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Abstract: White matter interstitial neurons (WMIN) are a subset of cortical neurons located in the
subcortical white matter. Although they were fist described over 150 years ago, they are still largely
unexplored and often considered a small, functionally insignificant neuronal population. WMIN are
adult remnants of neurons located in the transient fetal subplate zone (SP). Following development,
some of the SP neurons undergo apoptosis, and the remaining neurons are incorporated in the
adult white matter as WMIN. In the adult human brain, WMIN are quite a large population of
neurons comprising at least 3% of all cortical neurons (between 600 and 1100 million neurons). They
include many of the morphological neuronal types that can be found in the overlying cerebral cortex.
Furthermore, the phenotypic and molecular diversity of WMIN is similar to that of the overlying
cortical neurons, expressing many glutamatergic and GABAergic biomarkers. WMIN are often
considered a functionally unimportant subset of neurons. However, upon closer inspection of the
scientific literature, it has been shown that WMIN are integrated in the cortical circuitry and that they
exhibit diverse electrophysiological properties, send and receive axons from the cortex, and have
active synaptic contacts. Based on these data, we are able to enumerate some of the potential WMIN
roles, such as the control of the cerebral blood flow, sleep regulation, and the control of information
flow through the cerebral cortex. Also, there is a number of studies indicating the involvement of
WMIN in the pathophysiology of many brain disorders such as epilepsy, schizophrenia, Alzheimer’s
disease, etc. All of these data indicate that WMIN are a large population with an important function
in the adult brain. Further investigation of WMIN could provide us with novel data crucial for an
improved elucidation of the pathophysiology of many brain disorders. In this review, we provide an
overview of the current WMIN literature, with an emphasis on studies conducted on the human brain.
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1. Introduction

The human brain is composed of billions of molecularly, structurally, and functionally
distinct neurons. In recent years, a number of large-scale transcriptomic, proteomic, and
connectome studies of the cerebral cortex and its neurons were conducted to elucidate
the neurobiological basis of cortical functions and our cognitive abilities. In the majority
of these studies, the focus was on the neurons located within the traditionally described
layers of the cerebral cortex. However, in all of these studies one significant subset of
cortical neurons remains largely ignored. Upon closer inspection, it has been shown
that, in addition to neurons in the six traditionally described cytoarchitectonic cortical
layers, there is a large population of cortical neurons located in the subcortical white
matter. These neurons, in the adult human brain, are described as white matter interstitial
neurons (WMIN). While WMIN have also managed to capture a certain level of interest
when it comes to scientific research, they are still largely unexplored, and their possible
significance is often underestimated. For example, WMIN were recently reviewed in the
“Brain Mythology” section of a renowned neuroscience journal [1].
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It should be noted that WMIN were originally described over 150 years ago [2] and
that they were initially proposed as a normal neuronal component of the subcortical white
matter (for a detailed historical review, see [3]). However, in 1910 [4] it was suggested
that WMIN may in fact represent a pathological finding in the subcortical white matter.
Thus, even today, we have to deal with two seemingly conflicting conceptions of WMIN,
one defining them as a normal (but minor) population of cortical neurons with unde-
fined /unknown function, and the other as misplaced remnants of fetal migratory neurons
with a potentially pathogenetic role in the adult brain.

2. Developmental Origin, Morphology, and Molecular Profile of WMIN

In elucidating the developmental origin of WMIN, the discovery of a novel subplate
zone (SP) [5] had a crucial role (for a detailed history of that discovery, see [3]). The subplate
zone represents a key transient fetal compartment responsible for normal cortical devel-
opment [6-8]. The SP is composed of mature postmitotic neurons, afferent and efferent
axons, and abundant extracellular matrix. The SP neurons exhibit both glutamatergic and
GABAergic profiles. It is important to note that, besides being among the earliest generated
neurons in the telencephalic wall, the SP neurons also form the first synapses in the telen-
cephalic wall. Therefore, the SP neurons are the first neurons in the telencephalon capable
of performing adult-like functions and important for the proper functional organization of
the future cerebral cortex.

Initial autoradiographic studies of SP neurons in rhesus monkeys, cats, and rodents
clearly demonstrated that WMIN are remnants of the fetal SP neurons [6,9-13]. Many
subsequent studies confirmed and extended these findings and described various morpho-
logical and molecular phenotypes of both SP neurons and WMIN [6,13-19]. It was already
known that WMIN are remnants of SP neurons, so the next logical step was to investigate
how many SP neurons survive as WMIN in the adult brain. Initial studies in cats and
rodents suggested that up to 80% of the fetal SP neurons undergo apoptosis during the
perinatal or early postnatal period [7,10-12,15]. However, such widespread apoptosis of SP
neurons was never observed in the human or monkey brain [6,9,20], suggesting that there
may be inter-species differences in the developmental fate of WMIN. Moreover, subsequent
experimental and quantitative studies demonstrated that the apoptosis of SP neurons is
much less pronounced even in rodent and cat brains [21,22].

To understand the morphological and molecular heterogeneity of WMIN in the adult
brain, it is important to realize that the population of fetal SP neurons is composed of
various neuronal types, similar to the population of cortical neurons. The SP neurons are
derived from several neurogenetic sources. While the neurons which initially form the
subplate zone are among the earliest generated neurons in the telencephalon [6,7,9,10,23],
additional neurons are continually added as the subplate develops further. Thus, different
SP neurons have different developmental origins and molecular profiles [19,24-26]. This
later addition of new neurons is quite pronounced and long-lasting in the developing
human brain [6,27,28]. This finding opens the possibility that certain subsets of SP/WMIN
neurons are significantly (or even exclusively) expanded in the human brain in comparison
to the brains of experimental animals [28].

As already mentioned, not all subsets of SP neurons in experimental animals undergo
the same amount of apoptosis. For example, in mice, the late-generated SP neurons which
express Nurrl, Lparl, and Cplx3 selectively survive apoptosis [19]. While similar studies
were not conducted on human brain tissue, it stands to reason that similar selective survival
of SP neurons would also be present in the human brain. However, as the relative number
of WMIN in humans is in general significantly higher than in rodents, it is also possible
that the late-generated human SP neurons survive in disproportionally large numbers.

In all species analyzed to date, WMIN are present throughout the entire subcorti-
cal white matter [3,6,9,13,15-17,19,21,29-32]. They display morphological and molecular
heterogeneity almost equal to that of cortical neurons in the remaining six cortical layers
and include both pyramidal and non-pyramidal types [9,16-18,33] (Figure 1). The exact
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proportion of each morphological type remains to be determined. Most studies reported
WMIN as predominantly fusiform and polymorph [9,18,33], and a few studies suggested
that WMIN are predominantly pyramidal [16]. WMIN express markers of both excita-
tory and inhibitory neuronal populations. All WMIN are positive for the pan-neuronal
marker NeuN [17,32,34]. They express several markers of the glutamatergic phenotype
such as vGLUT1, MAP2, and SMI32 [16,17,35]. WMIN also express a large number of
GABAergic markers such as the calcium-binding proteins calbindin, calretinin, parvalbu-
min, the GABA transporters GAT1, vGAT [17] (Figure 2), the peptidergic neurotransmitters
NPY [36-40], cholecystokinin [41], avian pancreatic polypeptide [33], somatostatin [38,41,
42], substance P [41,43], as well as markers of other neurotransmitter systems: NADPH/
NOS [16-18,38,44-48], AChE [9,20,47]. It is interesting to note that the overwhelming
majority of the cortical NOS/NADPH neurons (over 80%) are located in the white mat-
ter [18,38].

