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The human speci ¢ cognitive shift starts around the age of 2 gars with the onset of
self-awareness, and continues with extraordinary increasin cognitive capacities during
early childhood. Diffuse changes in functional connectiyi in children aged 2—6 years
indicate an increase in the capacity of cortical network. kerestingly, structural network
complexity does not increase during this time and, thus, itsi likely to be induced by
selective maturation of a specic neuronal subclass. Herewe provide an overview
of a subclass of cortico-cortical neurons, the associativdayer IIIC pyramids of the
human prefrontal cortex. Their local axonal collaterals arin control of the prefrontal
cortico-cortical output, while their long projections modilate inter-areal processing. In
this way, layer IlIC pyramids are the major integrative el@nt of cortical processing,
and changes in their connectivity patterns will affect gladd cortical functioning. Layer 11IC
neurons have a unique pattern of dendritic maturation. In aarast to other classes of
principal neurons, they undergo an additional phase of extesive dendritic growth during
early childhood, and show characteristic molecular change Taken together, circuits
associated with layer IlIC neurons have the most protractegeriod of developmental
plasticity. This unique feature is advanced but also proves a window of opportunity for
pathological events to disrupt normal formation of cognitie circuits involving layer IlIC
neurons. In this manuscript, we discuss how disrupted dendtic and axonal maturation
of layer 11IC neurons may lead into global cortical disconmévity, affecting development
of complex communication and social abilities. We also propse a model that
developmentally dictated incorporation of layer IIIC neans into maturing cortico-cortical
circuits between 2 to 6 years will reveal a previous (perinal) lesion affecting other
classes of principal neurons. This “disclosure” of pre-egting functionally silent lesions
of other neuronal classes induced by development of layerl@ associative neurons, or
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their direct alteration, could be found in different forms bautism spectrum disorders.
Understanding the gene-environment interaction in shapm cognitive microcircuitries
may be fundamental for developing rehabilitation and prevdion strategies in autism
spectrum and other cognitive disorders.

Keywords: cerebral cortex, theory of mind, cortico-cortica | neurons, dendritic development, schizophrenia,
excitatory transmission, glutamate

QUANTITATIVE EXPANSION OF THE (32-37). But at a certain point further quantitative expansion
CEREBRAL CORTEX AND is not enough to initiate a more complex functional outcome,
MICROCIRCUITRY CHANGES: ROLE IN since the present pattern of organization does not allow

proper integration inside numerically expanded circuitries.

THE APPEARANCE OF COMPLEX To make such an expanding system function properly, new
HUMAN-SPECIFIC COGNITION microcircuitries that provide novel integrative propertiesea

. . . i ) ) needed 81, 3842). As such, the enhanced integration across
Increase in brain size, particularly an increase in th&qical areas, along with an increase in network processing

number of neuronal columns of the cerebral cortex, is theapacities, could come as a result of structural changegsifisv
prerequisite enabling humans to achieve tremendous mentakective microcircuitriesiG-49).

capabilities such as self-awareness, consciousnessa@@ngu |t js possible that such changes are focused onto specic
abstract thinking, cognitive exibility, mathematical éibes, as  cqrtical areas. For example, the prefrontal cortex has abunda
well as representational memory and complex social cognitioRynnections to most of the remaining cortical ared$-63.
(1-6). These abilities are not only species-speci ¢ features; thenerefore, changes in functional properties of prefrontalterr
cognitive state achieved by humans represents a new quaitatioyyt (Figure 1) change the information processing throughout
level in mental functioning {-9). Itis correct that some animal  he whole brain §4). To produce considerable functional changes
species, in particular apes, are able to achieve a rudimentagy the output, structural changes within the prefrontal corte
level of some of these mental abilitiesC12). However, o not need to be “robust; i.e., they do not need to include
complex neuropsychiatric disorders as autism, schizophrenia yenqritic growth of a wide range of neurons. Even ne changes,
psychopathy are not present in any other speciés7), which ¢ 4 - growth focused on selective neuronal populations thueh
sets humans apart regarding cognitive and emotional featurgjch |ocal connectivity, may cause dramatic changes intional
and capacities. o properties of the prefrontal cortex. Based on previous work by
One of the mostimportant human-speci c abilities is compleX o and other research groups, we suggest that deep locatgs lar
social cognition, which includes processing, storing, auuling  |ayer 111(C) pyramidal neurons (L3N) of the human prefrontal
information about other people and social situation$8  qrtex could perform such a role.
Sogial coghnition is t_he base for comple>.< persoqal competencies Tnhe 3N have a unique developmental pattern during early
which are altered in the above mentioned diseases. From &jighood (5, 56) that correlates with the appearance and boost
neurobiological point of view, itis interesting that fund@mtal iy the maturation of cognitive abilities, such as self-aavass
cognitive shift, which sets up human-speci c cognitive &, 5,4 complex social cognition. With a detailed overview of matu
the ability to understand the mental state of oneself or athe connectivity patterns, here we present a possible integratiee

