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ABSTRACT
For half a century, the human brain was believed to
contain about 100 billion neurons and one trillion glial
cells, with a glia:neuron ratio of 10:1. A new counting
method, the isotropic fractionator, has challenged the
notion that glia outnumber neurons and revived a question that was widely thought to have been resolved.
The recently validated isotropic fractionator demonstrates a glia:neuron ratio of less than 1:1 and a total
number of less than 100 billion glial cells in the human
brain. A survey of original evidence shows that histological data always supported a 1:1 ratio of glia to neurons
in the entire human brain, and a range of 40–130 billion glial cells. We review how the claim of one trillion
glial cells originated, was perpetuated, and eventually
refuted. We compile how numbers of neurons and glial

cells in the adult human brain were reported and we
examine the reasons for an erroneous consensus about
the relative abundance of glial cells in human brains
that persisted for half a century. Our review includes a
brief history of cell counting in human brains, types of
counting methods that were and are employed, ranges
of previous estimates, and the current status of knowledge about the number of cells. We also discuss implications and consequences of the new insights into true
numbers of glial cells in the human brain, and the
promise and potential impact of the newly validated isotropic fractionator for reliable quantification of glia and
neurons in neurological and psychiatric diseases. J.
Comp. Neurol. 524:3865–3895, 2016.
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“More attention must . . . be paid to quantitative studies of neuroglia and nerve cells, as opinions are often
conflicting and frequently based on faulty technique.”
—Paul Glees, mentor of celebrities Paul Wall and Oliver
Sacks (Wall, 2001) in his foreword to “Neuroglia,”
page ix (Glees, 1955)
Quantification of cells and their ratios in the nervous
system is considered an important approach to understand the cellular composition, development, and evolution of the brain, neurological and psychiatric diseases,
and aging (Coggeshall and Lekan, 1996; Morrison and
Hof, 1997; Azevedo et al., 2009; Hilgetag and Barbas,
2009; Lent et al., 2012; Yuhas and Jabr, 2012;
Herculano-Houzel, 2009, 2014; Geuna and HerreraRincon, 2015). Quantification adds an essential, new
dimension to the topic of investigation, as famously
expressed by Lord Kelvin (Thomson, 1889; von Bartheld
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and Wouters, 2015). Recent studies have shown that
the cellular composition of the human brain is very different than was believed and taught for almost half a
century (Azevedo et al., 2009; Hilgetag and Barbas,
2009; Lent et al., 2012; Yuhas and Jabr, 2012;
Herculano-Houzel, 2009, 2014). A major motivation for
our work is to provide a comprehensive analysis of the
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events and circumstances that delayed recognition of
the true cellular composition of the human brain.
We envision that our review will be utilized in multiple ways. Foremost, our review examines from a historical perspective the efforts that have been made to
estimate and report cell numbers and ratios in the
human brain. As such, it reviews the origin, perpetuation, and recent refutation of the claim of one trillion
glial cells, compares different counting methods, and
emphasizes the importance of proper citation of relevant previous work. We attempt to provide a comprehensive account of previous studies that quantified
cells in the human brain, to serve as a useful reference
for current and future investigations.
Cell counting in the human brain has had a complex
history. Cells in the brain can be quantified and
reported in three different ways: Total neuron numbers;
total glia numbers; and the ratio of glia to neurons
(“GNR”), which refers not only to astrocytes but to all
glial cells (astrocytes, oligodendrocytes, and microglia)
in the tissue. Historically, these three ways of numerical
accounting have followed surprisingly distinct trajectories that seemed to coexist, on superficial inspection, in
agreement. Although they are linked in a simple mathematical formula (G/N 5 GNR, where G is the number of
glia, N is the number of neurons, and GNR is the ratio
of G/N for any given structure), this relationship was
neglected on multiple occasions.
Brain cell counting can be roughly divided into three
historical phases. In the first phase, data were collected
only for parts of the human brain, in particular the cerebral cortex. Some investigators admitted uncertainty
about absolute numbers for the whole brain, while others
calculated or postulated GNRs for the whole brain
(Hyden, 1960; Kuffler and Nicholls, 1976; Kandel and
Schwartz, 1981). This phase lasted until about the 1970s.
A second phase witnessed the first publications of serious estimates of total numbers, for both glial cells (40–
130 billion: compiled by Blinkov and Glezer, 1968, and
Haug, 1986) and neurons (70–85 billion: compiled by
Haug, 1986, also reviewed in Williams and Herrup, 1988).
Even though these cell density-based estimates supported a total GNR of about 1:1, this was either not recognized or not effectively communicated, thus allowing
statements of a 10:1 or 50:1 GNR in major textbooks and
reviews to remain essentially unchallenged from the
1960s until 2009 (Phase 2, Kandel et al., 1991, 2000;
Nicholls et al., 1992; Bear et al., 2001, 2007). In this
phase, most textbooks reiterated the view of a 10:1 abundance of glia, while neglecting the few, but existing published primary data that conflicted with this notion. The
10:1 GNR had—prematurely and mistakenly—attained the
status of “common knowledge.” The third and most
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recent phase began with the study by Azevedo et al.
(2009) that revealed the discrepancy with “textbook
knowledge” and essentially confirmed the numbers published by Blinkov and Glezer (1968) and Haug (1986).
There was a disconnect between published reports on
actual counts of cells in the human brain, and how such
numbers were reported in review articles and text books.
Inconsistencies in reports of neuron content in the human
brain were first documented for psychology textbooks
and reviews in the 1980s (Soper and Rosenthal, 1988).
We here provide a similar analysis for neuroscience
reviews and textbooks, but we compile, besides neuron
counts, also reports about glia counts and the GNR, and
add trends and insights from a more longitudinal, longterm perspective over several decades.
We also review the different types of counting methods that have been developed and have been employed
for estimating cell numbers in human brains. Numerical
ranges based on these different methods will be discussed, as well as the advantages and limitations of
each of these methods.
With the benefit of hindsight, we examine the origin
of the claim of a 10:1 or 50:1 GNR, with a corresponding total number of between 1 and 5 trillion glial cells
in the human brain. We also examine reasons for the
longevity (more than half a century) of the notion of
one trillion or more glial cells in human brains. Surprisingly, the main reason for the origin and persistence of
the notion of one trillion glial cells was not the technical disadvantage of the histological (and other) counting
methods for global cell counts in heterogeneous tissue,
but rather the failure to notice that published numbers
for all three components: neuron counts, glia counts,
and the assumed GNR of 10:1 contradicted each other,
and therefore one or more components had to be false.
Major textbooks consistently presented the notion as a
well-established fact, thereby allowing circumvention of
the normal mechanism of peer validation of new claims.
Additional sections give examples of the impact of cell
counting and discuss the potential role of the new
counting method, the isotropic fractionator (IF), on
obtaining and verifying glial and neuronal cell numbers
and their ratios in human diseases. For reasons of
space, we restrict our review primarily to the literature
on cell counts in adult human brains.

OVERVIEW OF CELL-COUNTING METHODS
It is useful to briefly review the three types of counting methods that have been employed to quantify cells
in the human brain. The unit that is being counted is
the cell body with its nucleus, the building blocks of
the brain. For the purpose of this review, we do not
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take into account that neurons have different sizes,
shapes, or their varying dendritic or axonal morphology,
or that they belong to different cell types. To determine
numbers of glial cells, most studies have similarly combined astrocytes, oligodendrocytes, and microglia. Thus,
the GNR reflects the ratio of numbers of all glial cells
to all neurons in a structure, regardless of their sizes.
The three different principal approaches to estimate the
number of cells in the brain are: 1) Either model-based
or design-based counting of stained cells, nuclei, or
nucleoli or their fragments in histological sections; 2)
DNA extraction and measurement of total DNA content
to calculate cell numbers; and 3) “direct enumeration”
of cells in homogenized brain tissue by counting cell
nuclei in suspension (a rudimentary precursor of the
isotropic fractionator), and the isotropic fractionator
itself.

Histology/stereology
This is the most often used approach, and it has
been detailed in numerous reports (Abercrombie, 1946;
Ebbesson and Tang, 1965; Cragg, 1967; Blinkov and
Glezer, 1968; Konigsmark, 1970; Haug et al., 1984;
Haug, 1987; Howard and Reed, 1998; Schmitz and Hof,
2005; Lyck et al., 2009). Tissues are fixed, usually in a
formaldehyde-based fixative, embedded in a suitable
medium, sectioned into thin slices, stained with a dye,
and cells or subcellular particles are counted under the
microscope (Fig. 1). There are two major types of the
histology approach: model-based and design-based. The
traditional model-based approach (profile counting)
relies on analysis of thin sections (of 5–15 microns
thickness), spaced 10 or 20 sections apart. Subcellular
particles (usually nuclei or nucleoli) are counted in
those thin sections, then one extrapolates for the sections in between the ones used for counting, and
applies correction factors to account for the fact that
larger particles appear in multiple sections (Abercrombie, 1946; Ebbesson and Tang, 1965; Blinkov and
Glezer, 1968; Konigsmark, 1970; Clarke and Oppenheim, 1995). This requires knowledge or assumptions
about the size and shape of particles. The design-based
approach (stereology) uses thicker sections of 20–100
microns, takes random samples within these sections
so that the samples are representative of the particle
density, and applies the random sampling scheme to
the entire reference space (Haug et al., 1984; Haug,
1987; Gundersen et al., 1988; Williams and Rakic,
1988; Howard and Reed, 1998; Schmitz and Hof,
2005). Such a method is unbiased in theory, although
bias can arise due to tissue deformation and loss of
particles during tissue processing and other errors (von
Bartheld, 1999, 2002; Guillery, 2002). For this reason,

Figure 1. Photomicrographs of Nissl-stained neurons and glial
cells. A: Purkinje cells (P) and granule cells (arrow) in the cerebellum of an adult mouse brain. B: Motoneuron (M), interneuron (I),
and glial cells (arrows) in the trochlear nucleus of an adult mouse
brain. Note that the neuronal granule cell (arrow) in A is virtually
indistinguishable in size and shape from glial cells (arrows) in B.
Thionin stains of 40-lm paraffin sections. Digital images obtained
on a Nikon Eclipse E600 microscope, with no digital adjustments
or manipulations of the images. Histological sections kindly provided by Dr. Larisa M. Wiggins. Scale bar 5 10 lm.

investigators have recommended calibration of both
methods against the ultimate standard, i.e., 3D serial
section reconstructions of an entire region or a sample
thereof (Coggeshall et al., 1990; Hatton and von Bartheld, 1999; von Bartheld, 2001, 2002; Williams et al.,
2003; Kaplan et al., 2010).
Major challenges of the histological approach are to
make sure that samples are truly representative of the
reference volume, to prevent double counting of particles that appear in multiple sections, to account for
differential shrinkage that changes with age and tissue
composition (white matter vs. gray matter), to distinguish correctly between neurons and glia (Fig. 1) (discussed in more detail below), to identify the true
borders and dimensions of the reference volume, and
to measure the true height of tissue sections (von Bartheld, 2001, 2002; Guillery, 2002; Schmitz and Hof,
2005). The importance of counting absolute numbers of
cells rather than cell densities was underscored by the
finding that tissues shrink differentially with age (Haug
et al., 1984). Neglect of the fact of differential shrinkage of brain tissue with age led to the false belief that
neuron number declines steadily and significantly in
human brains during normal aging (Brody, 1955; Haug
et al., 1984; Morrison and Hof, 1997; Peters et al.,
1998; Mouton, 2002; Peters, 2002). It is important to
assess absolute numbers of cells as opposed to cell
densities within unclear reference volumes—densities
can be misleading when such volumes change due to
confounding variables—and can give rise to the so-
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called “reference trap” (Haug et al., 1984; West,
1993a; Mayhew and Gundersen, 1996; Mouton, 2002).
The histology/stereology approach is considered a valuable method for analysis of well-defined regions with
precise borders, but has limitations when large tissues
with heterogeneous composition or components and/or
fuzzy borders need quantification (Peters et al., 1998;
Benes and Lange, 2001; Lent et al., 2012; HerculanoHouzel et al., 2015).

