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Von Economo neurons as a
specialized neuron class of the
human cerebral cortex
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By studying human cortical cytoarchitecture, von Economo noticed large

spindle-shaped-neurons within layer Vb in the anterior-cingulate and fronto-

insular cortex. Those neurons had such extremely elongated stick-like or

corkscrew-like soma shape that appeared to him as a pathological alteration.

Eventually, he realized that this was a specialized-type of neuron which he

described as distinct from the main cortical cell populations, including the

commonly found spindle cells. Data from recent studies suggest that

specialized-stick-corkscrew-neurons may have first developed in the fronto-

insular cortex before the division of hominids and Old World monkeys, and that

they have become abundant in the anterior-cingulate cortex only in the hominid

line. Golgi analysis found that they have distinctive somato-dendritic

morphology with a characteristic very distal position of their axon origin. Many

additional studies claimed to find cells similar to the specialized cells described

by von Economo in other non-primate species, even in functionally unrelated

cortical regions and layers. However, these studies did not provide sufficient

evidence that the cells they described are indeed distinct from common spindle-

shaped-neurons, and that they truly correspond to the specialized-stick-

corkscrew-cells described by von Economo. We believe that present evidence

primarily supports the presence of specialized-stick-corkscrew-neurons in

hominids, with a seeming increase in their number in humans compared to

other primates. The functional significance of such neuronal specialization within

specific areas of the human cerebral cortex remains to be elucidated.
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1 Introduction

By studying the cytoarchitecture of the human cerebral cortex,

von Economo (1918) noticed and described large elongated

neurons in the anterior cingulate cortex (ACC) and in the fronto-

insular cortex (FI). The systematical analysis by von Economo and

Koskinas (von Economo and Koskinas, 1925) of all cortical regions

using Nissl staining, which visualizes the cell body and most

proximal parts of the dendrites, revealed that these cells have an

extremely elongated corkscrew-like or stick-like soma and are

located within layer Vb of the ACC and FI grouped into cell

clusters (usually 3–5 neurons). Since von Economo first found

these cells in patients with encephalitis lethargica and thought of

them as a pathological alteration due to their peculiar morphology

in 1918, it wasn’t until later that they were recognized as a unique

neuron subtype found only in distinct cortical areas and referred to

as “corkscrew cells” (von Economo, 1926; Seeley et al., 2012).

After these initial descriptions, specialized stick-corkscrew

neurons came back into in the focus of research after it was

shown that patients with Alzheimer’s disease might have a

decreased number of this neurons in ACC (Nimchinsky et al.,

1995), even though this finding was not confirmed in later studies

(Seeley et al., 2006; Kim et al., 2012; Gami-Patel et al., 2019; Gami-

Patel et al., 2022; Singleton et al., 2022). A following comparative

study found such specialized cells in the ACC of hominids

(Nimchinsky et al., 1999). Analysis of Nissl staining of the ACC

indicated that the specialized stick-corkscrew neurons were found

primarily in hominids but not in other primates (Nimchinsky et al.,

1999). Furthermore, these specialized cells seemed to be especially

abundant in bonobos and common chimpanzees, less numerous,

but still frequently observed in gorillas and relatively sparse in

orangutans (Nimchinsky et al., 1999). Only in bonobos they formed

clusters similar to those found in the human ACC, while in other

apes they were found as individual cells.

In the study by Nimchinsky et al. (1999) specialized stick-

corkscrew neurons were not found in the ACC of any of the other

23 analyzed primate species, including the gibbon, several New

World (Ceboidea) and Old World (Cercopithecidae) monkey

species and prosimians. These findings were largely supported by

a later study by Allman et al. (2010). This suggested that specialized

stick-corkscrew neurons appeared in the ACC during hominid

(Hominidae, great apes) evolution, and that they may have

become more numerous and possibly more complex with an

increase in encephalization level (Nimchinsky et al., 1999).

Somewhat in contrast to these findings, a more recent study

found such specialized cells in the FI of the rhesus and

cynomolgus monkeys using both Nissl and Golgi staining (Evrard

et al., 2012).