(mentalization, i.e., “theory of mind’), appears in the periodos | 3N in cortico-cortical network processing. Their seleet
of transition from infancy to childhood 19-21). Humans and  gjeration in pathological conditions could produce immense

great apes (as our closest relatives) share roughly the SaRkanges in mental capacities, due to the failure of proper
course of psychological development during the rst 18 month§egration (7, 59). Therefore, we suggest that alterations in
of life (22). Around this age in both species, the brain nearlymentajization and communication abilities found in the &

achieves adult neuronal composition, and even overall §ize (- gpectrum and social communication disorder are a result of

29). Nevertheless, in humans, intensive and diuse changegisrypted development of circuitries established by LS8 (
in functional connectivity continue throughout the rest of

childhood 26-31), while apes do not exhibit further important

progress in cognitive capacities after the second pOSt”atRhOLECULAR FEATURES AND
year €2). CYTOARCHITECTURE OF HUMAN

How did this unmatched shift in mental functioning between

apes and humans appear without a robust quantitative increafREFRONTAL CORTEX: THE ROLE OF
in overall brain structure, i.e., overall increase in comjiiesf ASSOCIATIVE NEURONS IN INTER-AREAL
dendrites, or formation of new pathways and connections orAND INTER-COLUMNAR CONNECTIVITY

most of the neurons? It should be noted, that a tremendous
increase in the number of cortical neurons and connectidsis, Evolution of the human brain Figures 2A,B is characterized
a biological prerequisite to enabling high cognitive funoihg by a sharp linear increase in the number of cortical neurons
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FIGURE 1 | Schematic representation of two main subdivisions of the
prefrontal cortex and general organization of their afferg and efferent
connections. Dorsolateral prefrontal cortex establishesich connections with
all neocortical areas, except primary regions, whereas oitomedial prefrontal
cortex is mainly connected with hippocampus and cortical rgions processing
visceral information. Note that dorsolateral and orbitomdial prefrontal cortex
are densely interconnected. Figure is based on Groenewegeand Uylings ¢9).
DOP, dopamine; NA, noradrenaline; 5HT, serotonin.

reciprocal projections to both, multimodal and unimodal-
parasensory associative are&§ {6). This allows the prefrontal
cortex to have a major role in regulating synchronous and
coordinated activity between cortical areas. Experimesitalies

in monkeys and functional studies in humans have con rmed
that the prefrontal cortex is functionally the highest asatice
region of the primate brain38, 49, 51).

In humans, some areas of the prefrontal cortex show a
speci ¢ cytoarchitecture, the magnopyramidality of layet I
(77), i.e., deep located large layer Il neurons exceed the
size of large layer V pyramids. When compared to other
populations of cortico-cortical projecting neurons, the L3N
show strong acetylcholinesterase (AChER80) and SMI32
(antibody against phosphorylated protein H) reactivitglf
83 as a result of higher metabolic rate and prominent
axonal tree. The density of SMI32/AChE reactive L3N,
as well as their size and intensity of staining, is higher
in human associative areas than in monkeys. In lower
mammals, SMI32/AChE reactivity in deep layer Il was not
found (84).

The L3N are a subset of cortico-cortical neurons with
long ipsi- and contra-lateral projections Figure 2G
(40, 60, 61, 85. Individual L3N establish projections to
several dierent areas suggesting a major role in inter-area
integration that grants them the title “associative” newso
(86). They are characterized by an astonishing number of
intracortical axonal collaterals F{gure 2H), that extend
around the cell, having dense columnar distribution of
their terminal rami cation through layers Il and 1l ¢2-
64). Thus, L3N are playing the major role in intercolumnar
connectivity within a particular cortical area. In monkeys,
L3N are indeed the key element for processing working
memory and other prefrontal cortex-dependent high cognitive
functions @7-90).

Above mentioned features of connectivity, functional
properties and evolutionary expansion support the idea that L3N
underlie the highly e cient network integration throughdu
the human cerebral cortex. We propose that selective strattur