DNA extraction
An alternative approach to histology is to extract and
measure DNA content and to calculate cell numbers
based on knowledge of DNA content per cell nucleus
(Heller and Elliott, 1954; Hess, 1961; Zamenhof et al.,
1964; Margolis, 1969; Bass et al., 1971; Hess and Thalheimer, 1971; Dobbing and Sands, 1973; Zamenhof,
1976; Mares et al., 1985; Jacobson, 1991; Yuhas and
Jabr, 2012). However, this technique also has its drawbacks: complete recovery of DNA is required; there can
be contamination with other nucleic acids; not all cells
are euploid, and only total cell number, but not cell
type, is revealed.
DNA extraction has been used mostly in the 1950s
through the 1970s, primarily to determine changes or
trends, by applying the known amount of DNA per cell
nucleus in a given species and to make relative comparisons rather than to obtain absolute numbers (Robins et al., 1956; Hess, 1961; Zamenhof et al., 1964;
Margolis, 1969; Hess and Thalheimer, 1971; Dobbing
and Sands, 1973; Zamenhof, 1976; Jacobson, 1991).
Some of these studies compared DNA content in primate cortex with glial and neuronal densities as
obtained by histological techniques (Brizzee et al.,
1964; Cragg, 1967; Bass et al., 1971; Ling and Leblond, 1973; Leuba and Garey, 1989), but these comparisons were done in animal models, and not in the
human brain. While theoretically an elegant solution
(Jacobson, 1991), the DNA approach has been criticized
for a number of reasons, as recently compiled (Bahney
and von Bartheld, 2014): 1) many initial reports relied
on desoxyribonucleic acid-phosphorus (DNA-P) measurement, but P may not necessarily be derived exclusively from DNA (Drasher, 1953); 2) it requires
complete DNA extraction and recovery; 3) there are
concerns that the large and more fragile neuronal
nuclei may be preferentially destroyed during the isolation procedures (Nurnberger and Gordon, 1957); 4)
mitochondria also contain a small amount of DNA
(Nass and Nass, 1963); 5) DNA extraction is problematic when lipids and lipoproteins are abundant in the
tissue of interest, as is the case in white matter
(Zamenhof et al., 1964; Penn and Suwalski, 1969; Sal-
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danha et al., 1984); 6) aldehyde fixation causes DNA
denaturation (Srinivasan et al., 2002) and possibly irreversible crosslinking of peptides to DNA, thereby
decreasing the yield of DNA that can be measured by
spectrophotometry (Savioz et al., 1997); and 7)
euploidy in brain cells is assumed, yet as many as 20%
of adult human neurons are hyperploid (Mosch et al.,
2007).
Despite these caveats, some of the reports based on
the DNA method were used to support notions about
human cell numbers or GNRs (Nurnberger and Gordon,
1957, Discussion pp 129–138; Hess, 1961; Hess and
Thalheimer, 1971; Yuhas and Jabr, 2012), and therefore
contributed to the development of an apparent consensus about the GNR.

Homogenization and counting cells in
suspension (“brain soup”)—also called “direct
enumeration” and more recently “isotropic
fractionator”
This approach was originally designed in the 1950s
(Nurnberger and Gordon, 1957; Nurnberger, 1958). Dissected chilled tissue was weighed, homogenized,
diluted in a known volume of medium, stained with
methylene blue, mixed, and aliquots of the diluted
medium were counted on a hemocytometer. The original article suggested that neuronal nuclei could be distinguished from vascular and glial cell nuclei on the
basis of centrally located single nucleoli as opposed to
multiple eccentric nucleoli, and differences in intensity
of staining (Nurnberger and Gordon, 1957). However,
these and subsequent investigators (Brizzee et al.,
1964) also stated that nuclei of small neurons (such as
cerebellar granule cells) were misidentified as glial cells
(p 112), so that the neuron counts may be too low, in
particular for the cerebellum. The original version of the
“direct enumeration” method suffered from several
shortcomings, primarily rapid degradation of unfixed
cells and lack of distinction between cell types, and
therefore it was rarely applied. Comparisons with histological cell counts on rat, monkey, and human brains
revealed discrepancies, and it remained unclear how to
resolve them (Nurnberger and Gordon, 1957; Brizzee
et al., 1964).
Subsequent modifications introduced a formalin fixation step for the dissected tissue, used disintegration in
water, ultrasonication, followed by dilution, resuspension and staining with thionine (Zamenhof, 1976;
Zamenhof and Klimuszko, 1977). These modifications
allowed to easily recognize larger cerebellar neurons,
but the distinction between granule cells and glial cells
remained problematic. Comparison with histological
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Figure 2. Flow chart of the isotropic fractionator (IF) cell counting method. The major steps of the procedure are illustrated. A: Example
of fixed brain tissue. B: Tenbroek glass homogenizer. C: Appearance of DAPI-stained nuclei (left) and two nuclei double-labeled with DAPI
(upper panel) and NeuN (lower panel). D: Neubauer counting chamber. DAPI, 4,6-diamidino-2-phenylindole; Fr, fraction; NeuN1, neuronal
nuclear antigen positive; PBS, phosphate-buffered saline; Vol, volume; Modified from Herculano-Houzel and Lent (2005), Bahney and von
Bartheld (2014), and Herculano-Houzel et al. (2015). Scale bars 5 1 cm in A; 20 lm in C.

counts suggested that numbers obtained with the
“direct enumeration” method were too low, by at least
one-third (Clarke and Oppenheim, 1995), possibly due
to rupturing of cells during the mechanical disintegration and sonication steps.
Without knowledge of Zamenhof’s attempts to
improve Nurnberger’s method, significant further modifications of this method were introduced in 2005, and
the greatly improved method was called the “isotropic
fractionator” (IF) (Herculano-Houzel and Lent, 2005;
Zorzetto, 2012) (Fig. 2). The new modifications included
fixation of animal brains by perfusion with buffered 4%
paraformaldehyde of tissues or immersion fixation of
human brains, followed by perfusion through the carotid
arteries within 24 hours postmortem (Azevedo et al.,
2009; Andrade-Moraes et al., 2013), detergent-assisted
mechanical dissociation, centrifugation to collect nuclei
in the pellet, visualization of nuclei with a fluorescent
nuclear stain (40 ,6-diamidino-2-phenylindole, dihydrochloride, DAPI), and distinction between neuronal and
nonneuronal cell nuclei by use of a neuron-specific antibody, anti-NeuN (Herculano-Houzel and Lent, 2005).
This solved some of the major limitations of previous
versions of this approach. Furthermore, the method has
the advantages of being easy, fast, and accurate, gener-

ating estimates of numbers of cells that are independent of tissue volume or cell density, and overcoming
problems of heterogeneity of tissues. However, there
are also limitations of the IF: the use of antibodies
against nuclear proteins (to distinguish neurons from
non-neuronal cells) does not identify cell types among
the non-neuronal cells, NeuN antigens are not
expressed by a small number of neuronal populations
(Mullen et al., 1992), and only regions and volumes of
tissues that can be dissected macroscopically can be
analyzed (Lent et al., 2012). Automated versions of the
IF have been reported, both for the homogenization procedure (Azevedo et al., 2013) and for the counting procedure, using flow cytometry (Collins et al., 2010;
Young et al., 2012; Herculano-Houzel et al., 2015).
Long-standing concerns about loss of nuclei when using
a biochemical homogenization approach (Brizzee et al.,
1964; Hadjiolov et al., 1965; Lovtrup-Rein and McEwen,
1966; Cragg, 1967; Kato and Kurokawa, 1967; Clarke
and Oppenheim, 1995; Yuhas and Jabr, 2012; Carlo
and Stevens, 2013; Verkhratsky and Butt, 2013; Charvet et al., 2015) have recently been addressed and dispelled in two studies that directly compared the IF, in
side-by-side experiments, with results obtained by stereology (Bahney and von Bartheld, 2014; Miller et al.,
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TABLE 1.
Estimates of Numbers of Neurons (N), Non-neurons (nN), and Glia (G) in Human Cerebral Cortex (in billion)
Author
Meynert
Donaldson
Thompson
Berger
von Economo & Koskinas
von Economo
Agduhr
Shariff
Sholl
Haug & Rebhan
Haug
Pakkenberg
Gallatz et al.
Haug
Haug
Pakkenberg et al.
Braendgaard et al.
Pakkenberg
Jensen & Pakkenberg
Pakkenberg
Regeur et al.
Pakkenberg & Gundersen
Gredal et al.
Pakkenberg et al.
Pelvig et al.
Koch
Pedersen et al.
Pelvig et al.
Azevedo et al.
Azevedo et al.
Lyck et al.
Karlsen & Pakkenberg
Andrade-Moraes et al.

Year

N One side

N Total

1868/1872
1895
1899
1921
1925
1926
1941
1953
1956
1956
1959
1966
1982
1985
1987
1989
1990
1992
1993
1993
1994
1997
2000
2003
2003
2004
2005
2008
2009
2009
2009
2011
2013

0.612

1.224
1.200
9.282
5.512
14
13.653
5.0
6.9
10.000
16.5
16.400
2.6
10.030
13.8 6 2.4
10-19
20
[27.4]
25.1
23.2
22.1
18.1
19.3-22.8 [range: 14.7 - 32.0]
22.3
19.3-22.8
21.2
20
18.8
21.4-26.3
12.36
[16.34]
[15-19.7]
17.9
[12.7]

5.000
8.200

13.7

6.18

nN Total

G Total

39
29.1

27.9-38.9
[60.84]
[35.4-40.6]

[18.5-20.3]
18.2

[54.9]

Cortex comprises only gray matter, but does not include white matter (WM), unless specifically indicated with brackets to include white matter
(WM).

2014). These studies, as well as others (Brautigam
et al., 2012; Andrade-Moraes et al., 2013; Walloe et al.,
2014) indicate equivalency between the IF and stereology (Herculano-Houzel et al., 2015).

HISTORY OF CELL COUNTS AND
ESTIMATES OF CELL NUMBERS
There has been considerable interest in quantitative
aspects of the human brain for nearly 150 years.
Despite the technical limitations of early microscopes’
optical resolution and the need to develop, refine, and
optimize fixation and staining methods (M€uhlmann,
1936; Glees, 1955; Blinkov and Glezer, 1968; Brodal,
1969; Iniguez et al., 1985; Glees, 1988; Gittins and
Harrison, 2004a), plausible numbers of cells were estimated in the 1900s for animal brains and for major
parts of the human brain, in particular the cerebral cortex. Overall, and considering that results were obtained
by different investigators using different methods, most
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of the data are relatively consistent. For example, the
majority of studies estimated total neuron numbers for
the entire human cerebral cortex at 10–20 billion (Table
1).
Since the cerebral cortex comprises by volume about
80–85% of the adult human brain (Stephan et al., 1981;
Rilling and Insel, 1999), quantitative data for the cortex
was often equated with or taken to be equivalent to
the whole brain. This turned out to be a consequential
oversimplification, because the contribution of the cerebellum (which contains about 80% of all neurons in the
human brain; Azevedo et al., 2009) was neglected, and
this helped to support the myth of one trillion glial cells
in human brains, as discussed in more detail later in
this review. The following sections examine the history
of numerical reports for the three major components of
the human brain—cerebral cortex (80–85% of total brain
volume or 1,200 g), the cerebellum (10% of volume or
150 g), the remaining components, the brainstem, diencephalon and striatum, sometimes called “the rest of
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brain” or “remaining regions” (2–8% of volume or 75–
110 g; Blinkov and Glezer, 1968; Azevedo et al., 2009;
Andrade-Moraes et al., 2013), and the entire human
brain.

Cerebral cortex
We first review the published estimates for neuronal
numbers, then the GNR, and finally glial numbers.
Unless indicated otherwise, “cortex” refers to the gray
matter only, and excludes underlying white matter
tracts.

Numbers of neurons
Several investigators have estimated numbers of
neurons in the human cerebral cortex, mostly based on
histological methods, as compiled in Table 1. The prevailing approach was to measure cell densities in histological sections, and to cope with the challenge of
differential tissue shrinkage (Nurnberger and Gordon,
1957; Crabb, 1967; Blinkov and Glezer, 1968). There
has been some confusion whether “cerebral cortex”
means only the gray matter, or also includes the underlying white matter. Indeed, the large majority of studies
excluded white matter. The number of neurons in white
matter is relatively small—estimated to be 250–1,000
per mm3 (Garcia-Marin et al., 2010), which is less than
1% of the number of glial cells, with 20,000–200,000
glial cells per mm3 white matter (see below: “Number
of glial cells”). Therefore, inclusion of white matter does
not make a significant difference for neuron numbers,
although it does make a difference for total cell numbers, discussed later. Blinkov and Glezer (1968) and
Haug (1986) reviewed the early history of counting neurons and reporting of numerical estimates in human
cerebral cortex, but to our knowledge there have been
no comprehensive reviews of this topic published since
that time.
As can be seen in Table 1, the estimates ranged
from 1.2–32 billion neurons for the entire cortex (right
and left hemispheres combined), with a majority of
studies reporting between 10 and 20 billion neurons. It
should be noted that some investigators (e.g., Meynert,
1868/1872; Shariff, 1953) were ambiguous in whether
their estimates were applicable to one or both hemispheres, as mentioned for the Meynert study by von
Economo (1926). This type of confusion explains why
Blinkov and Glezer (1968) listed Shariff’s numbers
incorrectly for only one hemisphere, while Haug (1986)
correctly listed those numbers for total cortex. There
has been similar confusion whether numerical reports
apply to one or both sides in the 1990s (e.g., Mufson
and Benzing, 1994; Regeur et al., 1994b; Peters et al.,
1998).