We would like to emphasize that in the manuscript by

Nimchinsky et al. (1999), specialized stick-corkscrew neurons

were referred to as “spindle cells”, whereas in the manuscript by

Evrard et al. (2012) they were referred to as “von Economo

neurons”. The term “von Economo neurons” was first used by

Watson et al. (2006) describing the Golgi morphology of spindle-

shaped cells within the human ACC that they considered to be the
Frontiers in Mammal Science 02
specialized cells described by von Economo. Using the terms

spindle cells and von Economo neurons interchangeably led to

subsequent researchers describing the elongated specialized cells of

the ACC and FI as “von Economo neurons”.

After introducing the term “von Economo neurons” (VENs),

many studies claimed to have found cells similar to the specialized

cells of von Economo in other non-primate species, even in regions

outside the FI and ACC, and not only in layer V, but also in layers II

and III. Most importantly, von Economo explicitly stated that these

special cells with a stick- or corkscrew-shaped cell body were clearly

distinguishable from other spindle-shaped cells found throughout the

cerebral cortex. Therefore, most of the recent studies (see Banovac

et al., 2021) have not dedicated sufficient attention to describe and

notice a clear distinction between the specialized von Economo

neurons and the spindle cells commonly found in the deep layers of

the cerebral cortex. This has caused significant confusion in research

on fusiform cells and spindle transformation. Furthermore, in this

paper we intend to discuss if the present evidence supports the notion

that cells observed in other species, areas and layers, truly correspond

to the specialized stick-corkscrew neurons described by von Economo

(von Economo, 1918).
2 Early descriptions of specialized
stick-corkscrew neurons in the
human anterior cingulate and fronto-
insular cortex

Von Economo and Koskinas (1925) described the three main

groups of cortical cells: pyramidal, granule, and spindle (fusiform)

cells. Spindle cells were recognized as a major cell population even

before von Economo and Koskinas (see Seeley et al., 2012; Banovac

et al., 2021), and many studies even specifically emphasized spindle-

shaped cells in the ACC, but none of these studies recognized the

cells found in the ACC as a separate neuron class. Thus, until von

Economo’s work, the elongated cells of the ACC were not

recognized as special cells, as already established giant pyramidal

neurons in the primary motor (Betz cells) and the Meynert cells in

the visual cortex. To distinguish the specialized cells in the ACC and

FI from common fusiform (spindle) cells, von Economo (von

Economo and Koskinas, 1925; von Economo, 1926; von

Economo, 1927) marked them as “corkscrew cells” and “stick cells”.

The first comprehensive modern cyto- and pygmento-

architectonic study that aimed to provide a detailed classification

of human cortical neurons was performed by Braak (1980). Braak

briefly mentioned extremely elongated spindle-shaped cells of layer

V of the ACC and referred to them as corkscrew or stick cells of von

Economo and Koskinas (1925). Importantly, Braak gave a detailed

description of common bipolar fusiform neurons – a subclass of

modified pyramidal neurons. These neurons have vertically

oriented dendrites with a spindle-shaped soma and are the

dominant neuron population of layer VI within most human

cortical regions. Note that common bipolar fusiform neurons of

layer VI are characterized by a clear demarcation between the soma
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and the dominant dendrites, and that the axon mainly arises from

the soma (von Economo and Koskinas, 1925; Braak, 1980; Petanjek

and Kostović, 1994), which is not the case for the specialized stick-

corkscrew neurons of the ACC and FI.

The aforementioned data showed that both classical and more

recent anatomical studies recognized that vertically oriented

spindle-shaped (fusiform) neurons are a common neuron type

found throughout the human cerebral cortex, particularly in layer

VI. Such cells were referred to as “spindle cells”. Studies published

between von Economo’s and Braak’s work (Sanides, 1962; Stephan,

1964; Stephan, 1975) emphasized that the neurons in ACC and FI

have a characteristic large and highly elongated cell body located

within layer V. Therefore, using the term “spindle cell” to describe

the specialized neurons of the ACC and FI might cause

misinterpretation because it is conflating commonly found

fusiform cells with specialized cells that have distinct morphology

and regional/laminar distribution.