(67-69), but also with an exponential increase in the numberand molecular changes of associative L3N in the human
of cortico-cortical projecting neuronss(, 67, 68). This leads prefrontal cortex around the age of 2 and several upcoming
to increased thickness of upper cortical layefsg(res 2C-B  years ©5, 56), change the properties of the whole prefrontal
which contain more neurons than lower layers populatedcortex output, and have a pivotal role in cognitive maturation
by subcortically projecting neurons3,(4, 39, 65 66, 70, 71).  characterizing the preschool period. Developmental changes
So, the primate neocortex is characterized by a tremendowselectively related to this neuron class may be crucial for the
increase in the number of columns and changes to theiappearance of cognitive abilities needed for the understanof
internal neuronal composition Kigure 2H. Last but higher levels of inter-personal interaction, and to lay fdation
not least is the increase in width inside and betweerior a further increase in cognitive capacity observed later
columns. The increase in width of columns is a result ofthroughout the childhood and adolescence, that ultimately
increase in dendritic complexity of principal cells7%, leads to socio-emotional maturity. Selective alteratiohshe
i.e., more “space” between columns is a result of increasea®BN were described in neuropathological states charaeigriz
interconnectivity 3. by intense and global changes in the e ciency of the cortical
These changes are present in a majority of cortical areasetwork (©1-96). We propose that selective alterations of
but are most prominent in several prefrontal cortex areasssociative L3N have a pivotal role in the “dis-connectivif”
and related with their important integrative function ingd prefrontal cortex found in autism spectrum disorde® 74 99),
cortico-cortical network %2, 53, 74, 75. The connectivity but also in other prefrontal cortex-associated disorders,
pattern of human prefrontal cortexHigure 1), particularly its like schizophrenia 40, 99, 100. These two disorders share
highly expanded dorso-lateral part, is characterized by imass similarities in cognitive pathology, and are characterizad
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global cortical dysfunction, without concurrent structlr other people's states of mind, such as intentions, belief&edes
alterations and speci ¢ structural pathology identi ed sorfa and wishes120. When a false-belief test is applied to children
(16,17). with ASD, most of them fail even at the age of 11, in contrast
to typically developed children who pass the test by the age of
4 (121). In a modied (122 and simplied (123 form of the
UNDERSTANDING THE MENTAL STATES false belief task, typically developing children show ToMitids

OF ONESELF OR OTHERS: NEURONAL latest by the age of 2.5, while many of them show it already

DEVELOPMENT OF PREFRONTAL at the age of 1.5 yeard({7, 124). These abilities are lacking in
ASD j howing th [ in th ili

CORTEX DURING EARLY CHILDHOOD SD subjects, showing that de ciency in the ability to retec

on the contents of one's own and other's minds)({, 129 is
AND FOCAL DISCONNECTIVITY a core cognitive feature of ASD. This lack is a consequence of
IN AUTISM a disturbed cognitive development at some point during the
period of early childhood (1.5-6 years)2G-128. In search
The capacity to attribute mental states (mentalization) aéms  for neurobiological correlations, it is important to recogei
one of the quintessential abilities that makes us human and ithat cognitive impairment in ASD is speci ¢ and di erent from
de ned as the “theory-of-mind” (ToM) R0, 21, 101, 102). This  learning di culties of blind or deaf people{23-131).
ability appears during the second year of life and subsequently Neuroimaging data show that dorsolateral and medial
sophisticates through childhood with cognitive spurts at $pec prefrontal cortex in ASD are hyperconnected during the second
time points (L03. Following temporal pattern at which various year of life (32-137. In parallel with hyperconnectivity,
levels of ToM have been achieved is important since imany of ASD individuals undergo brain overgrowth that is
re ects changes inside cortical circuitries which allowftshin  particularly pronounced in the frontal lobesl$8-141). The
mental capacities. hyperconnectivity later on changes to hypoconnectivitylZ-
Most data marks the infant to child transition as a point 144). Therefore, itis still debated if ASD should be considersd a
when rst ToM abilities appear, i.e., during the second year otlisorder characterized by hyper- or hypoconnectivity§ 146).
life. Infants around 12—15 months of age display behaviors tha Nevertheless, the concept of hypo- or hyperconnectivity
are prerequisites to ToM developmerit04-106. Nevertheless, seems to be oversimplied. Neuroimaging data are in line
it is dicult to talk about internalization of mental abiliies with the view that ASD symptomatology is the result of
before 18 months of agel(7 109. By the age of 2, children disconnection in areas involved in the processing of languag
are clearly aware that there is a di erence between thoughts iexecutive and socioemotional reaction as well as in abstract
their mind, and things in their surroundingsl(09. An average and conceptual thinking. Furthermore, there is a disconiwect
3-year-old knows that the brain has a set of mental functionsin cortical regions that are highly evolved in humans and
such as dreaming, wanting, thinking, and that di erent person involve higher-order associative processing along with the
may want, like and feel dierent things. Further important prefrontal cortex {(47151). Alteration in ASD was also found
cognitive twists occur around the age of 4, when childrerlizea in many regions of the temporal lobe and in adjoining
that thoughts might not be truel(10. Also, a 4-year-old can parts of the occipital and parietal lobes, including the insula
remember that their own belief has changed which is not tieeca and regions important for ToM processingl17 125 152
with a 3-year-old {11). By the end of early childhood (ages 5to153. However, the majority of functional and structural
6), children realize that people talk and act on the basis hay th connectivity studies in ASD suggest that the key disconaect
think the world is, even when it does not re ect the realitythé  must be between the frontal lobe and other higher order
situation. They can keep secrets and understand that samesti association cortices164-160), and that the frontotemporal,
a person may believe something that is not true, and that what frontolimbic, frontoparietal, and interhemispheric connixts
person does or says, can be based on a false beligfi(L 3. are altered. In addition, alterations in synaptic organizat
The cortical areas related to ToM tasks typically activateelated to speci c de cits were found1¢1+166. The type and
the frontal lobe. In particular, neuroimaging studies of ToMrange of cognitive pathology in ASD suggests that structural
showed activations in the dorsal prefrontal cortex (Brodman alterations are focused, as well as delicate, but present even
area 9). However, other frontal regions were also involved iamong highly-functional adults with ASD 12 167%169.
understanding and controlling oneself, as well as in intéom  Preservation (or even enhancement) of other mental fumstio
of thoughts about oneself and othersl@ 114-117). Therefore, (17Q 171) suggests that development of certain circuitries
the prefrontal cortex can be considered as a region with adley r is spared, supporting the model of “focal disconnections”
in social cognition, and it is assumed that pathological salbss ~ which appear during development. Therefore, ASD should
in states characterized by disrupted social cognition, sagsh be considered as a form of “developmental disconnection
psychopathy personalityl.{) and autism spectrum disordebf,  syndrome” ((72-174).
119, must be located within. In conclusion, structural and functional data in ASD sudges
In autism spectrum disorder (ASD) and related socialthat development of speci ¢ micro-circuitries is disrupted hy
(pragmatic) communication disorders, social interactiomse the ToM acquiring stage of infant to child transition (secbn
aected (119 due to diculties in the aptitude for inferring year of life), or in milder ASD forms during the upcoming
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NEWBORN

