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SUMMARY
Detailing how primate and mouse neurons differ is critical for creating generalized models of how neurons
process information. We reconstruct 15,748 synapses in adult Rhesusmacaques andmice and ask how con-
nectivity differs on identified cell types in layer 2/3 of primary visual cortex. Primate excitatory and inhibitory
neurons receive 2–5 times fewer excitatory and inhibitory synapses than similar mouse neurons. Primate
excitatory neurons have lower excitatory-to-inhibitory (E/I) ratios than mouse but similar E/I ratios in inhibi-
tory neurons. In both species, properties of inhibitory axons such as synapse size and frequency are un-
changed, and inhibitory innervation of excitatory neurons is local and specific. Using artificial recurrent neural
networks (RNNs) optimized for different cognitive tasks, we find that penalizing networks for creating and
maintaining synapses, as opposed to neuronal firing, reduces the number of connections per node as the
number of nodes increases, similar to primate neurons compared with mice.
INTRODUCTION

Theprimary visual systemsofMusmusculus andMacacamulatta

are the two dominantmodels for understanding cortical process-

ing at the level of individual neurons, with expansive literatures on

morphological, functional, and molecular properties of different

neuronal classes (Bakken et al., 2016; Bernard et al., 2012; Gil-

man et al., 2017; Gouwens et al., 2018, 2019; Gur and Snodderly,

2008; Medalla and Luebke, 2015; Ohki et al., 2005; Tasic et al.,

2016, 2018). Comparisons across both would allow a better un-

derstanding of how neuronal cell types change their connectivity

acrossbrainsof suchdisparate sizeandneuronal number (Hercu-

lano-Houzel, 2009, 2011) andwhether thesechangesaffectprop-

erties of neuronal networks, includingexcitatory-to-inhibitory (E/I)

balances (Brunel, 2000; Isaacson and Scanziani, 2011; Kremkow

et al., 2010; van Vreeswijk and Sompolinsky, 1996; Vogels and

Abbott, 2009) and inter-neuronal connectivity. Although molecu-

lar and functional comparisons continue (Bakken et al., 2020;

Hodge et al., 2019; Krienen et al., 2020; Wang et al., 2016),

large-scale connectivity comparisons across primate andmouse

brains are often limited to comparisonsof synaptic density in neu-

ropil, without reference to neuronal type, synapse location, or

relative changes in types of synapses on single neurons. Further-

more, as much of the prior literature focuses on optical recon-

structions of synaptic proxies such as spines, data on inhibitory

connectivity remain scarce, as such connectivity cannot be easily

inferred from light-level reconstructions.

We applied recent advances in large-volume, automated serial

electron microscopy (EM) (i.e., ‘‘connectomics’’) (Baena et al.,

2019; Briggman et al., 2011; Gour et al., 2021; Hayworth et al.,
Ce
This is an open access article und
2020; Januszewski et al., 2018; Turner et al., 2020; Vishwana-

than et al., 2020; Yin et al., 2020) to compare connectivity of

excitatory and inhibitory neurons in layer 2/3 (L2/3) of primary vi-

sual cortex (V1) of mouse (Mus musculus) and primate (Macaca

mulatta). We looked on excitatory and inhibitory neurons across

species for differences in innervation densities of different clas-

ses of synapses (i.e., spine, shaft, and soma) and therefore

changes in proportions between (i.e., E/I ratios) and changes in

how individual neurons were wired together.

RESULTS

We reconstructed neurons and their connections using a multi-

scale EM-based connectomics approach targeting L2/3 in

‘‘adult’’ V1 from three mice (one dataset generated and two pub-

licly available; Bock et al., 2011; Lee et al., 2016) and two pri-

mates (male, 11 and 14.5 years of age; see STAR Methods).

We chose time points past a majority of brain developmental

milestones and before the onset of age-associated pathologies

for both species (Bakken et al., 2016; Bourgeois and Rakic,

1993; Horton and Hocking, 1997; Lee et al., 2000; Peters et al.,

1996; Scott et al., 2016; Semple et al., 2013). We chose L2/3

for several reasons. First, dendritic arbors of neurons in both

species are comparable in size (Gilman et al., 2017), so compar-

isons of connectivity could be ‘‘normalized’’ to neuronal size.

Second, L2/3 neurons in both species have smaller dendritic ar-

bors (Rojo et al., 2016) (e.g., compared with dendritic arbors of

layer 5 neurons), allowing analyses in limited-volume EM data-

sets of a larger fraction of all the synapses on a particular neuron.

Third, there seems to be a limited number of morphological cell
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types in L2/3 (Gouwens et al., 2019; Radnikow and Feldmeyer,

2018; Wang et al., 2018), increasing the probability that our mea-

surements reflect comparisons among similar cell types.

We prepared 300-mm-thick coronal sections spanning V1 as

previously described (Hua et al., 2015) and collected 3,000 ul-

tra-thin sections using the ATUM (automated tape-collecting ul-

tramicrotome) approach (Kasthuri et al., 2015) frommouse (each

section 0.8 mm 3 1.5 mm 3 40 nm) and primate (0.8 mm 3

2.4 mm 3 40 nm), where each individual section spanned all

cortical layers in both species (Figures S1A and S1B). We

imaged all cortical layers using low-resolution EM (�40 nm in-

plane resolution) and skeletonized the dendritic arbors con-

tained within the imaged volume of 102 primate neurons and

68 mouse neurons across all cortical layers (Figures S1A and

S1B; V1 40 nm imaged volumes: primate, 0.8 3 2.4 3

0.07 mm; mouse, 0.83 1.53 0.07 mm). We used these low-res-

olution reconstructions to identify and measure L2/3 neuronal

shapes and densities between species and for subsequent syn-

aptic level reconstructions.

Consistent with previous reports, we found little differences in

the cytoarchitecture or morphology of L2/3 neurons across spe-

cies. For both primate and mouse, excitatory somata were

distributed at similar densities when measured both as the dis-

tance between every soma (Figure S1C) and soma/mm3 (pri-

mate, 2.3e5 ± 1.7e4, n = 2 primates; mouse, 2.7e5 ± 2.1e4, n =

3 mice; p = 0.3, Mann-Whitney test). Similarly, primate and

mouse excitatory neurons had a similar number of dendritic

branchpoints per neuron (Figure S1D) and similar somatic sur-

face areas (Figure S1E), and the total length of dendrite per

neuron was slightly larger in mouse (Figure S1F), again consis-

tent with prior findings (Gilman et al., 2017).

We next reimaged a smaller volume surrounding L2/3 at high

resolution in both species (�6 nm in-plane resolution: mouse,

100 3 100 3 30 mm; primate, 100 3 90 3 30 mm and 115 3

115330mm)andused twopublicly availablemouseL2/3V1con-

nectomes (publicmousedata: 80380330mmat�4nm in-plane

resolution for both). We annotated 9,764 synapses and 711

axons that synapsed onto 72 excitatory and 9 inhibitory neurons

in the three mouse samples and 5,984 synapses and 372 axons

that synapsed on 91 excitatory and 16 inhibitory neurons across

two primates (see Figures S1G and S1H for example reconstruc-

tions and total volume imaged, and see Videos S1 and S2

as examples of our data quality). Visual inspection of the neurons

(Figure S2) revealed that the majority in both species were pyra-

midal with apical pointing dendrites and that 3 of 37 somata in the

mouse and 9 of 42 primate somata were inhibitory neurons,

agreeing with previously reported proportions of pyramidal neu-

rons (Gouwens et al., 2019; Kanari et al., 2019) and ratios of excit-

atory and inhibitory neurons (D�zaja et al., 2014; Sultan and Shi,

2018). We next analyzed the connectivity of different neuronal

compartments (e.g., dendrites, soma) across species, classifying

each synapse as a spine, shaft, somatic, or perisomatic synapse

on the basis of a prior schema (Freund and Katona, 2007) and

each axon as excitatory or inhibitory on the basis of whether

they predominantly innervated spines or shafts and somata,

respectively (Harris and Weinberg, 2012).

For dendrites, we counted spine and shaft synapses at

different dendritic locations relative to the soma to account for
2 Cell Reports 36, 109709, September 14, 2021
synapse variability within a neuron’s dendritic tree. (Balles-

teros-Yáñez et al., 2006; Benavides-Piccione et al., 2013; Vaudin

et al., 1988).We also sampled randomdendrites with different di-

ameters and orientations to ensure that our results were not

biased toward proximal dendrites, making sure to include in

our analysis the thinnest possible dendrites that are likely to be

the most distal (Stuart et al., 2016). Because the vast majority

of excitatory neurons were pyramidal in both species, we

excluded the rare non-pyramidal excitatory neurons from our an-

alyses. We compiled all metrics described below in Table 1, with

individual values for eachmeasurement listed (mean, SEM, sam-

ple size, and p value).