Von Economo and Koskinas in their comprehensive overview

(von Economo and Koskinas, 1925; von Economo, 1927; von

Economo and Triarhou, 2009) on the morphology of different

spindle-shaped cells found in the cerebral cortex, have also

introduced the term “spindle transformation”. The term refers to

morphological changes of pyramidal cells of layer V, and less

frequently pyramidal cells of layer III, to establish a spindle-like

form. It is important to note that von Economo did not describe

layer III and V elongated cells as spindle cells, but as spindle-

transformed pyramidal cells. This is in line with Braak (1980)

description of numerous spindle-shaped cell body layer III

modified pyramidal neurons of the human cortex.
3 Somato-dendritic features and axon
origin marks specialized stick-
corkscrew neurons

Before von Economo’s description of specialized stick-

corkscrew neurons, using Golgi staining, Cajal (1899); Cajal

(1995) described the morphology of such cells present in the FI of

a 1-month-old infant (Figure 1A). He noticed their distinctive

somato-dendritic morphology. This observation was almost fully

neglected, even though Cajal’s figure shows that large spindle-

shaped layer V neurons have the body shape identical to that of

the specialized stick-corkscrew neurons described by von Economo

(Figure 1B). Cajal’s drawing also clearly showed the most distinct

feature of the large layer V spindle cells in the FI – the very distant

origin site of the axon, which arose from the ending of the basal

extension. We have to mention that using the Bielchowsky silver

staining method, von Economo concluded that VENs had an axon

arising near the middle of the soma, directed laterally and possibly

branching in the same cortical layer (von Economo, 1926). This is

not in line with data from any other studies, and therefore we found

that the process observed by von Economo actually represented a

thin side dendrite (for a more detailed elaboration see fig. 8 and

corresponding text in Banovac et al., 2021).
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After Cajal, the Golgi study by Watson et al. (2006) described

spindle-shaped cells in the ACC and FI of a 23-year-old human

male, without observing the position of axon origin (nor indicating

it on the figures). Similarly, the axon origin was neglected in the

Golgi study by Correa-Júnior (Correa-Júnior et al., 2020) where the

ACC of 4 adult human specimens was analyzed as well as in the

study by Fuentealba-Villarroel et al. (2022) describing spindle-

shaped cells in the human precuneus.

In addition, the dendritic morphology of most neurons shown in

these papers resembles common spindle-shaped, bipolar fusiform

neurons (Braak, 1980; Petanjek and Kostović, 1994) and lacks the

distinct dendritic morphology characteristic for the special cells

shown by Cajal in layer V of the FI. We intended to clarify this

issue by performing a Golgi study (Banovac et al., 2019), where the

neuron morphology of modified pyramidal neurons in the ACC of 5

adult human specimens was analyzed. We found that specialized

stick-corkscrew neurons have a distinct somato-dendritic

morphology (Figures 1C, D) that clearly separates them from other

modified pyramidal neurons, including common spindle-shaped,

bipolar fusiform neurons (Figures 1E, F). Specialized stick-

corkscrew neurons were perpendicularly oriented. Their stick-

shaped core part consisting of the cell body that extended in both

directions without a sharp decrease in thickness. We defined these

extensions as a basal and an apical stem. The length of the core part

(soma and extensions) was between 150 and 250 mm. The thickness

varied from 10 to 21 mm with numerous horizontally oriented, thin

and spiny dendrites. The basal extension commonly ended by

branching into several smaller dendrites, branching in a brush-like

pattern. The topology of apical extension was similar to those

characterizing pyramidal neurons apical dendrite.

Therefore, the unique somato-dendritic morphology of

specialized stick-corkscrew neurons of the FI and ACC allows for

their reliable identification based on soma shape and dendritic

topology. In addition, a very distal axon origin appears to a unique

feature of the stick and corkscrews cells of layer Vb of the ACC and

FI, that is in human very rarely found in cells of other cortical

regions (Braak, 1980). These unique features make it easy to

delineate specialized stick-corkscrew neurons from common

spindle-shaped bipolar neurons (Figure 2). Since these criteria

were not taken into account in the manuscript by Watson

(Watson et al., 2006) which introduced the term von Economo

neurons (VENs), it is questionable how this term was actually

interpreted in later studies and whether authors truly described the

same type of special cell that was first described by Cajal and

von Economo.