FIGURE 2 | Macroscopic and microscopic features of the adult human bran, including schematic organization of extrinsic and initnsic cortical projections of
associative layer [1IC neurong/A) In the adult human brain frontal granular cortex occupies 80%f the frontal lobe, and almost one third (red) of the total atical
surface. (B) Around the age of two, the brain is very close to its adult siz€3). Microphotography of Golgi Cox(C—E) and rapid Golgi(F) impregnated sections of the
associative areas in the humar(C,D,F), and mice neocortex(E). (G) Large layer llIC neurons are considered to be associative neurs, connecting several higher
order areas in the ipsi- and contralateral hemisphere, witthe columnar pattern of axon rami cation 60, 61). Ipsilateral collaterals are much more numeroug), and
around 80% of synapses are established within the area of @jin. Local axon branches are forming numerous terminal rancations which have columnar distribution
through layers Il and Ill, and extend several millimeters arourtide cell body 62—-64). The gure is a compilation of gures published by Hladnik et & (65) (A,B) and
Deaja et al. 66) (C-E). Scale bar 200mm (C) and 100 mm (D-F).

years (1§ 12Q 175 176. The role of distinct neuron classes changes of associative L3N microcircuits in the
in the prefrontal cortex for processing ToM and complex sociaprefrontal cortex could represent one of the major
cognition is not yet de ned, and therefore the neuronal adates biological substrates for normal cognitive development
of ASD pathology remain unknowriL{/ 7). during early childhood. Consequently, abnormal L3N

Based on connectivity patterns, as well as thelevelopment could be associated with appearance of
pattern of their development and maturation, selectiveASD symptomatology.
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FIGURE 3 | Changes in dendritic morphology of rapid-Golgi impregnate pyramidal neurons in the dorsolateral part of the prefroai cortex during the second half of
gestation (A-D) and rst postnatal month (E,F). Microphotography of rapid Golgi impregnated sections intie human fetal prospective dorsolateral prefrontal corteat
21 (A,B), and 32 postconceptional weeks(C,D), newborn (E) and one month old infant(F). Scale bar 10mm (A,B) and 100 mm (C—F). (a,b) are (A,B) shown at the

same magni cation as (C—F).
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An outgrowth of primary basal dendrites(A) started earlier on layer V pyramidal neurons, during the mide trimester of gestation prior to layer Ill, but not later on
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major outgrowth of new segments occurred for layer Il pyramglduring the rst postnatal month. No additional segment outgowth is observed after rst postnatal
month. Despite rapid segment outgrowth up to the 32 postcon@ptional weeks, the increase in total length for layer V pynaids (E) was rather slow. Most of the
elongation occurred later, during the last 2 months of gestion and rst postnatal month (F). At the same time, opposite to layer V, a considerable increse in length
occurred for layer Ill during the period of rapid segment outgmth. At the 3rd postnatal month, layer 11l rapid Golgi impregated neurons have just exceeded 50%,
whereas layer V pyramidal neurons exceed 80% of their adukttigth (dashed lines). Data shown here were extrapolated fino the studies of Mrzljak et al. 190) and

Petanjek et al. §5).
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SEQUENTIAL DIFFERENTIATION OF starts 12—15 weeks after they arrived into the cortical plate
PRINCIPAL NEURONS IN THE However, beginning of the second phase diers between these
PREERONTAL CORTEX AND EARLY two subpopulations of principal neurons. For the large layer V

pyramidal neurons it coincides with the ingrowth of thalamo-
DEVELOPMENT OF cortical bers into the cortical plate by the end of the
CORTICO-CORTICAL MICROCIRCUITRY middle trimester of gestation18g 196 222 223. In contrast,
intensive growth of the L3N begins with ingrowth of cortico-
cortical bers by the end of the last trimester of gestation
?524 2295. Thus, for the two main classes of large pyramidal
neurons in the human prefrontal cortex there is an inside-
But gradient of di erentiation during the prenatal period, and
intensive growth seems to be induced by the arrival of specic
glutamatergic a erents.

