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Abstract
Glial cells in the brain are as numerous as neurons, but their organization is less understood. One view suggests that glial organization is 
similar across brain regions. To better understand glial organization, we examined functionally and architecturally diverse neural 
circuits in humans, other primates, carnivores, and rodents using histology and single nucleus RNA sequencing datasets. We focused 
on microglia, oligodendrocytes, and astrocytes, which constitute the major glial cell types. Across mammals, while glial volume 
densities and proportions of glial cell types are preserved within a region, they vary across regions in the brain, suggesting that glial 
organization is not uniform but circuit-dependent. Additionally, the ratio of glia to neurons increases with brain volume according to 
a 1/4 power law in the primate frontal cortex, the neocortex, the piriform cortex, and the cerebellum. These findings show that glial 
and neuronal development and function are tightly coupled, and a circuit’s function depends as much on its glia as its neurons.
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Significance Statement

While many studies focus on neurons in cognition, fewer examine glia, which are crucial for memory, plasticity, circuit communica
tion, and brain health. Consequently, principles of glial organization are less understood. We present a framework for glial organiza
tion in mammals, where each brain region has unique, conserved glial densities and compositions that distinguish it from other 
regions. Additionally, glia-to-neuron ratios scale consistently across species and circuits, revealing a tight coupling between glia 
and neurons. These organizational features, observed across mammals including humans and other primates, highlight their central 
role in a circuit’s architecture and their importance in understanding cognition and brain health.
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Introduction
Numerous studies have examined how neuronal components 
in brain circuits scale with brain size (1–5), a strategy that 
has improved our understanding of circuit design by linking 
architecture, information coding, and function (4, 6, 7). 
Neurons, however, are only half the story, with brains contain
ing just as many glial cells (8). A similar in-depth quantitative 
examination of glial features, however, is limited to a few spe
cies or gross brain structures, e.g. the neocortex (9, 10). 
Quantifying features of glial organization across brain areas 
and species is a critical step in identifying patterns of corre
lated glial and neural features and generating hypotheses 
about why and how these features are related. Here, organiza
tion refers to the spatial distribution of glial cells, which can be 
inferred from measurements of cell densities and relative 

ratios—either between glial cell types or between glial and 
neuronal cells.

Like neurons, glia are morphologically and functionally distin
guishable into several types (11). The three major types include as
trocytes, which are involved in critical functions such as synaptic 
transmission and plasticity, synchronization of neural networks, 
and energy metabolism (12–16); microglia, which play a key role 
in local immune responses through phagocytosis (17); and oligo
dendrocytes, which enhance neuronal communication by provid
ing axon myelination (11, 18, 19). Previous studies have aggregated 
these distinct cell types when examining gross brain regions like 
the neocortex (9, 20). As a first step, the studies have been insight
ful, such as Sherwood et al. (10) showing that glia-to-neuron ratios 
or GNRs increase with bigger brains in the prefrontal cortex in pri
mates. Bigger brains have greater neuronal (and network) 
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complexity and energy demands, and a greater number of glia pre
dicted by GNR scaling laws helps meet this demand.

To understand glial systems better, we need to build on such 
studies by advancing to the next step of understanding how indi
vidual glial cell types vary across circuits and species. Current evi
dence suggests that glial compositions, i.e. the proportions of 
different glial cell types, are similar across circuits (21). But, neur
al circuits vary by the functions they perform and this is reflected 
in their connectivity and neuronal cell composition (4, 7, 22). If 
neuronal organization is unique to a circuit, and glial cells support 
neuronal function, shouldn’t they also be unique? And shouldn’t 
glial features be conserved within conserved circuits within the 
same circuit across species?

We can test these hypotheses by quantifying glial compositions 
across circuits and species in two complementary ways. First, we 
can directly count each glial cell type within circuits and compare 
them (and compositions) across circuits and species to determine 
if glial organization is conserved within circuits but varies be
tween them. Second, when direct cell-type counts are not feasible, 
we can use glial cell densities as a proxy for composition. 
Additionally, if glial densities are preserved within circuits but 
neuronal densities change predictably across species, then GNRs 
should reveal systematic scaling relationships between glial and 
neuronal organization across brain sizes.

To test these predictions across diverse neural architectures, we 
chose to examine four circuits that represent a measure of diversity 
present in brain circuits. Circuits can be distinguished on the basis of 
their (i) connectivity—topographic (there is a map or connections are 
predictable, e.g. the visual circuit where nearby neurons in the retina 
connect to nearby neurons in V1) or distributed (connections are un
predictable, e.g. connections from the olfactory bulb (OB) to piriform 
cortex (PCx)), (ii) lamination—number of layers, (iii) function—the 
kind of information that is processed, and (iv) circuit size in neuron 
numbers. Based on these factors, we examined the anterior piriform 
cortex or APCx, posterior piriform cortex or PPCx, the entorhinal cor
tex or ECx, and the cerebellum across species. These regions are sig
nificantly distinct from the well characterized neocortex, and each 
other. The cerebellum contains 70% of the neurons in the human 
brain (23–25) and has a unique type of “specialized” radial astrocytes: 
the Bergmann glia. The anterior and posterior piriform cortices 
(Fig. 1a) are both trilaminar structures with distributed connectivity 
(26). Finally, the entorhinal cortex (ECx) is a multimodal circuit that 
mixes sensory information from topographic and distributed cir
cuits for higher cognitive tasks such as spatial navigation (27, 28). 
Importantly, our study covered a range of species including humans, 
other primates, carnivores, and rodents. We used diverse methods 
including histology, transgenic mice, and analyses of single nucleus 
RNA sequencing (snRNAseq) datasets.

We found three key glial organizational properties across diverse 
circuits and species. First, glial densities remain constant within a cir
cuit across species while varying between circuits. Second, glial cell 
compositions, too, are conserved within circuits but differ between 
them, suggesting that individual glial cell types play consistent roles 
within each circuit across species. Third, GNRs increase with brain 
size at similar rates across different circuits, implying strong coup
ling between neurons and glia. Thus, each circuit has a unique glial 
organization, which evolution has maintained across species.

Materials and methods
In this study, we conducted experiments to measure the number of 
glia in PCx and ECx in Mus musculus (mouse), Rattus novergicus (rat), 
Cavia porcellus (guinea pig), Mustela putoris furo (ferret), Monodelphis 

domestica (short-tailed opossum), Felis catus (domestic cat), Macaca 
mulatta (rhesus macaque), Callithrix jacchus (marmoset), and Homo 
sapiens (humans) using Nissl (Figs. 1 and 2), immunofluorescence 
(IF, Figs. 1 and 5), and immunohistochemistry (IHC, Figs. 1, 2, and 
5). Animal care protocols were approved by the Salk Institute 
Animal and Use Committee and conform to US Department of 
Agriculture regulations and National Institutes of Health guidelines 
for humane care and use of laboratory animals. Below, we provide a 
brief description of the methods we used for staining, obtaining cel
lular and volumetric estimates of each circuit, and the analysis 
done on single cell sequencing datasets. For detailed descriptions, 
please refer to Supplementary methods.

Histology and staining
Here, we used similar procedures to earlier studies (7, 9, 29) to per
form histology. We describe them briefly here and in more detail 
in Supplementary methods. To validate the use of Nissl stains, 
we took advantage of available human, marmoset, and mouse tis
sue to examine counts of individual glial-types using DAB (DAB, 
3,3’-diaminobenzidine) staining (Figs. 2 and 6) as previously 
done (30) and immunofluorescence (IF) staining, and compared 
them with counts obtained on tissue that were Nissl stained. We 
could not extend DAB or IF staining to other species due to lack 
of available tissue, and used Nissl stains, instead. In this regard, 
the use of Nissl stains with stereological methods, combining light 
microscopy and morphological criteria, are still among the most 
efficient, especially when it is necessary to differentiate and count 
large quantities of glia and neurons across the layers of different 
brain regions and the brains of multiple species.

