated. This has recently been accomplished for brain tissues (Bahney and von Bartheld,
2014; Miller et al., 2014; Herculano-Houzel et al., 2015), and numerical estimates have been
shown to be equivalent to those obtained by stereology. Since processing of human CNS
tissues always is suboptimal due to ethical constraints and limitations of access/control, and
because humans have a particularly broad biological variation of cell composition in the
CNS (Haug, 1987; Pakkenberg and Gundersen, 1997; Peters et al., 1998; von Bartheld et al.,
2016), the study of human spinal cord tissues presents with added complications that may
affect the validity of numerical estimates. Accordingly, it is prudent to use two
complementary counting methods to verify cell numbers in these tissues.

Previous studies on a possible age-related decline of neuron numbers in human spinal cord
have been conflicting. Tomlinson and Irving (1977) found no evidence for a decline until
after the age of 60 years, while Terao et al. (1996) reported a steady decline of 10-20% of
small motoneurons throughout adulthood, whereas Kawamura et al. (1977) and Cruz-
Sanchez et al. (1998) reported a similar decline, but only for medium to larger-sized
motoneurons. Since all of these studies determined densities rather than absolute numbers,
they may be affected by the same shrinkage artifact that Haug et al. (1984) revealed for
human cortex. Even if there is a 10% decline of neurons by age 70, the GNR for the human
spinal cord would increase only marginally, from 6.5 to 7.2.

Comparison of numerical estimates with previous primate studies

Early estimates of the cellular composition of the spinal cord of primates, none of which
were derived from experimental studies, ranged from 13 million to 1 billion neurons
(Gelfan, 1963; Kalat, 1998; also cited in Chudler, 2016). More recently, studies employing
the IF provided first direct evidence for cell numbers and composition in the spinal cord of
several different species of nonhuman primates (Burish et al., 2010). At 1.7-11.4 million,
their neuron numbers (Burish et al., 2010) were considerably lower than the ones in our
study. For Macaca fascicularis, they were 11.4 million, which is three-to-six fold lower than
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our estimates (27-69 million neurons) for the same species. Possible reasons for the
differences in absolute numbers as well as ratios include excessive post-fixation periods that
are not recommended for primate tissues (Lyck et al., 2008; Azevedo et al., 2009), because
extensive fixation may interfere with the neuron-specific antibody’s ability to penetrate or
recognize the antigen, and therefore could lead to an underestimate of neuron numbers:
“Fixation for less than 48 hours was critical to allow for antibody recognition of NeuN,
while still being enough to guarantee that the nuclei remained intact throughout the
homogenization procedure” (Azevedo et al., 2009). Alternatively, or in addition, the nNNRs
and GNRs may be more discrepant if endothelial cells scale differently than neurons or glial
cells. To our knowledge, this has not been explored, and furthermore may be specific to CNS
parts or may depend on CNS tissue size. This could potentially explain why very large
brains have considerably larger nNNRs than GNRSs, as appears to be the case with elephants
(Fig. 4B, D), although additional data on nNNRs from large brains (e.g., whale and dolphin)
are needed to support this interpretation. Optimal tissue processing conditions for spinal
cords have yet to be systematically evaluated, so there may be tissue-specific methodological
factors.

The total number of cells in the single Macaca fascicularis spinal cord was considerably
higher in the Burish et al., 2010, study (360 million) than in our three specimens (mean of
206-275 million cells). This difference could relate to gender and age. Our M. fascicularis
specimens were small, relatively young (3-year old) females with a body weight of about 1.5
kg, and a weight of the spinal cord of about 3.8 g, whereas the single M. fascicularis species
in the Burish et al. (2010) study may have been a larger male, as suggested by the spinal
cord weight of 7.5 g. However, the effect of age and gender on cell numbers in the primate
spinal cord is not clear (Burish et al., 2010). It is surprising that the nNNR of this species in
the Burish et al., 2010 study was 31.7, while ours were 3.2 to maximally 5.6 (see Results),
with a GNR of 2.1 to maximally 4.9 (see Results) (Fig. 4E, F; Tables 3, 4). As mentioned
above, a likely reason for the difference in nNNRs appears to be an underestimate of neuron
numbers in the 2010 study, possibly due to excessive duration of aldehyde fixation. As
illustrated in Figure 2, the difference between the GNR and the NNNR would be expected —
theoretically — to be relatively small, and this aspect alone can account for only a minor
fraction of the observed difference between studies and techniques.