At birth, large layer V principal neurons have already
attained their adult dendritic complexity (branching pattgr
while L3N are not well developedL§0, suggesting that the
cortico-cortical network is not highly functional at thainte

Mechanism of Dendritic Growth

in di erentiation and maturation of neuronal circuitry {78-
182. Developmental changes in dendritic size and complexit
will de ne the total neuronal receptive eld. Since dendritic
development occurs in parallel with rapid synaptogenesss(
and axon growth {84 185, it will a ect both the neuronal
functional response to the input and the neuronal outpli8.
Dendritic development typically undergoes three phases:

The rst phase of dendritic growth starts after the neuron

_Ia_rhril;/esht:;(tasi:ilh‘;?zgg?ixghg]tTﬁecorrtgt:ﬁlg;tli(:’ 15?;;?8@5 a(F26—228. Indeed, the most intensive dendritic development
P y P P y of the L3N is the rst postnatal month, when around

dendrites and apical dendrite, which arise from the cell hody 0 . .
including appearance of oblique dendrites which grow out onGOA) of basal dendritic segments appegiglres 4C,0), and

the proximal site of the apical dendritel§9. No signi cant
outgrowth of additional branches on primary oblique and Hasa
dendrites occurred during this phasgigure 3).

The second phase is characterized by extensive and rapi
growth of the dendritic tree. Initially, new segments grow
out on the, during rst phase formed primary basal and
oblique dendritesKigures 4A,B. This is followed by an increase
in the size of the dendritic tree achieved mainly through
elongation of present branches. Importantly, the appearang
of functional glutamate receptors is crucial for inducement
of rapid dendritic growth (83 191-195. This strongly
supports the view that ingrowth of glutamatergic thalamo-
cortical and cortico-cortical aerents during the fetal and
perinatal period, triggers the rapid dendritic growth of pripel layer Il
neurons (L96). _

The nal stage of dendritic growth (once up to 20% /
of total dendritic length is established) is characterizey
signi cant, but much slower elongation of dendrites than
during the second phase. Many connections established ¢
developing dendrites are functional at the beginning of
this stage, making dendritic development more sensitive tp
environmental in uences (“nurture”). In contrast to the send
phase, glutamatergic activity during the third phase stabdi
the dendritic tree instead of promoting its growth{3-201). As
such, the last stage of dendritic development is the longesbisa
characterized by a slighter increase in the length of theddéa

m

=

tree 202 203.

. . . FIGURE 5 | Golgi Cox impregnated pyramidal neurons in human Brodmann
Intensive Perlnatal Dendrltlc GrOWth Of area 9 at 7 postnatal months and changes in basal dendritic &e between 7
Associative Neurons Results in Early and 12 months. Microphotography of Golgi Cox impregnated lege pyramidal

neurons in deep layer II(A) and layer V(B) at 7 postnatal months at higher

Funclt!onal MICfOCerUltrleS . L magni cation. Schematic drawings (C) indicating changes in length and
Dendritic development and synaptic rearrangement of principall complexity of dendritic tree of Golgi-Cox impregnated netns between 7 and
neurons have been extensively studied in the monkey andi2 months, showing that major dendritic growth for those twopopulations of
human prefrontal cortex 189 19Q 197 199 204_22])_ In neurons, occurred during the second half of the rst postnatadyear. A total

. . s number of segments is approximated on the basis of neuronaleconstructions
the human fetal prEfromal cortex, intensive d?nqutlc glth (197), and percentage of segments cut at a particular dendritic mer (198).
(second phase) of both deep layer Il and V principal neuron
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almost half of the total size is achieveliqures 4E,l. Thus, while others are still very immature4{, 256-252. This is

the L3N dendritic tree “catch-up” large layer V pyramidalin contrast to the traditional view of hierarchical neurdna

neurons in absolute values of their length and complexitydevelopment across the cerebral cortex, which suggests a

soon after birth. By the third postnatal month both classesequential gradient of maturation from lower to higher orde

are equal in total dendritic tree length, and have achievedreas. We propose that there is a sequential maturation of

not only adult complexity, but also, adult-like overall deiti  distinct elements, forming cortico-cortical circuitrieacross

three shape. all frontal areas 8. Such a pattern of development may
The maturity level of layer V principal cells reachedrepresent a neurobiological basis for the sequential dpvedmt