Somatic and dendritic innervation of excitatory primate
and mouse neurons
Primate L2/3 excitatory neurons had large differences in the

numbers of specific types of synapses received relative to the

mouse. Figure 1A shows a representative example of

a reconstructed primate and mouse excitatory neuron. The

example primate excitatory neuron had �5-fold lower dendritic

spine synapses relative to themouse, throughout the dendritic ar-

bor (Figure 1A, dendrite insets: primate, 0.24 excitatory spine syn-

apses/mm;mouse, 1.15 excitatory spine synapses/mm). Similarly,

the example primate soma received 20 somatic and perisomatic

synapses (henceforth collectively called ‘‘somatic synapses’’),

while the example mouse soma received 66 somatic synapses

(Figure 1A, soma inset). The frequencyof shaft synapses (i.e., syn-

apsesdirectly ondendrites) was lower than that of spine synapses

in both species, with similar densities across species (0.18 shaft

synapses/mmforprimate, 0.12 shaft synapses/mmformouse), un-

like spine or somatic synapses. We found consistent results

acrossmultiple neurons andmultiple primate andmouse samples

(n = 26 excitatory neurons across twomice and two primates; see

Table 1). For all dendritic synapse measurements, quantifications

fromapical andbasal dendriteswerepooled, aswe found little dif-

ferenceacrossapical andbasal spineorshaft synapsedensities in

either species (data not shown). Compared with similar mouse

excitatory neurons, primate neurons received �2.5-fold fewer

spine synapses (Figure 1B) and 4-fold fewer somatic synapses

(Figure 1C) but equivalent rates of shaft synapses (Figure 1D).

Both primate and mouse excitatory neurons showed a similar

trend in spine density along dendrites: spine synapses were

completely absent in the perisomatic region, consistent with prior

reports (Emoto et al., 2016;Megı́as et al., 2001), and spine density

increasedas a function of distance from the soma (Figure 1B). The

furthest distance of dendrite examined in both species was

148 mm from the soma in mouse and 115 mm in the primate (but

see below).

Although primate excitatory neurons receive 3-fold fewer

spine synapses, individual spines of primate neurons were 3-

fold more likely to receive a second, inhibitory synapse (Jones

and Powell, 1969; Knott et al., 2002; Kwon et al., 2019) (Fig-

ure 1E). Using these averages and mean dendritic arbor lengths

for primate and mouse L2/3 neurons as previously reported (Gil-

man et al., 2017), we calculated the ratio of the total number of

excitatory and inhibitory inputs onto individual excitatory neu-

rons (see STAR Methods): mouse excitatory neurons received

6,894 total connections (5,847 excitatory and 1,048 inhibitory),



Table 1. Summary table listing quantifications from this report

Mouse V1 Primate V1

Number of biological

features

Number of

animals

p

value

Fold change

in primate

Measurement (mean ± SEM)

Excitatory neurons

Soma density (mm) 53.3 ± 0.4 47.6 ± 0.3 ms: 62 neurons; pr: 71

neurons

ms: 1; pr: 1 2.8e-3 1.113 lower

Soma surface area (mm2) 370 ± 12.4 387 ± 20.8 ms: 6 neurons; pr: 8 neurons ms: 1; pr: 1 0.3 n.c.

Branch number/neuron 18.0 ± 0.9 16.2 ± 1.2 ms: 20 neurons; pr: 47

neurons

ms: 1; pr: 1 0.08 n.c.

Total dendritic length (mm) 683 ± 46 399 ± 41 ms: 20 neurons; pr: 47

neurons

ms: 1; pr: 1 1e-5 1.73 lower

Spine synapses/mm 2.34 ± 0.1 1.1 ± 0.03 ms: 82 10 mm dendrite

fragments on 10 neurons; pr:

175 10 mm dendrite

fragments on 16 neurons

ms: 1; pr: 2 3.6e-5 2.13 lower

**Spine synapses/mm 1.34 ± 0.1 0.56 ± 0.03 ms: 82 10 mm dendrite

fragments on 10 neurons; pr:

175 10 mm dendrite

fragments on 16 neurons

ms: 1; pr: 2 1.5e-14 2.43 lower

Shaft synapses/mm 0.18 ± 0.02 0.19 ± 0.01 ms: 82 10 mm dendrite

fragments on 10 neurons; pr:

175 10 mm dendrite

fragments on 16 neurons

ms: 1; pr: 2 0.23 n.c.

Synapses/(peri)soma 95.8 ± 3.9 24.8 ± 1.9 ms: 1,341 synapses on 14

neurons; pr: 323 synapses

on 13 neurons

ms: 3; pr: 2 1.0e-7 3.93 lower

Second spine synapses (%) 3.0 ± 0.0 11.0 ± 0.0 ms 180 spines on 3 neurons;

pr: 437 spines on 7 neurons

ms: 1; pr: 2 6.6e-4 3.73 higher

Estimated total excitatory

synapses

5,846 ± 626 1,790 ± 281 ms: 770 spines on 4 neurons;

pr: 669 spines on 7 neurons

ms: 1; pr: 1 6.0e-3 3.33 lower

Estimated total inhibitory

synapses

1,048 ± 22 759 ± 59 ms: 109 shaft, 401 soma

synapses on 4 neurons; pr:

207 shaft, 173 soma

synapses on 7 neurons

ms: 1; pr: 1 6.0e-3 1.43 lower

E/I 5.55 ± 0.5 2.42 ± 0.4 (combined total of estimated

total excitatory and

estimated total inhibitory

synapses)

ms: 1; pr: 1 6.1e-3 2.33 lower

Inhibitory neurons

Shaft synapses/mm 2.3 ± 0.5 1.1 ± 0.4 ms: 39 10 mm dendrite

fragments on 4 neurons; pr:

58 10 mm dendrite fragments

on 10 neurons

ms: 1; pr: 2 0.32 n.c.

**Shaft synapses/mm 2.7 ± 0.1 1.7 ± 0.1 ms: 39 10 mm dendrite

fragments on 4 neurons; pr:

58 10 mm dendrite fragments

on 10 neurons

ms: 1; pr: 2 3.3e-8 1.63 lower

Synapses/(peri)soma 207 ± 18 44 ± 7 ms: 1,653 synapses on 8

neurons; pr: 307 synapses

on 7 neurons

ms: 3; pr: 2 3.1e-4 4.73 lower

E/I 4.93 ± 0.9 5.3 ± 1.2 ms: 226 axons across 7

dendrites, 242 axons across

4 soma; pr: 202 axons across

7 dendrites, 109 axons

across 3 soma

ms: 2; pr: 2 1.0 n.c.

(Continued on next page)
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Table 1. Continued

Mouse V1 Primate V1

Number of biological

features

Number of

animals

p

value

Fold change

in primate

Somatic innervating axons

*Branches/mm 1.4 ± 0.3 1.4 ± 0.5 ms: 57 axons; pr: 39 axons ms: 1; pr: 1 0.7 n.c.

*Bouton surface area (mm) 1.9 ± 0.1 1.9 ± 0.1 ms: 84 boutons on 2

neurons; pr: 44 boutons on 2

neurons

ms: 1; pr: 1 0.7 n.c.

*Synapses/mm 0.22 ± 0.0 0.27 ± 0.0 ms: 1,118 synapses on 57

axons; pr: 857 synapses on

39 axons

ms: 1; pr: 1 4.9e-4 1.13 higher

*Peri(soma) synapses/axon 2.3 ± 0.1 1.3 ± 0.2 ms: 381 synapses on 163

axons; pr: 115 synapses on

60 axons

ms: 1; pr: 1 0.07 n.c.

Axons/soma 38 ± 3 14 ± 1 ms: 198 axons on 5 soma; pr:

84 axons on 6 soma

ms: 1; pr: 1 2.1e-3 2.73 lower

% shared (nearest neighbor) 21 ± 0.0 40 ± 0.0 ms: 188 axons, 504

synapses on 3 neuron pairs;

pr: 60 axons, 162 synapses

on 3 neuron pairs

ms: 1; pr: 1 0.1 n.c.

SEM and p values for each measurement except those noted with an asterisk were calculated with sample size (n) being the number of neurons. SEM

and p value for datasets marked with a double or single asterisk were derived using the sample size as the number of 10 mm dendrite fragments or

axons, respectively. Measurements between mouse and primate for which p > 0.05 are marked as no change (n.c.).
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and primate excitatory neurons received on average 2,558 total

connections (1,806 excitatory and 753 inhibitory). Thus, the

average E/I ratio in primate excitatory neuronswas 2.3-fold lower

than the average E/I ratio in mice (Figure 1F).