Table 1 shows that von Economo’s studies (von Economo and Koskinas, 1925; von Economo, 1926) were
the first to correctly estimate the total number of neurons at about 14 billion. Ironically, their numbers
became highly controversial and prompted a harsh
rebuttal by Agduhr (1941). Ultimately, this was one of
several controversies where von Economo and Koskinas
were vindicated in history (Triarhou, 2005, 2006).
Table 1 also shows three apparent outliers on the
low end by Meynert (the very first report in 1868/
1872), Donaldson (1895), and H. Pakkenberg (1966),
with estimates between 1.2 and 2.6 billion neurons. On
the high end, the group of B. Pakkenberg reported 20–
32 billion neurons (Pakkenberg et al., 1989; Braendgaard et al., 1990; Pakkenberg, 1992, 1993; Pakkenberg
and Gundersen, 1997; Pelvig et al., 2003, 2008). This
range appears too high, based on the previous histological studies and also the results from the IF (Azevedo
et al., 2009; Andrade-Moraes et al., 2013). There are
additional examples where numbers reported by the
group of B. Pakkenberg, one of the pioneers of stereological counting methods, had to be revised; this is not
surprising, given the large biological variability among
human brains and the difficulties of working with
human tissues. Another potential source of error pertains to sampling issues such as the controversial
notion that counting only 100–200 neurons is sufficient
(Gundersen, 1986; Andersen et al., 1992; Coggeshall
and Lekan, 1996), while more recent work employing
computer simulations indicates that considerably more
neurons should be counted (Schmitz and Hof, 2000;
Geuna and Herrera-Rincon, 2015). Examples of discrepancies of results include lack of cortical neuron loss in
Alzheimer’s disease (Regeur et al., 1994a; Mufson and
Benzing, 1994; Peters et al., 1998; Andrade-Moraes
et al., 2013), numbers of neurons in the cerebellum—
apparently overestimated by about 50% (Andersen
et al., 1992; see below), and the initial underestimation
of the number of neurons in the dorsomedial thalamic
nucleus (1.8–7.29 3 106 neurons, see “Brainstem,
diencephalon, and striatum,” below).
Nevertheless, it is remarkable that the large majority
of the histology-derived estimates converge at 10–20
billion neurons, which is furthermore supported by estimates obtained by the IF (Azevedo et al., 2009;
Andrade-Moraes et al., 2013). Several studies have
documented the surprisingly wide range of neurons in
human cerebral cortex between individuals (biological
variance, Haug, 1986, 1987; Terry et al., 1987; West,
1993a). There appears to be a normal biological variation in the number of neocortical neurons by a factor of
more than 2; this represents a variance of more than
eight times the variance of human body height (Haug,
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TABLE 2.
Reports of Glia-Neuron Ratios (GNRs) and Non-Neuron-Neuron Ratios (nNNRs) in Human Cerebral Cortex, Gray Matter
(GM) Only, Unless Indicated
GNR
2
1.2-2.1
1.24-1.98
1.24-1.98
1.78
2.9-3.5
0.74-6.6
10
2
2.3
0.49-0.57
0.86-1.09
1-1.5
1.56-2.02
1.37
1.65
1.32-1.49
1.48-1.051
2.48
1.64-1.151
3.01

nNNR

4.4-5.2

3.72
4.31
1.2-3.6

Comments

Author

Year

adult: 1.04-2.3, newborn: 0.14-0.2
Adult Superior Frontal Gyrus, all layers
Human Cortex
Human Cortex, layers II-VI
Human cortex, layers II-VI
Striate cortex, GM1WM
tabulated by Blinkov and Glezer, 1968 (p. 416)
No primary data or reference provided
“Human Cortex”
Frontal cortex
Frontal/parietal cortex (control)
Frontal/parietal cortex (Albert Einstein)
Visual cortex
Males and Females, 18-98 years old
Neocortex without archicortex, 60-98 years old
Frontal cortex, layers II/III
Females-Males, 18-93 years old
in GM only
in GM1WM
in GM only
in GM1WM
for GM, not including WM

Muhlmann
Arutyunova
Friede
Friede
Hawkins & Olszewski
Nurnberger & Gordon
Schlote
Hyden & Pigon
Cragg
Hess & Thalheimer
Diamond et al.
Diamond et al.
Leuba & Garey
Pakkenberg et al.
Pelvig et al.
Sherwood et al.
Pelvig et al.
Azevedo et al.
Azevedo et al.
Andrade-Moraes et al.
Andrade-Moraes et al.
Ribeiro et al.

1936
1938
1953
1954
1957
1957
1959
1960
1968
1971
1985
1985
1989
2003
2003
2006
2008
2009
2009
2013
2013
2013

GM, gray matter; GNR, glia-neuron ratio; nN, non-neuronal cells; N, neurons; nNNr, non-neuronal-neuron ratio; WM, white matter.
1
Based on a 2:1 ratio of glia to endothelial cells (References: 27-30%: Nurnberger, 1958; Blinkov and Glezer, 1968; Brasileiro-Filho et al., 1989;
Lyck et al., 2009; Garcia-Amado and Prensa, 2012).

1987; Pakkenberg and Gundersen, 1997). The notion
that large numbers of neurons (30–50%) are lost during
decades of normal human aging (“Neuronal Fall-Out”,
Brody, 1955; Hanley, 1974; Devaney and Johnson,
1980; Curcio et al., 1982) has been refuted, primarily
through Haug’s pioneering work and others’ (Haug
et al., 1984; Haug, 1987; Terry et al., 1987; West,
1993b; Anderton, 1997; see also “Examples showing
impact of cell counting,” below). Actual losses appear
to be of a much lesser scale and region-specific (Curcio
et al., 1982; West, 1993b; Peters et al., 1998). It still is
controversial whether women have a smaller number of
neurons than men and whether neocortex loses a small
amount of neurons (less than 10% over 80 years, Haug,
1987; Pakkenberg and Gundersen, 1997). Given the
large biological variation (over 100%) vs. the small
effect size (West, 1993a), an apparent decrease of less
than 10% may be due, at least in part, to secular (generational) changes in body height, brain size, and neuron number (Haug, 1984, 1987; Pakkenberg, 1989),
and furthermore may be functionally insignificant
(Peters et al., 1998). Indeed, recent work indicates that
very old women have no reduction in cortical neuron
numbers (Fabricius et al., 2013; Walloe et al., 2014).
Overall, excluding the extreme outliers, the numbers
compiled in Table 1 provide a plausible range of estimates for neuronal numbers in cerebral cortex.

3872

The GNR
The GNR in the human cerebral cortex (gray matter,
unless indicated otherwise) was first established in the
1930s (M€uhlmann, 1936; Arutyunova, 1938). M€uhlmann
measured densities of glia and neurons in Giemsastained samples from the frontal lobe, and he estimated
the GNR to be 1.5 in the adult human cortex
(M€uhlmann, 1936; Arutyunova, 1938). The GNR of 1.5
in the gray matter of adult human cortex was confirmed
by numerous subsequent investigations, as listed in
Table 2. Considering well-established neuronal numbers
of 10–20 billion in the human cerebral cortex, this
would place the number of glial cells in the human cortex at about 15–30 billion. The median of this range is
close to the average of 17.4–19.4 billion non-neuronal
cells in the human cortical gray matter estimated with
the IF (Azevedo et al., 2009; Andrade-Moraes et al.,
2013). The number of non-neuronal cells provides a
maximum estimate for the number of glial cells, since
non-neuronal cells comprise both glial cells and endothelial cells. Endothelial cells in the human forebrain
and other central nervous system (CNS) parts are estimated to make up about 30% of the non-neuronal cells
(equivalent to a ratio of 2:1 glia:endothelial cells,
Nurnberger, 1958; Blinkov and Glezer, 1968; BrasileiroFilho et al., 1989; Bjugn and Gundersen, 1993; GarcıaAmado and Prensa, 2012), leaving 70% glial cells, and
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reducing the non-neuronal to neuron ratio (nNNR) from
1.48 to a true GNR of 1.04 in Azevedo et al. (2009)
and from 1.64 to 1.15 in Andrade-Moraes et al. (2013)
(Table 2). It should be noted that endothelial cells in
white matter appear to comprise a somewhat lower
percentage (10–20% of non-neuronal cells, Bahney and
von Bartheld, 2014) than they do in cerebral cortex
gray matter and other parts of the CNS (about 30%,
see below). The only two discrepancies to the findings
of an 1.5 GNR in human cerebral cortex (Table 2,
with none of these specifying the extent of white matter inclusion) seem to be a 10:1 statement by Hyden
and Pigon (1960) and an anecdotal suggestion of a 5:1
ratio made by J. Olszewski as cited in Heller and Elliott
(1954), yet Olszewski published just 3 years later a
1.78:1 GNR for human cerebral cortex gray matter
(Hawkins and Olszewski, 1957; see Table 2). Hyden
and Pigon’s claim of a 10:1 ratio in human cortex
(unclear whether this referred to gray matter only) was
not backed by any data of their own or other’s original
data. In fact, the discrepancy between Hyden’s 10:1
ratio and those of other investigators was already noted
by Glees (1988).
Taken together, we conclude that, based on all available primary data, the GNR of human (and other primate’s) gray matter of prefrontal cerebral cortex is about
1.5 (Sherwood et al., 2006; Hilgetag and Barbas, 2009;
Ribeiro et al., 2013), and varies locally in the gray matter between 1.2 in occipital and 3.6 in frontal areas of
the human cortical gray matter (Ribeiro et al., 2013).
When white matter is included along with gray matter,
then the GNR in cerebral cortex increases from 1–2 to
about 3–4 (Table 2). The average GNR of 1–2 for gray
matter cerebral cortex has been known since 1936 and
has to our knowledge never been seriously disputed
(Table 2).

Number of glial cells
Glial cell densities of 200,000 per 1 mm3 in white matter and about 100,000 per 1 mm3 in gray matter were
reported for adult human cortex (Blinkov and Ivanitskii,
1965), while Schlote (1959) counted 40,000–90,000
per 1 mm3, Hess (1961) counted 108,000 in white matter, and Blinkov and Glezer (1968) list 48,000 cells (glia
and neurons) per 1 mm3, which is close to Haug’s
(1987) report of about 20,000–25,000 glial cells per
1 mm3, assuming a GNR of between 1 and 2. Applying
a total volume of about 250 cm3 per cortical hemisphere gray matter (Blinkov and Glezer, 1968), the
number of glial cells in human cerebral cortex
(500 cm3) amounts to 10 billion (Haug, 1987), 20–45
billion (Schlote, 1959) or 50–100 billion (Blinkov and
Ivanitskii, 1965). The number of glial cells in the gray

matter of the human cerebral cortex was more recently
reported by using stereological methods (Pakkenberg
et al., 2003; Pelvig et al., 2003, 2008; Karlsen and Pakkenberg, 2011); these studies estimated between 18.2
and 38.9 billion glial cells (Table 2), while studies using
the IF determined the number of non-neuronal (NN)
cells at an average 17.4–19.1 billion in the gray matter
of the cerebral cortex (Azevedo et al., 2009; AndradeMoraes et al., 2013) (Table 2).
One of the major—if not most serious—problems in
the histology-based counting methods is the technical
difficulty of recognizing glia and distinguishing them
from small neurons (Fig. 1). This problem has a long
history (M€uhlmann, 1936; Kryspin-Exner, 1943; Glees,
1955; Nurnberger and Gordon, 1957; Braitenberg and
Atwood, 1958; Palay, 1958; Schlote, 1959; Iniguez
et al., 1985; Andersen et al., 1992; Gittins and Harrison, 2004a), and still awaits resolution, since immunostaining with the NeuN antibody in tissue sections
appears to be incomplete and variable (Lyck et al.,
2009). The difficulty of distinguishing small neurons
from glia may explain some of the conflicting results
that have been obtained in human neuropathology
(see: Role of the IF in Future Research, below).
Therefore, the design of methods that can accurately
determine neuronal and glial cell numbers is
important.
Among the glia, numerous investigators have determined the relative contributions of astrocytes, oligodendrocytes, and microglia, mostly in cerebral cortex, as
compiled in Table 3. Not surprisingly, oligodendrocytes
are more frequent than other glial cell types in white
matter (Table 3). There is also considerable, but not
unanimous agreement across primary sources that in
different brain regions, including neocortical gray matter, oligodendrocytes are the most frequent at 45–75%
of glial cells, followed by astrocytes (19–40%), while
microglia contribute 10% or less, although some textbooks and reviews have reported differently, unfortunately without references (Verkhratsky and Butt, 2007;
Pastor and Sola, 2008; Bayraktar et al., 2015). Statements that microglia alone are about as numerous as
neurons (Streit, 1999; Fields, 2009) are incorrect,
because they were based on the mistaken belief of a
10:1 GNR. In conclusion, all three methods: histology,
DNA extraction, and the IF method, estimate numbers
of about 10–20 billion neurons and at most a 2-fold
larger number of glial cells (20–40 billion) in the human
cerebral cortical gray matter, thus supporting an average GNR of 1.5. Inclusion of the white matter (that
underlies the gray matter of cerebral cortex) increases
the GNR to about 3.0.
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TABLE 3.
Types of Glial Cells Contributing to the Total Number of Glia in the Human Brain
Oligodendrocytes