soon after birth is not surprising, as these cells are kegf cognitive functions during the rst and second postnatal

neuronal elements for processing early executive functmins year (124 235 253-256. Also, rapid dendritic growth is

the prefrontal cortex43, 223-231). However, the maturity level related with maturity of glutamatergic and GABA-ergic rptas

of L3N reached between rst and third postnatal month is(257 259, making dendritic di erentiation more prone to

somewhat surprising 55, 56), as these cells are believed toenvironmental inuences. As such, for the development of

be the key elements involved in sophisticated, evolutidyari early maturing neurons, as is the case for L3N, already during

recent, and human-speci c cognitive functions that developthe perinatal and early postnatal period, the environment

later on @32 233. Such an early functioning cortico- has an important role in regulating their morphological

cortical neuronal network centered on L3N may represent ali erentiation (253-263.

neurobiological basis for cognitive functions present adie

in the rst months after birth ¢234-239. Behavioral and

functional studies found that the perinatal period (32 weekSELECTIVE MATURATION OF THE

of gestation 3 months postnatal) is characterized by rapidASSOCIATIVE LARGE LAYER IlIC

transformation and disappearance of fetal patterns of bemavioNEURONS DURING EARLY CHILDHOOD

but also with concomitant appearance of certain aspects o
cognitive functions, which will intensively develop thigiu AND PROTRACTED DEVELOPMENT OF

infancy (124 239-246). “COGNITIVE” MICROCIRCUITRY

THROUGH ADOLESCENCE
Sequential Development of Unique Pattern of Dendritic Growth of
Microcircuitries in the Human Prefrontal Associative Neurons in Human
Cortex During the First Postnatal Year Prefrontal Cortex

Not all classes of principal neurons in the prefrontal cortexFor most subpopulations of principal neurons in the prefrontal
undergo intensive dendritic growth during the prenatal and(197 207, 208 218 219 221, 264 265, and other regions of
perinatal period as observed for large pyramidal neuronshe human cerebral cortex266-276 major postnatal dendritic
impregnated with the rapid Golgi method. Subpopulations ofgrowth occurs during the rst year in parallel with massive
pyramidal neurons impregnated by the Golgi Cox methodsynaptogenesis 85205 206 226 277~284).
(197 207 undergo a major dendritic growth after birth, An important exception from the typical temporal pattern of
mainly during the second half of the rst postnatal year dendritic growth (see previous chapter) are associative BN i
(Figure 5). Dierent modication of Golgi methods have a the prefrontal cortex Figures 7 8). The L3N do not undergo
selective anity to stain dierent neuronal subpopulations, the typical third stage of dendritic development like larggelia
i.e., the rapid Golgi method is more prone to impregnateV pyramidal neurons %5 56). The layer V neurons attain
large pyramidal cells. These di erences in timing of interesiv more than 80% of their adult dendritic length by the third
dendritic growth between dierent subclasses of principalpostnatal month. They then continue with further elongation
neurons @47 248 suggest that there is a di erent gradient of during the third stage of dendritic development for roughly 1
maturation for di erent subclasses of neurons, even withiret year, and reach adult values around 15 months of age. In asitr
same layer. by the third postnatal month dendritic size of the L3N has
In our recent work, by using rapid Golgi method and reached only half of their adult valueBigures 7A—C 8A,C,D).
encompassing broader population of the layer Il impregnatedn addition, basal and oblique dendrites of the L3N have no
principal neurons Figure 6), we showed signi cant di erences signi cant growth (“dormant” period) until the middle of the
in the level of dendritic dierentiation during the rst second yearRigures 7A,C,D 8A,D,E). Between 16 months and
postnatal month within frontal lobe, that includes dorsaedl 2.5 years, length of L3N basal and oblique dendrites almost
part and Brocas region as well as primary motor anddoubled, with growth rate higher than expected for the thitalge
premotor cortices Z49. The populations of L3N attained a (Figures 7A,D,E 8A,E,F. To the best of our knowledge, this
highly developed dendritic tree in all analyzed areas, wtsereadecond L3N dendritic growth spurt represents an undescribed
dendrites of other principal neurons in layer Il were lessdevelopmental feature for any class of cortical neurons. In the
di erentiated. Such ndings show an asynchronous maturatio following period from 2 to 5 years, there is a further increase
of dierent microcircuitries throughout the cortico-cortial in synaptic spine density2@85 at L3N dendrites, accompanied
network: some of them reach functional level soon aftertirt with molecular changes of this class of neurons. The L3N start t
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FIGURE 6 | Asynchronous maturation of pyramidal neurons in layer IlIC dag rst postnatal month. (A) Rapid Golgi impregnated deep layer Il pyramidal neurons in
Brodmann area 9 of a 1-month-old infant in the prefrontal cdex show different stages of differentiation. Quantitatesanalysis of newborn and 1-month-old infant
reveals large differences in total lengtlB), and number of segments(C) in basal dendritic tree of deep layer Il pyramidal neurons, aass different areas of the human
frontal cortex. Each symbol represents mean values per indidual neurons.