Figure 1. MAP2-positive white matter interstitial neurons (WMIN) in various parts of the human
frontal cortex. WMIN comprise various morphological types such as bipolar (arrow in (A,B), pyra-
midal (double arrow in (B,C)), triangular/multipolar (asterisk in (A,B)), and “inverted pyramidal”
(double asterisk in (D)) neurons. Bar = 100 pm. Samples are part of the Zagreb Neuroembryological
Collection [49].
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Figure 2. Examples of WMIN in the human brain (A-C) and rhesus monkey brain (D). The depicted WMIN are positive for
calretinin (green in (A,B,D)), parvalbumin (red in (A)), calbindin (red in (B)), and nNOS (C)). Note that all neurons in both
human and rhesus monkey show extensive dendritic arborization. Bar = 50 um. We would like to thank Professor Zdravko

Petanjek and Professor Monique Esclapez for the images.

To date, only two studies have analyzed the synaptic distribution on WMIN in the
human brain [9,17]. Both studies found symmetrical and asymmetrical synapses located on
the soma and dendrites of WMIN but described a different distribution of these synapses;
in fact, according to Kostovi¢ and Rakic [9], axosomatic synapses are symmetrical and
asymmetrical and axodendritic are asymmetrical, whereas, according to Garcia-Marin
et al. [17], axosomatic are symmetrical and axodendritic are both symmetrical and asym-
metrical. Both studies found that the density of synapses on WMIN is low and decreases
with the depth of the white matter [9,17]. It should be noted that the existence of synapses
does not prove that these synapses are functional (i.e., synapses can be “silent”), though it
demonstrates that neurons are involved in forming neural circuits (even if these circuits
remain “silent”). During development, SP neurons receive axons from both subcortical and
cortical sources, and these axons establish temporary synaptic connections with SP neurons;
during later development, the majority of these afferent axons relocate from the SP into the
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cortical plate (for review, see [23]). It would be important to know if any of these transient
fetal connections (of SP neurons) are retained in surviving WMIN in the adult brain. A
pioneering study of that issue [50] demonstrated that, in cats, at least some synapses on
WMIN originate from axons of overlying cortical neurons. It is also known that WMIN
axons project to the overlying cortical layers, including the cortical layer I [51,52].

3. Total Neuronal Number, Density, and Spatial Distribution of WMIN

In order to fully understand the importance of WMIN in the brain, one must consider
the size and spatial distribution of this neuronal population. The quantitative studies of the
number of WMIN have been significantly influenced by three factors: (a) the assumption
that the majority of subplate neurons undergo apoptosis; (b) the assumption that the
surviving WMIN represent a pathological finding; and (c) existing problems with a proper
delineation of WMIN-containing compartments. These issues have contributed to the
persistence of the notion that WMIN are a rather small neuronal population in the human
brain, probably significant only in pathological cases. Therefore, an important message of
this review is that WMIN in the human brain in reality represent a significant (at least 3%)
subset of all cortical neurons and thus probably have certain important (but still undefined)
functional roles.

It should be pointed out that there is a bewildering variety of approaches to counting
WMIN. The main reason for such diversity is the underlying diversity in conceptual
approaches of how to define the region of interest when counting WMIN, as well as how
to correctly define the WMIN population. In addition to that, many studies failed to apply
proper stereological criteria. At present, the generally accepted definition of WMIN is that
they are a subset of neurons located in the white matter below the cerebral cortex. This
immediately raises two important questions: (a) where exactly is the border between the
deepest cortical layer and the white matter? and (b) how deep into the white matter do
WMIN “normally” extend? It should be noted that, in the adult human brain, there are two
distinct populations of WMIN [18]: (a) deep WMIN located in the periventricular white
matter (in the vicinity of basal ganglia) and (b) superficial WMIN, that is WMIN located in
the gyral/sulcal white matter immediately below (up to 3 mm) the cerebral cortex—that is,
in the white matter segment IV of the classical division [53], which corresponds to the fetal
SP compartment and perinatal/early postnatal subplate remnant [18,23]. The superficial
WMIN population is the one usually referred to as WMIN in most current publications.
It should be noted that the distinction between deep and superficial WMIN populations
is easily noted in the adult human (or monkey) brain, because they are separated by the
wide von Monakow’s segment III of the white matter (centrum semiovale). However, in
small experimental rodents, these populations are close to each other and thus difficult
to separate. Our survey of the existing literature demonstrated that in most studies there
was not a uniform delineation of the WMIN compartment and the region of interest for
the purpose of counting WMIN was usually arbitrarily defined. The approaches ranged
from hand-marking a part of white matter which would contain WMIN [54,55] to placing
pre-defined boxes within the white matter to count WMIN [56] and defining the width
of white matter below the cerebral cortex which would be considered as the WMIN
compartment [17,32,57,58]. Obviously, these inconsistencies can significantly influence the
estimation of the WMIN population (Figure 3). At present, when counting brain neurons,
one should apply stereology approaches as a gold standard. However, in using stereology,
one has to follow several strict rules—such as to precisely determine the region of interest.
The satisfaction of this criterion is prominently lacking in most published studies on the
number of WMIN. The part of the white matter which should represent the “WMIN
compartment” has been defined in significantly different ways, thus leading to significantly
different WMIN counts (for details, see [32]).
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Figure 3. Illustration of different regions of interest for WMIN counting. Note the significant differences in surveying WMIN
using pre-defined squares (black squares), an arbitrary region under the cortex (here 175 um, red line), and the prospective
von Monakow segment IV (defined here as 3 mm below cortex, black line). Note that the first two approaches leave out
many of the WMIN, especially in the deeper parts of the white matter. The image is part of Zagreb Neuroembryological
Collection [49].

WMIN density is not uniform across the cerebral cortex, varying between different
areas and different parts of the gyrus. The highest number of WMIN can be observed at
the gyral crown, and the lowest number at the bottom of the sulcus [17,32]. Furthermore,
the density of WMIN decreases with depth from the cortex/white matter border [17,32,54].
Using pan-neuronal WMIN markers, the reported density of WMIN in the human brain
ranges from 1000 neurons/ mm? to 3000 neurons/mm? [17,32,54,55,59,60]. There is no
consensus on the region with the largest density of WMIN, with some studies reporting
the highest density in the frontal cortex [17,32], and others reporting it in the temporal
cortex [54]. Similarly, the area with the lowest density of WMIN has been variously
reported as the cingulate cortex [32], the temporal cortex [17], or the frontal cortex [54]. The
observed differences can be explained by different definitions of the WMIN compartment
and sampling protocols. The density of WMIN can significantly vary based on the size
of the WMIN compartment (as they are denser when closer to the white matter/cortex
border), their location within the gyrus (denser in the gyral crown), and the type of gyrus
(denser in the smaller gyrus than in the larger gyrus); all these approaches can artificially
increase or decrease the density of WMIN [32]. Neuronal density, although instructive
with respect to neuronal position, still does not provide us with information about the size
of the WMIN population. As pointed out above, WMIN density greatly varies between
areas and with subcortical depth. Several recent studies attempted to count the total
number of WMIN using a stereological approach. In these studies, the total number of
WMIN ranged from 600,000,000 to 1,100,000,000, indicating that WMIN represent a large
neuronal subpopulation in the human brain [32,57]. The large range of the total number of
WMIN could be explained by significant inter-individual differences or differences in the
WMIN compartment used for counting [32,57]. Without a proper definition of the WMIN
compartment, it is impossible to compare data from the different studies. In our recent
publication [32], we proposed that the von Monakow segment IV should be considered as
the WMIN compartment, as per definition, WMIN are located in the gyral white matter,
which is the von Monakow segment IV; the adult segment IV is composed of short cortico—
cortical fibers which, during development, invade the upper part of the transient SP zone.
Therefore, as WMIN are remnants of the SP neurons, we should use the von Monakow
segment IV of white matter as the adult proxy of the fetal SP zone. Although WMIN
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density and the total number of WMIN vary greatly between studies, one cannot neglect
the fact that WMIN are a large and significant subset of cortical neurons. If we compare
data about the number of WMIN with those published about the total neuronal number
in the cerebral cortex and some other important brain structures [61,62], we can see that
WMIN are more numerous than neurons in the globus pallidus (400 ), amygdalae (50x),
claustrum (40x), entorhinal cortex (40 x), Purkinje cells (30x), thalamus (10x), caudate
nucleus (10x), putamen (8x), etc. The total number of neurons in the human cerebral
cortex ranges from 10 to 20 billion [62,63], and when these numbers are compared with
the total number of WMIN (0.6 to 1.1 billion), we can conclude that the WMIN represent a
significant neuronal population. Estimates range from as low as 3% of all cortical neurons
(0.6 billion WMIN in 20 billion cortical neurons) to 10% (1.1 billion WMIN in 10 billion
cortical neurons). In our opinion, WMIN could represent around 5% of neurons in the
human cerebral cortex.