Stereology and volumetric estimates
We used stereology and volumetric estimates to estimate the 
density of glia and individual glial cell-types across layers of the 
anterior piriform cortex (APCx), the posterior piriform cortex 
(PPCx), and entorhinal cortex (ECx) with the help of Neurolucida 
(version 10.53; MBF Bioscience, Wilmington, VA, USA) at low mag
nification (2× and 4× objectives) based on standard atlases and 
primary literature (26, 31–34). To estimate cell number we exam
ined 10 or 20 μm-wide columns, perpendicular to the pial surface, 
extending down to the boundary of the deepest layer, which we 
delineated with the Neurolucida contours option. The sections 
and columns within them were chosen so that we had equal 
coverage of the region along the rostral-caudal and dorsal-ventral 
axes. For obtaining surface area density counts (number of glia/ 
mm2), three measures were used: the width of the column, the 
thickness of the section, and the number of neurons in the col
umn. Columns were randomly chosen while ensuring that they 
were close to perpendicular to our coronal cut and the surface 
of the brain (as an illustration, Table S6 shows the number of col
umns in each species for APCx). We used the same procedure for 
Nissl, IF, DAB staining, and Sox9-EGFP mice.

Statistical analysis
We performed two types of statistical analyses. First were analyses 
for significance of the results we reported in Figs 3, 4, 5, 6, S2, S3,
and S4. We computed the R2 and Pearson’s correlation coefficient 
using the R statistical programming language, and listed them in 
the figures and the results section of the main text. Second, we per
formed analyses on transcriptomic datasets across several brain 
regions in primates from (36–38). Briefly, Fig. 7a contains an ana
lysis of the dataset from (36) who examined cell types in the middle 
temporal gyrus or MTG of five primates: gorilla, chimpanzee, 
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Fig. 1. Identification of neurons, glia, astrocytes, and oligodendrocytes in histological sections of the APCx. a, left panel) Nissl-stained coronal section in a 
mouse showing the three layered piriform cortex. Layer 2 is readily identifiable because of the extremely high density of neurons; layer 1 is cell-scarce, 
and layer 3 has intermediate cell density. Scale bar: 500 μm. a, right panel) Magnified image of (a, 2× magnification) at a 100× magnification showing 
neurons and glia in layer 3. Neurons (two white arrowheads) are distinguishable from glia (three red arrowheads) by their larger size and morphology (glia 
appear smaller and are more punctate, see Supplementary methods for detailed descriptions). b, left panel) Example of a section of the APCx of 
Sox9-EGFP mice co-labeled with the neuron marker, NeuN. Astrocytes and neurons are false-colored in green and red, respectively. The density of NeuN 
labeled cells clearly distinguishes layer 2 from the other layers. Scale bar: 200 μm. Inset dotted line square (edge length: 200 μm) is shown on the right 
panel with arrow heads marking neurons (left arrowhead) and astrocytes (right arrowhead). c) The left and right panels show the same image as (b, right 
panel) with only neurons (marked in red, left) or glia (marked in green, right). d, e) A coronal section through mouse (d) and marmoset (e) APCx labeled for 
Astrocytes (GFAP, red), Oligodendrocytes (OLIG2, green), Neurons (NeuN, white), and DAPI. See Figs. S7 and 6 for a magnified view of mouse and 
marmoset APCx, respectively. Astrocytes are discernible by the processes surrounding the soma which has a purple/pink color from colabeling by GFAP 
and DAPI, and oligodendrocytes are discernible by a bluish green color from colabeling by OLIG2 and DAPI (Figs. 2c, S7a, and S9c). Scale bar is 100 μm. 
APCx, anterior piriform.
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a b c

Fig. 3. Glial volume densities were constant across species in APCx The APCx volume (a) and number of glia contained in it (b) increase with brain volume. 
c) Despite significant differences in APCx volume and absolute number of glia across the different species studied, the number of glia per mm3 was 
approximately the same, being an excellent fit for the equation, y = 43,500× with an R2 of 0.98 (95% CI: 39,890–48,090 glia/mm3). See also Tables S1 and S2
for the numerical values plotted in the graphs. APCx, anterior piriform cortex.

a b

d e

c

Fig. 2. Glia in the anterior piriform cortex of mice. a–c) high magnification images of the anterior piriform cortex in a mouse stained with DAB or IF for 
marking astrocytes, microglia, and oligodendrocytes. In (a, b), the glial cell types can be distinguished (marked by arrows) by cells co-stained with DAB in 
brown and Nissl in blue. In c), oligodendrocytes are marked by co-staining of OLIG2 in green and DAPI in blue. a) Microglia marked for IBA1. b) Astrocytes 
marked for SOX9. c) Oligodendrocytes marked for OLIG2. White arrowheads highlight glial cell types co-stained with DAB and Nissl, and IF. d, e) Estimates 
of number of cells under a mm2 of anterior piriform cortex using DAB and Nissl, and IF staining. d) Shows the estimates of the total number of glial cell 
types measured with DAB and Nissl, and IF stains. The dab/if staining bar on the right is broken into three sections, each section a different color denoting 
the three major glial cell types: sox9 in gray for astrocytes (bottommost), iba1 in light blue for microglia (middle), and olig2 in dark blue (with IF, top). The 
bar on the left denotes the estimate of total number of glia under a mm2 of surface measured in Nissl stains. The error bars are SEM, for an n of 2 for both 
estimates, and the dab/if staining SEM is calculated by error propagation assuming independence between DAB and IF staining. e) Shows overall glia and 
each glial cell type distribution across layers. The nissl bar shows the total number of glia in every layer, and the other three show the individual 
distribution of each glia-type in every layer. Scale bar: 100 μm for a and b, and 25 μm for (c). See Fig. S4 for the distribution of glial-cell types in each layer. 
Protein marker names (sox9, olig2) and histological stains (nissl, dab) in data plots are shown in lowercase as a visual convention for quantitative 
measurements of positive cells or stained areas. DAB, 3,3’-diaminobenzidine; IF, immunofluorescence; SEM, standard error of the mean.

a b c

Fig. 4. Glial volume densities were constant across species in ECx. The ECx volume (a) and number of glia contained in it (b) increased with brain volume 
across the species studied. c) The number of glia per mm3 was approximately the same in the ECx across the species studied, and was fitted with a line 
represented by the equation y = 11,000× with an R2 of 0.97 (95% CI: 7,490–12,570 glia/mm3). See also Tables S1 and S2 for the numerical values plotted in 
the graphs, and Fig. S4d for a comparison of densities between regions. ECx, entorhinal cortex; CI, confidence interval.
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marmosets, macaques, and humans. Figure 7b contains an ana
lysis of datasets from (37, 38), who examined cell types through 
snRNA-seq in rhesus macaques and marmosets, respectively.

Results
Our goal with this study was to test if glial measures such as dens
ities, cell-type compositions, and number of glia relative to neu
rons can be expressed by simple scaling laws in diverse brain 
regions in mammals. A note on densities: We measured two kinds 
of densities, surface area densities that give the number of cells 
under a mm2 of pial surface, and volume densities that give the 
number of cells per mm3. We explicitly mention which density 
we measured. By default, density refers to volume densities. 
First, we wanted to investigate if glial measurements obtained 
with Nissl and other types of staining yielded comparable results 
and could be used interchangeably.

Estimates of glia in anterior piriform cortex with 
Nissl, IHC and IF staining are similar
We began by seeking to ascertain if glia count estimates using 
Nissl stains are accurate, since we only had Nissl-stained tissue 
for all species analyzed. To do so, we used multiple methods to 

estimate the number of glia in mouse anterior piriform cortex: 
Nissl, IHC or DAB, and IF staining. Additionally, we used endogen
ously expressed Sox9 to estimate astrocytes. Figure 1 shows repre
sentative coronal sections (humans in Fig. 6).