express strong AChE 8 79) and SMI-32 82, 265 286 reactivity  projections is established earlier during infaneyl,(124 243
in their bodies and proximal apical and basal dendrites. Thi®91294). This leads us to conclude that large scale functional
unique expression sets them apart from other classes of abrticchanges in the cerebral cortex, starting around the age afe2,
neurons Figure 9). Additionally, by the age of 5, the L3N show related with maturation of excitatory intracortical conctéons.
intensive Nissl staining paralleling transient somaticrgvewth  Still, further maturation of cortico-cortical projectiorsould not
(Figure 8B) (287-290). be excludedi16.

Thus, the L3N acquire a signi cant portion of their maturity
after infancy. We suggest that morphological and molecular . .
changes on dendrites of the L3N in the period from 2 to eFrotracted and Environmentally Driven
years are related to the growth and synaptogenesis of theBynaptic Pruning of
own local intracortical projections, which establish vegnde Associative Microcircuitries
innervation on all cortico-cortical projecting neuron§3-64).  structural changes through the cortical network are notshéed
Thus, changes in L3N intracortical projections will a ect fuion by the age of 5-6 years, while the circuitry reorganization
of all prefrontal cortex neurons that project to other corfica continues throughout the rest of childhood and adolescence
areas. Consequently, L3N changes will be re ected on nektwor(zg 33, 36, 76, 90, 205 216 283 295-317). Molecular tuning of
processing throughout the whole cerebral cortex. Intraicait synaptic strength during development, when synaptic numbers
projections in experimental studies on rhesus monkey wergxceed adult values, is proposed to be a major mechanism
found to be the last maturing part of the cortical excitatoryfor the environmental e ect on circuitry reorganization. €h
network (209, whereas basic architecture for cortico-corticalperiod of overproduction and elimination of supernumerary
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PERINATAL STAGE OF GROWTH

DORMANT
STAGE

SECOND

H GROWTH SPURT

FIGURE 7 | Postnatal development of rapid Golgi impregnated large l&y 11IC pyramidal neurons in the magnopyramidal area 9 of the huan prefrontal cortex.
Three-dimensional reconstructions of basal and apical dedritic trees of rapid Golgi impregnated pyramidal cells irayer I1IC, projected onto the coronal plane

(A). Orientation toward the pia is indicated by the arrow. Oblige dendrites originate from the apical dendrite, and are rapsented by dashed lines. All layer IlIC
pyramidal cells are represented at the same magni cation (sale bar 100mm) and at the following ages: newborn, 1-month-old, 2.5-moihs-old, 15-months-old
infants, 2.5-year-old child, and 28-year-old adult. Dendtic trees of layer 1IIC pyramidal cells increased between 16 mths and 2.5 years of age. Note that there are
no obvious differences between layer I1IC pyramidal cells of 2month-old and 16-month-old infants (dormant stage), as vell as 2.5-year-old and 28-year-old
subjects. Microphotographs showing changes in morphologyof rapid Golgi impregnated layer 11IC pyramidal cells of the Bdenann area 9 between: newborn(B),
infants aged 1(C) and 16 (D) months, 2.5-year-old child (E), 19-year-old (F), and 73-year-old (G) adults (the magni cation is same for all microphotographs; sale bar
—20mm). Even in these high-power microphotographs, the increasin dendritic complexity (an outgrowth of new segments) beteen newborn (B), and 1-month-old
infant (C) is obvious. The gure is taken from Petanjek et al.55) with permission.
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FIGURE 8 | Graphical and schematic presentation of quantitative morpological data from basal dendritic tree of deep layer 11l andyer V pyramidal neurons, in
magnopyramidal area 9 of the human dorsolateral prefrontalortex impregnated by the Golgi method during postnatal deglopment. Changes in terminal segment
length (A) and soma size(B), from birth until 91 years of age on layer Ill pyramidal neuronspregnated with rapid Golgi (full marks—red line), and CgilCox method
(open marks—blue line). Data about terminal segment lengt{h) are shown here as they participate with 90% in the total lengit of dendrites. Data from rapid Golgi
stained slides, regarding terminal segment length con rm,hat the period between 3 and 16 months, is a dormant stage in baal dendritic growth for layer Il
pyramidal neurons, and that further growth occurs between & months and 2.5 years (at least 1/3 of total length). Large teporal overgrowth in cell body size was
present in subjects 5 to 6 years old(B). Data shown here were extrapolated from Koenderink et al197) and Petanjek et al. §5) studies. Squares represent males and
circles represent females. The age is shown in postnatal yeson a logarithmic scale. Puberty is marked by a shaded bar. &iematic drawings (C—F) of changes in
length and complexity of dendritic tree of deep layer Il and y&r V pyramidal neurons, illustrate changes occurring in ¢éhcytoarchitecture and overall neuronal
morphology. Total number of segments is estimated on neuroal reconstructions (based on real data)55, 197) and values of missing dendrites were calculated by
formula (L98). Red represents rapid-Golgi impregnated neurons, and b&iGolgi Cox impregnated pyramidal neurons. lllustrations faGolgi Cox neurons at newborn
(C) and 3-months-old infant (D) stage are prediction based on dendrite growth pattern in theperiod 7-15 months. By the 15 months(E) most of the neurons have
achieved an adult level of dendritic size, except large lay#l/IC pyramidal cells impregnated by the rapid Golgi metho(F).