Somatic and dendritic innervation of inhibitory primate
and mouse neurons
We saw a similar trend of reduced synapse numbers onto pri-

mate inhibitory neurons. In the same volume (Figure S2), we iden-

tified inhibitory neurons on the basis of the relative sparsity of

spines on their dendrites (Freund and Buzsáki, 1996; Gulyás

et al., 1999; see bottom panel, Figure S2). In example neurons

shown in Figure 2A, we found that the primate inhibitory neuron

received �1.5-fold fewer shaft synapses than the mouse inhibi-

tory neuron and 4-fold fewer somatic synapses (Figure 2A,

dendrite and somatic insets: primate inhibitory neuron, 2.06 shaft

synapses/mm and 39 somatic synapses compared with 3.00

shaft synapses/mm and 162 somatic synapses in the mouse).

Across dendritic fragments compiled from many neurons, pri-

mate inhibitory neurons have a reduced shaft synapse/mm den-

sity when quantified across dendrite fragments (Figure 2B). How-

ever, when quantified across individual neurons, there is no

statistical difference, suggesting a high degree of variability in

shaft synapse density across individual neuronswithin each spe-

cies (see Table 1). Across all neurons analyzed, however, primate

inhibitory neurons consistently receive statistically fewer somatic

synapses relative to mouse inhibitory neurons (Figure 2C).

Inhibitory neurons can receive both excitatory and inhibitory

synapses throughout their dendritic shaft and soma (Emoto

et al., 2016; Gulyás et al., 1999). However, unlike excitatory neu-

rons in cortex, where synapses can be classified as excitatory or

inhibitory on the basis of whether they synapse onto spines or

shafts and soma, respectively (Harris and Weinberg, 2012; Her-

ing and Sheng, 2001), classifying synapses as excitatory or
4 Cell Reports 36, 109709, September 14, 2021
inhibitory on dendrites of inhibitory neurons is difficult, as they

are often aspinous (Ascoli et al., 2008; Goldberg et al., 2003; Gu-

lyás et al., 1999). We instead calculated E/I ratios on individual

neurons by identifying the innervating presynaptic axon as excit-

atory or inhibitory, leveraging Dale’s law (Strata and Harvey,

1999). Specifically, for presynaptic axons innervating a specific

interneuron, we identified other synapses they made in the vol-

ume as spine, dendritic shaft, soma, and so on, and identified

their postsynaptic targets as excitatory or inhibitory neurons on

the basis of the classification described above. Axons that

made predominantly spine synapses on excitatory targets

were labeled excitatory, and axons that made predominantly

shaft and somatic synapses on excitatory neurons were labeled

inhibitory (Figure S3). Figure 2D shows an example reconstruc-

tion used for this classification. Blue and green axons innervating

the soma and dendrite (shown in red) were determined to be

excitatory or inhibitory, respectively, by the above classification

scheme. The insets show zoomed-in regions where axons syn-

apsed with the target inhibitory neuron dendrite and soma and

depict other annotated synapses (yellow spheres) used to clas-

sify each axon.

In the examples shown in Figure 2A, the primate inhibitory

neuron had 3.8-fold greater innervation by excitatory neurons

than inhibitory neurons, and a somatic E/I ratio of 2.6, while the

mouse neuron dendritic and somatic E/I ratios were 9.6 and

1.7, respectively. However, unlike excitatory neurons, for which

E/I balances across individual primate neuronswere consistently

lower than across mouse neurons, E/I balances of individual

inhibitory neurons in both species varied widely (Figure 2E).

This was due primarily to larger differences in the numbers of E

and I inputs on soma, and as a result there was little statistical

difference in inhibitory neuron E/I balances across species.

Finally, we detailed the complete linear sequence of excitatory

and inhibitory axons along each inhibitory dendrite analyzed,
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Figure 1. Mouse L2/3 excitatory neurons

receive more connections than primate

neurons

(A) EM reconstructions of morphologically

matched L2/3 primate and mouse excitatory (+)

neurons. Spine synapses are yellow spheres;

dendritic shaft and somatic synapses are green

spheres. Square inset: magnified views of soma:

primate +, 20 total somatic synapses; mouse +, 66

total somatic synapses. Rectangle inset: magni-

fied views of dendrites: primate +, 0.24 spine

synapses/mm, 0.18 shaft synapses/mm; mouse +,

1.15 spine synapses/mm, 0.12 shaft synapses/mm.

(B) Scatterplot of excitatory neuron spine synap-

ses/mm versus distance from soma (mm) (primate:

0.56 ± 0.03 synapses/mm, n = 175, 10 mm dendrite

fragments across 16 neurons, two primates;

mouse: 1.34 ± 0.09 synapses/mm, n = 82 10 mm

dendrite fragments across 10 neurons, one

mouse; p = 1.5e-14).

(C) Box-and-whisker plot of excitatory neuron total

synapses/soma (mouse: 95.8 ± 3.9, n = 1,341

synapses across 14 soma, three mice; primate:

24.8 ± 1.9, n = 323 synapses across 13 soma, two

primates; p = 1.0e-7).

(D) Scatterplot of excitatory neuron shaft synap-

ses/mm versus distance from soma (mm) in excit-

atory neurons (primate: 0.19 ± 0.01 synapses/mm,

n = 175, 10 mmdendrite fragments counted across

16 neurons, two primates; mouse: 0.18 ± 0.01

synapses/mm, n = 82, 10 mm dendrite fragments

counted across 10 neurons, one mouse; p = 0.23).

(E) Bar plot of the fraction of spines with second

synapses (primate: 0.11 ± 0.001, n = 437 spines

across 7 neurons, two primates; mouse: 0.03 ±

0.00, n = 180 spines across 3 neurons, onemouse;

p = 6.56e-4). Right inset: three-dimensional (3D)

reconstruction (top) and matched 2D EM (bottom)

image of a primate dendritic spine (red) with a

second synapse: an excitatory synapse on the

spine head (green/+) and inhibitory synapse on the

side (blue/�). Asterisks show the postsynaptic

density.

(F) Box-and-whisker plot of the excitatory-to-

inhibitory synapse (E/I) ratio on excitatory neurons

(see STAR Methods) (mouse: 5.55 ± 0.48, n = 770

spine synapses [180 scored for second spine synapses], 109 shaft synapses, and 401 somatic/perisomatic synapses over 4 neurons; primate: 2.04 ± 0.4, n = 669

spine synapses [377 scored for second spine synapses], 207 shaft synapses,173 somatic/perisomatic synapses over 7 neurons, two primates; p = 6.0e-3).

All quantifications represent mean ± SEM; p values were calculated using a two-tailed Mann Whitney U test with a 0.05 significance level.
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and in both species, we saw long stretches of excitatory synap-

ses interspersed with inhibitory connections (Figure 2D, top;

Figure S4).

Sparse connectivity as a general phenomenon of
primate cortex
We tested two alternative explanations: (1) differences in spine

and synapse density are limited to only proximal dendrites,

because the limited EM volumes imaged do not contain entire

dendritic arbors, and (2) synapse differences are specific to V1.

We focused on the most significant differences reported above:

excitatory spine synapse density and excitatory and inhibitory

soma synapse number. In three mice and two primate V1 data-

sets, we first randomly selected excitatory dendrites and recon-
structed all spine synapses on them (n = 100 10 mm dendrite

fragments sampled across three mouse datasets [�30 dendrites

in each dataset] and n = 101 10 mm dendrite fragments across

two primate datasets [�50 dendrites in each dataset]; results

summarized in Table S1). The sampled dendritic fragments

ranged in orientation and diameter in both species (Figures 3A

and S5), suggesting that many, particularly those with the small-

est diameters, were likely from distal parts of dendritic arbors

(Bannister and Larkman, 1995; Stuart et al., 2016). Among this

population, we saw clear decreases in spine synapse density

in primates relative to the mouse, independent of diameter (Fig-

ure 3B) or orientation (data not shown). These decreases were

similar in magnitude as observed from more proximate parts of

mouse and primate dendrites (Figure 1).
Cell Reports 36, 109709, September 14, 2021 5
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Figure 2. Mouse L2/3 inhibitory neurons

receive more connections than primate

neurons

(A) Representative EM reconstructions of

morphologically matched L2/3 primate andmouse

inhibitory (�) neurons. Soma synapses are orange

spheres; dendritic shaft synapses are green

spheres. Square inset: magnified views of soma:

primate �, 39 total somatic synapses, somatic E/

I = 2.6; mouse �, 162 total somatic synapses,

somatic E/I = 1.7. Rectangle inset: magnified

views of dendrites: primate (�), 2.06/mm shaft

synapses/mm, dendritic E/I = 3.8; mouse (�), 3.00

shaft synapses/mm, dendritic E/I = 9.6.