First, we labeled three types of glia—astrocytes, microglia, and 
oligodendrocytes—simultaneously with Nissl and DAB staining, as 
done previously (30). We marked astrocytes by staining for SOX9 us
ing DAB, and then co-stained for Nissl (using Thionin). We manually 
counted astrocytes by identifying cells with simultaneous expres
sion of DAB and Nissl (Fig. 2b). We repeated this procedure for 
microglia (marked for IBA1, Fig. 2a), and oligodendrocytes (marked 
for OLIG2, Fig. S9a).

Second, we used IF (see Materials and methods) to estimate 
astrocyte and oligodendrocyte numbers. As shown in Figs. 1d, 
2c, S7a, and S9c, we marked oligodendrocytes using OLIG2 in 
green, astrocytes using GFAP in red, neurons using NeuN in white 
with DAPI counterstaining of nuclei in blue. We found neuron sur
face area densities for the two mice to be 58,101 and 63,000 neu
rons/mm2 agreeing with the published estimate of 58,753 
neurons/mm2 (29), and providing a validation point for the stain
ing and counting procedures.

The estimates of glia by Nissl, DAB, and IF staining were com
parable (Figs. 2d and S7). We compare surface area densities of 
overall glia obtained with Nissl stains (in dark blue) with 

a b

c d

Fig. 5. Glia–neuron ratio increases with the size of the brain. a) GNR in APCx of six mammals shows that in APCx, GNR increases with brain size as y = 0.72x1/4 

(R2 = 0.67, 95% CI: 0.1–0.38). Note that most species have multiple animals that were examined. For number of glia, see Table S1, and for number of neurons see 
Table S3 of Ref. 7). b) GNR replotted from (10) showing that as the size of the primate brain increases, GNRs in PFC increase. The numerical values were fitted 
with a line according to the equation y = 0.3x1/4 (R2= 0.68, 95% CI: 0.14–0.29). c) GNR in the neocortex as a whole measured in six mammals shows that as brain 
volume increases across species, so does the ratio of glia to neurons. The data are fit to a power-law equation y = 0.34x1/4 (R2= 0.88, 95% CI: 0.05–0.3). d) The 
thickness of the cortex increases with brain size, represented here with weight. The data include five insectivores (35) and four mammals (9). The fitted line has 
the equation, y = x1/4, (R2= 0.86, 95% CI: 0.13–0.28). GNR, glia to neuron ratio; APCx, anterior piriform cortex; PFC, prefrontal cortex; CI, confidence interval.
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individual glial cell types (gray—astrocytes, light blue—microglia, 
medium blue—oligodendrocytes) in Fig. 2d. In Fig. 2e, we show the 
breakdown of surface area densities of all glia and individual glial 
cell types by layer. Note that in Fig. 2 we used DAB stains for astro
cytes and microglia but IF stains for oligodendrocytes, as IF stain
ing provided more accurate counts than the lighter DAB staining 
for oligodendrocytes.

Examining DAB vs. IF more closely for oligodendrocytes, we found 
that most of the difference was attributable to layer 3 (compare layer 

3 counts for the two in Fig. S7d), suggesting that DAB estimates of 
layer 3 oligodendrocytes might be an underestimate. In contrast, as
trocytes surface area density with IF (GFAP) was not significantly dif
ferent from DAB (SOX9, Fig. S7b). Thus, individual glial cell type 
counts match well with the overall count of glia (Figs. 1 and S7b).

For astrocytes, we used DAB staining with SOX9 (a nuclear 
marker (39)), and IF staining with GFAP (a marker of soma and 
some of the major processes) to mark different aspects of the 
cell (39, 40). The GFAP staining is lighter in gray matter versus 

a b c

d e f

Fig. 6. Glia in the anterior piriform cortex of humans. a, b) High magnification images of the anterior piriform cortex (PCx) in a human stained with DAB 
for marking astrocytes and microglia. In each image, the glial cell types can be distinguished (marked by arrows) by cells stained with DAB in brown, 
co-stained with Nissl in blue. a) Microglia marked for IBA1. b) Astrocytes marked for SOX9. c) A magnified image of a section of the marmoset APCx shown 
in Fig. 1e. The arrowheads highlight the cells that were measured: oligodendrocytes in bluish green, astrocytes with a pink/purple soma and surrounding 
processes in red, and neurons in white. Scale bar is 10 μm. Cells without these characteristics were not counted. d) Shows the estimates of the total 
number of glial cell types measured with DAB and Nissl stains. The dab staining bar on the right is divided into two sections, each section a different color 
denoting sox9 in gray (bottom bar), and iba1 in light blue (top bar). The bar on the left denotes the estimate of total number of glia under a mm2 of surface 
measured in Nissl stains. e) Comparison of surface area densities in the marmoset with Nissl stains (left bar) and IF stains (right bar). The IF stains 
comprise counts from individual glial cell-types with the bottommost bluish grey bar signifying astrocytes, middle light blue bar signifying microglia, and 
top darker blue bar signifying oligodendrocytes. The microglia numbers here were taken from human DAB staining data on the assumption that primates 
might have similar microglial compositions based on cortical data (Fig. 7 and (36)). f) Replotting the scaling of APCx volume versus number of glia shown 
in Fig. 3c, with human data. The human data point (in red) falls on the regression line with slope 43,000 showing that evolution has preserved glial 
population densities across species. Scale bar: 100 μm. DAB, 3,3’-diaminobenzidine; IF, immunofluorescence.

a b c

Fig. 7. Single nucleus RNA sequencing experiments across primates show glial cells to be a region specific marker. a) Comparison of glial cell 
compositions across the middle temporal gyrus (MTG) of gorillas, marmosets, humans, chimpanzees, and rhesus macaques shows that the proportions 
of each cell type (astrocytes, microglia, or oligodendrocytes) is preserved across species. See Fig. S6 for relative fractions with more nonneuronal cells— 
endothelial cells—as well as a breakup of oligodendrocytes into oligodendrocytes and oligodendrocyte precursor cells. b) Shows the proportions of 
astrocytes (black, left), microglia (red, middle), and oligodendrocytes (blue, right) in seven different brain regions. On the left are results of analyzing 
snRNA-seq data in macaques (37) and on the right are similar studies in marmosets (38). Both show that the combination of cell proportions differ by 
brain region. For instance, if you compare the basal ganglia with the cortex, the basal ganglia have a smaller fraction of astrocytes, but a greater 
proportion of microglia. These data are also plotted in (c). See Fig. S6 for more regions and cell-types being compared. c) An example plot comparing the 
glial cell compositions in two different brain regions in marmosets and macaques. Visual inspection shows that the cell composition is similar in both 
species, in addition to showing that the cortex and basal ganglia differ in their glial cell composition. See Fig. S6 for similar comparisons of five other 
regions. BG, basal ganglia; CX, cortex.
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white matter or reactive astrocytes (41), creating heterogeneous 
labeling that was helpful for observing interlaminar astrocytes 
found closer to the pia (42). These interlaminar astrocytes were 
visible with the more extensive GFAP labeling in PCx of marmosets 
and humans, but not mice (Figs. 1e, 6c, and S7g,h).

We independently validated DAB and IF staining estimates of 
astrocytes in mice by examining the number of astrocytes using 
a Sox9-EGFP mouse, in which astrocytes were specifically labeled 
with GFP (39). As described in the Supplementary methods section, 
Fig. 1 shows coronal sections through the piriform cortex, with 
GFP-positive cells (from Sox9-EGFP mice) marked in green, and 
NeuN-positive cells (denoting neurons) marked in red. Figure S1
shows two comparisons. First, it shows the comparison between 
astrocytes and neurons across the three layers with layer 1 having 
the highest number of astrocytes (Fig. S1a). Second, it highlights 
the similarities in astrocyte/neuron ratios obtained with either 
Sox9-EGFP reporter expression or DAB staining (Fig. S1b), suggest
ing that DAB staining is effective in estimating astrocyte number.