GNRs and nNNRs of the spinal cord and other CNS parts: comparison among species

The spinal cords of smaller mammals and non-mammals have GNRs of 0.7-2.7 (Bjugn,
1993; Bjugn and Gundersen, 1993; Chvatal et al., 2001; Fig. 4E), so the reported NNNR of
over 30 for M. fascicularis and other non-human primates (Burish et al., 2010; Fig. 4F) is an
order of magnitude higher. Figure 4A-F (and Tables 3 and 4) compile the GNRs and nNNRs
for different species and CNS regions from published studies. As can be seen in Figure 4,
GNRs consistently increase for all species in evolution with increasing brain mass, as shown
for three CNS regions, with slopes between +0.25 and +0.93 for GNRs and nNNRs. The
only exception to this rule is the cerebellum, where there is no correlation between brain
mass and NNNR. Accordingly, an abrupt rise in the GNR or nNNR for the spinal cord of
more than 10-fold from smaller mammals such as rodents to larger ones such as primates is
unusual. It has been debated whether fine motor control may be reflected by or correlated
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with differences in neuron numbers in the spinal cord vs. cortical regions (Herculano-Houzel
et al., 2016). When we examined the presence of segmental differences in the GNR in spinal
cords of humans and non-human primates, none of them were significant (Tables 1 and 2).
Furthermore, it has been concluded that the neuronal control of fine motor movements is
largely accomplished in centers above the spinal cord (Burish et al., 2010; Herculano-
Houzel et al., 2016), so it is unlikely that segmental differences due to increased demands of
upper extremity fine motor control could explain the claimed large difference in spinal
GNRs between species. It is more likely that the neuron-specific antibody failed to recognize
all neurons in the tissue due to prolonged fixation periods, as mentioned above. The IF
yielded only 2.4-2.6 million neurons in mouse spinal cords (Fu et al., 2013, 2015), whereas
stereology yielded at least 4 million neurons (even though stereology could not identify with
certainty about one million cells, with an unknown fraction of neurons, Bjugn, 1993).
Likewise, studies of elephant cortex suggested an nNNR of 37, and with less than 5.6 billion
neurons (Herculano-Houzel et al., 2014, Table 4), whereas stereology indicated a GNR of
less than 7, and about 8.8 billion neurons (Haug, 1987, Table 3). Accordingly, both methods
have the potential to underestimate neuron numbers — either because of insufficient antibody
labeling or because of misclassification of small neurons. Further information on GNRs and
NNNRs of larger mammals is needed to determine whether the primate and elephant data
points are outliers (Fig. 4B, D), or whether nNNRs of very large brains truly have an
exponential increase in their NNNRs, possibly due to greatly increased numbers of
endothelial cells. Scaling of the vascular system in brains does not support this idea
(Karbowski, 2011).

GNR - linked with intelligence?

We show that glial cells make up a larger fraction of total cells in the primate spinal cord
(higher GNR) than glial cells in the primate cerebral cortex, and we show that the GNR in
the spinal cord increases from species with smaller brains to species with larger brains in a
similar fashion as for cerebral cortex and rest of brain, but not cerebellum. Previous work
has emphasized the correlation of increasing GNRs in animals with more complex behavior,
larger brains and “higher intelligence” (Friede, 1954; Jerison, 1973; Diamond et al., 1985;
Witelson et al., 1995; Araque et al., 2001; Fields, 2009; Verkhratsky and Butt, 2013). This
was interpreted to indicate that larger numbers of glial cells in brains are required for higher
forms of cognition such as intelligence. When compared with non-primate vertebrates, the
GNR in the spinal cord — which is not believed to process cognitive information or to
perform intelligence-related functions — increases from smaller vertebrates to larger
vertebrates in a similar fashion as the GNR does for cerebral cortex or whole brain. This
provides further evidence that increasing GNRs are due to increased brain mass with
increased neuronal sizes and reduced neuronal densities (Jehee and Murre, 2008; Herculano-
Houzel, 2011; Dicke and Roth, 2016), rather than the interpretation that increasing glia
numbers in cerebral cortex bestow humans with superior intellectual abilities.
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Fig. 1.
Distribution of nuclei in the z-axis of tissue sections. The center of the nucleus of 345 cells