Astrocytes

Microglia

29%
40%
57%
52-74%
77.5%
62%
29-77.5%

61.5%
54%

9.5%

30-40%

6-8%

30-61.5%

6-9.5%

51%
45%
<67%
52%
45%
67%
36.6%
69%
50.9%1
45%
24.5-69.2%1
75%
5%
74.6-75.6%

40%
45%
>23%
39%
45%

9%
10%
10%
9%
10%

46.5%
24%
40.8%1
45%
25.6-63.2%1
19%
80%
17.3-20.2%

16.8%
6.9%
16.7%2
10%
9-28.1%2

75%

20%

10-15%
5.2-6.5%
15-18%
5%

Comments
Visual Cortex
Caudatum
Pallidum
Thalamus
Nucleus ruber
Substantia nigra, pc
various regions
Review of Kryspin-Exner’s work
Motor Cortex, layer V
GM
WM
Motor Cortex
GM
WM
Frontal Cortex GM
Frontal Cortex WM
Frontal Cortex
Cortex
Data: Schlote, 1959
Neocortex GM
CNS
Males, females Neocortex (GM)
Males, Neocortex
Neocortex (GM)

Authors Year
Kryspin-Exner
Kryspin-Exner
Kryspin-Exner
Kryspin-Exner
Kryspin-Exner
Kryspin-Exner
Glees

1952
1952
1952
1952
1952
1952
1955

Brownson
Pope
Pope
Windle (Brownson)
Windle (Pope)
Windle (Pope)
Pope
Pope
Schlote
Blinkov & Glezer
Hess & Thalheimer
Pelvig et al.
Verkhratsky & Butt
Pelvig et al.
Lyck et al.
Verkhratsky & Butt

1956
1958
1958
1958
1958
1958
1959
1959
1959
1968
1971
2003
2007
2008
2009
2013

GM, gray matter; WM, white matter; studies reporting primary data are shaded in gray.
1
These numbers from Schlote’s 1959 data are compiled according to Hess and Thalheimer (1971), and adjusted for the percentages among glial
cells (microglia and endothelial cells are assumed at a 1:1 ratio). As pointed out by Hess and Thalheimer (1971), the figure legends in Schlote
(1959) erroneously switched the symbols for astroglia and oligodendroglia. This may explain some text books reporting an abundance of astroglia
vs. oligodendrocytes (e.g., Verkhratsky and Butt, 2007).
2
This percentage includes microglia plus endothelial cells.

Cerebellum
The cerebellum is another part of the human brain in
which cell numbers were estimated throughout the last
century. Initially, only numbers for the large cerebellar
neuronal types were reported—in particular the easily
recognized Purkinje cells, with most estimates (8/13)
between 14–26 3 106 (Fig. 1; Table 4). Braitenberg
and Atwood (1958) were the first to also report the
number of granule cells (small cerebellar neurons)
which alone were estimated to be “of the order of 10–
100 billion.” In 1975, Lange reported the density of
neurons in the human cerebellum as 1,610 cells/
0.001 mm3 in the granular layer, with an average 720.8
neurons/0.001 mm3 in cerebellar cortex (Lange, 1975).
Applying the reference volume from other studies,
Lange’s neuronal densities in the cerebellum translate
to a total of 65–70 billion neurons in the human cerebellar cortex (Williams and Herrup, 1988). In contrast,
Haug estimated about 50 billion neurons in cerebellar
cortex (Haug, 1986), based on Lange’s work and his
own counts. A very large number of neurons in the cerebellum had been suspected by earlier investigators
(Elliott in: Nurnberger and Gordon, 1957; Kuffler and
Nicholls, 1976), as well as a very low number of non-
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neuronal (glial) cells (Elliott in: Nurnberger and Gordon,
1957), but the study of Andersen et al. (1992) provided
for the first time direct evidence for a very low number of glial cells in the human cerebellum. Andersen
et al. estimated that among a total of 105 billion cells
in the human cerebellum, there were 101 billion granule cells, with most of the remainder, about 3 billion,
being glial cells (see their fig. 8, Andersen et al.,
1992). This implied that the GNR of the human cerebellum had to be extremely low, about 0.03. However,
Andersen et al. (1992) did not comment on how the
cellular composition of the cerebellum (GNR of less
than 0.1) compared with other brain structures such
as the cerebral cortex (GNR of 2–3, when white and
gray matter are combined). Accordingly, the implications for total neuron and glia numbers in human
brains and the differences between GNRs in the cerebellum and the cerebral cortex remained hidden. In
the meantime, the group of B. Pakkenberg revised
their stereological estimates of the human cerebellum
from 101 billion granule cells (Andersen et al., 1992)
to about 70 billion granule cells (Andersen et al.,
2012), a number that is much closer to the numbers
obtained by using the IF methodology as well as

The Journal of Comparative Neurology | Research in Systems Neuroscience

Quantifying neurons and glia in human brain

TABLE 4.
Estimates of Cell Numbers in the Human Cerebellum (Both Sides Together)
Number
Purkinje cells
14 3 106
25-26 3 106
15 3 106
15.4 3 106
0.88 3 106
15.6 3 106
30.5 3 106
30.5 3 106
28.5 3 106
28 3 106
22.3 3 106
26 3 106
26 3 106
Granule cells (granule neurons)
10-100 3 109
19.8 3 109
101 3 109
112.3 3 109
109 3 109
70 3 109
75.2 3 109
Total neurons
65-70 3 109
50 3 109
105 3 109
69 3 109
54 3 109
Glial cells
3 3 109
Non-neuronal cells
16 3 109
15.4 3 109

Method

Author and Year

Histology
Histology
Histology
Stereology
Histology
Stereology
Stereology
Stereology
Stereology
Stereology
Stereology
Stereology
Stereology1

Kreuzfuchs, 1902
Lojda, 1955
Braitenberg & Atwood, 1958
Nairn et al., 1989
Riedel et al., 1989
Mayhew et al., 1990
Andersen et al., 1992
Korbo and Andersen, 1995
Andersen & Pakkenberg, 2003
Andersen et al., 2003
Agashiwala et al., 2008
Andersen et al., 2012
Kiessling et al., 2014

Histology
Histology
Stereology
Stereology
Stereology
Stereology
Stereology

Braitenberg & Atwood, 1958
Riedel et al., 1989
Andersen et al., 1992
Andersen & Pakkenberg, 2003
Andersen et al., 2003
Andersen et al., 2012
Kiessling et al., 2014

Histology
Stereology
Stereology
Isotropic Fractionator
Isotropic Fractionator

Lange, 1975; Williams & Herrup, 1988
Haug, 1986
Andersen et al., 1992
Azevedo et al., 2009
Andrade-Moraes et al., 2013

Stereology

Andersen et al., 1992

Isotropic Fractionator
Isotropic Fractionator

Azevedo et al., 2009
Andrade-Moraes et al., 2013

1

Data from 10–11-month-old infants.

Lange’s and Haug’s estimates, implying that 50–70 billion is a most plausible range (Table 4).
Based on the study of Andersen et al. (1992), and also
taking into account the numbers of glial cells in the white
matter of the cerebellum (Bahney and von Bartheld, 2014),
Andersen and colleagues’ counts of 30,000–40,000 glial
cells per mm3 appear plausible, resulting in a total of about
3 billion glial cells in the cerebellum. Compared with the
number of neurons (about 65 billion), the GNR for the
entire human cerebellum appears to be about 0.05. Studies using the IF have estimated the average number of
cells in the cerebellum to be between 55 and 70 billion
(Azevedo et al., 2009; Andrade-Moraes et al., 2013), with
granule cells (granule neurons) constituting the overwhelming majority (Azevedo et al., 2009). The same
method yields an upper estimate of around 16 billion glial
cells; this counts all non-neuronal cells, which comprise
the combined total of glial and endothelial cells in the cerebellum, and therefore amounts to a maximal GNR of 0.23
(Azevedo et al., 2009; Andrade-Moraes et al., 2013).

When the cerebellum and the cerebral cortex are
considered together, the GNR for these two major parts
of the brain amounts to a value of 0.8–0.9, much less
than the GNR of the cerebral cortex alone, without the
cerebellum. This difference is so substantial, because
the cerebellum has not only a very large number of
neurons, but also a number of glial cells that is
extremely low in comparison. However, the human cerebellum is not an outlier in its GNR or glial cell composition; if the GNR appears abnormally low, it is because
of the very large density of neurons in this structure
(Herculano-Houzel, 2014). The large number of cerebellar neurons was recognized by early investigators (e.g.,
Elliott in: Nurnberger and Gordon, 1957; Kuffler and
Nicholls, 1976); Kuffler and Nicholls remarked on the
“staggering numbers of neurons” in the human cerebellum, but the relatively low number of cerebellar glial
cells remained obscure and largely unrecognized even
after the report by Andersen et al. (1992). Without the
numbers in the cerebellum, the human brain would
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have a GNR of at most 4 (using values from Azevedo
et al., 2009). The unusual cellular composition of the
cerebellum was a key factor in failed attempts to calculate the true GNR for the total human brain, and a
major reason for the persistence of the notion of one
trillion glial cells.

Brainstem, diencephalon, and striatum
These parts of the brain, primarily the brainstem,
have been measured to comprise between 2 and 8% of
the volume of the entire brain, but accommodate less
than 1% of its neurons (Azevedo et al., 2009). The
brainstem contains a variety of neuronal nuclei and
fiber tracts. Until 2009 (Azevedo et al., 2009), there
had been no attempts made to estimate the total number of neurons or glial cells in this part of the brain,
although Blinkov (1963) reported on the glia index for
several structures in the human brainstem. A select
number of nuclei or regions was investigated with histological techniques for neuron numbers, including the
reticular formation (5.2 3 106 neurons, Blinkov and
Glezer, 1968), corpora quadrigemina (inferior colliculi:
1.2 3 106 neurons Blinkov and Glezer, 1968), and lateral geniculate nucleus (on one side: 570,000 neurons,
Balado and Franke, 1934; 1.2 3 106 neurons, Chacko,
1948; 3.5 3 106, Selemon and Begovic, 2007; 2.0 3
106 neurons, Dorph-Petersen et al., 2009). The reason
for the discrepancies for the lateral geniculate nucleus
is unknown, but both the 2007 and the 2009 studies
employed the same stereological method. The supraoptic nucleus contains about 75,000 neurons and the
paraventricular nuclei 85,000 neurons (various sources,
reviewed in Blinkov and Glezer, 1968). The mammillary
bodies (medial nuclei) contain about 800,000 neurons,
and there are about 1.3 3 106 neurons in the anteroventral and medial nuclei of the thalamus (Powell et al.,
1957). The basal ganglia have been reported to contain
816 3 106 neurons (Karlsen and Pakkenberg, 2011),
with about 100 3 106 small neurons and 570,000–
670,000 large neurons in the striatum (Schr€oder et al.,
1975), 7.8 3 106 neurons in the anterior striatum
(Weise et al., 2015), about 700,000 neurons in the
globus pallidus (Th€orner et al., 1975), and 300,000 in
the subthalamic nucleus (Lange et al., 1975). The number of glial cells was estimated at 400 3 106 in the
striatum (Schr€
oder et al., 1975) and at 63–82 3 106 in
the globus pallidus (Th€orner et al., 1975). The number
of neurons in the substantia nigra was reported to be
about 450,000 pigmented neurons (McGeer et al.,
1977), 500,000–600,000 neurons (Mann, 1986) and
550,000 pigmented and 260,000 nonpigmented neurons (Pakkenberg et al., 1991; Stark and Pakkenberg,
2004), while the subthalamic nucleus has 286,000–
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306,000 neurons (Lange et al., 1975), and the locus
coeruleus contains 32,000–38,000 pigmented neurons
(Mouton et al., 1994; Ohm et al., 1997).
It is in the brainstem and diencephalon where some
large GNR values are indeed found. The superior colliculus has a GNR of about 10 (Blinkov and Glezer,
1968), and the lateral vestibular nucleus a GNR of
about 30–50 (Blinkov, 1963; Ponomarev, 1966; Blinkov
and Glezer, 1968). The GNR was reported near 160 for
the globus pallidus (89–114 3 106 glial cells; 688,000–
711,000 neurons, Th€orner et al., 1975), but is only 3.7
in the striatum (380–408 3 106 glial cells; 100.7–
105.6 3 106 neurons, Schr€oder et al., 1975). Pakkenberg and Gundersen (1988) reported neuron and glia
numbers for the ventral pallidum (3.97 3 106 neurons;
GNR 5 12.2) and the dorsomedial thalamic nucleus (1.8
3 106 neurons; GNR 5 17). However, the initially
reported number of neurons in the dorsomedial thalamic nucleus turned out to be an underestimate: subsequent studies, also using stereology, reported 3.5
3 106 (Popken et al., 2000), 7.29 3 106 (DorphPetersen, 2004), and more recently 6.43 3 106 (Abitz
et al., 2007) and 6.4 3 106 (Nielsen et al., 2008).
The discrepancies between studies—even when using
the same stereological counting method—illustrate the
difficulty encountered by efforts to determine the true
number of neurons in just one small nucleus in the
brainstem.
Regardless of the precise numbers, it is obvious that
the total number of neuronal and glial cells in the brainstem, diencephalon, and striatum does not add up to
numbers that are even close to those in cerebral cortex
or cerebellum. Since the volume is small and the total
number of cells is relatively low, this part of the brain
contains only about 700 million neurons and about
6.6–7.7 billion non-neuronal cells, with a GNR of maximal 10:1, as determined by the isotropic fractionator
(Azevedo et al., 2009; Andrade-Moraes et al., 2013).
Therefore, the fluctuations in GNR between specific
nuclei or tracts in the brainstem and diencephalon add
little to the overall GNR when compared with the numbers provided by the cerebral cortex and cerebellum.
When the number of neurons in these two structures
together was determined to be between about 80–100
billion, it should have become apparent that a 10:1
GNR, with the implied 1 trillion or more glial cells was
impossible. There are not nearly enough glial cells in
either the cerebral cortex or in the cerebellum to arrive
at such a number (Azevedo et al., 2009).