The WMIN compartment is not populated only by neurons. The majority of cells
located in the compartment belong to the glial lineage. All three major glial classes
(astrocytes, oligodendrocytes, and microglia) can be found in the WMIN compartment.
The exact number and composition of glial cells in the WMIN compartment needs to be
studied in the future. However, it is prudent to conclude that glial cells’ composition
would be similar to that observed in the other parts of the white matter. In the white
matter, the reported glial density ranges from 20,000 to 200,000 cells per mm? [63]. The
most frequent type of glial cells are oligodendrocytes (45-75%), followed by astrocytes
(19-40%) and microglia (around 10%) [63]. In recent years, a significant amount of data
was collected indicating that glial cells are not passive elements of the white matter but
are actively involved in synaptic development and plasticity and in the regulation of
neuronal activity through tripartite synapses [64-67]. Glial cells could significantly impact
the information flow in the cortical circuitry by influencing WMIN (see WMIN function
below). It is interesting to note that many adverse events during the late fetal and perinatal
periods (such as ischemia or hemorrhage) occur in the subplate zone at a time critical for
the generation of oligodendrocytes and astrocytes [23,68]. Therefore, disruption of glial
migration could lead to the observed disturbance in myelination but could also significantly
influence the future signal processing of WMIN by disrupting the normal organization and
composition of glial cells in the WMIN compartment.

4. Functional Importance of WMIN

Although WMIN were discovered over 150 years ago, there are still very few data
about their functional importance. Only a handful of studies investigated the functional
properties of WMIN. Several studies examined the electrophysiological properties of
WMIN in both rodent and human brain. The findings of these studies indicate that WMIN
are an active, fully functional group of neurons integrated in the cerebral circuitry [25,30,
50,69-72]. WMIN and SP neurons have similar electrophysiological properties; however,
WMIN also exhibit some specific electrophysiological features indicating that they develop
and mature further during the postnatal period [71]. Furthermore, these studies indicated
that although WMIN are located close to the cortical border, their functional properties are
different from those of adjacent cortical neurons. For example, WMIN neurons showed
a lower depolarization threshold and a different response to a stimulus in comparison
to cortical neurons. Based on electrophysiological experiments, WMIN receive both a
glutamatergic and a GABAergic input [71].

Only a few studies discussed potential functional roles of WMIN, and mostly of-
fered some speculative suggestions based on morphological, spatial, and molecular data.
One of the functions attributed to WMIN is the regulation of the cerebral cortical blood
flow [37,73,74]. A large subset of WMIN consist of nitrinergic neurons, and their axons can
be observed apposed to blood vessels [18,73,74]. As nitric oxide is one of the most potent
vasodilators, this observation gave rise to the idea that WMIN link the brain function
with blood flow, i.e., increasing the blood flow when there is an increased brain activity
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and decreasing the blood flow when there is a suppressed brain activity in a small part
of the cerebral cortex [73-76]. WMIN have also been implicated in the process of sleep
regulation [77]. Another proposed function of WMIN is the control of information flow to
the cerebral cortex [1,30,78,79]. WMIN are positioned at a critical location (cortical-white
matter interface) in the brain, where they can significantly influence the information flow
to the cortex. Furthermore, WMIN axons and dendrites project heavily to the adjacent
cerebral cortex, and some WMIN send their axons even to the cortical layer I [15,30,50].
Taken together, all these data indicate that WMIN are active participants in the cortical
circuitry, influencing data processing within the cerebral cortex.

5. Pathology of WMIN

A number of studies have proposed that WMIN may be involved in various brain
disorders, such as epilepsy [55,59,80-84], schizophrenia [34,35,44,45,60,85-93], depres-
sion [88,94], bipolar disorder [88,91], autism spectrum disorder [95], Alzheimer’s dis-
ease [41,43,96-98], multiple system atrophy [57], etc. Epilepsy is one of the disorders
most often associated with a putative WMIN pathology [55,59]. The reason for this is the
observation that in some patients suffering from epilepsy, an increased density of neurons
in the white matter has been observed [55,59,81-84]. This observation initially served as
evidence of WMIN being a pathological finding in the human brain [4]. Although most
researchers today believe that an increased density of neurons in the white matter is the
result of arrested migration of cortical neurons in the white matter [55,59,81-84], there is
no direct evidence for this hypothesis. One of the reasons is the lack of specific WMIN
markers which could differentiate true WMIN from other cortical neurons arrested in
their migration. As we have shown in previous sections, WMIN and cortical neurons
share many biomarkers and are virtually indistinguishable by these markers alone. The
discovery of WMIN-specific markers would greatly improve our understanding of WMIN
biology and resolve the dilemma about extra neurons observed in the white matter of many
epileptic cases.

The strongest involvement of WMIN in pathology can be observed in schizophre-
nia. Many studies showed alterations in WMIN density, spatial distribution, neuronal
composition, molecular expression, and synaptic properties [34,35,44,45,47,60,86-90,99].
In studies analyzing WMIN alterations in schizophrenia, the main findings were changes
in WMIN density and spatial distribution, e.g., increased density of NeuN- and MAP2-
positive WMIN [34,35,60,86,87] and decreased density of NADPH-positive WMIN [44,45].
Another important observation is the change in the spatial distribution of, for example,
NADPH-positive WMIN which display an increased density close to the cortex—white
matter border [44,99]. However, the results of these studies are somewhat inconsistent.
While most disturbances were reported in the superficial white matter, some studies (even
from the same authors) reported no changes in the superficial white matter and, instead,
reported changes in the deep white matter. It is important to note that both superficial and
deep white matter are a part of the gyral white matter (von Monakow segment IV) and that
the division between them is arbitrary, often done differently in different studies. Therefore,
one of the reasons for the observed inconsistencies could be the artificial division of the
gyral white matter. It is interesting to note that the observed disorders were not present
in all types of schizophrenic patients. The biggest changes were observed in patients
with negative symptoms [34,86,87]. These findings further suggest that schizophrenia is a
spectrum disorder rather than a single disorder and that, in at least one subset of patients,
WMIN may play an important role in the pathogenesis of the disorder. Another disorder
with WMIN involvement is Alzheimer’s disease, where the observed pathologies of WMIN
are similar to those observed in cortical neurons, but primarily concern the subset of WMIN
expressing somatostatin [96,98].
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6. Conclusions