was measured in 18 sections, and their distribution was plotted for 10-percentile bins, with
the “10” percentile bin being the top of the tissue section (against the cover glass), and the
bottom (“100”) percentile bin adjacent to the glass slide. There was no loss of caps at the
tissue margins, but rather an increased density of nuclei, indicating differential compression.
The measurements for human tissue sections (mean final thickness of 31.4 um) of the spinal
cord are shown, and the z-axis analysis was similar for monkey sections. Accordingly, no
guard zones were used, since they would have caused an underestimate due to predominant
sampling in the low-density core of the tissue section.
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Fig. 2.
The three pairs of graphs demonstrate the differences between the glia-neuron ratio (GNR)

and the non-neuronal to neuron ratio (NNNR), exemplified for three brain structures:
Cerebral Cortex, Cerebellum and “Rest of Brain” (Diencephalon and Brainstem).
Histological counting methods such as stereology determine the number of neurons (blue)
and glial cells (red), while the isotropic fractionator (IF) determines numbers of neurons and
non-neuronal cells, the latter being composed of both glial (red) and endothelial cells
(green). Since the endothelial cells make up between 12% and 30% of all non-neuronal
cells, the nNNR is only modestly larger than the GNR, as illustrated in three typical
examples: Cerebral cortex, brainstem, and cerebellum. The numbers of the three cell types
are chosen to demonstrate simple math and ratios, but roughly reflect the known ratios in the
selected three brain regions. Note that the nNNR increases over the GNR merely from 2 to 3
in cortex, from 10 to 15 in rest of brain, and from 0.1 to 0.25 in cerebellum.
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Fig. 3A-D.

Rgpresentative photomicrographs of neurons, glial cells and endothelial cells in the spinal
cord of cynomolgus monkey (A-B) and human spinal cord (C-D). Panels A, B and C show
neurons and glial cells, panels A, B and D show endothelial cells (indicated by arrows).
Panels A and B are from the ventral horn in the cervical spinal cord, panel C is from the
ventral horn of the thoracic cord, and panel D is from the white matter of the thoracic cord
(anterior corticospinal tract). Paraffin-embedded tissue sections were stained with
hematoxylin-eosin. Scale bar (shown in panel C, same magnification for all panels) = 20 um.
Note that in panels A and B, all blood vessels (including capillaries) show a distinct orange
color, unlike the pink neuropil, thereby facilitating the identification of endothelial cells.
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Fig. 4A-F.
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Comparison of trends of glia-neuron ratios (GNRs) and non-neuronal to neuron ratios
(nNNRs) for different CNS structures in vertebrate species, plotted as a function of mass of
brain (MB) on a logarithmic scale. A, GNR for Cerebral Cortex; B, NNNR for Cerebral
Cortex; C, nNNR for Cerebellum; D, nNNR for Rest of Brain; E, GNR for Spinal Cord; F,
nNNR for Spinal Cord. Note that for cerebral cortex and rest of brain, as well as spinal cord,
there is an obvious increase in the GNR and nNNR from smaller to larger brains with slopes
of +0.25 to +0.93, but not for cerebellum where the ratio is not correlated with brain size:
MB, mass of brain. Note that the y-axis shows different ranges of GNRs and nNNRs
between panels. Slopes for GNRs and nNNRs are generally similar, except for the outliers
(indicated by red squares) in panels B and D (both for African Elephant), and the non-
human primate data from the study by Burish et al., 2010 in panel F. The data obtained in
the current study are indicated by green circles in panels E and F. Two data points are shown
for each of the two primate species we examined, reflecting the two methods used. When
slopes were calculated with one combined (average) data point for each species, the slopes
were virtually identical to the ones shown. For sources of other data points, see Tables 3 and

4.
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Fig. 5.
Cellular composition of the spinal cord in cynomolgus monkey and human compared with

the composition in an entire human brain, showing the relative percentage of neurons (blue),
glial cells (red) and endothelial cells (green), based on the data obtained in the current study.
Approximate percentages are indicated on the columns. The bar for the entire human brain
adds to 99%, not 100%, due to rounding. The cellular composition in the spinal cord differed
considerably from that in the entire brain, and was most similar to the composition found in
the brainstem (“rest of brain”) (compare Fig. 5 with Fig. 2).
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Table 3