Discrepancies of estimates
Attempts to pinpoint the cause(s) of discrepancies
between studies have proven difficult, not only because
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most investigators do not provide sufficiently detailed
information (Schmitz and Hof, 2005), but also because
a multitude of potential factors can generate biases.
This was shown by studies designed to quantify biases,
by comparison with the gold standard, serial section
reconstruction, by changing distinct variables, and by
ultrastructural verification of particle identity (Coggeshall et al., 1990; Hatton and von Bartheld, 1999; Baryshnikova et al., 2006; Ward et al., 2008; Lyck et al.,
2009; Kaplan et al., 2010). Sources of bias may be in
opposite directions, may even cancel each other, or
may skew estimates in the same direction, and then be
additive. Without full access to primary data, to all
aspects of tissue processing, and an independent reexamination of counting, it is impossible to identify sources of bias with any certainty. For these reasons, it has
been recommended, as a practical approach, to calibrate counting methods against a small sample of serial
section reconstructions, still considered the ultimate
standard (Coggeshall et al., 1990; von Bartheld, 2002;
Kaplan et al., 2010).

Entire human brain
Based on actual counts of neuronal densities using
histological methods, the number of neurons in the
entire human brain was estimated by experts in quantitative neuroscience at 30 billion (Szentagothai, 1983),
70–80 billion (Haug, 1986), and 85 billion (Williams and
Herrup, 1988). Investigators using the IF confirmed
these latter neuron numbers at 67–86 billion neurons
(Azevedo et al., 2009; Andrade-Moraes et al., 2013).
Based on glial cell densities, Blinkov and Glezer (1968)
estimated the number of glial cells in the entire human
brain to be 100–130 billion, while Haug, using his own
densities and volume measurements, estimated 40–50
billion glial cells for the entire human brain (Haug,
1986). The current estimates of numbers of nonneuronal cells in the entire human brain, as revealed by
the IF, place the total glial numbers well below 85 billion (since these 85 billion include 20–25 billion endothelial cells), and therefore are closer to the estimates
of Haug (40–50 billion glial cells) rather than those of
Blinkov and Glezer (100–130 billion glial cells) (Fig. 3).

HISTORY OF THE GLIA–NEURON RATIO
(OR “GLIA INDEX”)
The GNR or “glia index” is defined as the ratio
between the number of glial cells and the number of
neurons in the same volume of brain substance. The
GNR and its implications have attracted interest among
investigators for more than a century. The notion of the
GNR was conceived by Nissl (1898), but first applied

Figure 3. Graph summarizes the essence of Table 6. From the
1960s until 2009, the number of glial cells in human brains was
reported to be about one trillion, 10 times more than neurons
(100 billion), as detailed in Table 6. The number of glia, based on
published data, is in fact lower than the number of neurons,
resulting in a glia–neuron ratio of less than 1 rather than 10:1.

and studied in a systematic way in the 1930s. While
some scientists question the utility of the GNR—or of
any cell quantification (Yuhas and Jabr, 2012)—many
current investigators conclude that the GNR informs
about brain development, physiology, diseases, aging,
and brain evolution (Sherwood et al., 2006; Hilgetag
and Barbas, 2009; Herculano-Houzel, 2014), as detailed
below in Examples Showing the Impact of Cell
Counting.
The GNR is most useful in a comparative context and
when applied to comparable brain regions. Technically,
the GNR is easier to establish than total absolute numbers, especially for distinct brain parts, because no
absolute values are required. Rather, for any given volume, the number of glia and neurons can be estimated
and compared with some certainty in relationship to
each other. Thus, the GNR can be calculated as the
ratio between the density of glia and the density of
neurons in any structure or volume, without ever estimating absolute numbers of cells (e.g., Friede, 1954;
Hawkins and Olszewski, 1957; Haug 1987; Stolzenburg
et al., 1989). Persistent problems were how to define
precise borders between gray and white matter, to
clearly distinguish small neurons from glial cells, and to
extrapolate to the whole brain from the data obtained
in spatially restricted samples. Since the GNR was
recently discussed in the context of glial cells and phylogeny (showing a remarkable and evolutionarily conserved scaling of GNRs with neuronal density between
structures and species, Herculano-Houzel, 2014), we
focus here on a brief history of the GNR as it relates to
human brains and the claims of glial cell numbers.
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TABLE 5.
Misquotations of Nansen’s Original Opinion About Neuropil [“Leydig’s dotted substance]” Being the Seat of Intelligence
Nansen, 1886: “. . . the more complicated the structure of dotted substance [neuropil consisting of neuronal and glial processes1] is –
the more highly is the animal mentally developed; in other words, we may conclude that the more the inteligence of an animal is developed – the more intricate becomes the web of plaiting of nerve-tubes and fibrillae in its dotted substance . . . and this web is probably
the principal seat of inteligence.” (page 171, Nansen, 1886, his italics).
Glees, 1955: “It is worth mentioning Nansen’s opinion . . . that this substance [Leydig’s dotted substance 5 ‘plaiting of nerve-tubes and
fibrillae’] was the seat of intelligence as it increases in size from the lower to the higher forms of animal.” (cites Nansen, 1886)
Galambos, 1961: “Nansen . . . said neuroglia was ‘the seat of intelligence, as it increases in size from the lower to the higher forms of
animal.’ “ (cites Glees’ 1955 footnote)
Fields, 2009: “Nansen . . . observed in 1886 that glia might be ‘the seat of intelligence, as [their number] increase in size from the lower
to the higher forms of animal.’ ” (cites Galambos, 1961)
Verkhratsky and Butt, 2013: “Nansen . . . postulated that neuroglia was ‘the seat of intelligence, as it increases in size from the lower
to the higher forms of animal’ “ (cites Galambos, 1961).
1

“Nerve-tubes are . . .present in great plenty in the dotted substance” (Nansen, 1886, p 124).

Recent work (Fields, 2009; Verkhratsky and Butt,
2013) stated that Fridtjof Nansen was the first to associate an increasing GNR with increasing intelligence.
Unfortunately, this statement is based on a misquotation. Nansen (1886) attributed such increasing mental
abilities to increasing amounts of what he called
“dotted substance,” which is essentially neuropil made
up of neuronal and glial processes (Table 5). Fields
(2009) and Verkhratsky and Butt (2013) recently
adopted Galambos’ (1961) misquote, implying that Nansen was not referring to the “dotted substance,” but
rather to glia exclusively (Table 5; Nansen, 1886, p
171). The dotted substance was later termed “neuropil”
by von Apathy (1897), as reviewed in detail by Florey
(1985).
Accordingly, Franz Nissl was the first to note the prevalence of glial cells in mammalian cortices (Nissl, 1898;
also reviewed in Herculano-Houzel, 2014), while the GNR
was first calculated and reported for a major part of the
human brain by M€uhlmann (1936). M€uhlmann established that the approximate GNR (“Prozentgehalt der
Nerven und der Gliazellen”) of the gray matter of the
human cerebral cortex is about 1.5, a value that since
has been widely confirmed (Table 2). He also conducted
a detailed developmental study that revealed how the
GNR in cortex changes from the newborn (GNR 5 0.3:1)
to the aged adult (GNR 5 2:1). This showed that the
GNR is age-specific and that glia–neuron relations
change as the brain matures. From the 1950s until the
1980s, the GNR was called the “glia index” (Friede,
1953, 1954), glia/neuron index (Brizzee and Jacobs,
1959), or glia/nerve cell index (Hawkins and Olszewski,
1957). Altman (1967) was the first to interchangeably
use the terms glia index and glia–neuron ratio (GNR),
while Bass et al. (1971, page 485) and some subsequent
investigators advocated the use of the reciprocal of the
GNR: the “neuron/glia ratio” (Th€orner et al., 1975; Diamond et al., 1985; Terry et al., 1987; Leuba and Garey,
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1989), the rationale being that the neuronal density
varies much more than the glial cell density (Bass et al.,
1971; Reichenbach, 1989). Bass et al. (1971, page
485)—incorrectly as it turned out—assumed that the number of endothelial cells in brains was negligible: “since
the vascular cell fraction is relatively small, the neuron/
non-neuron ratio(n) essentially equals the neuron/glia
ratio.” Other’s work showed that as much as one-third of
non-neuronal cells were endothelial cells in mammalian,
including human, CNS (Blinkov and Glezer, 1968;
Brasileiro-Filho et al., 1989; Bjugn and Gundersen, 1993;
Davanlou and Smith, 2004; Lyck et al., 2009; GarcıaAmado and Prensa, 2012).
Work by Friede and others in the 1950s rapidly confirmed Nissl’s suspicion and revealed that the GNR differs between species in what appeared to be a
“phylogenetic” trend. This prompted Friede to propose
that the GNR serves as an indicator of the
“developmental advancement” of a species—culminating
in humans (Friede, 1954; Pfrieger and Barres, 1995;
Araque et al., 2001). Brizzee and Jacobs (1959) concluded that brain weight as well as brain complexity
contributed to the GNR. When investigators examined
brains larger than those of humans, they found even
larger GNRs (Hawkins and Olszewski, 1957; Tower and
Young, 1973; Haug, 1987; Eriksen and Pakkenberg,
2007). They concluded that the GNR was associated
with brain size rather than with “developmental
advancement” or cognitive abilities. However, the
hypothesis originally formulated by Nissl and Friede of
glia being correlated with increasing intelligence persisted in the literature due to the intuitively appealing
idea that a relatively large GNR in human cerebral cortex compared with other animals might be related to
this species’ cognitive abilities (Jerison, 1973; Diamond
et al., 1985; Witelson et al., 1995; Araque et al.,
2001; Fields, 2009; Koob, 2009; Verkhratsky and Butt,
2013).
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It was recognized in the 1960s that differences in
GNRs are largely determined by changes in neuronal
densities rather than changes in glial cell densities—glial
cell densities remain remarkably constant between species and even brain structures, at 50,000–130,000 cells
per mm3, while neuronal densities in different parts of
the human brain vary between 0 and over 400,000 per
mm3 (Sholl, 1959; Blinkov and Glezer, 1968; Bass
et al., 1971; Tower and Young, 1973; Haug, 1987;
Herculano-Houzel, 2014). Accordingly, the GNR largely
reflects differences in neuronal density, but not, or only
to a very minor extent, differences in glial density (Blinkov and Glezer, 1968). The GNR was shown not to
increase universally with brain mass or cortical mass,
but rather with decreasing neuronal density, which may
or may not coincide with increasing brain mass (Herculano-Houzel, 2014). However, it is still not resolved how
much increasing axon length, dendritic arbor size, and
somatic size contribute to increasing neuronal cell size
and thus decreasing neuron density (Friede and van
Houten, 1962; Jehee and Murre, 2008; HerculanoHouzel, 2014). These are crucial questions from an
engineering perspective: how to optimize information
processing within finite spaces. While the GNR is easier
to determine from a sampling standpoint than absolute
numbers of glia or neurons, investigators have to deal
with one major technical issue: how to distinguish glia
from small neurons.