Although WMIN were described over 150 years ago, they are frequently considered
a small and relatively unimportant neuronal population. Since their identification, a
significant amount of data on WMIN were collected. WMIN comprise many different
morphological types, may exhibit both glutamatergic and GABAergic phenotypes, many
peptidergic neurotransmitters, and a lot of structural proteins that can be observed in
cortical neurons. As most of the data were obtained from studies which primarily focused
on cortical neurons, WMIN never received a proper thorough scrutiny. As a result, WMIN
are still lacking a proper definition (based on their location, morphology, physiology, and
phenotype) to reliably recognize them. Often, the definition of WMIN is circumstantial,
based on their spatial location, i.e., within the white matter. Recent attempts to characterize
and standardize the WMIN compartment using developmental criteria, similarly to the
way cortical neurons are defined, allowed to perform more accurate studies on WMIN.
These studies used a stereological approach and demonstrated that WMIN are a significant
subpopulation of cortical neurons. However, the issue about differentiating cortical neurons
from WMIN at the border of cortex and white matter, which impacts the size of the WMIN
population and its importance, remains. Currently, there are several approaches to address
this problem. One of the approaches is to develop an automatic computational algorithm
for delineating cortical layers. Preliminary results look promising, and if successful these
automatic delineation algorithms could efficiently and reliably determine which neurons
belong to the WMIN population and which to the cortical population. Another approach
is to find a WMIN-specific biomarker that would help define this subpopulation. The
quest for a unique WMIN biomarker has been exceedingly difficult, as WMIN and cortical
neurons are generated from the same proliferative zone and share many biomarkers. The
recent use of transgenic animals has provided us with some potential candidates for a
WMIN-specific biomarker. The elucidation of a specific WMIN biomarker would not only
significantly help determine the borders of the WMIN population, especially the white
matter—cortex border, but also help future studies on the molecular profile and physiological
properties of WMIN. Although high-throughput transcriptomics and proteomic studies are
common in neuroscience, WMIN have not been extensively scrutinized by these techniques.
One of the major reasons is the difficulty in differentiating between cortical neurons and
WMIN. Therefore, the successful elucidation of a WMIN biomarker would provide us with
a chance to successfully apply these novel techniques and enhance our understanding of
the normal physiology and phenotype of the WMIN population. A better understanding
of their normal role and involvement in cortical circuits will enable the elucidation of
their putative role in several brain disorders and thus open new avenues in combating
these pathologies. While WMIN studies in experimental animal models should definitely
continue, it is important to keep in mind the significant species-specific differences in the
number, distribution, and putative functions of WMIN. Therefore, the study of WMIN in
the human brain should involve a significant part of our future efforts.

Funding: This research was funded by the European Union through the European Regional Develop-
ment Fund, Operational Program Competitiveness and Cohesion; grant agreement No.
KK.01.1.1.01.007, CoRE-Neuron awarded to M.].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We would like to thank Danica Budins¢ak, Ana Bosak, Maja Horvat, and BoZica
Popovi¢ for their efforts and for providing excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.



Cells 2021, 10, 190 10 of 13

References

1.  Colombo, J.A. Cellular complexity in subcortical white matter: A distributed control circuit. Brain Struct. Funct. 2018, 223,
981-985. [CrossRef] [PubMed]

2. Meynert, T. Der Bau der Grosshirnrinde und seine ortlichen Verschiedenheiten, nebst einem pathologisch-anatomischen Corollar-
ium. Vierteljschr. Psychiat. 1867, 1, 77-93, 126-170, 198-217.

3. Judas, M.; Sedmak, G.; Pletikos, M. Early history of subplate and interstitial neurons: From Theodor Meynert (1867) to the
discovery of the subplate zone (1974). J. Anat. 2010, 217, 344-367. [CrossRef] [PubMed]

4. Ranke, O. Beitrage zur Kenntnis der normalen und pathologischen Hirnrindenbildung. Beitr. Pathol. Anat. 1910, 47, 51-125.

5. Kostovi¢, I.; Molliver, M. A new interpretation of the laminar development of cerebral cortex: Synaptogenesis in different layers
of neopallium in the human fetus. Anat. Rec. 1974, 178, 395.

6.  Kostovi¢, I.; Rakic, P. Developmental history of the transient subplate zone in visual and somatosensory cortex of the macaque
monkey and human brain. J. Comp. Neurol. 1990, 297, 441-470. [CrossRef]

7. Allendoerfer, K.L.; Shatz, C.]. The subplate, a transient neocortical structure: Its role in the development of connections between
thalamus and cortex. Annu. Rev. Neurosci. 1994, 17, 185-218. [CrossRef]

8.  Kanold, P.O.; Luhmann, H.]J. The subplate and early cortical circuits. Annu. Rev. Neurosci. 2010, 33, 23-48. [CrossRef]

9. Kostovi¢, I.; Rakic, P. Cytology and time origin of interstitial neurons in the white matter in infant and adult human and monkey
telencephalon. J. Neurocytol. 1980, 9, 219-242. [CrossRef]

10. Luskin, M.B.; Shatz, C.J. Studies of the earliest generated cells of the cat’s visual cortex: Cogeneration of subplate and marginal
zone. J. Neurosci. 1985, 4, 1062-1075. [CrossRef]

11. Chun, J.J.M,; Shatz, C.J. The earliest-generated neurons of the cat cerebral cortex: Characterization by MAP2 and neurotransmitter
immunohistochemistry during fetal life. J. Neurosci. 1989, 9, 1648-1667. [CrossRef]

12.  Chun, J.J.M.; Shatz, C.J. Interstitial cells of the adult neocortical white matter are the remnant of the early generated subplate
neuron population. J. Comp. Neurol. 1989, 282, 555-569. [CrossRef] [PubMed]

13. Valverde, F,; Facal-Valverde, M.V,; Santacana, M.; Heredia, M. Development and differentiation of early generated cells of
sublayer IVb in the somatosensory cortex of the rat: A correlated Golgi and autoradiographic study. J. Comp. Neurol. 1989, 290,
118-140. [CrossRef] [PubMed]

14. Mrzljak, L.; Uylings, H.B.; Kostovic, I.; Van Eden, C.G. Prenatal development of neurons in the human prefrontal cortex: I. A
qualitative Golgi study. J. Comp. Neurol. 1988, 271, 355-386. [CrossRef] [PubMed]

15. Valverde, F; Facal-Valverde, M.V. Postnatal development of interstitial (subplate) cells in the white matter of the temporal cortex
of kittens: A correlated Golgi and electron microscopy study. J. Comp. Neurol. 1988, 269, 168-192. [CrossRef]

16. Meyer, G.; Wahle, P; Castaneyra-Perdomo, A.; Ferres-Torres, R. Morphology of neurons in the white matter of the adult human
neocortex. Exp. Brain Res. 1992, 88, 204-212. [CrossRef]

17.  Garcia-Marin, V.; Blazquez-Llorca, L.; Rodriguez, ].R.; Gonzalez-Soriano, J.; DeFelipe, J. Differential distribution of neurons in the
gyral white matter of the human cerebral cortex. J. Comp. Neurol. 2010, 518, 4740-4759. [CrossRef]

18. Judas, M.; Sedmak, G.; Pletikos, M.; Jovanov-Milosevi¢, N. Population of subplate and interstitial neurons in fetal and adult
human telencephalon. J. Anat. 2010, 217, 381-399. [CrossRef]