(B) Scatterplot of inhibitory neuron shaft synapses/

mm versus distance from soma (mm) (primate: 1.7

± 0.1 synapses/mm, n = 58, 10 mm dendritic frag-

ments across 10 neurons, two primates; mouse:

2.70 ± 0.12 synapse/mm, n = 39 10 mm dendrite

fragments across 4 neurons, one mouse; p =

3.31e-8).

(C) Box-and-whisker plot of inhibitory neuron

synapses/soma (mouse: 207 ± 18, n = 1,653

synapses across 8 soma, three mice; primate: 44

± 6.6, n = 307 synapses across 7 soma, two pri-

mates; p = 3.1e-4).

(D) Reconstruction of the soma and a single

dendrite of mouse inhibitory neuron (red). Radi-

ating off the soma and dendrite are excitatory

(blue) and inhibitory (green) axons that make shaft

synapses on that dendrite. Left: zoom-in showing

region where excitatory (blue) and inhibitory

(green) axons make synapses with the inhibitory

neuron dendrite. Bottom right: zoom-in showing

the soma with all excitatory (blue) and inhibitory

(green) axons thatmake synapses on the soma. All

synapses onto neighboring neurons (not depicted)

were marked and annotated as orange spheres.

Top: cartoon of mouse inhibitory neuron and sin-

gle dendrite showing the continuous sequence of

excitatory (E) and inhibitory (I) synapses made

along the dendrite.

(E) Box-and-whisker plot of the combined den-

dritic and somatic excitatory to inhibitory (E/I) ratio

of inhibitory neurons (mouse: 4.93 ± 0.9, n = 226

axons scored across 7 dendrites, 242 axons

across 4 soma, two mice; primate: 5.28 ± 1.2, n = 202 axons across 7 dendrites, 109 axons across 3 soma, two primates; p = 1.0.

All quantifications represent mean ± SEM; p values were calculated using a two-tailed Mann Whitney U test with a 0.05 significance level.
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To address the possibility that reduced synapse density is

peculiar to primate V1, in the same primate brains we collected

V1 datasets from, we randomly sampled 110 10 mm dendrite

fragments and reconstructed four soma and somatic synapses

in primary somatosensory cortex (S1) and 72 10 mm dendrite

fragments and 11 soma and somatic synapses in the lateral in-

traparietal cortex (LIP), a higher order mixed sensory and motor

cortical region (Huk et al., 2017) (Figure 3C; see STARMethods).

We find, like primate V1, that spine synapses are �3.4-fold

reduced in S1 and LIP primate excitatory neurons relative to

mouse V1 (Figure 3D). Furthermore, excitatory and inhibitory

neurons received �3.5-fold fewer somatic synapses relative to

mouse V1 (Figures 3E and 3F). We conclude that sparsity in

the primate brain likely extends to other brain regions and

beyond proximal dendrites.
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Inhibitory innervation patterns onto primate and mouse
excitatory neurons
We next asked how changes in numbers of connections on indi-

vidual neurons correlated with how neurons connect with one

another. We focused on reconstructing the innervation patterns

of axons synapsing with the soma of excitatory neurons, as we

could reasonably assume that these axons primarily come from

parvalbumin (PV+) inhibitory neurons that preferentially target

soma and the most proximal portion of dendrites (Goldberg and

Yuste, 2005; Karube et al., 2004; Kawaguchi and Kubota, 1997;

Kisvárday et al., 1985; Somogyi, 1989; Tremblay et al., 2016),

and thus we expected to be able to capture amajority of the con-

nections these axonsmake to neuronal targets within our imaged

volume. We first characterized basic properties of these somatic

targeting inhibitory axons across species (e.g., axonal branching,
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Figure 3. Reduced connectivity in primate

compared with mouse is general across in-

dividuals and cortical areas

(A) Reconstructions of representative randomly

sampled dendrites from primate (blue) and

mouse (red). Reconstructions depict the

approximate diameter of each dendrite and

represent the classes of largest, medium, and

smallest dendrites sampled.

(B) Scatterplot of excitatory neuron spine synap-

ses/mmversus dendrite diameter (mm) (mouse V1:

1.7 ± 0.07 synapses/mm, n = 100, 10 mm dendrite

fragments, three mice; primate V1: 0.7 ± 0.04

synapses/mm, n = 101 dendrite fragments, two

primates; p = 1.2e-30).

(C) Left: cartoon of additional primate brains re-

gions used to compare with V1; right: represen-

tative reconstructions of randomly sampled

dendrites from the two brain regions (yellow, LIP;

green, S1).

(D) Scatterplot of excitatory neuron spine syn-

apses/mm versus dendrite diameter (mm) (mouse

V1: 1.7 ± 0.07 synapses/mm, n = 100, 10 mm

dendrite fragments, three mice; primate V1: 0.7 ±

0.04 synapses/mm, n = 101 dendrite fragments,

two primates; primate S1: 0.5 ± 0.03 synapses/

mm, n = 110, 10 mm dendrite fragments, two pri-

mates; primate LIP: 0.5 ± 0.05 synapses/mm, n =

72, 10 mm dendrite fragments, one primate;

mouse V1 versus primate S1, p = 3.0e-47; mouse

V1 versus primate LIP: 6.5e-36).

(E) Box-and-whisker plot of total excitatory

neuron synapses/soma (mouse V1: 95.8 ± 3.8,

n = 1,341 synapses across 14 soma, three mice;

primate S1: 28.5 ± 5.9, n = 114 synapses across 4

soma, one primate; primate LIP: 35 ± 5.3, n = 175

synapses across 5 soma, one primate; mouse V1

versus primate S1, p = 6.5e-4; mouse V1 versus

primate LIP, p = 1.7e-4; primate S1 versus pri-

mate LIP, p = 0.4).

(F) Box-and-whisker plot of inhibitory neuron

synapses/soma (mouse V1: 207 ± 18.3, n = 1,653

synapses across 8 soma, threemice; primate LIP:

55.7 ± 18.3, n = 334 synapses across 6 soma, one

primate; p = 0.001).

All quantifications represent mean ± SEM; p

values were calculated using a two-tailed Mann

Whitney U test with a 0.05 significance level.
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bouton size, and synapse frequency along axons) and found that

despite largedifferences in the absolute numbers of somatic con-

nections, these basic properties were similar across mouse and

primate inhibitory axons. Inhibitory axons in primate branched

similarly tomouse (Figure S6A) andmade synapses as frequently

(Figure S6B). Furthermore, reconstructions of axons innervating

the soma of mouse and primate excitatory neurons revealed

that somatic innervating axons in the mouse made on average

2.34 ± 0.1 synapses on each soma, slightly more frequent than

the primate (1.33 ± 0.15) (Figure S6C). Thus, the�4-fold increase

in somatic synapsenumberonmouseexcitatory neuronswaspri-

marily the result of more axons innervating each soma (Fig-

ure S6D). Finally, the absolute difference in somatic synapse

number on individual neurons was accompanied by little change

in the size of inhibitory synapses (Figure S6E).
One possible consequence of increasing numbers of axons

innervating each mouse soma is that more axons that innervate

one soma might also innervate an adjacent soma (i.e., adjacent

mouse excitatory neurons ‘‘share’’ more innervation by cohorts

of individual inhibitory axons), consistent with previous reports

that inhibitory innervation is broad and non-specific (Fino et al.,

2013; Packer and Yuste, 2011). We tested this hypothesis by

tracing every axon innervating the somata of nearest neighbor

excitatory neurons in both species and asked how often these

neighboring neurons share inhibitory innervation from the same

axon fragment. Figure 4A shows one representative reconstruc-

tion from each species from this experiment, and Figure 4B

shows quantification of this analysis across three pairs of neu-

rons for each species (i.e., six total neurons/species with pairs

of neurons within 15 mm had all their somatic innervating axons
Cell Reports 36, 109709, September 14, 2021 7



Figure 4. Neighboring primate and mouse

excitatory neurons have similar inhibitory

networks

(A) Reconstructions of every inhibitory axon

innervating the soma of two adjacent L2/3 excit-

atory neurons (primate: 19 axons, 40 synapses;

mouse: 57 axons, 151 synapses).

(B) Inset: shared (green lines) and unshared axons

(black lines) between neighboring neuron pairs.

Scatterplot of the number of axons synapsed with

the soma and perisoma of neighboring neuron

pairs versus the proportion of those axons shared

between the two neurons (primate: 0.40 ± 0.02

shared axons, n = 60 axons making 162 synapses

across three neuron pairs; mouse: 0.21 ± 0.02

shared axons, n = 188 axonsmaking 504 synapses

across three neuron pairs; p = 0.1).