How to best distinguish glia from small
neurons
Small neurons are difficult to distinguish from glial
cells (Fig. 1). Virtually all investigators using histology
encountered and recognized this as a major problem,
especially in the granular layer of the cerebellum (Kryspin-Exner, 1943; Glees, 1955; Nurnberger and Gordon,
1957; Braitenberg and Atwood, 1958, page 13; Andersen et al., 1992; Lyck et al., 2009). M€uhlmann tested
several different stains and recommended the Giemsa
stain as the best way to distinguish glia and neurons (in
paraffin sections, M€uhlmann, 1936). Kryspin-Exner
(1943) and Schlote (1959) preferred to study glia in
Nissl-stained material. Glees (1955) routinely used silver impregnation and Nissl stain in adjacent sections to
confirm cell types. Braitenberg and Atwood (1958, page
13) were “not fully satisfied with any of the methods
available” and acknowledge the “serious difficulty presented by the small size of the granular cells.” Even at
the ultrastructural level, glial cells can be difficult to
identify and classify (Palay, 1958).
The Giemsa stain is a mixture of dyes (methylene
blue and eosin yellow) with the capacity to stain not

only ribonucleic acid in the cytoplasm (neurons), but
also nuclear chromatin (glia), in a temperature- and pHdependent manner (Iniguez et al., 1985). The utility of
the Giemsa stain and long tradition in distinguishing
neurons and glia is often overlooked (Mufson and Benzing, 1994), and it has been stated that the Giemsa
stain was introduced in neurohistology only in the
1970s (e.g., Scheff and Baldwin, 1996), even though
M€uhlmann described in the 1930s in considerable
detail the use of the Giemsa stain to distinguish glia
and neurons (M€uhlmann, 1936). A method article
devoted to the Giemsa stain in brain sections further
confirmed that this stain is well suited to visualize both
neurons and glia (Iniguez et al., 1985). Thus, utilization
of the Giemsa stain predates the adoption of this stain
by Gundersen, West, and Pakkenberg for their resin
sections in the 1980s and 1990s (e.g., Gundersen
et al., 1988; West and Gundersen, 1990; Regeur et al.,
1994a). Mufson and Benzig (1994) discuss in their commentary the importance of distinguishing neurons and
glia, and types of stains that have been used to reach
this goal.
A breakthrough seemed to have been achieved by
utilizing an antibody against a neuron-specific nuclear
antigen (NeuN; Mullen et al., 1992). This was first
applied in histology to distinguish small neurons from
non-neuronal cells in tissue sections (Gittins and Harrison, 2004a). A side-by-side analysis of NeuN and Nissl
stains in the cerebral cortex showed that cell counts
using Nissl stain underestimated numbers of neurons,
apparently because small interneurons can be confused
with glial cells (Gittins and Harrison, 2004a), while
another study found that only a fraction (18–57%) of
neurons were identified as NeuN-positive in histological
sections from human cortex, and a panel of neuronspecific antibodies was recommended for future work
(Lyck et al., 2009). On the other hand, the NeuN antibody was proven a highly efficient tool to separate neuronal from non-neuronal cell nuclei in the IF method
(Herculano-Houzel and Lent, 2005). Additional suitable
antibodies are now becoming available that can be
used to further classify neurons into subtypes, and to
separate the non-neuronal cells unambiguously into glial
cell types and endothelium. Currently, however, the IF
does not distinguish glia from endothelial cells, but
rather pools both types together as non-neuronal cells.
The ratio obtained with the IF is therefore not a GNR,
but an “nN-NR” ratio (non-neuronal cells/neurons
ratio)—which, however, serves as a useful upper limit to
the GNR. Given that the vasculature represents a constant (and small, 1–5%) fraction of brain tissue (and cerebral cortex in particular; Buchweitz and Weiss, 1986;
Lawers et al., 2008; Tsai et al., 2009; Karbowski,
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2011), values of nN-NR likely translate into GNR by the
same proportion across species.

Reports of the GNR and estimates of
absolute numbers
In the context of the notion of one trillion glial cells, Table
6 compiles reports of the GNR as well as estimates of
absolute cell numbers in the entire human brain from 1895
until 2015 (see also Fig. 3). We attempted to include all
major reviews and textbooks. It is interesting that in the
late 1950s through the 1970s, qualifiers such as “perhaps”
and “about” were often associated with the numbers given,
but in the 1980s and beyond, such caution was largely
replaced by an assertiveness that seemed to convey knowledge and evidence rather than a “best guess” or possible
range. Several scientists reported wide ranges in the
1970s, e.g., Hubel (1979, page 2) and Nauta and Feirtag
(1979, page 43). “The number of nerve cells, or neurons,
that make up man’s three pounds or so of brain is on the
order of 1011 (a hundred billion) give or take a factor of 10”
(Hubel, 1979, page 2); and Nauta and Feirtag (1979, page
43) wrote: “. . .there are classes of neurons so small and
densely crowded that it is difficult to judge their number.. . .
There are so many granule cells . . . that the estimate of
1010 neurons in the entire central nervous system becomes
suspect. The total could easily be an order of magnitude,
perhaps two orders of magnitude, higher.”
As can be seen in Table 6, nearly all authors surveyed endorse a 5:1–50:1 abundance of glia over neurons, with very few exceptions. The exceptions are
authors who actually did the counting (shaded in gray
in Table 6: Blinkov and Glezer, 1968; Szentagothai,
1983; Haug, 1986; Azevedo et al., 2009; AndradeMoraes et al., 2013) or authors who were intimately
familiar with the relevant primary literature (e.g., Jacobson, 1991). Only five publications report a much lower
GNR of 0.7:1–1:1 for the whole brain (Haug, 1986; Azevedo et al., 2009; Andrade-Moraes et al., 2013; Streit,
2013; Verkhratsky and Butt, 2013). Table 6 shows that
the range of neuronal numbers in the human brain is by
and large within one order of magnitude, with 20/23
authors giving numbers or a median between 10 and
100 billion. Two texts say one trillion (Kandel and
Schwartz, 1981, 1985), and the authors did not correct
this mistake for neuron numbers until subsequent editions of their textbook (Kandel et al., 1991, 2000,
2013). Remarkably, such errors, in neuron number, glia
number, and GNR, were contained in the most prestigious textbook of its generation (Darlington, 2009). For
example, the 2000 edition of Kandel et al. was praised:
“The bible of neuroscience and the singular source for
all things brain. It is 1500 pages of facts, information,
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data, theory, and on a level of scholarship unparalleled.
Ever since its first edition came out in the early 1980s,
this book has set the standard for erudition in the sciences and is probably on the bookshelf of almost every
neuroscientist in the world . . .” (Lambert and Kinsley,
2004, page 144).
Several authors implicitly postulate a number of 1–50
trillion glial cells in human brains, because they provide
the GNR as well as estimates of the total number of neurons (Kandel and Schwarz, 1981, 1985; Kandel et al.,
1991, 2000; Bear et al., 2001; Hatton and Parpura,
2004). We calculated those implicit numbers and indicated them in brackets in Table 6 (“[. . .]”). Accordingly,
two editions of the Principles of Neural Science (Kandel
and Schwarz, 1981 and 1985) suggested that human
brains contain as many as 50 trillion glial cells, despite
the fact that the largest number ever suggested in the
primary literature was 130 billion (Blinkov and Glezer,
1968). The overwhelming number of claims of a 10:1 or
higher GNR (the origin of which will be examined next)
outweighed the few original reports showing a 1:1 GNR
(only three publications prior to 2009, Table 6).
None of the textbooks or reviews listed in Table 6 provides a primary reference—or any valid reference—for the
claim of a 10:1 GNR. The lack of citations for the notion
of a 10:1 GNR over a 50-year period is an example of a
major failure in the scientific process that is supposed to
self-correct invalid claims or reports (Committee on the
Conduct of Science, 1989; Neville, 2007; Firestein, 2012;
Ioannidis, 2012), as explained in more detail below. Not
surprisingly, the first response of many brain scientists to
the “maverick” report by Azevedo et al. (2009) was disbelief (see below and Yuhas and Jabr, 2012), and it has
taken several years for the new evidence to become
accepted (Table 6). The refutation of the notion of one
trillion glial cells is also an example where a new (or substantially improved) technique, the IF, initiated a paradigm shift, but subsequent scrutiny showed—
surprisingly—that the new paradigm had been supported
all along, for decades, by traditional (histological) techniques. The problem appears to have been disregard of
conflicting primary data and a failure to recognize the
lack of supporting data for the prevailing consensus. The
false belief was enabled and facilitated by presenting the
10:1 GNR as a “fact” and as “common knowledge” not
requiring citations (Committee on the Conduct of Science, 1989; Neville, 2007).

EXAMPLES SHOWING THE IMPACT OF
CELL COUNTING
There are numerous examples of how cell counting
has informed and impacted progress in the field, with
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TABLE 6.
Reports of Glia-Neuron Ratios (GNRs), Numbers of Total Cells, Glia, and Neurons in Human Brain
GNR

Total cell number

Glia #

Neuron #

Method

3 bn
10:1 (“perhaps”)
10:1 (“perhaps”)
10:1 (“around”)
10:1 (“perhaps”)
10:1 (“about”)
10:1
110 bn
10:1
(glia “more abundant” than neurons)

100 bn

10 bn

100-130 bn
“glia . . .outnumber neurones by several fold”
5:1-10:1
10:1 (“at least”)
10:1
“Glia . . . far outnumber(s) neurons”

Histology

20-200 bn
50 bn

10:1
10 bn - 1 trn
10 bn - 100 bn or 1 trn
100 bn
5:1
5:1- 10:1
9:1
10:1 (“perhaps”)
10:1
10:1-50:1
10:1
0.7:1

[10 trn]

[9 trn]
[1 trn]

[11-51 trn]

[10-50 trn]
40-50 bn

1 trn
100 bn
30 bn (“roughly”)
1 trn (“best estimate”)
70-80 bn
85 bn

Histology

10:1
10:1
1:1 or 10:1
10:1-50:1
1.1-5.1 trn
[1-5 trn]
100 bn (“best estimate”)
5:1 - 10:1 (“depending on region”)
GN (glia # “much higher” than neuron #)
10:1 (“at least”) 10 bn-1 trn
(“several times that many glial cells”)
100 bn
10:1 (glial cells . . . outnumber neurons 10 to 1”)
10:1-50:1
[1.1-5.1 trn]
[1-5 trn]
100 bn (“on the order of . . .”)
10:1
10:1
[1 trn]
100 bn
(“glial cells . . . vastly outnumber neurons”)
10:1 (“thought to be at least ten glia per neuron”)
10:1 (“or more”)
100 bn
(“glia are the most numerous cells in the brain”)
10:1-50:1
[1.1-5.1 trn]
[1-5 trn]
100 bn
10:1
10:1
> “several trillions” (probably)
1:1
170 bn
<85 bn
86 bn
IF
6:1
[767 bn]
[667 bn](85%)
100 bn (15%)
GN (glia # “much higher” than neuron #)
3:1 or 4:1
100 bn
1:1 “human brain contains roughly equal numbers of glia and neurons”
10:1 (“at least”)
2:1-10:1
[200 bn - 1 trn]
100 bn
1:1
1:1
<78.6 bn
67.3
IF
“glial cells are as abundant as neurons”
1:1 “roughly . . . equal numbers of neurons and glia”
4:1 “glia . . . constitute . . . the majority of cells . . ., 80% in the human brain”
1:1 “neuroglial cells . . . are about as numerous as neurons in the brain as a whole”

Reference
Donaldson, 1895
Glees, 1958
Pope, 1958
Hyden, 1960
Galambos, 1961
Hyden, 1961
Asimov, 1963
Maron, 1963
Kuffler & Nicholls, 1966
Blinkov & Glezer, 1968
Dobbing & Sands, 1970
Noback & Demarest, 1975
Kuffler & Nicholls, 1976
Ganong, 1977
Wittrock, 1977
Edelman & Mountcastle 1978
Ganong, 1979
Hubel, 1979
Nauta & Feirtag, 1979
Stevens, 1979
Jensen, 1980
Snell, 1980
Kandel & Schwartz, 1981
Nolte, 1981
Szentagothai, 1983
Damask & Swenberg, 1984
Kandel & Schwartz, 1985
Nicholls et al., 1985 2nd ed
Haug, 1986
Williams & Herrup, 1988
Steward, 1989
Bignami, 1991
Jacobson, 1991
Kandel et al., 1991
Noback et al., 1991
Brodal, 1992
Nicholls et al., 1992
Nolte, 1993
Black & Ransom, 1999
Kandel et al., 2000
Steward, 2000
Bear et al., 2001, 2nd ed
Lemke, 2001
Haydon, 2001
Levitan & Kaczmarek, 2002
Haines, 2002
Doetsch, 2003
Hatton & Parpura, 2004
Bear et al., 2007, 3rd ed
Verkhratsky & Butt, 2007
Azevedo et al., 2009
Fields, 2009
Brodal, 2010
Purves, 2010
Smith, 2010
Nicholls et al., 2012, 5th ed
Kandel et al., 2013, 5th ed
Verkhratsky & Butt, 2013
Andrade-Moraes et al., 2013
Kettenmann & Verkhratsky, 2013
Streit, 2013, p. 86
Barres et al., 2015
Gundersen et al., 2015

[], implied numbers, not stated explicitly; bn, billion; ed, edition; GNR, glia-neuron ratio; IF, isotropic fractionator; trn, trillion; shaded: Reports based
on the author’s own data.
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classical studies documenting the loss of neurons in
degenerative diseases, for example correlating the
extent of neuron loss with disease severity (Damier
et al., 1999; Stark and Pakkenberg, 2004; Kordower
et al., 2013). However, cell quantification is fundamentally important not only in pathology and in the clinical
area. We selected here three examples that illustrate
how cell counting has had a significant impact in areas
beyond clinical medicine. The first example is from the
aging human brain, the second is from the evolution of
the brain, and the last is from developmental
neuroscience.