We show later for marmosets that the proportion of astrocyte 
and oligodendrocyte cells captured by IF and DAB stains is similar 
(Figs. 6e and S7e). This consistency demonstrates that DAB and IF 
staining capture the proportions of glial cell types and match the 
cumulative glial numbers with Nissl staining. The finding gave 
us confidence that Nissl stains can be used to estimate glia dens
ities across species, and we present these estimates in the next 
sections.

Having independently validated astrocyte and glial number esti
mates through multiple methods, we examined the distribution of 
glia across layers. Layer 1 contained most of the glia, followed by 
layer 3. Layer 2, which is particularly neuron-rich (Figs. 1a, b and 
S5a), contained the fewest glia. We then examined the composition 
of glia across layers starting with astrocytes. Astrocytes are import
ant for synaptic physiology, transmission and plasticity (11, 43, 44). 
The higher numbers of synapses in layers 1 and 3 compared to layer 
2 (26) suggests that we should observe more astrocytes in layers 1 
and 3. When we examined astrocytes, this was, indeed, the case 
(Fig. 2e). Microglia showed a trend similar to astrocytes with most 
of them located in layer 1, followed by layers 3 and 2 (Fig. 2e). 
Oligodendrocytes, however, deviated from this trend, being highest 
in layer 3. The distribution of oligodendrocytes mirrored that of 
SMI-99 and NF-160 (Fig. S8b), two proteins that label axon filaments 
and myelin, which are produced by oligodendrocytes.

Notably, astrocytes were the biggest proportion of glial cell 
types in layer 1, which contained most of the glia, and thus, astro
cytes were the most prevalent glial cell type. Overall, these fea
tures of glia distribution (Figs. 2e and S5b) might reflect the 
computational processes carried out in each layer (45, 46). 
Having validated our methods, we next use these methods to 
examine conserved trends of glial organization.

The volume density of glia is conserved in both 
parts of the piriform cortex across brain sizes
A previous study (9) showed that glial volume densities are con
served in the motor, somatosensory, parietal, and temporal re
gions of the neocortex of four mammals (21,100 glia/mm3) 
supporting even earlier findings (35) of constant glial volume 
densities in the neocortex of five insectivore species (Fig. S2, 
25,600 glia/mm3, CI: 24,000–27,200). To test if glial volume dens
ities are conserved within other brain regions across species, we 
examined the anterior piriform cortex (APCx) and posterior piri
form cortex (PPCx).

We estimated the total number of glia in APCx of nine mammals 
including humans, other primates, carnivores, and rodents (Fig. 3, 
humans in Fig. 6f) and determined how they varied with APCx size, 
measured in terms of volume and surface area (Fig. 3a–c). Please 
see the volume measurement section in Supplementary methods
on how we calculated a region’s volume and area from reconstruc
tions of coronal sections. We found that the number of glia in
creased proportionally with APCx volume (Fig. 3c, Fig. S2f for log 
scale). The relationship fit the equation NG = m∗VAPCx well 
(R2 = 0.98, NG= number of glia, VAPCx= volume of APCx), where 
the slope m = NG/VAPCx represents glial volume density (gvd): 
43,500 glia/mm3 (95% CI: 39,890–48,090 glia/mm3). Glial cell num
ber was also proportional to APCx surface area (Fig. S2) as APCx 
thickness varied little with size for most species (Table S4).

To validate our calculations, we used additional ways of meas
uring volume densities. First, we estimated glial volume density by 
measuring the surface area density of glia (Fig. S2b, see Tables S1
and S3 for individual animal counts), and the thickness of the 
APCx (Fig. S2c, see Tables S1 and S3 for individual animal counts), 
similar to earlier studies (9). Surface area density and thickness are 
related by the equation gsad = N0 + m∗TAPCx, where gsad is the sur
face area density in glia/mm2, N0 is an additive constant (intercept) 
in units of glia/mm2, TAPCx is the thickness of APCx, and m is the 
slope in units of glia/mm3 (glial volume density). The data fit this 
equation well (Fig. S2d). The regression line had an R2 (coefficient 
of determination) of 0.89, and the volume density of glial cells 
(gvd ) was 55,000 glia/mm3 (95% CI: 24,000–99,000). With the third 
methodology, we directly estimated the average glial volume dens
ity from our measurements of cortical columns across the six spe
cies and found glial density to be 44,249 ± 2,140 glia/mm3 (mean ±  
sem, Table S5), which is not significantly different from the esti
mates obtained from Fig. 3c. Thus, for each glial cell added to the 
piriform cortex, neuropil volume increased by 0.022 nL (1/volume 
density).

As described above, glial volume density calculations using dif
ferent methodologies were not significantly different from each 
other. Therefore, for brain regions where we did not have volume 
estimates, such as PPCx that we describe next, we used these 
methods.

We distinguish APCx and PPCx measurements for three rea
sons. First, unlike APCx, PPCx is marked by the absence of the lat
eral olfactory tract (LOT, which contains olfactory bulb nerve 
fibers to PCx), a lower neuronal density (29), significantly less in
put from the olfactory bulb, and more associative input (26). 
Second, PPCx contains surface-associated astrocytes (SAAs), 
which are unique to this brain region with their direct apposition 
to the cortical surface and large-caliber processes that descend 
into layer 1 (47). Third, functional studies in humans and rodents 
have suggested that PPCx function differs from that of APCx, mir
roring their morphological differences (29, 48–50). In humans (51), 
while APCx ensembles encoded odor identity, PPCx encoded odor 
quality or categories, e.g. showing similar response patterns for 
lemon and lime that can be categorized as citrus fruits. A more re
cent study showed that PPCx neurons are particularly adept at en
coding the differences between odors that are associated with a 
learning task versus those that are not (52). We, therefore, asked 
whether, despite the regional proximity of APCx and PPCx, their 
glial volume densities differ, reflecting functional differences.

Glial volume densities were lower in PPCx compared to APCx 
(Fig. S3c vs. Fig. 3c). As Fig. S3 shows, the width of the PPCx in
creases with increasing brain size, and so does the number of 
glia under a mm2. We obtained volume density by normalizing 
surface area density to PPCx width and from direct volume density 
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measurements (27,000 glia/mm3, Fig. S3d, 95% CI: 22,522–31,180). 
The lower density of glia in PPCx compared to APCx mirrors the 
lower density of neurons in PPCx, the lower number of olfactory 
bulb inputs, and fewer synapses in layer 1. Thus, the concomitant 
decrease in glial density with neuronal density and number of 
synapses suggests glial organization is an additional criterion 
underlying morphological and functional differences between 
the two PCx regions.

Glial volume density in the entorhinal cortex 
remains constant with increasing brain sizes
Next, we investigated if the conservation of glial volume density 
extended to an architecturally and functionally distinct region: 
the entorhinal cortex (ECx, Fig. S8a shows a representative sec
tion), a multimodal circuit that processes inputs from topographic 
(e.g. visual) and distributed (e.g. olfactory) circuits. ECx also inter
acts with the hippocampus (28) and is integral to spatial naviga
tion (27). In this sense, it differs from many of the neocortical 
regions examined in earlier studies and from the anterior and pos
terior segments of the piriform cortex, as these regions are pri
marily sensory regions in which sensory input from peripheral 
organs (e.g. nose and eyes) is processed.