(C) Scatterplot of the number of shared axons

between a source neuron (red circle) and all

neighboring neurons (all other circles). Circle color

represents the number of shared axons a given

neuron has with the source neuron (see heatmap).

Each neuron is plotted in their actual x and y po-

sitions with somatic innervating axons (red lines)

traced from the source soma overlaid and yellow

nodes depict synapses. Asterisks mark examples

of nearby neurons that do not share axons with the

source neuron. Daggers mark examples of neu-

rons whose number of shared axons with the

source neuron do not correlate with distance from

the source neuron. Two analyses were performed

for each species (primate: P1, n = 10 axons, 145

synapses, 36 neurons; P2, n = 9 axons, 103 syn-

apses, 36 neurons; mouse: M1, n = 32 axons, 455

synapses, 49 neurons; M2, n = 25 axons, 397

synapses, 49 neurons).

All quantifications represent mean ± SEM; p values

were calculated using a two-tailed Mann Whitney

U test with a 0.05 significance level.
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traced). Surprisingly, we found that despite the large difference

in absolute numbers of axons that innervated soma across spe-

cies (i.e., 2.7-fold more axons per soma in the mouse; refer to

Figure S6D), in this limited sample size, we observe that primate

excitatory neurons were more likely to share inhibitory axonal in-

puts than mouse neurons (primate, 24 of 60 average axons

shared [40%] across three neuronal pairs; mouse, 39 of 188

average axons shared [21%] across three neuronal pairs), but

this sample size is likely too small for an accurate estimate of sta-

tistical significance (Figure 4B).

Another possibility is that although sharing of presynaptic

inhibitory axons is similar across species at short distance

(e.g., immediately proximate excitatory neuronal soma), as the

distance between excitatory soma increases, moremouse inhib-

itory inputs are shared than in the primate. Thus, we asked how

often axons innervating a particular soma also synapse with the

other excitatory neurons throughout the volume. For each spe-

cies, we traced all inhibitory axons innervating the soma of two
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excitatory neurons (i.e., ‘‘source neuron’’; Figure 4C, red circles

and corresponding axonal trajectories overlaid, two neurons for

each species; primate, P1 and P2; mouse, M1 andM2) and iden-

tified every additional synapse these axons made with every

other neuron in the volume, establishing the number of shared

inhibitory inputs for each neuron in the volume relative to the

source neuron (Figure 4C, colored circles). The pattern of inhib-

itory innervation in both species showed a trend toward both

specificity and sparsity of innervation. Neurons separated by

70 mm or greater from the source neuron shared few if any inhib-

itory axons (i.e., sparsity). Neurons proximate to the source

neuron did not always get co-innervated, and locally, distance

could not predict the amount of co-innervation (i.e., specificity)

(Figure 4C, see soma marked with asterisks and daggers,

respectively, for examples). Thus, changes in the absolute

numbers of inhibitory inputs on individual neurons across spe-

cies seems to have little correlation with how inhibitory, presum-

ably PV+, networks connect with excitatory neurons.



A D

B E

C

Figure 5. Metabolic costs on firing rates

and synaptic machinery regulate connec-

tion density in artificial recurrent neural net-

works

(A) Schematic of the recurrent neural network

(RNN). A matrix of RNNs consisting of 200 nodes

was constructed, with each RNN having different

activity and synapse cost imposed while trained

to perform a delayed match-to-sample cognitive

task.

(B) Three-dimensional heatmap of connection

density of RNNs trained to perform a cognitive

task under different costs. For each combination

of activity cost (AC) weighting (penalty on mean

firing rate) and synapse cost (SC) weighting

(penalty on mean connection strength), ten net-

works were trained to perform the same delayed

match-to-sample task. Roman numerals mark

extreme points in the matrix: (I) no AC and SC

cost; (II) maximum SC, no AC cost; and (III)

maximum AC, no SC cost.

(C) Cartoon summarizing RNN results when AC or

SC is maximally applied alone. Each circle rep-

resents the 200 nodes used for the initial cognitive

task in (A), and the size of the circle represents the

final number of synapses the network has at the

end of the training. With no cost (I; neither SC nor

AC) the network has a mean 66 synapses. With a

maximumSC cost and no AC cost (II), the network

has a mean 7 synapses. With a maximum AC cost

and no SC cost (III), the network has a mean 50

synapses.

(D) Inset: line graph of cost magnitude versus

network size. Different models of tabulating cost

scale differently as network size increases: total

synapse cost scales quadratically, synapse cost

per neuron scales linearly, and mean synapse

cost does not scale. Cartoon: RNNs with different

numbers of nodes with a fixed activity cost were

trained to perform a delayed match-to-sample

cognitive task.

(E) Top/middle: mean number of synapses per

neuron (±SD) as a function of network size, shown

separately for excitatory neurons (top) and inhib-

itory neurons (middle). Bottom: mean ratio of

excitatory to inhibitory inputs per neuron as a

function of network size (± SD). In all cases, n = 10

networks per comparison.
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Energy constraints and scaling artificial neural
networks
Finally, we hypothesized that the main factor driving the

observed differences in neuronal connectivity between mouse

and primate was the metabolic cost of maintaining synapses

as the number of neurons increases with brain size. To test this

idea, we trained recurrent neural networks (RNNs) with separate

E/I units performing a cognitive task commonly used in both

mouse and macaque studies: delayed match-to-sample task

(Dudchenko, 2004; Masse et al., 2018; Yang et al., 2019; Zhang

et al., 2019) (Figure 5A; see STAR Methods). We hypothesized

that metabolic costs would provide strong evolutionary pressure

(Bullmore and Sporns, 2012) for the sparser connectivity we

observed in primate neurons, particularly as the number of neu-

rons in primate brains is estimated to be 90 times more than
mouse (�6.4 billion in Macaca mulatta, �71 million in Mus mus-

culus) (Herculano-Houzel et al., 2006, 2007, 2015). We focused

on two forms of ‘‘cost’’: one related to somatic firing rates (activ-

ity cost [AC]) and one to building and maintaining synapses (syn-

apse cost [SC]). Importantly, whereas AC was activity depen-

dent, SC was not (i.e., the proliferation of synapses was

independent of their activity or AC; see STAR Methods).

We performed two sets of experiments. First, we trained RNNs

of fixed numbers of nodes with a range of different AC/SC cost

combinations (n = 10 networks per AC/SC combination, 200 no-

des) and measured the average numbers of connections per

node at the end of training. We find that although increasing

AC and SC reduces the number of connections per node after

training, the effects of SC on synapse number were far more pro-

nounced than AC (Figures 5B, 5C, and S7A; mean/SD for each
Cell Reports 36, 109709, September 14, 2021 9



Figure 6. Model of the prototypical primate (P) and mouse (M) L2/3

excitatory and inhibitory neuron

Excitatory neuron: along their dendrites, primate excitatory neurons have

fewer excitatory inputs than mouse but equivalent number of shaft inhibitory

inputs. Primate neurons have fewer inhibitory inputs onto their somata relative

tomouse. Primate excitatory neurons receive 3.7 times higher innervation from

dendritic spine innervating inhibitory neurons (‘‘2nd spine synapses’’), pre-

sumably double bouquet cells (DBC), equivalent dendritic shaft innervation

from somatostatin (SST) neurons, and 3.8 times lower somatic innervation by

PV+ inhibitory neurons than mouse excitatory neurons. Primate excitatory

neurons have a lower E/I ratio (2.4) than mouse (5.6). Inhibitory neuron: along

their dendrite, primate inhibitory neurons receive similar synapses/mm but 4.7

times fewer somatic synapses. The E/I ratio is unchanged between primate

and mouse inhibitory neurons.
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combination reported in the figure). An index of dispersion (IoD)

analysis of the mean synapse count per neuron confirmed this

conclusion (see STAR Methods). When SC magnitude is fixed

and AC magnitude varies, IoDs of mean synapse count are

significantly lower than the converse, fixed AC and varied SC

(Figure S7B). Analysis of networks with large ACs revealed that

activity is minimized predominantly through increases in the

numbers of inhibitory connections, unlike the sparsity of inhibi-

tory connections found in the non-human primate brain (Figures

S7C and S7D).

We thus focused on the effects of SC as the size of networks

increases. We experimented with three models of tabulating the

‘‘cost’’ of synapses in networks of increasing size: (1) total SC,
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which scales quadratically with the number of nodes; (2) SC

per neuron, which scales linearly with the number of neurons;

and (3) mean SC, used in experiments described above (Figures

5A–5C), which does not scale with network size (Figure 5D). As

networks increase in node size (from 50 to 500 neurons), total

synapse penalty produced networks with reductions in excit-

atory and inhibitory connections and E/I ratio, as seen in the pri-

mate EM data (Figure 5E, green bars; least squares fit: slope =

�0.009, intercept = 5.11, R2 = 0.844, p = 5.52e-21, Wald test).