Is there a significant loss of neurons in the
normal aging brain?
Based on studies in the 1950s to 1980s, it was
reported and generally believed that the normal aging
brain loses large numbers of neurons each day after 30
years of age (Brody, 1955; Devaney and Johnson,
1980), so that “a 60-year span of adulthood would
mean loss of half the cerebral neurons” (Hanley, 1974,
page 145; see also Curcio et al., 1982; Kausler et al.,
2007). Reports of this “neuronal fall-out” with normal
aging provided a depressing outlook for octogenarians:
loss of neurons was thought to be the cause of senile
dementia, and senile dementia was thought to be an
inevitable part of growing old. Thus, the abovementioned cell counting studies may have contributed
to the fear of dementia among the elderly (“greatest
cause of distress,” Jorm, 1987; Pitt, 1998), a segment
of the population with high rates of suicides (Meehan
et al., 1991; McKeown et al., 2006; Schmutte et al.,
2009). In this context, the innovative and diligent quantitative work of Haug et al. (1984) demonstrated that
the studies indicating a constant and significant loss of
neurons in the normal aging brain were flawed. The
shrinkage of brains after fixation depends on the person’s age, and accordingly the reference volumes of
brains from older people differ from those of younger
brains. When this was taken into account, there was
very little if any normal loss of neurons in most parts of
the brain (Haug et al., 1984; West, 1993b; Morrison
and Hof, 1997; Stark and Pakkenberg, 2004; Fabricius
et al., 2013). The new view, that mental decline is not
an imminent or inevitable fate, changed the elderly’s
outlook on their remaining life span rather dramatically,
even though the old dogma of continuous agedependent neuronal death can still be found in recent
literature (Rodriguez-Arellano et al., 2016; see also
Verkhratsky et al., 2004; Kausler et al., 2007). The misconception of the extent of neuron loss in normal aging
brains had profound implications beyond the quality of
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life for octogenarians: it complicated and delayed
research into the causes of the real problem: the pathological loss of neurons in Alzheimer’s and related
dementias. It took major efforts to correct this view
(Morrison and Hof, 1997; Hof and Mobbs, 2009). As
revealed in our review, once a myth has found its way
into textbooks, curricula, and common knowledge, it
becomes difficult to rectify.

Evolution of the human brain: insights from
the GNR
Throughout much of the 20th century the notion prevailed that the cellular composition of the human brain
was exceptional among species and likely responsible
for the superior cognitive abilities of humans (Gazzaniga, 2008). Previous work had suggested that the
human brain, and in particular the human neocortex,
showed an abnormally high GNR when compared with
other mammals with lesser cognitive abilities (Friede,
1954; Jerison, 1973; Araque et al., 2001; Fields, 2009;
Koob, 2009; Verkhratsky and Butt, 2013). Examination
of Albert Einstein’s postmortem brain, showing an
increased GNR in some regions of his cortex, appeared
to support this idea (Diamond et al., 1985; Witelson
et al., 1995; Fields, 2009; Koob, 2009). The development of a more efficient cell counting method, the IF,
made it possible to reexamine GNRs and to survey a
much larger number of species, and in more detail
(Azevedo et al., 2009; Herculano-Houzel, 2009, 2011,
2012, 2014). The results of these studies, comparing
cell numbers and GNRs among a wide range of species,
has shown that brain size does not scale universally
with neuron number, that different mammalian species
such as primates and rodents scale differently, that cell
numbers in cerebral cortex and cerebellum evolve in a
coordinated fashion, and that glia density and sizes
vary much less than neuronal density and sizes. The
GNR is highly conserved between structures and species, pointing to an important and close regulation of
glia numbers (scaling) in response to, or regulated by,
neuron density and neuron sizes (Herculano-Houzel,
2012, 2014; Mota and Herculano-Houzel, 2014). Most
important, a GNR of 10 would indeed have made the
human brain extraordinary—but that is not the case:
The human ratio of non-neuronal to neuronal cells of 1
is similar to that of other primates, firmly establishing
humans as nonoutliers (Herculano-Houzel, 2012). Thus,
the new studies comparing GNRs of different primate
brains have shown that the human brain and its neocortex have “hardware” and cellular contents that are
expected for its body size and are not extraordinary in
their cellular composition. Accordingly, efforts to explain
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underlying mechanisms of humans’ cognitive abilities
must look elsewhere (Dicke and Roth, 2016). Such new
insights and new directions depended on the development and implementation of accurate and efficient
counting methods.

How are glia and neuron numbers controlled
during development?
Neuron and glia numbers and their ratios fluctuate
within relatively narrow ranges, even in different species
and different adult brain structures, emphasizing the
importance of optimal quantitative relations between
cell types. How these ratios are accomplished during
development has been unclear, although it has been
shown that the GNR increases markedly during early
postnatal development (M€uhlmann, 1936; Brizee et al.,
1964; Bandeira et al., 2009). Using a combination of
the DNA extraction and stereological axon counting
methods, Martin Raff’s group counted retinal ganglion
cell axons and quantified glial cells in the optic nerve
and tract; they made significant advances by showing
that mice with genetically increased numbers of retinal
ganglion cells and axons caused corresponding glial
cells to increase their numbers proportionally (Burne
et al., 1996). These results implied that the neurons
(retinal ganglion cells) communicated signals either to
glial cell precursors to proliferate or to existing glia to
allow more of the already produced glial cells to survive, so that a constant (presumably optimal) ratio
between neurons or axons and supporting glial cells
was maintained in the mice with increased neuron numbers (Burne et al., 1996). Thus, cell counting studies
helped to advance a new field of study: neuron–glia
interactions and signaling between these two types of
cells in the brain, leading to a better understanding of
how neurons and glia interact, communicate, and
depend on each other during normal development of
brains, as well as during abnormal development and
disorders of the brain (Araque et al., 2001; Kettenmann
and Ransom, 2013).

ORIGIN OF THE CLAIM OF ONE TRILLION
GLIAL CELLS
The notion of a 10:1 GNR dates back to the 1950s,
as can be seen in Table 6. We found that the earliest
published accounts by brain and glia scientists—Glees
(1958), Pope (1958), and Galambos (1961)—included
qualifiers (such as “perhaps”) in their estimates of a
10-fold abundance of glia over neurons, or they used
vague terms such as “glia cells . . . in higher animals
are extremely numerous” (Bullock, 1967, page 348). On
the other hand, Hyden, a glia researcher (Hyden, 1960,

1961, 1967a) was more assertive and proclaimed: “The
glial cells outnumber the nerve cells by a factor of
around 10,” and this was stated in the context of “the
central nervous tissue,” quoted from the chapter “The
Neuron” in the influential series “The Cell” (Hyden,
1960, page 287), among other texts (e.g., “the glia are
by far the most numerous cells,” Hyden, 1967b, page
248). This makes it sound as if a 10:1 GNR was a
known fact. How does a new finding become a
“scientific fact”? This process has been described as
follows: “At each stage, researchers submit their work
to be examined by others with the hope that it will be
accepted. This process of public, systematic skepticism
is critical in science.” . . . “Bypassing the standard
routes of validation can short-circuit the self-correcting
mechanisms of science” (Committee on the Conduct of
Science, 1989, page 9065). In the case of the GNR,
the normal scientific process of peer review and gradual validation was essentially “short-circuited.” One
researcher or a small group of researchers convinced
their contemporaries and their successors by making a
claim (that should have been worded as a testable
hypothesis) sound as if it was common knowledge and
therefore did not need a primary reference or other
citations. Neuroscientists, then, with very few exceptions, copied it from review to review and from textbook to textbook for over half a century (Table 6),
before it was exposed as one of the most persistent
scientific myths of recent history (Firestein, 2012).
What made Hyden so convinced about a global 10:1
GNR? The key to understanding this conviction may lie
in the context of Hyden’s own research area, which
were the large Deiters neurons in the lateral vestibular
nucleus (Hyden and Pigon, 1960). These brainstem
nuclei indeed have a very large GNR—later determined
and verified to be about 30–50 (Blinkov, 1963; Ponomarev, 1966; Blinkov and Glezer, 1968). Accordingly,
Hyden was used to seeing neurons surrounded by a
large number of glial cells, and it is likely that this contributed to his and others’ belief that such an arrangement was representative for the entire mammalian and
human brain (Nicholls, 1991). As revealed by the work
of Blinkov and Glezer (1968) as well as Th€orner et al.
(1975), the GNR can vary substantially among different
brainstem nuclei—thus, the assumption that the distribution in one small nucleus of the brain was representative for the whole brain likely contributed to the widely
overstated GNR in reviews and textbooks (Table 6).
Unfortunately, we cannot ask Hyden what made him
believe in the 10-fold GNR—he died in 2000 (Hertz
et al., 2001; Delgado and Estanol, 2013). Although
Hyden appears to have been the driving force behind
the initial formulation of the myth, he was not the only
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one who propagated the abundance of glial cells. In the
late 1950s and early 1960s, it was widely believed that
glial cells, and in particular oligodendrocytes, were the
most numerous among the cell types in the human
brain (Pope, 1958), although Schlote (1959) found
fewer oligodendrocytes than neurons in most layers of
human cortex. It is obvious that there seemed to be a
general consensus in the late 1950s and early 1960s
that glia far outnumbered neurons, as also stated in a
memorandum of the RAND Corporation (Maron, 1963),
as well as in the popular book first published in 1963
by Isaac Asimov, a science fiction writer and professor
at Columbia University (Asimov, 1963) (Table 6). The
notion appears to have originated as an inadvertent
mistake, with no evidence of deliberate manipulation,
as in other instances of misinformation in science
(Proctor and Schiebinger, 2008).

PERPETUATION OF THE CLAIM
In the previous section we examined how the claim
originated. Here we examine the question “how did that
first, wrong number become so widespread?” (Firestein,
2012, page 27). Is it true, as Firestein surmises, that
“textbook writers . . . just picked it up from one another
and kept passing it around”? Once the notion of an
overabundance of glia relative to neurons had formed
and had been incorporated into early influential textbooks (Hyden, 1960; Kuffler and Nicholls, 1976; Kandel
and Schwartz, 1981), the notion was treated as a fact,
and the abundance itself was rarely questioned; rather,
it became largely reduced to the question of by exactly
how much glia outnumbered neurons, whether it was
5:1, 10:1, or 50:1.
There is a certain irony in that the perpetuation of
the claim was to a large part due to errors in Kandel’s
textbook editions (Table 6), which helped glia biologists
to advance their arguments of glial neglect (e.g., Fields,
2009; Koob, 2009), yet at the same time, Kandel was
criticized for promoting the “neural dogma” and ignoring the importance of glial cells (Merrill, 2009).
Our review of textbooks and other published reports
on the GNR and neuron and glia numbers shows that
reports can be divided into three types. 1) A few authors
remained cautious and stated a wide range, used nonspecific terms (“large number”) or said that numbers or
ratios were unknown (Hubel, 1979; Nauta and Feirtag,
1979; Jacobson, 1991). 2) Other authors reported numbers based on particular studies and datasets (their own
or others) and properly cited the original reference(s)—
this was also relatively rare (Blinkov and Glezer, 1968;
Szentagothai, 1983; Haug, 1986; Williams and Herrup,
1988; Azevedo et al., 2009; Andrade-Moraes et al.,
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2013; Verkhratsky and Butt, 2013; Table 6). 3) A large
majority of reports cited a specific number or small
range, making it sound as if the exact number or ratio
was known, but did not provide any reference (Table 6).
The claim of an overabundance of glial cells spread
beyond quantitative brain science and reached diverse
areas of society: the policies of federal funding agencies
that decide on brain research funding, the National Institute of Neurological Disorders & Stroke (NINDS); public
educational databases (BrainFacts.org) established by
major neuroscience societies and foundations (Society
for Neuroscience, the Kavli Foundation, GATSBY); the curricula of medical, graduate and undergraduate students,
and the media such as National Public Radio (NPR).
For example, the director of NINDS stated during an
NPR interview that was nationally broadcast in the USA in
2013 that the human brain contained “trillions” of nerve
cells. NINDS publishes an annual narrative for justification of neuroscience research funding to the legislature.
These narratives mirror the misleading statements about
glia–neuron ratios in the textbooks, and are factually
wrong, but reflect the “textbook knowledge” of their
times: “glial cells far outnumber nerve cells in the brain”
(NINDS, 2001, section: “Neural Environment”); “nonneuronal cells . . . far outnumber nerve cells in the brain”
(NINDS, 2011, section: “Neural Environment”); “nonnerve cells, called glial cells, outnumber nerve cells in the
brain” (NINDS, 2015 and 2016, section: “Neural Environment”) (years indicate the fiscal year of the narratives).
Several BrainFacts articles, some as recent as
2012 (http://www.brainfacts.org/Brain-Basics/Neuroanatomy/Articles/2012/The-Neuron) and 2013 (http://
www.brainfacts.org/Brain-Basics/Cell-Communication/
Articles/2013/Neuroglia-and-the-Brain) repeat the old,
incorrect information as “brain facts.”