19. Hoerder-Suabedissen, A.; Molnar, Z. Molecular diversity of early-born subplate neurons. Cereb. Cortex 2013, 23, 1473-1483.
[CrossRef]

20. Kostovi¢, I.; Rakic, P. Development of prestriate visual projections in the monkey and human fetal cerebrum revealed by transient
cholinesterase staining. J. Neurosci. 1984, 4, 25-42. [CrossRef]

21. Valverde, F.; Lopez-Mascaraque, L.; De Carlos, J.A.S. Persistence of early-generated neurons in the rodent subplate: Assessment
of cell death in neocortex during the early postnatal period. J. Neurosci. 1995, 15, 5014-5024. [CrossRef] [PubMed]

22. Robertson, R.T.; Annis, C.M.; Baratta, J.; Haraldson, S.; Ingeman, J.; Kageyama, G.H.; Kimm, E.; Yu, J. Do subplate neurons
comprise a transient population of cells in developing neocortex of rats? J. Comp. Neurol. 2000, 426, 632-650. [CrossRef]

23.  Kostovi¢, I; Sedmak, G.; Judas, M. Neural histology and neurogenesis of the human fetal and infant brain. Neuroimage 2019, 188,
743-773. [CrossRef] [PubMed]

24. Pedraza, M.; Hoerder-Suabedissen, A.; Albert-Maestro, M.A.; Molnar, Z.; De Carlos, ]J.A. Extracortical origin of some murine
subplate cell population. Proc. Natl. Acad. Sci. USA 2014, 111, 8613-8618. [CrossRef] [PubMed]

25. Frazer, S.; Prados, J.; Niquille, M.; Cadilhac, C.; Markopoulos, F.; Gomez, L.; Tomasello, U.; Telley, L.; Holtmaat, A.; Jabaudon, D.;
et al. Transcriptomic and anatomic parcellation of 5-HT35 R expressing cortical interneuron subtypes revealed by single-cell RNA
sequencing. Nat. Commun. 2017, 8, 14219. [CrossRef]

26. Viswanathan, S.; Sheikh, A.; Looger, L.L.; Kanold, P.O. Molecularly defined subplate neurons project both to thalamocortical
recipient layers and thalamus. Cereb. Cortex 2017, 27, 4759-4768. [CrossRef]

27. Judas, M.; Sedmak, G.; Kostovi¢, I. The significance of the subplate for evolution and developmental plasticity of the human
brain. Front. Hum. Neurosci. 2013, 7, 423. [CrossRef]

28. Duque, A.; Krsnik, 7.; Kostovi¢, 1; Rakic, P. Secondary expansion of the transient subplate zone in the developing cerebrum of
human and nonhuman primates. Proc. Natl. Acad. Sci. USA 2016, 113, 9892. [CrossRef]

29. Reep, R.L. Cortical layer VII and persistent subplate cells in mammalian brains. Brain Behav. Evol. 2000, 56, 212-234. [CrossRef]


http://doi.org/10.1007/s00429-018-1609-1
http://www.ncbi.nlm.nih.gov/pubmed/29368053
http://doi.org/10.1111/j.1469-7580.2010.01283.x
http://www.ncbi.nlm.nih.gov/pubmed/20979585
http://doi.org/10.1002/cne.902970309
http://doi.org/10.1146/annurev.ne.17.030194.001153
http://doi.org/10.1146/annurev-neuro-060909-153244
http://doi.org/10.1007/BF01205159
http://doi.org/10.1523/JNEUROSCI.05-04-01062.1985
http://doi.org/10.1523/JNEUROSCI.09-05-01648.1989
http://doi.org/10.1002/cne.902820407
http://www.ncbi.nlm.nih.gov/pubmed/2566630
http://doi.org/10.1002/cne.902900108
http://www.ncbi.nlm.nih.gov/pubmed/2480368
http://doi.org/10.1002/cne.902710306
http://www.ncbi.nlm.nih.gov/pubmed/2454966
http://doi.org/10.1002/cne.902690203
http://doi.org/10.1007/BF02259143
http://doi.org/10.1002/cne.22485
http://doi.org/10.1111/j.1469-7580.2010.01284.x
http://doi.org/10.1093/cercor/bhs137
http://doi.org/10.1523/JNEUROSCI.04-01-00025.1984
http://doi.org/10.1523/JNEUROSCI.15-07-05014.1995
http://www.ncbi.nlm.nih.gov/pubmed/7623130
http://doi.org/10.1002/1096-9861(20001030)426:4&lt;632::AID-CNE10&gt;3.0.CO;2-4
http://doi.org/10.1016/j.neuroimage.2018.12.043
http://www.ncbi.nlm.nih.gov/pubmed/30594683
http://doi.org/10.1073/pnas.1323816111
http://www.ncbi.nlm.nih.gov/pubmed/24778253
http://doi.org/10.1038/ncomms14219
http://doi.org/10.1093/cercor/bhw271
http://doi.org/10.3389/fnhum.2013.00423
http://doi.org/10.1073/pnas.1610078113
http://doi.org/10.1159/000047206

Cells 2021, 10, 190 11 0f 13

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

Clancy, B.; Silva-Filho, M.; Friedlander, M.]. Structure and projections of white matter neurons in the postnatal rat visual cortex.
J. Comp. Neurol. 2001, 434, 233-252. [CrossRef]

Suarez-Sola, M.L.; Gonzales-Delgado, E]J.; Pueyo-Morlans, M.; Medina-Bolivar, O.C.; Hernandez-Acosta, N.C.; Gonzales-Gomez,
M.; Meyer, G. Neurons in the white matter of the adult human neocortex. Front. Neuroanat. 2009, 3, 7. [CrossRef]

Sedmak, G.; Judas, M. The total number of white matter interstitial neurons in the human brain. J. Anat. 2019, 235, 626—636.
[CrossRef] [PubMed]

Okhotin, V.E.; Kalinichenko, S.G. Subcortical white matter interstitial cells: Their connections, neurochemical specialization, and
role in the histogenesis of the cortex. Neurosci. Behav. Physiol. 2003, 33, 177-194. [CrossRef] [PubMed]

Eastwood, S.L.; Harrison, PJ. Interstitial white matter neurons express less reelin and are abnormally distributed in schizophrenia:
Towards an integration of molecular and morphologic aspects of the neurodevelopmental hypothesis. Mol. Psychiatry 2003, 8,
769, 821-831. [CrossRef]

Anderson, S.A.; Volk, D.W.; Lewis, D.A. Increased density of microtubule associated protein 2-immunoreactive neurons in the
prefrontal white matter of schizophrenic subjects. Schizophr. Res. 1996, 19, 111-119. [CrossRef]

Chan-Palay, V.; Allen, Y.S.; Lang, W.; Haesler, U.; Polak, ].M. I. Cytology and distribution in normal human cerebral cortex of
neurons immunoreactive with antisera against neuropeptide Y. J. Comp. Neurol. 1985, 238, 382-389. [CrossRef] [PubMed]
Berman, N.E.J.; Fredrickson, E. Morphology and laminar distribution of neuropeptide Y immunoreactive neurons in the human
striate cortex. Synapse 1992, 11, 20-27. [CrossRef]

Fischer, H.C.; Kuljis, R.O. Multiple types of nitrogen monoxide synthase-/NADPH diaphorase-containing neurons in the human
cerebral neocortex. Brain Res. 1994, 654, 105-117. [CrossRef]