Networks penalized instead on synapse number per neuron or

mean synapse strength either held constant the number of E

synapses and increased the number of I synapses or actually

increased the numbers of both E and I connections (Figure 5E;

mean strength penalty [blue bars]: least squares fit: slope =

0.049, intercept = �0.129, R2 = 0.984, p = 6.20e-45, Wald test;

synapse strength per neuron penalty [red bars]: least squares

fit: slope = 0.003, intercept = 3.958, R2 = 0.42,p = 3.61e-07,

Wald test).

Finally, we performed additional analyses on (1) identical net-

works (i.e., from Figure 5A) trained on two other benchmark

cognitive tasks (Figure S8) (Desimone, 1996; Freedman and As-

sad, 2006) and (2) different RNNs with costs on synaptic dy-

namics rather than performance-driven costs, trained on all

three cognitive tasks (Figure S9; see STAR Methods) (Masse

et al., 2019; Mongillo et al., 2008; Zucker and Regehr, 2002).

Across all conditions tested, RNNs converge on the same

conclusion: prohibitive energy constraints of building and main-

taining synaptic connections drive neural networks of increasing

number to be increasingly sparse, as observed in primates

versus mouse neurons.

DISCUSSION

Our results directly demonstrate, for the first time, that excitatory

primate neurons in L2/3 receive far fewer dendritic inputs (2.4-

fold fewer spine synapses), and both excitatory and inhibitory

primate neurons receive fewer somatic synapses (4.1-fold)

than their mouse counterparts (Figure 6; Table 1), with little

change in synapse size. We report large-scale analyses classi-

fying and comparing the ratio of excitatory and inhibitory synap-

ses onto the dendrites and soma of inhibitory neurons across

species (Figures 2D and 2E) and differences in the inhibitory

innervation patterns on individual spines (i.e., primate spines

are�3.5 timesmore likely to receive a second synapse). Further-

more, as a result of our reconstructions of axonal wiring, we

conclude that basic properties of neuronal networks showed

complicated relationships across species: (1) despite receiving

fewer total inhibitory inputs onto individual excitatory soma in

primates, the proportion of inhibitory axons that connect across

excitatory neurons was unchanged between primate and mouse

(Figure 4), and (2) primate excitatory neurons showed a lower E/I

ratio than equivalent mouse neurons (Figure 1F), but the E/I ratio

in mouse and primate inhibitory neurons was unchanged (Fig-

ure 2E). Finally, we show, using neurobiologically inspired artifi-

cial neural networks trained on multiple cognitive tasks, that as

the numbers of nodes (neurons) in networks increase, the num-

ber of edges (connections) per node reduces, in line with obser-

vations in mouse versus primate neurons. We demonstrate that
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the energy costs of creating and maintaining more connections

can drive that sparsity in silico.

Limitations of study
Here we address potential limitations to the present study. First,

our results are gleaned from a limited number of samples: from

three mice and two non-human primates and from reconstruc-

tions of proximal dendrites <200 um from the soma.

These factors could (1) limit the generalizability of these results

(e.g., sparsity could be particular to proximal dendrites of primate

L2/3 neurons in V1) and (2) leave the potential for confounds from

inter-neuronal or inter-individual variances or even differences in

synapsedensity along thedendritic tree (Ballesteros-Yáñez et al.,

2006; Bannister and Larkman, 1995; Medalla and Luebke, 2015).

This concern is mitigated by several factors. First, we examined

the connectivity profiles of many neurons (n > 53; more than 53,

because of our random dendrite sampling) and annotated

many synapses (n = 15,748) across multiple individuals, and the

changes we found in synapse densities and distributions were

large and remarkably consistent across neurons in the same spe-

cies and clearly different across species (Figures 1B–1F; Figures

2B–2E; Table 1). Second, we found similar synapse sparsity in a

total of�2 mm of randomly sampled dendrites of different orien-

tations and diameters in the same volume (Figure 3B), and some

of these randomly sample dendrites are likely fromdifferent parts

of dendritic arbors (e.g., distal versus proximal, main versus side

branches, and from somata outside of L2/3). Finally, we found

sparse synaptic innervation, both dendritic and somatic, in other

primate cortical regions (S1 and LIP) similar to what we observed

in V1 (Figures 3D–3F). Moreover, other spine density measure-

ments performed in mouse layer 4 somatosensory cortex (�1.0

spine synapses/mm) (Motta et al., 2019) and layer 3 temporal cor-

tex (1.1 spine synapses/mm) (Benavides-Piccione et al., 2002)

agree with our results in mouse L2/3 V1. Thus, we conclude

that primate neurons generally receive sparse synapses across

multiple cell types and many cortical regions relative to the

mouse.

The third limitation is the definition of ‘‘adult.’’ With little litera-

ture about developmental staging of neuronal connections

across species, we chose standard definitions, beyond known

critical periods and prior to age-related cognitive decline, and

sampled individuals of different ages (mouse: male, 15 weeks

old; male, 36 weeks old; and adult mouse, gender and age unre-

ported; primate, 11.0 and 14.5 years old, male). Indeed, future

experiments detailing connectivity in developing, ‘‘adult,’’ and

aged animals will help better establish timelines for comparing

connectivity across these and other species.

Finally, there are potential limitations with the volumes

analyzed. For example, although we exhaustively traced inhibi-

tory axons within the volume, we cannot exclude the possibility

that such axons branched outside of the volume, and thus

some of the axonal branches we labeled as independent are

the same axon. We believe this limitation is mitigated for several

reasons: (1) inspection of individual fluorescently labeled PV+

positive (PV+) soma targeting neurons over larger volumes in

mice suggests that although branching is extensive, large

branches returning to the same locations are rare (Oliva et al.,

2000; Packer et al., 2013), consistent withmodels of an economy
of neuronal wiring (i.e., neuronal wiring minimizes neurite length)

(Chklovskii et al., 2002; Karbowski, 2001; Wang and Clandinin,

2016); (2) similar analyses in cortical excitatory neurons sug-

gested that axons rarely branch distally and reinnervate the

same target (Kasthuri et al., 2015); and (3) we see no such

behavior of inhibitory axons in our volume (all of the branching

we observed had no sign of recurrent innervation from distal

branches).

Comparison with previous work
Comparisons of how mouse and non-human primate brains

differ and are similar have a long history in neuroscience, ranging

from how neurons in similar brain regions respond to similar

stimuli (Huberman and Niell, 2011; Sanzeni and Histed, 2020;

Segev, 1992; Sweeney and Clopath, 2020; Van Hooser, 2007;

Wang et al., 2016) to differences in the sizes of brain regions

(Van Essen et al., 2018). The prior work perhaps most relevant

is generally of two varieties: measurements of bulk synaptic den-

sity in neuropil (i.e., synapses/mm3) in smaller volumes using EM

(Ascoli et al., 2008; DeFelipe et al., 1999, 2002; Hsu et al., 2017;

McGuire et al., 1991; Medalla and Luebke, 2015; Peters et al.,

2008; Sherwood et al., 2020) and optical methods, particularly

in primates, whereby neurons in living slices are filled and spines

are counted as proxies of excitatory innervation (Gilman et al.,

2017; Luebke et al., 2004; Luebke and Rosene, 2003; McGuire

et al., 1991; Medalla and Luebke, 2015). The results presented

here extend these previous studies and address inherent limita-

tions as described below.

Bulk synapse measurements typically rely on single two-

dimensional (2D) EM sections or a small EM series (�50 sec-

tions), rarely capturing the full subcellular complement of a

neuron. As a result of these smaller volumes, these approaches

have several limitations: (1) the layer of origin of parent somata is

often unknown, (2) synaptic location on the neuron is often un-

known, (3) total synapse numbers for soma are often unknown,

and (4) axonal connectivity is often unknown.

Most optical reconstructions of connectivity, particularly in pri-

mates, are limited to filling individual neurons with opaque dyes

either indirectly (e.g., Golgi staining) or directly, often via injection

into living neurons in brain slices and sometimes after electro-

physiological characterization (Elston et al., 2011; Gilman et al.,

2017). Such reconstructions sample more animals and capture

larger fractions of dendritic arbors but suffer potential disadvan-

tages, including (1) incomplete fills of neurons and the use of

diffraction-limited optics in dense neuropil frequently results in

errors when assigning connectivity (Briggman et al., 2011; Mis-

hchenko et al., 2010), and (2) optical microscopy has little to

say about the innervation patterns of synapses on neuronal

soma, on dendritic shafts of excitatory neurons, on the dendrites

of inhibitory neurons, second spine innervation, or patterns of

how putative inhibitory axons innervate excitatory neurons, all

novel results presented here for mice and primates.