Only two Golgi studies intended to identify von Economo

neurons were performed in non-human species (Evrard et al.,

2012; Butti et al., 2014). In the FI of the adult macaque monkey,

Evrard et al. (Evrard et al., 2012) demonstrated the distal axon

origin, which was in line with Cajal’s descriptions. However, the

authors haven’t noted this morphological feature. The cell body size

of the described neurons was smaller and the dendritic morphology

seemed less complex when compared to specialized cells of human

ACC and FI, but had very similar dendritic topology (Cajal, 1899;

von Economo, 1918; von Economo, 1926; Evrard, 2018; Banovac

et al., 2019).
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4 Discussion

After Nimchinsky’s work, research on spindle-shaped cells in the

cerebral cortex greatly expanded (for review see Banovac et al., 2021)

with studies in neuropathology or neurodivergent states (e.g. Lin et al.,

2019; Nana et al., 2019), comparative andmolecular studies (including
Frontiers in Mammal Science 04
immunohistochemical characterization and transcriptomics). Many of

these studies claimed that von Economo neurons could be found in

species other than monkeys, apes and humans, as well as in regions

and layers out of FI and ACC layer Vb. The most comprehensive

study was done by Raghanti et al. (2015) where Nissl-stained sections

were taken from the occipital and frontal pole as well as FI andACC of
A

B D

E

F

C

FIGURE 1

Comparison of specialized stick-corkscrew neurons of von Economo (VEN) and common spindle-shaped modified pyramidal neurons (MPN) in the
fronto-insular (FI), anterior cingulate cortex (ACC), and dorsolateral prefrontal cortex (PFC) on Golgi and Nissl staining. Axons on Golgi staining are
marked by “a”. The magnification for all microphotographs is indicated by the 50 mm scale bar in the lower right corner. (A) Drawing of a VEN in the
FI of a 1-month-old human, Golgi staining. Note the distant axon origin and the brush-like terminal branching of the prominent basal dendrite.
Image modified from Cajal (1899). (B) Microphotograph showing a cluster of VENs in the FI of an adult human, Nissl staining. Image modified from
von Economo and Koskinas (1925). (C) Microphotograph of a VEN in the ACC of an adult human, Golgi staining. Note the distant axon origin and the
brush-like terminal branching of the prominent basal dendrite. Image modified from Banovac et al. (2019). (D) Microphotograph showing a cluster of
VENs in the ACC of an adult human, Nissl staining. Image modified from von Economo and Koskinas (1925). (E) Microphotograph of a common MPN
with a spindle-shaped cell body found throughout the PFC, Golgi staining. Note the axon origin close to the cell body and the lack of the brush-like
terminal branching typical for VENs. Image modified from Banovac et al. (2019). (F) Microphotograph showing several common MPNs with a
spindle-shaped cell body found throughout the PFC, Nissl staining. Image taken from Banovac et al. (2021), licensed under CC BY 4.0.
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the sheep, bowhead whale, cow, pig, deer, rock hyrax, horse, and

human. This study found that spindle cells resembling von Economo

neurons were present in all analyzed areas and species, not only in

layer V, but also in upper cortical layers II and III. Before this study, it

was proposed that von Economo neurons might have separately

evolved in phylogenetically distant species that have brain size over

300 g, and a sophisticated social behavior (Nimchinsky et al., 1999;

Hof and van der Gucht, 2007; Butti et al., 2009; Hakeem et al., 2009;

Allman et al., 2011). The study by Raghanti et al. (2015) concluded

that von Economo neurons were not restricted to socially complex and

highly encephalized species. They concluded that von Economo

neurons are present in distantly related species as a result of

convergent evolution, possibly representing a typical morphological

response to common functional requirements.