Delalle, I; Evers, P.; Kostovi¢, I.; Uylings, H.B.M. Laminar distribution of neuropeptide Y-immunoreactive neurons in human
prefrontal cortex during development. J. Comp. Neurol. 1997, 379, 515-522. [CrossRef]

Uylings, H.B.M.; Delalle, I. Morphology of neuropeptide Y-immunoreactive neurons and fibers in human prefrontal cortex during
prenatal and postnatal development. J. Comp. Neurol. 1997, 379, 523-540. [CrossRef]

Ang, L.C.; Shul, D.D. Peptidergic neurons of subcortical white matter in aging and Alzheimer’s brain. Brain Res. 1995, 674,
329-335. [CrossRef]

Kostovi¢, 1.; étefulj—Fuéié, A.; Mrzljak, L.; Juki¢, S.; Delalle, I. Prenatal and perinatal development of the somatostatin-
immunoreactive neurons in the human prefrontal cortex. Neurosci. Lett. 1991, 124, 153-156. [CrossRef]

Kowall, N.W.; Quigley, B.J.; Krause, ].E.; Lu, F.; Kosofsky, B.E.; Ferrante, R.J. Substance P and substance P receptor histochemistry
in human neurodegenerative disease. Reg. Pep. 1993, 46, 174-185. [CrossRef]

Akbarian, S.; Bunney, W.E,; Potkin, 5.G.; Wigal, S.B.; Hagman, J.O.; Sandman, C.A.; Jones, E.G. Altered distribution of nicotinamide
adenine dinucleotide phosphate-diaphorase cells in frontal lobe of schizophrenics implies disturbances of cortical development.
Arch. Gen. Psychiat. 1993, 50, 169-177. [CrossRef]

Akbarian, S.; Vinuela, A.; Kim, J.J.; Potkin, S.G.; Bunney, W.E.; Jones, E.G. Distorted distribution of nicotinamide-adenine
dinucleotide phosphate-diaphorase neurons in temporal lobe of schizophrenics implies anomalous cortical development. Arch.
Gen. Psychiat. 1993, 50, 178-187. [CrossRef]

DeFelipe, J. A study of NADPH diaphorase-positive axonal plexuses in the human temporal cortex. Brain Res. 1993, 615, 342-346.
[CrossRef]

Smiley, ].F.; Levey, A.L; Mesulam, M.M. Infracortical interstitial cells concurrently expression m2-muscarinic receptors, acetyl-
cholinesterase and nicotinamide adenine dinucleotide phosphate-diaphorase in the human and monkey cerebral cortex. Neuro-
science 1998, 84, 755-769. [CrossRef]

Judas, M.; Sestan, N.; Kostovi¢, 1. Nitrinergic neurons in the developing and adult human telencephalon: Transient and permanent
patterns of expression in comparison to other mammals. Microsc. Res. Tech. 1999, 45, 401-419. [CrossRef]

Judag, M.; Simi¢, G.; Petanjek, Z.; Jovanov-Milosevi¢, N.; Pletikos, M.; Vasung, L.; Vuksi¢, M.; Kostovi¢, I. The Zagreb Collection
of human brains: A unique, versatile, but underexploited resource for the neuroscience community. Ann. N. Y. Acad. Sci. 2011,
1225 (Suppl. 1), E105-E130. [CrossRef]

Shering, A.F.; Lowenstein, P.R. Neocortex provides direct synaptic input to interstitial neurons of the Intermediate zone of kittens
and white matter of cats: A light and electron microscopy study. J. Comp. Neurol. 1994, 347, 433—443. [CrossRef]

Meyer, G.; Gonzales-Hernandez, T.; Galindo-Mireles, D.; Castaneyra-Perdomo, A.; Ferres-Torres, R. The efferent projections of
neurons in the white matter of different cortical areas of the adult rat. Anat. Embryol. 1991, 184, 99-102. [CrossRef] [PubMed]
Clancy, B.; Cauller, L.J. Widespread projections form subgriseal neurons (layer VII) to layer I in adult rat cortex. J. Comp. Neurol.
1999, 407, 275-286. [CrossRef]

Von Monakow, C. Gehirnpathologie; Alferd Holder: Wien, Austria, 1905.

Rojiani, A.M.; Emery, ].A.; Anderson, K.J.; Massey, ].K. Distribution of heterotopic neurons in normal hemispheric white matter:
A morphometric analysis. |. Neuropathol. Exp. Neurol. 1996, 55, 178-183. [CrossRef] [PubMed]

Richter, Z.; Janszky, ].; Setalo, G.; Horvath, R.; Horvath, Z.; Doczi, T.; Seress, L.; Abraham, H. Characterization of neurons in the
cortical white matter in human temporal lobe epilepsy. Neuroscience 2016, 333, 140-150. [CrossRef] [PubMed]

Mortazavi, F.; Wang, X.; Rosene, D.L.; Rockland, K.S. White matter neurons in young adult and aged rhesus monkey. Front.
Neuroanat. 2016, 10, 15. [CrossRef]


http://doi.org/10.1002/cne.1174
http://doi.org/10.3389/neuro.05.007.2009
http://doi.org/10.1111/joa.13018
http://www.ncbi.nlm.nih.gov/pubmed/31173356
http://doi.org/10.1023/A:1021778015886
http://www.ncbi.nlm.nih.gov/pubmed/12669790
http://doi.org/10.1038/sj.mp.4001399
http://doi.org/10.1016/0920-9964(96)88521-5
http://doi.org/10.1002/cne.902380403
http://www.ncbi.nlm.nih.gov/pubmed/2413087
http://doi.org/10.1002/syn.890110104
http://doi.org/10.1016/0006-8993(94)91576-8
http://doi.org/10.1002/(SICI)1096-9861(19970324)379:4&lt;515::AID-CNE4&gt;3.0.CO;2-5
http://doi.org/10.1002/(SICI)1096-9861(19970324)379:4&lt;523::AID-CNE5&gt;3.0.CO;2-4
http://doi.org/10.1016/0006-8993(95)00034-N
http://doi.org/10.1016/0304-3940(91)90082-5
http://doi.org/10.1016/0167-0115(93)90028-7
http://doi.org/10.1001/archpsyc.1993.01820150007001
http://doi.org/10.1001/archpsyc.1993.01820150016002
http://doi.org/10.1016/0006-8993(93)90047-Q
http://doi.org/10.1016/S0306-4522(97)00524-1
http://doi.org/10.1002/(SICI)1097-0029(19990615)45:6&lt;401::AID-JEMT7&gt;3.0.CO;2-Q
http://doi.org/10.1111/j.1749-6632.2011.05993.x
http://doi.org/10.1002/cne.903470309
http://doi.org/10.1007/BF01744266
http://www.ncbi.nlm.nih.gov/pubmed/1928749
http://doi.org/10.1002/(SICI)1096-9861(19990503)407:2&lt;275::AID-CNE8&gt;3.0.CO;2-0
http://doi.org/10.1097/00005072-199602000-00006
http://www.ncbi.nlm.nih.gov/pubmed/8786376
http://doi.org/10.1016/j.neuroscience.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27423628
http://doi.org/10.3389/fnana.2016.00015

Cells 2021, 10, 190 12 0f 13

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

Nykjaer, C.H.; Brudek, T.; Salvesen, L.; Pakkenberg, B. Changes in the cell population in brain white matter in multiple system
atrophy. Mov. Disord. 2017, 32, 1074-1082. [CrossRef]