Last, the majority of spine counting in primate neurons has

been accompanied by prior electrophysiological characteriza-

tion of neurons (Gilman et al., 2017; Luebke et al., 2004; Luebke

and Rosene, 2003; Medalla and Luebke, 2015). However, the

preparation of living brain slices can induce new spine formation,

often twice the number relative to perfusion controls (Kirov et al.,
Cell Reports 36, 109709, September 14, 2021 11
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1999, 2004; Trivino-Paredes et al., 2019). These potential arti-

facts are particularly problematic in living brain slices chilled prior

to recordings, a protocol used for most structural synaptic ana-

lyses of primates (Gilman et al., 2017; Luebke et al., 2004; Med-

alla and Luebke, 2015). As similar studies on the effects of brain

slice preparation on spine density have not been done in non-hu-

man primates, they offer potential confounds in comparisons of

spine densities across species.

Redistributions of synapses on excitatory neurons
A key advantage to connectomic analysis at the scale of neurons

is the ability to capture all connections on that neuron within the

field of view, as opposed tomethods that rely on selectively label-

ing a subset of connections. In doing so, we find changes in the

relative distribution of the types of inhibitory synapses onto pri-

mate excitatory neurons relative to mouse: (1) a 4-fold reduction

in somatic synapses, without reduction in the size of boutons; (2)

an unchanged frequency of dendritic shaft synapses; and (3) a 3-

fold increase in the proportion of ‘‘second spine’’ synapses.

Collectively, this reduces the potential role of somatic inhibition

and increased role for dendritic inhibition on primate neurons.

Moreover,with fewer excitatory spine synapses, primateneurons

have a lower E/I ratio than mouse neurons (Figure 1F; Table 1),

emphasizing the shift toward significantly more inhibition onto

primate excitatory neurons. Interestingly, inhibitory neurons

that synapse onto excitatory neurons can be broadly classified

by where on the postsynaptic excitatory neuron they synapse

(e.g., shaft, spine, soma), and moreover, each class of inhibitory

neuron is reported to have specific roles in shaping functional re-

sponses of excitatory neurons to external stimuli (Kawaguchi and

Kubota, 1997; Kepecs and Fishell, 2014; Somogyi et al., 1983;

Tremblay et al., 2016). Specifically, PV+basket cells form thema-

jority of somatic and perisomatic synapses, and somatostatin

(SST+) interneurons preferentially target dendritic shafts of excit-

atory neurons. Reduced somatic and increased dendritic inhibi-

tion might support species-specific dendritic processing, as

recently reported in human neurons (Gidon et al., 2020). Less is

known about specific inhibitory neuronal types preferentially

innervating ‘‘second synapses’’ on spines, but in humans and

non-human primates, PV�/calbindin+ double bouquet cells

(DBCs) seem to fit this bill (Tamás et al., 1997). DBCs are note-

worthy because it is unclear whether they exist in rodents (Scala

et al., 2019; Yáñez et al., 2005). Thus, species differences in the

redistribution of inhibitory synapses could result from changes

in the proportions of inhibitory cell types or the presence of novel

inhibitory cell types (D�zaja et al., 2014;Hodgeet al., 2019;Krienen

et al., 2020; Sultan and Shi, 2018).

Sparse inhibitory innervation
A fundamental and recurring question in neuroscience is the

specificity with which inhibitory neurons target excitatory

neuronal populations, and a current hypothesis is that inhibitory

connectivity to excitatory neurons is dense and non-specific

(Fino et al., 2013; Packer and Yuste, 2011). We address this

question with the first exhaustive reconstruction of innervation

patterns of somatic targeting inhibitory axons across species,

asking how often the complete set of inhibitory axons innervating

a given excitatory soma innervate neighboring soma (i.e., are
12 Cell Reports 36, 109709, September 14, 2021
inhibitory connections dense and non-specific?). We find that

interneuron connectivity between neurons was sparse: neurons

only tens of microns apart were unlikely to ‘‘share’’ the same pre-

synaptic inhibitory axon (Figure 4C). Indeed, we found many in-

stances in which inhibitory axons that synapse on a given soma

directly contact other neuronal soma and dendrites without

innervating those neurons (data not shown). Interestingly, this

aspect of somatic innervationwas true acrossmice and primates

despite mouse excitatory neurons receiving �4-fold more so-

matic inhibitory synapses, favoringmodels in which interneurons

consistently connect with precision and selectivity (Yoshimura

and Callaway, 2005). Finally, we find little change in inhibitory

synapse size across species as potential compensation for the

reduced number of synapses on primate neurons (Figure S6E)

(Arellano et al., 2007; Holler et al., 2021; Holtmaat and Svoboda,

2009).

Energy constraints and scaling natural and in silico

neural networks
There are broadly two types of models of how brains consume

energy relevant to this work. First are models on energy con-

sumption at the level of whole brains, which suggest that as

brains grow in the number of neurons, animals consume corre-

spondingly more calories, such that the amount of glucose (or

oxygen) used per neuron remains relatively constant (Hercu-

lano-Houzel, 2011). Second are models of energy consumption

at the level of individual neurons, which suggest thatmost energy

is ‘‘spent’’ primarily on synaptic transmission, with the implica-

tion that energy demands of individual neurons scale with its

number or size of connections (Attwell and Laughlin, 2001; Harris

and Weinberg, 2012). A critical gap is data on how energy de-

mands could potentially constrain connections on individual

neurons as brains increase the numbers of neurons. Our simula-

tions suggest that it is the energy cost of creating and maintain-

ing synapses, as opposed to the ‘‘costs’’ of spiking, that drives

the sparsity of connections with increased neuronal number

across mouse and primate.
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(15 week old mouse)
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Rhesus Macaque brain (11

and 14.5 year old primate)

David Freedman lab Provided by collaborators

Deposited data

Volumetric EM data Neurodata: https://

neurodata.io/

This study

Volumetric EM data neuron

morphology annotations

NeuroMorpho.org Archive Name: Wildenberg

Software and algorithms

Knossos Knossos-3D Image

Visualization and Annotation

https://knossos.app/

Fiji ImageJ/Fiji https://imagej.net/software/

fiji/

Aligntk National Center for

Multiscale Modeling of

Biological Systems

(MMBioS)

https://mmbios.pitt.edu/

aligntk-home

MATLAB MATLAB https://www.mathworks.

com/products/matlab.html

Excel Microsoft https://www.microsoft.com/

en-us/microsoft-365/excel

Klab utilities for image

adjustments/alignment

Github https://github.com/

Hanyu-Li/klab_utils

Custom scripts from

processing Knossos nml

annotation files

Github https://github.com/

knorwood0/MNRVA
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Narayanan

Kasthuri (bobbykasthuri@uchicago.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request. Raw EM data and MATLAB code used for data

analysis is stored on our local servers and freely available upon request. Additionally, data will be hosted on public databases

including https://neurodata.io/ and NeuroMorpho.org. Two additional mouse V1, L2/3 datasets (each �80 mm x �80 mm x

�30 mm) were downloaded from previously published articles as tiff stacks from https://neurodata.io/project/ocp/#data using

scripts provided by the website. For Bock et al., the pixel coordinates downloaded were: x: 69098-89416, y: 57560-77751, z:

3308-4057 and for Lee et al., x: 69725-90169, y: 81602-102994, z: 1-820. Data was then converted into a Knossos file for re-

constructions.

d All original code has been deposited at [repository] and is publicly available as of the date of publication. Github links are listed

in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

1 mouse (male mouse, 15 weeks old, The Jackson Laboratory, #000664) and 2 primates (males, 11 and 14.5 years old; provided by

collaborators: Freedman lab (UChicago)) were used in this study. Perfusion procedures were followed according to animal regula-

tions at the University of Chicago’s Animal Resources Center (ARC) and approved IACUC protocols. The rhesus macaques and

mice were housed in accordance with the Guide for the Care and Use of Laboratory Animals, Public Health Service Policy, and

the Animal Welfare Act and Regulations, at the University of at Chicago, a fully AAALAC-accredited institution. All procedures

involving animal care and use were approved by the IACUC at the University of Chicago.