Missed opportunities to refute the notion
Blinkov and Glezer (1968) compiled a wealth of data,
but failed to realize that the GNR, the neuron numbers,
and their own glial cell numbers for the whole brain
“did not add up.” Maximally 130 billion glia with a 10:1
GNR could not be true, because that would cap the
total number of neurons at 13 billion, but there were
10–16 billion neurons in cerebral cortex alone, plus at
least 10 billion neurons in cerebellar cortex (granule
neurons alone), and possibly up to a total of 100 billion
neurons in cerebellar cortex. This should have been a
warning signal—that the GNR could not exceed 6.5:1
(130:20 5 6.5), and probably was much lower, possibly
as low as a GNR of 100:116 which equals 0.86:1. Haug
(1986) had calculated the numbers of glia and neurons
to be equally low, with a low GNR—with a remarkable
accuracy, as revealed in hindsight. He was a founding
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member of the International Society of Stereology and
a prolific worker, with more than 160 publications
(K€
uhnel, 2003), yet he does not appear to have made
any efforts to refute the prevailing numbers. Most influential for the propagation of those numbers appear to
have been the textbooks of prominent neuroscientists
such as Kuffler and Nicholls and the textbook by Nobel
laureate Kandel and his colleagues. While at Harvard,
Kuffler was a mentor not only to Kandel, but also to
Hubel and Wiesel (both of them also Nobel laureates).
Kuffler, the founder of the Department of Neurobiology
at Harvard, is admired as the “father of modern neuroscience” and the “most dominant figure in experimental
neuroscience in the 1960s and 0 70s” (McMahan, 1990,
book description), and Kandel’s textbook editions have
been praised as the “bible of neuroscience” (Lambert
and Kinsley, 2004; Darlington, 2009). Endorsement of
the prevailing numbers by the most accomplished neuroscientists thus was a formidable influence. We conclude that there is not one single predominant reason,
but a combination of factors that contributed to the
notion of one trillion glia and its perpetuation: These
factors include failure to realize that the numbers did
not add up; focus on parts of the human brain that
were not representative; neglecting the role of the cerebellum; missing primary literature; copying information
from previous reviews without scrutiny; inaccurate quoting of others’ work, and hesitation to challenge the prevailing dogma (Ioannidis, 2012; Nuzzo, 2015).

RELUCTANT ACCEPTANCE OF THE
REFUTATION OF THE CLAIM
The first challenge to the statements of one trillion
cells in the brain and a GNR of 10:1 came with the estimation of a total number of no more than 130 billion
glial cells (Blinkov and Glezer, 1968). However, the significance was not realized. The second challenge came
with Haug’s estimate of less than 50 billion glial cells
and a GNR of less than 1 (Haug, 1986). Again, these
estimates were not placed in context, numbers were
not compared with those taught in textbooks, and discrepancies therefore remained hidden. The third challenge was based on data obtained by the IF, which
showed that the cellular composition of the human
brain comprised an average of 86 billion neurons, 85
billion non-neuronal cells, and thus rendered a GNR of
less than 1:1 (Azevedo et al., 2009). This time, the significance of the findings was realized, and the authors
drew attention to the discrepancies and made considerable efforts to locate the source of the prevailing erroneous estimates (Herculano-Houzel, 2009; Hilgetag and

Barbas, 2009; Firestein, 2012; Yuhas and Jabr, 2012)
(Fig. 3).
Some gliabiologists and neuroscientists, however, disagreed: the IF had not yet been validated against the
current standard in the field, stereology (Yuhas and
Jabr, 2012; Carlo and Stevens, 2013; Verkhratsky and
Butt, 2013; Charvet et al., 2015), although the estimates obtained with the IF for the human brain were
very close to those in the literature, where they existed
(Azevedo et al., 2009). Indeed, the possibility that a significant fraction of cell nuclei were not recovered or
were damaged in the IF method was not addressed in
the initial publication, despite concerns that the dissociation, isolation, and purification methods might damage
glial or neuronal cell nuclei preferentially. In fact,
notions have been controversial whether destruction of
nuclei may affect primarily the larger, neuronal nuclei
(Lovtrup-Rein and McEwen, 1966; Clarke and Oppenheim, 1995) or the smaller, glial cell nuclei (Hadjiolov
et al., 1965; Kato and Kurokawa, 1967). Initial concerns
were for unfixed tissues and nuclei (Hadjiolov et al.,
1965; Lovtrup-Rein and McEwen, 1966; Kato and Kurokawa, 1967), but also for fixed tissues (Clarke and
Oppenheim, 1995). For example, Hadjiolov et al. (1965,
page 383) wrote that “According to an analysis of the
nuclear size distribution, a considerable loss of smaller
nuclei (10 to 20l2), mainly from glial cells, occurs during the purification procedure” and that “the purification
procedure results in a considerable loss of smaller
nuclei (10 to 20l2) which most probably originate
from oligodendroglial and microglial cells” (Hadjiolov
et al., 1965, pages 385-386). “The greater number of
smaller nuclei were lost during the ordinary isolation
procedure” (Kato and Kurokawa, 1967, page 658).
Other researchers, however, were concerned that the
larger, neuronal nuclei were more fragile: “Because of
their extreme fragility, . . . brain nuclei, mainly those
from neurons and astrocytes, are easily disrupted during the homogenization procedure” (Lovtrup-Rein and
McEwen, 1966, page 406). And: “large numbers of cells
might be ruptured by the dissociation procedure . . .
this concern is supported by the fact that Zamenhof’s
total large cells . . . was 1.75 3 105 on average,
whereas counts in histological sections of only the Purkinje cells . . . came to 2.62 3 105” (Clarke and Oppenheim, 1995, page 301). More recent concerns stated:
“This ‘isotropic fractionation’ technique can not be considered flawless, of course. We do not know how many
nuclei are lost in the process . . .” (Verkhratsky and
Butt, 2013, p 95; see also: Yuhas and Jabr, 2012).
Recent calibration studies have dispelled these concerns and validated the IF against other counting methods,
including stereology (Bahney and von Bartheld, 2014;
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Miller et al., 2014). Approaches used were to examine
adjacent samples of white matter to directly compare the
methods of IF, histology/stereology, and DNA retrieval. In
addition, the two cerebral hemispheres of the same nonhuman primate were examined with IF and stereology, again
showing equivalency between methods (Miller et al.,
2014). Furthermore, original data based on histological
sections are consistent with a 1:1 ratio.
Still, some researchers remain unconvinced. Barres
(cited in Yuhas and Jabr, 2012) maintains that glia make
up at least 80% of cells in the human brain, because
growing numbers of glia in the forebrain explain the
increase in total forebrain DNA, based on a report of
Dobbing and Sands (1973). Yet these DNA data are
entirely consistent with the finding that the human forebrain (cerebral cortex, including white matter) has a ratio
of about 4:1 between non-neuronal:neuronal cells
(3.72:1, Azevedo et al., 2009). The problem in the Barres
argument is that the data are from the forebrain (containing only 19% of the brain’s neurons), but he makes
conclusions about the entire brain. The newest (5th) edition of Kandel’s textbook has revised the chapter on the
cellular composition of the brain, which is now coauthored by Barres, from the original “10–50 more glia”
statement to “2 to 10 times more glia than neurons”
(Kandel et al., 2013, page 24). This is an improvement,
but still incorrect, as is the claim of an abundance of
glia over neurons in the human brain (4:1 according to
Barres et al., 2015). Nevertheless, as shown in Table 6,
there now is gradual acceptance of the IF and its conclusions by many neuroscientists and also glia biologists
(Brautigam et al., 2012; Devinsky et al., 2013; Streit,
2013; Verkhratsky and Butt, 2013).
We wish to emphasize that just because glia are less
numerous in the brain than neurons, and far less numerous than previously thought, this does not mean in any
way that glia are less important. On the contrary, glial
cells perform a long list of essential functions (Baumann
and Pham-Dinh, 2001; Haydon, 2001; Ullian et al., 2001;
Doetsch, 2003; Nedergaard et al., 2003; Allen and
Barres, 2009; Fields, 2010; Han et al., 2013; Kettenmann and Ransom, 2013; Verkhratsky and Butt, 2013).
The extraordinarily conserved numerical relationship
between glia and neurons over at least 90 million years
of evolution alone indicates that glia cells and their relation with neurons and brain function must be extremely
important (Herculano-Houzel, 2014). A precise balance
of glia to neurons in human brain regions seems essential for normal function and this balance is disturbed in
disease and trauma (see below). The IF may prove to be
a reliable and efficient tool to not only provide insights
into brain evolution (Herculano-Houzel, 2009), but also
to probe suspected changes in glia and neuron numbers
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within dissectable regions of the human brain of patients
with neurological and psychiatric diseases (Andrade-Moraes et al., 2013; Herculano-Houzel et al., 2015).

ROLE OF THE IF IN FUTURE RESEARCH
A large number of neurological and psychiatric diseases have been implicated with abnormal glia numbers
or GNRs. The earliest such reports originated in the
19th century (Hammarberg, 1895; Ferrero, 1947; Friede,
1953; Hempel and Treff, 1959; Schlote, 1959). While
the degree and localization of abnormalities differed
considerably between studies (Ferrero, 1947; Rowland
and Mettler, 1949; Hempel and Treff, 1959; Benes,
1993; Ong€ur et al., 1998; Harrison, 1999; Vawter et al.,
2000; Todtenkopf et al., 2005; Bernstein et al., 2015;
Elsayed and Magistretti, 2015), changes in glial cell
number, densities, or GNRs in discrete brain regions
have been confirmed in more recent studies employing
stereological or IF methods for diseases including
autism spectrum disorders, mood disorder, depression,
schizophrenia, and Alzheimer’s disease (Rajkowska,
2000; Cotter et al., 2001; Hof et al., 2003; Vostrikov
et al., 2007; Morgan et al., 2010; Karlsen and Pakkenberg, 2011; Andrade-Moraes et al., 2013; Verkhratsky
et al., 2014).
Early research into glia abnormalities (as described
above) was much forgotten—so much so, that the significance of glial changes in psychiatric diseases had to
be rediscovered in 2000 (Coyle and Schwarcz, 2000,
page 92) “. . . for too long, glial cells have been grossly
neglected when thinking about the neurobiological features of psychiatric disorders"; “. . . in the next century
glia will no longer remain the silent majority of brain
cells but will assume a major focus of interest in the
study of the causes and treatment of neuropsychiatric
disorders."
However, the lack of reliability, validity, and therefore
trust in quantitative data has been a major impediment
to progress in defining the potential roles of numerical
glia abnormalities in neurological and psychiatric diseases. As mentioned in previous sections of this review,
there have been multiple examples where initial reports
of numbers or ratios of glial cells and neurons could
not be replicated or had to be substantially revised,
even within the same group of investigators or when
using the same type of counting technique (Pakkenberg
and Gundersen, 1988; Guillery and Herrup, 1997;
Schmitz et al., 2001; von Bartheld, 2001; DorphPetersen, 2004; Abitz et al., 2007; Nielsen et al., 2008;
Dorph-Petersen et al., 2009; Herculano-Houzel et al.,
2015). Therefore, meta-analyses have become common
to explore the status and validity of previously
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published quantitative studies (Harrison, 1999; Rajkowska, 2000, 2002; Hof et al., 2003; Lyness et al., 2003;
Palmen et al., 2004; Todtenkopf et al., 2005; Courchesne et al., 2007; Amaral et al., 2008). Unfortunately,
meta-analyses have not been able to resolve all controversies about glia numbers and ratios in human neurological and psychiatric diseases, especially when the
primary data were based on densities or ratios, rather
than absolute numbers, and using profile counting or
even stereology. Use of design-based stereology does
not, unfortunately, guarantee unbiased results—there
can be significant numerical differences between studies, indicating that these techniques are not infallible
(Herculano-Houzel et al., 2015).
For this reason, there is hope that the recently developed alternative to histological counting methods, the
IF, may emerge as a more robust option to obtain and
validate quantitative data about glia and neuron numbers and their ratios in deceased patient’s brains. IF
technology is a relatively fast and simple procedure,
and compatible with a large range of fixatives, which
makes this approach more versatile than histological
approaches (Bahney and von Bartheld, 2014). It is yet
too early to tell, but this alternative counting technique
may provide a much-needed verification and validation
of previously reported numerical abnormalities in glia
and neurons in various neurological and psychiatric
diseases.
It is important that quantitative studies of glia and
neuron composition refer to the whole body of published information, take into account all relevant studies, and compare new data with previously published
work. Too often in the history of cell quantification have
discrepancies between investigators, studies, and techniques remained hidden. We hope that our review will
help to facilitate comparison with previous work. More
careful scrutiny of relevant studies, including primary
sources, would increase transparency to better compare studies, data, and techniques, and would contribute to resolve conflicting opinions and uncover faulty
techniques, as Paul Glees forewarned more than 60
years ago (Glees, 1955).
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