However, most of the presented microphotographs and drawings

in these manuscripts do not depict the peculiar morphology

presented by von Economo in the human brain. Moreover, the

described features mainly correspond to common spindle-shaped

bipolar neurons. The authors even clearly stated that they defined von

Economo neurons based only on the presence of a spindle-shaped
Frontiers in Mammal Science 05
soma larger than the surrounding pyramidal cells. In addition, no

demonstration of their dendritic morphology and position of axon

origin was given. This shows that using a severely watered-down

definition of von Economo neurons doesn’t benefit the further

discourse on these cells, and particularly not if every large spindle-

shaped cell becomes classified in the same category as the specialized

stick-corkscrew neurons described by von Economo. This leads to

inconsistency in defining these neurons and to contradictory results.

For instance, by using anti-NeuN staining the studies, Fajardo et al.

(2008) and González-Acosta et al. (2018) claimed to have found von

Economo neurons in human Brodmann area 9. Interestingly, in

Brodmann area 10, von Economo neurons weren’t identified in the

eight subjects analyzed by Fajardo et al. (2008). In contrast, González-

Acosta et al. (2018) claimed to have found von Economo neurons in

all five analyzed human subjects in Brodmann area 10. Both studies

claimed that von Economo neurons appeared to be far less abundant

in these regions than in the ACC and FI (Fajardo et al., 2008;

González-Acosta et al., 2018). Although, none of these studies

provided clear evidence about the abundant presence of cells with

similar features as von Economo’s specialized stick-corkscrew
FIGURE 2

Neurolucida 3D reconstructions of specialized stick-corkscrew neurons of von Economo (VEN) and common spindle-shaped modified pyramidal
neurons (MPN) found in the human cerebral cortex. The axon origin is marked by “a” and the axon is traced in red. Note the differences in axon
origin between VENs and common MPNs as well as the brush-like terminal branching of the basal dendrite in VENs that is not present in common
MPNs. Image modified from Banovac et al. (2021).
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neurons, they provide valuable data about the proportion of spindle-

shaped neurons as well as “spindle transformation” within various

species and layers. A combination of morphological and molecular

characteristics (see Dijkstra et al., 2018) might help distinguishing

between common spindle-shaped neurons and specialized types of

neurons as those described by von Economo.

The functional implications of the “spindle transformation” of

principal neurons are still unclear and research on the density and

distribution of spindle-shaped neurons in different species, cortical

regions and layers is necessary for understanding the importance of

this process. There was a recent study (Hodge et al., 2020)

performing single nucleus RNA-sequencing of FI layer 5

identified a transcriptomically-defined large spindle cell cluster.

By performing patch clamp recordings, it was shown that these

neurons have distinctive intrinsic membrane properties relative to

neighboring pyramidal neurons. It might be expected, that due to

their very special morphology (Banovac et al., 2019), and their

unique molecular features (Dijkstra et al., 2018), von Economo

neurons might have unique functional properties.

A limiting factor in most studies identifying specialized von

Economo neurons is a lack of standardized classification. Hence,

some authors even claim that spindle-shaped von Economo-like

neurons are present in rat layers III and V, and that these cells

express nNOS and NADPH (Pellicer et al., 2022). Based on the

morphology and molecular characteristic of these cells, they more

likely correspond to the large GABAergic fusiform somatostatin

interneurons, which co-express nNOS (Banovac et al., 2022). Such

neurons seem to have little in common with von Economo’s

specialized cells, which are even larger, have no demarcation

between the soma and dendrites and express glutamatergic and

projection neuron markers. Therefore, it is clear that there is a need

to define objective classification criteria to make the distinction

between common spindle bipolar cells and specialized stick-

corkscrew neurons easier and more consistent. Thus, finding the

right balance between straying too far from the original descriptions

and still allowing for appropriate level of variety in non-human

species is an imperative for any future studies.

In summary, our point of view is that the present evidence

suggests that specialized stick-corkscrew neurons may have evolved

before the division of hominids from Old World monkeys and that

they appear to be far more abundant in the hominid line. The

functional significance of such neuronal specialization and a high

number of specialized neurons present only in two areas of the

human cerebral cortex remains to be elucidated (Watson and

Allman, 2007; Butti et al., 2013; Bruton, 2021).
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