METHOD DETAILS

Data acquisition
Brains for primate andmouse were prepared as previously described (Hua et al., 2015). For the primate brain, V1 was identified using

anatomical landmarks (e.g., calcarine sulcus) and comparing with a published atlas (Paxinos, 2009). Mouse V1 was identified using

the Allen Brain Institute reference atlas (http://mouse.brain-map.org/experiment/thumbnails/100048576?image_type=atlas). S1 was

identified in the primate brain using the lateral, central and cingulate sulci as areal fiducials and excising a�1mmx2mmpiece of Brod-

mann’s area 3b along the central sulcus. LIP was identified in the primate brain using the intraparietal, lateral, and superior sulcus as

areal fiducials and excising a �1mmx2mm piece of LIP along the intraparietal sulcus (Paxinos, 2009). 3,000, 40nm thick sections

were collected and imaged as previously described (Kasthuri et al., 2015).

Data analysis
Data annotations were done by two individuals (GW, BK). To ensure accuracy of the data,�33% of the annotations from one person

was verified by the other. 33%of the annotationswere given to a naive annotator to verify the accuracy.We found a > 98%agreement

between manual annotators. We found that 100% of spines could be reconstructed. Neurons were reconstructed by first identifying

the soma followed by tracing their dendritic arbors. All soma along with their dendrites contained within the volume were recon-

structed. Classes of cell types were identified by distinguishing anatomical properties: Excitatory neurons by the presences of den-

dritic spines, interneurons by the lack of spines and numerous shaft synapses, glial cells by their extensive branching, lack of spines

and synapses, and cytoplasmic granules. Skeleton information was exported into tab delimited matrices using homemade Python

scripts. Two-tailed Mann Whitney U statistics test with a 0.05 significance level was used (Marx et al., 2016) between aggregate

mouse and aggregate primate datasets. Whiskers on boxplots indicate variability outside the upper and lower quartiles and center

black line indicates the mean.

Spine and shaft synapse frequency
dendrites of multiple neurons were divided into�10mm segments that sampled apical and basal dendrites at varying distances from

the soma. The number of spine or shaft synapses containedwithin the 10 mmwindowwere countedmanually in Knossos and the total

number of synapses were divided by the segment length to calculate spine synapses/mm and shaft synapses/mm. Synapses were

identified by the presence of a post-synaptic density and vesicles on the pre-synaptic axon. The distance between the furthest point

of the 10mm segment and the soma was computed using the Euclidian distance formula to calculate the distance from the soma.

Soma synapses
excitatory and inhibitory soma were identified as described above. Neurons whose soma was fully within the imaged volume were

used to count the total number of soma synapses. Perisomatic synapses were scored along the first 10mm of dendrite that left the

soma.

E/I ratio for excitatory neurons
E/I = total spine synapses / (total shaft + total soma/perisoma + total second spine synapses). total spine synapses = spine synapse

density * average total dendritic length; Inhibitory: total shaft = shaft synapse density * average total dendritic length; total soma/peri-

soma = total soma + perisoma synapse number; total 2nd spine synapse = 2nd spines/spine * total spine. Total lengths were derived

from published measurements (Gilman et al., 2017).

E/I ratio for inhibitory neurons
number of excitatory synapses divided by inhibitory synapses. Axons were classified as excitatory or inhibitory by the scheme

detailed in Figure S4.

Randomly sampled dendrites
a dendrite was chosen at random and traced for 10 mm to first determine if it was an excitatory. Spine synapses were counted within

the 10 mm window as described above. The diameter of the dendrite was calculated by measuring across the diameter in all three

orthogonal views and then averaged.
e2 Cell Reports 36, 109709, September 14, 2021
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Inhibitory axons length/branches
branches were scored manually and length was calculated from Knossos annotations using custom scripts.

Number of soma synapses from inhibitory axons was derived from reconstructions and synapse annotations used for Figure 5.

Bouton size
node radius was used to calculate the surface area using S.A = p4r2

Inhibitory axons across neurons
All somatic synapses were first identified and marked in Knossos between two pairs of neighboring excitatory neurons that were

as physically close to each other as possible (�10 mm from center of soma mass), and whose soma are fully contained within the

imaged volume. These somatic synapses were used as seed points for fully reconstructing inhibitory axons and every synapse

these axons made with both pairs of neurons was annotated for the type of synapse (soma, perisoma, shaft, 2nd spine). The pro-

portion of axons that synapsed with both neighboring neurons was then calculated from the axon reconstructions to determine

how many axons were shared between the two neurons. Every soma within the volume had their dendrites first reconstructed.

Next, all somatic synapses were identified and marked on a central soma that was fully contained within the volume. These so-

matic synapses were used as seed points for fully reconstructing inhibitory axons and every synapse these axons made

was annotated for the type of synapse (soma, perisoma, shaft, second spine) and which neuron in the FOV it synapsed with. If

the postsynaptic target was a dendrite that did not have a reconstruction associated with it (i.e., not associated with a neuron

within the volume, the dendrite was followed through the volume to ensure that it left the volume as an orphan dendrite belonging

to a neuron outside the imaged volume.

Inter-soma distance
The position of 71 (primate) or 61 (mouse) soma in contained within the high res L2/3 volume was marked in and every pairwise

Euclidian distance between the center of mass of every soma was calculated. Results in the low- and high- resolution datasets

were the same. Figure S2C shows the low-resolution result. Soma/mm3 measurements: Across 2 primates and 3 mice, non-over-

lapping sub-volumes (100 3 100 3 50 mm were sectioned off and all soma wholly contained inside the sub-volume were counted

to calculate soma/mm3.

Branches per neuron
For every neuron in the L2/3 low resolution (40nm) dataset, we reconstructed the length of dendrite contained within the imaged vol-

ume from manual reconstructions.

Soma surface area
L2/3 soma in only soma wholly contained within the high resolution L2/3 dataset were used for analysis. Nodes were sized to the

approximate size of the soma to determine the pixel diameter which was then converted to soma surface area in mm2.

Neuron dendrite length
reconstructions of L2/3 neurons from the low resolution (40nm) dataset were used to calculate total dendrite length.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical tests of anatomical measurements
Mean and standard error of the mean (SEM) was calculated for every quantification. Statistical significance was calculated using the

two-tailed Mann-Whitney U test with a 0.05 significance level (Marx et al., 2016) between aggregate mouse and aggregate primate

datasets. See Table 1 and Figure Legends for the exact value of (n) and what (n) represents.

Artificial recurrent neural networks
Results were also obtained and compared across 3 total tasks and 2 network types. Networks consisted of excitatory and inhibitory

units obeying Dale’s law (4 excitatory units for each inhibitory unit). Synapses in these networks were also subject to short-term syn-

aptic plasticity according to the method previously described (Masse et al., 2018), with 50% of synapses briefly facilitated by pre-

synaptic activity and 50% briefly depressed. Training occurred through supervised learning; network parameters (weights and

biases) were adjusted using the backpropagation-through-time algorithm to minimize the categorical cross-entropy loss L(cy; y) be-

tween predicted output by and true output y. Weights were initialized randomly using a gamma distribution and constrained to be

strictly positive; as a synapse’s weight is pushed below 0 in magnitude during training, it is effectively pruned, ceasing to affect

network output and receiving no further adjustment. All networks were trained to stable, comparable levels of performance (>

90% accuracy on the DMS task, Figure S10). After training, synapses were counted as the number of outgoing weights with positive

magnitude. Networks were trained in Python using the Tensorflow framework; code implementing this training process, along with all

relevant hyperparameters for reproduction, is available on Github.
Cell Reports 36, 109709, September 14, 2021 e3
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Metabolic costs
Metabolic costs on neural activity and synapse size were implemented through components added to the cross-entropy loss func-

tion used during RNN training. The activity cost (AC) is given by 1
t lAC

Pt
i =0

hi, the mean of all neurons’ activity across all time points of a

trial. The synapse cost (SC) is given by 1
n2
lSC

P
i;j

wi;j, the mean synapse weight between all pairs of a network’s n neurons. Two other

variants of SC were also used (Figures 6D and 6E): 1
nlSC

P
i;j

wi;j, a penalty on the total synapse weight per neuron in a network, and

lSC
P
i;j

wi;j, a penalty on the total weight of all synapses in the network. Each of these costs was multiplied by a constant factor, l,

titrating that cost’s relative strength during training. Increasing l AC increased the strength of the activity cost during training, con-

straining networks more strongly to adopt solutions with lower average activity; similarly, increasing l SC constrained networks

more strongly to adopt solutions with lower synaptic weights. Themaximal values of lAC and lSC tested and reported here were cho-

sen based on their compatibility with stable network training. After increasing lAC and lSC no longer yielded networks that could

consistently be trained past 90% accuracy on the DMS task, corresponding with inappropriately strong regularization, lAC and

lSC were capped, with subsequent analyses restricted to groups of networks with lAC and lSC below the threshold of instability.
e4 Cell Reports 36, 109709, September 14, 2021
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