Glia-neuron ratios (GNRSs) for cerebral cortex, cerebellum and spinal cord in different vertebrate species

Common Name Latin Name Brain weight (g) GNR References

Cerebral Cortex

Frog (Rana temporaria) (0.1) 0.25 Friede, 1954

Pygmy white-toothed shrew  Suncus etruscus 0.1 0.15 Stolzenburg et al., 1989
Hoy’s pygmy shrew Microsorex hoyi 0.1 0.30 Stolzenburg et al., 1989
Mouse (0.4) 0.29-0.42  Friede, 1954

European mole Talpa europaea 1.0 0.62 Stolzenburg et al., 1989
European mole Talpa europaeus 14 0.84 Haug, 1987

Rat (Wistar) Rattus norvegicus 2.0 0.51 Davanlou & Smith, 2004
Chicken (3.0 0.46 Friede, 1954

Hedgehog Erinaceus europaeus 3.7 1.89 Haug, 1987

Giant otter shrew Potamogale velox 3.9 1.2 Stolzenburg et al., 1989
Checkered elephant shrew Rhynchocyon cirnei 5.7 0.75 Stolzenburg et al., 1989
Opossum Didelphis virginiana 7.8 1.88 Haug, 1987

Marmoset Callithrix jacchus 9.4 2.67 Haug, 1987

Rabbit (Oryctolagus cuniculus) (12) 0.32-0.49  Friede, 1954

Cat Felis domestica 28.7 0.80 Haug, 1987

Talapoin Cercopithecus talapoin 36 0.58 Haug, 1987

Rhesus macaque Macaca mulatta 96.1 0.82 Lidow & Song, 2001
Rhesus macaque Macaca mulatta 86-96 0.56 Christensen et al., 2007
Moore macaque Macaca maura (90-97) 0.7-1.3 Sherwood et al., 2006
Harbor porpoise Phocoena phocoena 219-248 2.34 Walloe et al., 2010
Chimpanzee Pan troglodytes (384-420) 0.9-1.5 Sherwood et al., 2006
Chimpanzee Pan troglodytes 433 0.72 Haug, 1987

Common porpoise Phocaena phocaena 483 5.67 Haug, 1987

Harp seal Pagophilus groenlandicus 542 2.87 Walloe et al., 2010
Common dolphin Delphinus delphinus 715 3.55 Haug, 1987

Bottlenosed dolphin Tursiops truncatus 1345 2.88 Haug, 1987

Human Homo sapiens (1300-1400) 1.66 Sherwood et al., 2006
Human Homo sapiens 1400 1-2 von Bartheld et al., 2016
Minke whale Balaenoptera acutorostrata  (2700) 7.67 Eriksen & Pakkenberg, 2007
Pilot whale Globicephala melas 3062-4618 341 Mortensen et al., 2014
Elephant Loxodonta africana 4148 6.86 Haug, 1987

Minke whale Balaenoptera physales L. 6500-7150 454 Hawkins & Olszewski, 1957
Cerebellum

Rat Rattus norvegicus ) 0.30 Giuffrida et al., 1979
Rat Rattus norvegicus 2 0.06 Korbo et al., 1993
Human Homo sapiens (1220) 0.03 Andersen et al., 1992
Human Homo sapiens 1409 (0.035) Andersen et al., 2003
Human Homo sapiens 1220 (0.057) Andersen et al., 2012
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Common Name Latin Name Brain weight (g) GNR References

Spinal Cord

Northern leopard frog Rana pipiens 0.1) 0.78 Chvatal et al., 2001
Albino mouse Mus musculus (0.4) 2.28 Bjugn, 1993

Red-eared turtle Trachemys scripta elegans  (0.5) 2.61 Walloe et al., 2011

Rat (Wistar, female) Rattus norvegicus 2 272 Bjugn & Gundersen, 1993
Monkey Macaca fascicularis (75) 2.1-49 Current Study

Human Homo sapiens (1300) 6.1-6.9 Current Study

(), estimated numerical values or most likely species names (when not disclosed in the original publication).
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