As Fig. 4a–c shows, ECx volumes and glia numbers increase 
proportionally across species. Glia occupy a constant fraction of 
volume in the entorhinal cortex (Fig. 4c) described by the relation, 
NG = 11,000∗VECx (R2 = 0.969, 95% CI: 7,490–12,570; glial density = 
11,000 glia/mm3). Taken together, these data suggest that, for 
any given region, the number of glia per unit volume remains con
stant even as brain size changes. Notably, our data also show that 
the volume density of glia is distinct for APCx, PPCx, and ECx 
(Fig. S4d), with CI for glial volume densities that do not overlap.

The number of glia per neuron increases with 
bigger brains in the paleocortex and neocortex
A previous study of the somatosensory, motor, parietal, and 
temporal regions of the neocortex showed that while neuronal 
volume densities decrease with bigger brains, glial volume dens
ities remain constant, implying that glia to neuron ratios increase 
(9). To test if this trend might be general, we estimated glia–neu
ron ratios (GNRs) and their relation to brain size in brain regions 
besides the neocortex. In the piriform cortex, glia–neuron ratios 
increase with brain size, best described by a power-law equation: 
glia/neurons = 0.7∗V1/4

brain (Fig. 5a), where Vbrain is brain volume. The 
neuron data in Fig. 5a are from a previous study (7), while the glia 
data are from this study. For the piriform alone we had volume 
estimates measured by the same lab (7), and we found that 
GNRs increased even faster with piriform size (Fig. S4i, 
glia/neurons = 0.29∗V0.5

APCx). For other regions, however, we did 
not have volumes from the same lab, so we compared GNRs 
with brain volume as previously done (10).

In a power-law relationship, the dependent variable y is related 
to the independent variable x according to the equation y = axb, 
where a and b are constants. b is called the scaling exponent 
and, when positive, determines how fast y grows with respect to 
x (with negative b’s capture how fast y reduces with x; and when 
b = 1, y’s growth is proportional to x).

We examined other architecturally and functionally different 
regions, to test if such power-laws are observed across the brain. 
In a previous study, Sherwood et al. (10) reported an increase in 
glia–neuron ratios with brain size in the prefrontal cortex of pri
mates. Remarkably, when we replotted their data (Fig. 5b), we 
found that, here, too, glia–neuron ratios increased with brain 

size according to a power-law: glia/neurons =0.3∗V1/4
brain, where 

Vbrain is the brain volume. Interestingly, a 1/4 power-law relation
ship between glia–neuron ratios and brain volume was also ob
served in the cerebellum for the ratio of glia to Purkinje cells: 
glia/neurons =8.75∗V1/4

brain (Fig. S4c, data from Ref. (25)). Glia were 
measured along the extent of the Purkinje cell, which includes 
the Purkinje layer and most of the molecular layer. The brain vol
umes in this plot, as well as in Fig. 5a, were taken from Haug (53), 
and, for the sake of consistency, we only considered glia/neuron 
ratios of animals whose brain volumes were included in the 
Haug study. In summary, GNRs scale with brain size similarly in 
APCx, prefrontal cortex, and the cerebellum.

The conserved GNRs in PCx, PFC, and cerebellum led us to won
der if this might extend to the neocortex as a whole. We examined 
the literature (53–55) and found glia to neuron ratios in six mam
mals, including humans, for the whole neocortex (Fig. 5c). Here, 
too, as brain volume increased, so did the number of glia per neu
ron according to a power-law: glia/neurons = 0.34∗V1/4

brain, suggest
ing that the scaling of glia to neuron ratios might be conserved 
across regions and species.

Explanation for GNR power-laws in neocortex
Why would GNR follow a 1/4 power law? To answer this question, 
we examined data from the neocortex collected in two earlier 
studies (9, 35). Carlo and Stevens showed two principles of conser
vation in mammalian neocortices: glial volume densities are the 
same (gvd: 21,000 glia/mm3) across species, and neuronal surface 
area densities (number of neurons under a mm2 of cortical sur
face) are the same (nsad: 100,000/mm2). From these two findings, 
we can express the number of glia and neurons under 1 mm2 of 
cortical surface as glia = volume∗gvd = gvd∗1∗TNCx = 21,000TNCx, 
and neurons = nsad∗surface area = nsad∗1 = 100,000, where TNCx is 
the thickness of the neocortex. Furthermore, the thickness, TNCx, 
(examined in Refs. (9, 35)) and Fig. 5d, covering rodents, carni
vores, primates, and insectivores) can be expressed as a function 
of brain weight (Wbrain) by the equation, TNCx = W1/4

brain. Thus, GNR is 
given by

GNR =
glia

neurons
=

21,000 ∗W1/4
brain

100,000
= 0.21W1/4

brain. (1) 

The analysis shows that the GNR power-law in the neocortex 
arises because while glial number depends on volume, neuronal 
number depends on surface area. The ratio of glia to neurons is 
equivalent to volume to surface area, which is actually cortical 
thickness, and cortical thickness is related to brain volume by a 
1/4 power-law (Fig. 5d). Interestingly, when we examined data 
available from studies (56) that used a different technique for 
counting, the isotropic fractionator, the same 1/4 power-law 
(Fig. S4g, h) was observed. Collectively, these results, which 
show glia–neuron ratios scaling with brain volume according to 
a 1/4 power law in diverse regions suggest a feature of brain 
organization.

Humans and primates have more glia but a 
similar glial volume density to mice
Previous reports have pointed out that humans might have a high
er number of glial cells than other species (57). To test if this might 
be true, we estimated the number of glia in the anterior piriform 
cortex of humans. Similar to mice, we estimated the total number 
of glia using Nissl stains, and numbers of individual glial cell types 
using DAB staining (astrocytes, microglia, and oligodendrocytes: 
Figs. 6 and S9) and IF staining (astrocytes alone Fig. S7g, h).
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The total number of glia under a square mm of human anterior 
piriform cortex (APCx) was 46,083 (Fig. 6) with Nissl stains. The 
surface area of the human APCx was 32.4 mm2 leading to around 
1.5 million glia in the human APCx. By comparison, the total num
ber of glia in the mouse APCx was 80,000: an order of magnitude 
lower than humans. The greater number of glia in humans results 
from the human PCx being much larger by surface area and thick
ness. This is reflected in human PCx having a higher surface dens
ity of glia than mice (46,000 vs. 20,000) or other species with larger 
brains such as cats (37,000).

Interestingly, the volume density of glia in the human APCx 
was 42,000 glia/mm3, which is consistent with the volume density 
of glia in other species (43,000 glia/mm3). Figure 6f shows that the 
human APCx glial density (in red) falls on the same regression line 
as other species (replotted Fig. 3c to include humans).

Glial density differences across layers in human PCx mirrored 
those of mouse PCx. In mice and humans (Figs. 2 and S9g), layer 
1 had significantly more glia than other layers, and cell-dense 
layer 2 had the fewest glia. An in-depth analysis of individual glial 
cell types shows that, in both species, most of the astrocytes (Figs. 
2b and 6b) were in layer 1 (57% in mice, 41% in humans) followed 
by layer 3 (26% in mice, 35% in humans), and layer 2 (17% in mice, 
24% in humans). Microglia (Figs. 2a and 6a) were slightly different 
with both layers 2 and 3 containing around 30%, with the rest 
(40%) in layer 1. We left oligodendrocytes out of this analysis as 
their staining was noticeably lighter (similar to mice, see 
Fig. S9b for an example). Thus, overall glia, astrocyte and micro
glia (spatial) distributions were broadly similar in mice and hu
mans, suggesting that glia as a whole might share similarities in 
organization across species.