Swiegers, J.; Bhagwandin, A.; Sherwood, C.C.; Bertelsen, M.F.; Maseko, B.C.; Hemingway, J.; Rockland, K.S.; Molnar, Z.; Manger,
P.R. The distribution, number and certain neurochemical identities of infracortical white matter neurons in a lar gibbon (Hylobater
lar) brain. J. Comp. Neurol. 2019, 527, 1633-1653. [CrossRef]

Meencke, H.J. The density of dystopic neurons in the white matter of the gyrus frontalis in epilepsies. J. Neurol. 1983, 230, 171-181.
[CrossRef]

Eastwood, S.L.; Harrison, P.J. Interstitial white matter neuron density in the dorsolateral prefrontal cortex and parahippocampal
gyrus in schizophrenia. Schizophr. Res. 2005, 79, 181-188. [CrossRef]

Wegiel, ].; Flory, M.; Kuchna, I.; Nowicki, K.; Ma, S.Y.; Imaki, H.; Wegiel, J.; Cohen, L.L.; London, E.; Wisniewski, T.; et al.
Stereological study of the neuronal number and volume of 38 brain subdivisions of subjects diagnosed with autism reveals
significant alterations restricted to the striatum, amygdala and cerebellum. Acta Neuropathol. Commun. 2014, 2, 141. [CrossRef]
Herculano-Houzel, S. The Human Advantage. A New Understanding of How Our Brain Became Remarkable; The MIT Press: Cambridge,
MA, USA, 2016; pp. 217-226.

von Bartheld, C.S.; Bahney, J.; Herculano-Houzel, S. The search for true numbers of neurons and glial cells in the human brain: A
review of 150 years of cell counting. J. Comp. Neurol. 2016, 524, 3865-3895. [CrossRef] [PubMed]

Dallerac, G.; Zapata, J.; Rouach, N. Versatile control of synaptic circuits by astrocytes: Where, when and how? Nat. Rev. Neurosci.
2018, 19, 729-743. [CrossRef] [PubMed]

Marinelli, S.; Basilico, B.; Marrone, M.C.; Ragozzino, D. Microglia-neuron crosstalk: Signaling mechanism and control of synaptic
transmission. Semin. Cell Dev. Biol. 2019, 94, 138-151. [CrossRef] [PubMed]

Walker, C.D.; Risher, W.C.; Risher, M.L. Regulation of synaptic development by astrocyte signaling factors and their emerging
roles in substance abuse. Cells 2020, 9, 297. [CrossRef]

Kim, Y.S.; Choi, J.; Yoon, B.E. Neuron-Glia interactions in neurodevelopmental disorders. Cells 2020, 9, 2176. [CrossRef] [PubMed]
Judas, M.; Radog, M.; Jovanov-Milogevi¢, N.; Hrabag, P; Stern-Padovan, R.; Kostovi¢, L. Structural, immunocytochemical, and MR
imaging properties of periventricular crossroads of growing cortical pathways in preterm infants. AJNR Am. ]. Neuroradiol. 2005,
26,2671-2684. [PubMed]

Tomioka, R.; Okamoto, K.; Furuta, T.; Fujiyama, F.; Iwasato, T.; Yanagawa, Y.; Obata, K.; Kaneko, T.; Tamamaki, N. Demonstration
of long-range GABAergic connections distributed throughout the mouse neocortex. Eur. ]. Neurosci. 2005, 21, 1587-1600.
[CrossRef]

Tomioka, R.; Rockland, K.S. Long-distance corticocortical GABAergic neurons in the adult monkey white and grey matter. J. Comp.
Neurol. 2007, 505, 526-538. [CrossRef]

Torres-Reveron, J.; Friedlander, M.]. Properties of persistent postnatal cortical subplate neurons. J. Neurosci. 2007, 27, 9962-9974.
[CrossRef]

Von Engelhardyt, J.; Khrulev, S.; Eliava, M.; Wahlster, S.; Monyer, H. 5-HT(3A) receptor-bearing white matter interstitial GABAergic
interneurons are functionally integrated into cortical and subcortical networks. J. Neurosci. 2011, 31, 16844-16854. [CrossRef]
Regidor, J.; Edvinsson, L.; Divac, I. NOS neurones lie near branching of cortical arteriolae. Neuroreport 1993, 4, 112-114. [CrossRef]
[PubMed]

Okhotin, V.E.; Kupriyanov, V.V. Neurovascular relationships in the human neocortex. Neurosci. Behav. Physiol. 1997, 27, 482-488.
[CrossRef] [PubMed]

Estrada, C.; De Felipe, J. Nitric oxide-producing neurons in the neocortex: Morphological and functional relationship with
intraparenchymal microvasculature. Cereb. Cortex 1998, 8, 193-203. [CrossRef] [PubMed]

Cauli, B.; Hamel, E. Revisiting the role of neurons in neurovascular coupling. Front. Neuroenerg. 2010, 2, 9. [CrossRef]

Kilduff, T.S.; Cauli, B.; Gerashchenko, D. Activation of cortical interneurons during sleep: An anatomical link to homeostatic
sleep regulation. Trends Neurosci. 2011, 34, 10-19. [CrossRef]

Kostovi¢, I.; Judas, M.; Sedmak, G. Developmental history of the subplate zone, subplate neurons and interstitial white matter
neurons: Relevance for schizophrenia. Int. ]. Dev. Neurosci. 2011, 29, 193-205. [CrossRef]

Hoerder-Suabedissen, A.; Hayashi, S.; Upton, L.; Nolan, Z.; Casas-Torremocha, D.; Grant, E.; Viswanathan, S.; Kanold, P.O.;
Clasca, F; Kim, Y,; et al. Subset of cortical layer 6b neurons selectively innervate higher order thalamic nuclei in mice. Cereb.
Cortex 2018, 28, 1882-1897. [CrossRef]

Hardiman, O.; Burke, T.; Philips, J.; Murphy, S.; O’'Moore, B.; Staunton, H.; Farrell, M.A. Microdysgenesis in resected temporal
neocortex: Incidence and clinical significance in focal epilepsy. Neurology 1988, 38, 1041-1047. [CrossRef]

Emery, ].A.; Roper, S.N.; Rojiani, A.M. White matter neuronal heterotopia in temporal lobe epilepsy: A morphometric and
immunohistochemical study. . Neuropathol. Exp. Neurol. 1997, 56, 1276-1282. [CrossRef]

Kasper, B.S.; Stefan, H.; Buchfelder, M.; Paulus, W. Temporal lobe microdysgenesis in epilepsy versus control brains. ]. Neuropathol.
Exp. Neurol. 1999, 58, 22-28. [CrossRef]