The APCx glial distributions in humans and mice were re
flected in the distributions of glial cell types (astrocytes and oli
godendrocytes) in another primate, the marmoset, in two ways. 
First, overall glial volume density in marmoset APCx was similar 
(Fig. 6e). Second, the distribution of astrocytes was similar to hu
mans (compare Figure 6d for humans and Fig. 6e for marmosets), 
and the distribution of astrocytes and oligodendrocytes was 
similar to mice (Fig. 2). Interestingly, GFAP staining highlighted 
interlaminar astrocytes and their processes just below the pial 
surface (Figs. 1, S7, and 6c) in marmosets and humans but 
showed their absence in mouse APCx. GFAP staining was stron
ger in superficial layers and weaker in deeper layers for both spe
cies (Fig. S6g, h; lower counts for GFAP+ cells in deeper layers 
compared to SOX9+ cells, Fig. S9i). Note that in order to make 
comparisons of overall glial densities, since we did not measure 
microglia in marmosets, we assumed similar microglial densities 
for primates in Fig. S7f.

To test if the spatial distribution patterns of glia from mice 
and humans are recapitulated in other species, we examined 
glia in each of the APCx layers. Just like in mice and humans, 
the highest number of glia were found in layer 1 and the lowest 
in layer 2 (Fig. S5c). We further examined the dataset to test if 
glial volume densities were different between the layers. As 
shown in Fig. S5d, glial volume densities are highest in layer 1 fol
lowed by layer 3 and layer 2, and the difference between layers 1 
and 2 is significant. Thus, glial distributions across layers are 
likely preserved in mammals. Notably, the distributions of neu
rons and synapses, too, vary, across layers (26, 29). Layer 1 has 
the lowest neuronal density and highest synaptic density (29, 
58) while layer 2 has the highest neuronal density, suggesting 
that differences in glia spatial distributions may be a reflection 
of the different synaptic, neuronal, and neuronal component dis
tributions in each layer (45, 49).

Glial cell type compositions are preserved across 
species but differ between circuits
As Figs. 3, 4, S3, and S7 show, each region has its own unique glial 
volume density (Fig. S4d), demonstrating a way to distinguish 

different circuits (regions) based on morphological characteris

tics, e.g. glia densities. Figures 2, 6, and S7 further show that 

even glial cell compositions (i.e. the proportions of glial cell types) 

of a region might be preserved across species, suggesting another 

feature of glial organization. To test this hypothesis, we examined 

snRNA-seq datasets (36–38) (see Materials and methods for details 

of datasets and analysis) that identified cell type compositions 

within multiple regions across primate brains, including humans, 

and tested if glial compositions were (a) similar within a region 

across species, while (b) differing from other regions in the brain.
In interpreting snRNA-seq datasets, two caveats must be kept 

in mind. First, experimenter-related variability might arise from 
researchers dissecting slightly different portions of a given brain 
region or using different platforms or procedures (37, 38). 
Second, cell types may be differentially retained or lost during dis
sociation and nuclear extraction, leading to discrepancies be
tween observed and actual counts. When the comparative 
datasets, however, are generated by the same lab using consistent 
protocols, such variability is likely to be minimized and affect cell 
types similarly across species. The proportions of cell types, rather 
than absolute numbers, remain meaningful, and conservation 
despite these sources of variation is itself informative.

Glial cell type composition—ratios of astrocytes, microglia, and 
oligodendrocytes—is the same across five species of primates that 
include chimp, gorilla, marmosets, rhesus macaques, and hu
mans. Figure 7a shows the results of analyzing a dataset that ex
amined the cell type composition in the middle temporal gyrus 
(MTG) of primate brains including humans (36). The MTG is a 
part of the neocortex in the temporal lobe and has been implicated 
in diverse functions such as processing of word meanings and ges
tures (59, 60). They performed snRNA-seq experiments on around 
250,000 cells from these species and assigned them to individual 
cell types like neurons or nonneuronal cells, specifically, astro
cytes, microglia, oligodendrocyte-precursor cells or OPCs, and oli
godendrocytes. Although including OPCs and oligodendrocytes as 
separate categories provides a more fine-grained marker, we com
bined both into a single category to be consistent with our previous 
findings of three classes in mice and humans. Note that our results 
do not change if we designate OPCs as a separate category 
(Fig. S6d). We took this population of nonneuronal cells and com
puted the relative fraction of these three cell types, i.e. fraction of 
each population as part of the whole. As Fig. 7a shows, the propor
tion of astrocytes, microglia, and oligodendrocytes is the same 
across primates whose brain sizes change over 2 orders of magni
tude from marmosets (9.4 g) to humans (1,300 g) (53).

Two concurrent snRNA-seq studies show results consistent 
with MTG findings. One study characterized more than 2 million 
cells in various regions of the marmoset brain (38) and another 
similarly characterized 2.5 million cells in the macaque brain 
(37). Both studies show evidence that glial cell type compositions 
are similar in a region across species. The same region in marmo
sets and macaques, despite differences in methodology, have 
similar proportions of astrocytes, microglia, and oligodendrocytes 
(Figs. 7c and S6c). The one notable exception is the cerebellum, 
which seems to have different numbers of astrocytes and oligo
dendrocytes (Fig. S6c). In both studies, the cerebellum stands 
out with its distinctive cell composition, with specialized neuronal 
classes that may be reflected in glial differences. Additionally, 
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most cerebellar cells (85% in Ref. (37)) are neurons, so glial com
position estimates may vary more because of fewer glial cells 
and sampling and platform differences. Overall, conservation of 
glial cell type compositions shows evidence for an additional prin
ciple of brain organization.

One possibility, from these results is that glial compositions, 
like glial densities, might be unique to a circuit as each circuit 
may require glial cell types in different proportions. As shown in 
Fig. 7b, the glial cell composition differs from region to region. 
For instance, compare the third row from the top (cortex) and 
the second row from the bottom (basal ganglia). The cortex con
tains many more astrocytes than the basal ganglia, marginally 
fewer microglia, and far fewer oligodendrocytes. This is reflected 
in the vertical bar plots of Fig. 7c, where glial cell compositions 
are different between brain regions. The trend remained when 
we included APCx measurements from humans and mice 
(Fig. S6e), where each region’s glial cell composition is conserved 
while differing from others.

Thus, glial organization in each region is conserved across spe
cies and distinguished from other regions by the unique combin
ation of astrocytes, microglia, and oligodendrocytes within a mm3 

(Fig. S6e), likely reflecting the unique computations of each region.

Discussion
We have identified three consistent features of glial organiza
tion—in terms of densities and cell compositions—in humans, 
other primates, carnivores and model organisms such as mice 
and rats (Figs. 3–7) that may reflect underlying organizing prin
ciples. First, glial volume density was conserved within brain re
gions (across species), while differing across them. This property 
was observed in five brain regions (Fig. 3c, anterior piriform 
cortex; Fig. S3c, posterior piriform cortex; Fig. 4c, entorhinal cor
tex; (9), neocortex; Fig. S4b, cerebellum; Fig. S4d, comparison of 
all regions) that differ from each other in terms of morphology, 
connectivity, and function. Second, glial cell type compositions, 
too, were preserved within regions, while significantly changing 
across regions in humans, other primates, and mice (Figs. 2, 6, 
and 7 and summary in Fig. S6e). Third, in the piriform 
cortex, neocortex (including primate frontal cortex), and the 
cerebellum, the number of glia per neuron increased with 
brain volume according to a 1/4 power law (Figs. 5 and S4 and 
illustration in Fig. 8).

Consistency between individual and overall 
counts of glia types
We used four methods to quantify glial cells in the brain: Sox9-EGFP 
mice, DAB stains, IF stains, and Nissl stains. Of the methods, Nissl 
stained tissue covered the greatest number of species. Notably, 
the Nissl stained set overlapped with DAB and IF stained sets, and 
Sox9-EGFP mice, providing a validation of Nissl stained counts. 
DAB and IF staining were used to quantify the major glial cell 
types—astrocytes, microglia, and oligodendrocytes—and their 
densities in the piriform cortex of humans, marmosets, and mice 
(Figs. 2 and 6). With the Sox9-EGFP mice, we estimated astrocyte/ 
neuron ratios using GFP to mark astrocytes and NeuN to mark 
neurons.