Thom, M.; Sisodiya, S.; Harkness, W.; Scaravilli, F. Microdysgenesis in temporal lobe epilepsy. A quantitative and immunohisto-
chemical study of white matter neurons. Brain 2001, 124, 2299-2309. [CrossRef] [PubMed]


http://doi.org/10.1002/mds.26979
http://doi.org/10.1002/cne.24545
http://doi.org/10.1007/BF00313628
http://doi.org/10.1016/j.schres.2005.07.001
http://doi.org/10.1186/s40478-014-0141-7
http://doi.org/10.1002/cne.24040
http://www.ncbi.nlm.nih.gov/pubmed/27187682
http://doi.org/10.1038/s41583-018-0080-6
http://www.ncbi.nlm.nih.gov/pubmed/30401802
http://doi.org/10.1016/j.semcdb.2019.05.017
http://www.ncbi.nlm.nih.gov/pubmed/31112798
http://doi.org/10.3390/cells9020297
http://doi.org/10.3390/cells9102176
http://www.ncbi.nlm.nih.gov/pubmed/32992620
http://www.ncbi.nlm.nih.gov/pubmed/16286422
http://doi.org/10.1111/j.1460-9568.2005.03989.x
http://doi.org/10.1002/cne.21504
http://doi.org/10.1523/JNEUROSCI.1536-07.2007
http://doi.org/10.1523/JNEUROSCI.0310-11.2011
http://doi.org/10.1097/00001756-199301000-00030
http://www.ncbi.nlm.nih.gov/pubmed/7680911
http://doi.org/10.1007/BF02463888
http://www.ncbi.nlm.nih.gov/pubmed/9353764
http://doi.org/10.1093/cercor/8.3.193
http://www.ncbi.nlm.nih.gov/pubmed/9617914
http://doi.org/10.3389/fnene.2010.00009
http://doi.org/10.1016/j.tins.2010.09.005
http://doi.org/10.1016/j.ijdevneu.2010.09.005
http://doi.org/10.1093/cercor/bhy036
http://doi.org/10.1212/WNL.38.7.1041
http://doi.org/10.1097/00005072-199712000-00002
http://doi.org/10.1097/00005072-199901000-00003
http://doi.org/10.1093/brain/124.11.2299
http://www.ncbi.nlm.nih.gov/pubmed/11673330

Cells 2021, 10, 190 13 0f 13

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Liu, ].Y,; Ellis, M.; Brooke-Ball, H.; de Tisi, J.; Eriksson, S.H.; Brandner, S.; Sisodiya, S.M.; Thom, M. High-throughput, automated,
quantification of white matter neurons in mild malformation of cortical development in epilepsy. Acta Neuropathol. Commun.
2014, 2, 72. [CrossRef] [PubMed]

Akbarian, S.; Kim, ].J.; Potkin, S.G. Maldistribution of interstitial neurons in prefrontal white matter of the brains of schizophrenic
patients. Arch. Gen. Psychiatry 1996, 53, 425-436. [CrossRef] [PubMed]

Kirkpatrick, B.; Conley, R.C.; Kakoyannis, A.; Reep, R.L.; Roberts, R.C. Interstitial cells of the white matter in the inferior parietal
cortex in schizophrenia: An unbiased cell-counting study. Synapse 1999, 34, 95-102. [CrossRef]

Kirkpatrick, B.; Messias, N.C.; Conley, R.R.; Roberts, R.C. Interstitial cells of the white matter in the dorsolateral prefrontal cortex
in deficit and nondeficit schizophrenia. J. Nerv. Ment. Dis. 2003, 191, 563-567. [CrossRef]

Beasley, C.L.; Cotter, D.R.; Everall, P. Density and distribution of white matter neurons in schizophrenia, bipolar disorder and
major depressive disorder: No evidence for abnormalities of neuronal migration. Mol. Psychiatry 2002, 7, 564-570. [CrossRef]
Eastwood, S.L.; Harrison, PJ. Cellular basis of reduced cortical reelin expression in schizophrenia. Am. J. Psychiatry 2006, 163,
540-542. [CrossRef]

Rioux, L.; Nissanov, J.; Katherine, L.; Bilker, W.B.; Arnold, S.E. Distribution of microtubule-associated protein MAP2-
immunoreactive interstitial neurons in the parahippocampal white matter in subjects with schizophrenia. Am. J. Psychiatry 2003,
160, 149-155. [CrossRef]

Connor, C.M.; Guo, Y.; Akbarian, S. Cingulate white matter neurons in schizophrenia and bipolar disorder. Biol. Psyhciatry 2009,
66, 486-493. [CrossRef]

Fung, S.J.; Joshi, D.; Fillman, S.G.; Wieckert, C.S. High white matter neuron density with elevated cortical cytokine expression in
schizophrenia. Biol. Psychiatry 2014, 75, e5—-e7. [CrossRef]

McFadden, W.C,; Jaffe, A.E.; Ye, T.; Paltan-Ortiz, ].D.; Hyde, T.M.; Kleinman, J.E. Assessment of genetic risk for distribution of
total white matter neurons in dorsolateral prefrontal cortex: Role in schizophrenia. Schizophr. Res. 2016, 176, 141-143. [CrossRef]
[PubMed]

Molnar, M.; Potkin, S.G.; Bunney, W.E.; Jones, E.G. mRNA expression patterns and distribution of white matter neurons in
dorsolateral prefrontal cortex of depressed patients differ from those in schizophrenia patients. Biol. Psychiatry 2003, 53, 39—-47.
[CrossRef]

Bailey, A.; Luthert, P; Dean, A.; Harding, B.; Janota, I.; Montgomery, M.; Rutter, M.; Lantos, P. A clinicopathological study of
autism. Brain 1998, 121, 889-905. [CrossRef] [PubMed]

Chan-Palay, V. Somatostatin immunoreactive neurons in the human hippocampus and cortex shown by immunogold/silver
intensification of vibratome sections: Coexistence with neuropeptide Y neurons, and effects in Alzheimer dementia. J. Comp.
Neurol. 1987, 260, 201-223. [CrossRef]

Chan-Palay, V.; Lang, W.; Allen, Y.S.; Haesler, U.; Polak, ].M. II. Cortical neurons immunoreactive with antisera against
neuropeptide Y are altered in Alzheimer’s-type dementia. J. Comp. Neurol. 1985, 238, 390—-400. [CrossRef] [PubMed]

Van de Nes, ].A.P.; Sandmann-Keil, D.; Braak, H. Interstitial cells subjacent to the entorhinal region expressing somatostatin-28
immunoreactivity are susceptible to development of Alzheimer’s disease-related cytoskeletal changes. Acta Neuropathol. 2002,
104, 351-356. [CrossRef]

Bunney, B.G.; Potkin, S.G.; Bunney, W.E. Neuropathological studies of brain tissue in schizophrenia. J. Psychiat. Res. 1997, 2,
159-173. [CrossRef]


http://doi.org/10.1186/2051-5960-2-72
http://www.ncbi.nlm.nih.gov/pubmed/24927775
http://doi.org/10.1001/archpsyc.1996.01830050061010
http://www.ncbi.nlm.nih.gov/pubmed/8624186
http://doi.org/10.1002/(SICI)1098-2396(199911)34:2&lt;95::AID-SYN2&gt;3.0.CO;2-I
http://doi.org/10.1097/01.nmd.0000087181.61164.e1
http://doi.org/10.1038/sj.mp.4001038
http://doi.org/10.1176/appi.ajp.163.3.540
http://doi.org/10.1176/appi.ajp.160.1.149
http://doi.org/10.1016/j.biopsych.2009.04.032
http://doi.org/10.1016/j.biopsych.2013.05.031
http://doi.org/10.1016/j.schres.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27237599
http://doi.org/10.1016/S0006-3223(02)01456-7
http://doi.org/10.1093/brain/121.5.889
http://www.ncbi.nlm.nih.gov/pubmed/9619192
http://doi.org/10.1002/cne.902600205
http://doi.org/10.1002/cne.902380404
http://www.ncbi.nlm.nih.gov/pubmed/2413088
http://doi.org/10.1007/s00401-002-0551-7
http://doi.org/10.1016/S0022-3956(96)00038-6

	Introduction 
	Developmental Origin, Morphology, and Molecular Profile of WMIN 
	Total Neuronal Number, Density, and Spatial Distribution of WMIN 
	Functional Importance of WMIN 
	Pathology of WMIN 
	Conclusions 
	References