The counts from the different methods revealed consistent 
patterns in glial cell-type distributions in at least three ways. 
First, the astrocyte/neuron ratios measured using Sox9-EGFP 
and DAB staining were consistent (Fig. S1). Second, the astro
cyte/oligodendrocyte ratios with DAB and IF stainings were 

similar between humans and mice, and marmosets and mice, re
spectively (Fig. S7c). As mice had IF and DAB staining, we com
pared the two stains. IF staining identified a higher number of 
oligodendrocytes (in layer 3) and subsequently a higher ratio of 
oligodendrocytes/astrocytes (Fig. S7c). Third, the staining for indi
vidual cell-types with DAB and IF, and all glia with Nissl were con
sistent for humans, marmosets, and mice (Figs. 2, 6, and S7a), and 
provide strong support for using Nissl stains to estimate glial cell 
distributions in different brain regions across species. This is per
haps one of the reasons that previous quantitative studies used 
similar methodologies (9, 25, 39) for cross-species comparisons, 
which would not have been possible otherwise.

Studies from the literature provide added validation of our glial 
estimates. They include findings of conserved glial volume densities 
in the neocortex (parietal, somatosensory, and motor cortices) in 
mice, rats, cats, and macaques (9); conserved glial volume densities 
in the neocortex of insectivores (35); and diverse astrocyte densities 
across regions in the mouse brain correlating with molecular diver
sity (61). A more recent study (62) examined layer 1 of PFC and found 
densities of glia and GFAP marked astrocytes to be similar across 
four species of primates including humans, which had slightly high
er densities of astrocytes. Similarly, studies using alternative meth
ods to stereology (56) found GNRs similar to our findings (Fig. S4).

While these cross-validations strengthen our confidence in the 
findings, similar to snRNA-seq experiments, histology experiments 
are also subject to experimental variability. Variability can arise 
from species-specific differences in staining, differences in the 
staining of different markers for the same kind of cell, and 

Fig. 8. An illustration of two features of glia organization. First, glial 
density is conserved within a brain region across species. Compare the 
piriform cortex in cat (bottom) and mouse (left) in the ventral-lateral 
region. Even as the piriform and brain sizes change between the two 
species, the number of glia is conserved within a cube of piriform cortex 
tissue. Second, the number of neurons is reduced from the mouse to cat, 
leading to an increase in GNR ratios with an increase in brain size. 
Notably, the number of glia and neurons change across brain regions: 
compare the piriform cortex (middle left) and neocortex (top) in mice. 
Glial densities can, thus, serve as region specific markers. Note that for 
ease of illustration the coronal section schematics for mouse and cat are 
not drawn to scale. The cat is drawn at half the actual scale, which means 
the cat section is actually twice as large as shown in the figure.
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differences in imaging various types of stains. Despite such vari
ability, consistency across multiple methods and agreement with 
literature studies suggest the presence of underlying features of 
organization.

Glial density and composition change 
across circuits
Two findings show that brain regions can be distinguished based 
on glial volume density and composition within that region 
(Figs. S4d and S6e). First, glial densities differ between brain re
gions while being conserved within a region across species (Figs. 
3, 4, S3, and S4d, (63)). Second, glial cell compositions are main
tained within a region across species, but, differ between regions 
(Figs. 7 and S6e; (63)). We note that while our study examined 
two of the regions covered by the primate snRNA-seq studies of 
Fig. 7b, (37, 38) also include regions we did not examine, e.g. basal 
ganglia. Although our data strongly suggest that glial volume 
densities will also be conserved across these regions, future stud
ies to validate this would be important.

Glial density and composition have the property of a regional 
marker in the regions and species we examined. A regional marker 
stays the same in a region across species, but varies between regions. 
In some cases, e.g. the neocortex and cerebellum, regions have simi
lar densities, but varying glial cell compositions (snRNA-seq experi
ments) can distinguish the two regions (Fig. S6c, compare CX and CB 
regions). Put another way, cell composition proportions seem to im
plement a combinatorial code, wherein the combination of glial cell 
type proportions can distinguish one region from the next. Notably, 
neuronal densities (7, 10, 20), which decrease with brain size, cannot 
serve as regional markers.

Our study provides evidence that glial characteristics change 
across circuits and may serve as potential indicators of structural 
differences between circuits. This spatial heterogeneity of glia has 
also been observed by others (64–67). Since circuits are known to 
perform different functions, glial organization could potentially 
correlate with functional differences, but establishing such rela
tionships would require future studies that directly measure 
both glial features and functional properties within the same cir
cuits. Our findings lay the groundwork for such investigations by 
demonstrating that glial density and composition provide reliable 
circuit-specific signatures that are conserved across species.

Our observations raise two questions. First, what factors deter
mine the glial cell composition in a region? Although outside this 
study’s scope, prior work provides clues of how astrocytes, micro
glia, and oligodendrocytes might be differentially regulated based 
on function. All circuits have to form, remove or maintain synap
ses, communicate with other circuits, and clear cell debris (11). It 
is not surprising that all three glial cell types are present across 
brain regions (Figs. 7 and S6). There are regions, however, that re
quire more of one class. Oligodendrocytes produce myelin that 
enables better communication between neurons. In primates, 
they are highly expressed in the brain stem of macaques and mar
mosets (Fig. 7b) as well as the corpus callosum of marmosets 
(Fig. S6): two regions that have a high density of white matter 
(68). Another example is APCx. We found that layer 3 contains a 
high number of oligodendrocytes matching higher expressions 
of NF-160 and SMI-99 in layer 3 (Fig. S8b). The two proteins label 
axon filaments and myelin.

Similarly, our study found that astrocytes, which are important 
for synapse function (14, 43), are the most numerous glial cell type 
in PCx layer 1. PCx layer 1 comprises an all-to-all connection ma
trix between OB and PCx (7) with a large number of synapses and 

is particularly synapse-rich (26, 29, 58). Measurements of glial sur
face density (Table S1) show that layer 1 of the (69) piriform cortex 
has a greater number of glial cells and astrocytes (Figs. 2, 5, and S5) 
across species. It is possible the link between synapse-dense layers 
of the piriform cortex and higher numbers of glia and astrocytes 
(70) might be recapitulated in other synapse rich areas of the brain.

Lastly, microglia significantly increase in regions associated 
with immune responses and inflammation during aging (71); in ef
fect they are better markers for aging than neurons, e.g. in rats, the 
number of microglia increased (about 16%) in the frontal and par
ietal regions associated with axon and dendrite degradation (72, 
73). Interestingly, microglial densities vary across the brain, unlike 
earlier reports (74), with the cerebellum having particularly low 
numbers, while the prefrontal cortex has high numbers (74, 75) 
(Fig. 7b). Further investigation of correlations between glial cell 
type changes across regions and factors such as plasticity, synaptic 
density, and myelination will give us insight into the roles of glial 
cells in local circuit computations and the overall brain.

Glial cell sampling of space is region dependent
As glial densities differ between regions (Fig. S4d), the regional vol
ume they serve will change, too. Each glial cell in APCx occupies a 
neuropil volume covering 0.022 nL, which corresponds to a cube 
with sides of 28 μm. Similarly, glial cells in PPCx, neocortex, and 
ECx occupy a cube with sides 32 μm, 36–40 μm (76–78), and 46 μ 
m, respectively.

Two factors could drive density differences across circuits. The 
first factor is heterogeneity in glial cell-types across the brain (75, 
79–84), wherein glial morphologies are conserved within a circuit 
but vary across them. This could lead them to occupy different 
amounts of neuropil volume across circuits. For instance, in the 
mouse, astrocyte densities show abrupt changes at cell borders 
(61), and their morphologies vary between regions (85) supporting 
circuit-specificity. In the hippocampus, astrocyte sizes and morph
ologies even differ between individual layers (86, 87). Similarly, as 
in our APCx studies, morphological characteristics such as density 
may vary across layers that perform different functions. These 
studies link changes in structure (morphology) and function, and 
suggest one possible source of varying densities across circuits.

Second, changes in glial cell compositions can impact glial vol
ume densities. Glial cell types come in different sizes (77, 88, 89). If 
the proportion of a particular cell type, e.g. astrocytes, is higher in 
one region compared to another, the difference in cell sizes would 
affect how many glial cells can be packed into a given volume, af
fecting density. Thus, variations in both glial morphologies and 
glial cell compositions across brain circuits can account for differ
ences in glial densities.

The link between densities and glial compositions also speaks 
to previous proposals of achieving constant density (21). Three 
possibilities were suggested: (i) the volume densities of astrocytes, 
microglia, and oligodendrocytes stay the same, (ii) one of the cell- 
types predominates so that variations in the other two do not af
fect overall density, and (iii) reduction in the number of one type is 
compensated by another. Of the three hypotheses, our data show 
evidence for the first. Across MTG in primates, various brain re
gions in marmosets and macaques, and PCx in humans, marmo
sets, and mice, glial cell compositions are similar within a region. 
Moreover, the other two possibilities require that glial cell type 
sizes be similar, which is unlikely (77, 88, 89). Although a mixture 
of the three mechanisms is also possible, our data present evi
dence that constant glial volume density in a region arises primar
ily from conserved glial cell compositions.
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Conservation of glial volume density might not be exclusive to 
the forebrain: a possibility supported by reanalysis of a study of 
the cerebellum by Friede (25). Friede examined the cerebellum of 
18 species including birds, rodents, and mammals, to estimate glial 
volume density and the number of glia per Purkinje cell. While he 
examined the entire cerebellar cortex, glial counts are from the 
Purkinje cell layer, and the portion of the molecular layer that con
tained Purkinje cell dendrites. The thickness of the molecular layer 
averaged to 360 μm (Fig. S9c). Although the author interpreted glial 
volume densities to be variable between species, we found that 
densities were normally distributed around a mean of 22,840  
glia/mm3 (Fig. S4a, b, c); note that the list does not include five spe
cies of nonmammals in which glia densities were intriguingly high
er. This value, with an associated SEM of 1,592, likely represents 
the true density of glia in 13 of the 18 mammalian species studied 
(Fig. S4a, b, c), corresponding to glia occupying a cube of side 36 μm. 
Therefore, in the four regions—neocortex, paleocortex, entorhinal 
cortex, and cerebellum—the inter-glial distance changes, likely re
flecting the differing functional demands of each region.

Glia–neuron ratios increase with brain size
Conserved GNRs suggest a strong functional coupling between glia 
and neurons, which is integral to circuit function (90). We show 
that GNR increased with brain volumes according to a 1/4 power- 
law in four brain regions: the anterior piriform cortex (Fig. 5a), 
the prefrontal cortex of primates (Fig. 5b), cerebellum (Fig. S4c), 
and the cerebral cortex as a whole (Fig. 5c) in mammals (also illus
trated in Fig. 8). Interestingly, for the piriform alone, we had meas
urements of region size from the same lab (important for 
consistency), and found that GNRs increased even more rapidly 
(Fig. S4i, 1/2 power-law). This raises the possibility that glia num
bers might increase relative to neurons more rapidly than trad
itionally thought, and a question warranting further exploration.

Higher GNRs in bigger-brained species have led researchers to 
hypothesize that cognitive abilities improve with higher GNRs 
(91–93). For instance, it was reported that Brodmann area 39 of 
Einstein’s brain, part of the parietal lobe, had significantly more 
glia per neuron than eleven other male subjects (57). While 
GNRs in Brodmann area 39 were higher for Einstein, other factors 
were not significantly different. When comparing multiple varia
bles, it is possible that one of the variables is statistically signifi
cant by chance. To establish the hypothesis, one would need to 
systematically investigate whether individuals with high cogni
tive abilities have above average GNRs and vice-versa. These stud
ies could then address whether both characteristics arise from a 
common root or are causally related.

Why do bigger brains have more glia per neuron? As brain size 
increases, neuronal and glial functional requirements vary. Glial 
function, which is mostly local, does not change dramatically. 
Neurons, however, have to communicate over longer distances, 
both locally, and long-range to transmit information in a compar
able amount of time to smaller brains (1). As a result, axon diam
eters increase to enable greater conduction velocities (94–97), 
leading to a greater amount of wire in extracellular space. An ex
ample is the 5/4 power-law increase in cortical white matter com
pared to gray matter across brain sizes (5). Bigger axons also 
necessitate bigger somas (20, 97). These factors do increase glia 
sizes though to a much smaller extent.

An assessment of quantitative data for the neocortex shows 
evidence for this trend. While neurons increase with surface 
area, glia increase with volume (9, 98). Because cortical thickness 
(which represents the ratio between volume and surface area) 

scales as a 1/4 power-law with brain volume (Fig. 5d), glia increase 
faster, yielding higher GNRs with bigger brains.

These patterns of glial organization provide yet more evidence 
that circuits are optimally designed. The widespread conservation 
of neuronal architectures from flies to mammals separated by 
450 million years is strong evidence that evolution has worked 
out an optimal solution for neuronal machinery. Extra neuronal 
machinery increases energy usage at the cost of diminishing re
turns and is not advantageous (99). Conserved glial densities 
and cell compositions in different regions suggest a similar evolu
tionary constraint for glia. Glia are just as likely as neurons to be 
precisely engineered and any additional glial machinery will add 
to the system’s cost without providing any extra benefits, which 
is a reason for conserved relationships.

Astrocyte heterogeneity
An excellent example of species-specific differences in glial 
morphologies comes from an in-depth study of astrocytes in 
mice and humans. It showed human astrocyte somas to be larger, 
having larger and more numerous processes (82). Similar findings 
in ferrets (100) and even nonhuman primates (macaques and 
chimp (62)) suggest a possible trend that astrocytes increase in 
size with larger species. These morphological differences are re
flected in functional differences, wherein calcium propagation is 
faster in human astrocytes (82) and transplanted human astro
cytes improve circuit function (101).

Our examination of astrocytes in PCx of humans, marmosets, 
and mice is consistent with these findings. Astrocyte volume 
densities were similar in these species (Figs. 2 and 6). With con
stant densities, astrocyte cell bodies must be similar distances 
apart, suggesting that if human astrocyte territories are larger, 
there must be increasing overlap in the territories of neighboring 
astrocytes. This is, indeed, true for ferrets and humans compared 
to mice (82, 100). Thus, studies ranging from those showing astro
cytes tiling a region and apportioning equal territories in the 
mouse hippocampus (76, 102) to ones showing increasing overlap 
in bigger species (82, 100) are consistent with our findings of con
served volume densities.

Conclusions
Drawing on approaches used in neuronal scaling (3, 5, 7, 10, 103), 
we investigated glial scaling to gain high-level insights into the 
role of glia. We identified conserved features of glial organization 
in mammals (including humans), wherein densities and composi
tions are maintained within a region, yet vary across regions. 
Moreover, glia and neurons are tightly coupled, suggesting that 
these glial organizational features have implications for human 
neurophysiology and disease.

While most studies examining brain diseases and disorders 
have focused on the breakdown of neuronal machinery, far fewer 
have examined the consequences of glial dysfunction. Yet, studies 
of glia in brain disorders, including Alzheimer’s disease (104, 105), 
underscore their importance in neurodegenerative diseases. Our 
work calls for a holistic view that incorporates neurons and glia, 
and their interactions, as drivers of disease mechanisms.
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