synaptic spines corresponds to the developmental stage whertends even up to the third decade of lif€&igure 10.
principal neurons have the highest magnitude of plasticityConcomitantly, there is a prolonged peak in expression of genes
(185 201, 26Q 277, 304 318-326. In the prefrontal cortex, regulating neuronal development, including those assediat
the stage of developmental plasticity is highly prolonged andith schizophrenia 298 307, 327, 328. The comparative
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in supragranular (including L3N and cortico-cortical
projecting neurons) vs. infragranular (including layer V
and subcortical projecting neurons) layetX)g 226. Regional

di erences in the number of grown and pruned spines on
the layer Ill neurons have been described in the monkey
and human cortex, with highest spine overproduction in the
prefrontal cortex and lowest in the primary sensory regions
(208 221, 25Q 279 282 331). The level and duration of
synaptic overproduction, and consequently the level and
duration of developmental plasticity3829, increases within
increasing functional hierarchy of distinct microcircuits.
Thus, microcircuits that are processing the highest cogaiti
functions, such as social abilities, are subject to the dsgh
developmental remodeling induced by psycho-social and
emotional environmentg2, 39, 250 252 260 305 333 334).

THE DEVELOPMENT OF PREFRONTAL
CORTEX ASSOCIATIVE NEURONS IN
AUTISM: A MODEL OF SELECTIVE
NEURONAL VULNERABILITY IN GLOBAL
CORTICAL NETWORK DISCONNECTIVITY

Based on the above, we suggest that selective disruption of L3N
could cause global cortical network disconnectivity, uhgag
ASD cognitive symptomatology. The protracted and biphasic
pattern of L3N dendritic growth, coupled to the intensive
molecular maturation after infancy, is not described foyaher
population of principal neurons. This developmental timing
overlaps with the period when speci c ASD symptomatology
becomes evident.

Thus, alteration of the specic neuronal population with
“strategic” position inside cortical circuitry, like L3N,oucld

FIGURE 9 | Neuro lament staining (SMI32) in Brodmann area 9 of child and
adult human cortex. Microphotography of SMI32 (non-phosphoylated lament
H) stained sections in Brodmann area 9 of the human prefrontaortex at the

age of 3(A,C) and 38 years(B,D). The deep part of layer Ill and layer V are
sub-laminas most densely populated with reactive neuronsThere are no
differences in staining intensity of layer V neurons at bothges, however in the

lead to global cortical network dysfunction. The timing of
appearance and severity of symptoms in ASD might depend
on the aected level of structural and molecular maturation

adult subject layer I, the amount of intensely stained pyraddl neurons with
clearly visible dendrites has increased. Accumulation ofeuro laments in
dendrites is corresponding to the length and complexity of ®on, suggesting
that pyramidal neurons located deeper in layer Il continue thiaxon growth
after the age of 3. Scale bar at 100rm (A-D).

of associative neurons during early childhood (2-6 yedfsy.
example, if development of the L3N is aected during the
second year of life, it is most likely that the elongation of
dendrites would be altered. This possible reduction in dérr
size would result in abnormal input on the L3N, and would
change their functional properties. Consequently, as the L3N
densely innervate all layer 11/11l cortico-cortical neursya robust
analysis of mRNA expression in the prefrontal cortex showslteration in dendritic morphology and consequently possible
that in the human brain, relative to non-human primates, out-growth of intracortical projections of L3N, would lead to
the dramatic changes in transcriptome proles are delayedlisrupted inter-columnar processing3§5. We would expect
(283 304 307, 329 330. So, extraordinary protracted circuitry such changes in subjects with a more serious form of ASD,
reorganization is a specic feature of human higher-orderwhere cognitive pathology already emerged during the second
associative areas. year of life.

It is possible however, that distinct types of microcircusi In some ASD cases, specic cognitive symptoms are not
may have di erent rates of synaptic formation and elimination apparent during the second, and even third year of life. Those
The pruning of supernumerary dendritic spines during thesubjects only show a subtle de ection of ToM, with no signs
third decade of life is most pronounced and protracted onof any other neurological or psychiatric comorbidity, like i
the L3N. It starts earlier on segments that are targeted bgjsperger's syndromel@? 167 169. We hypothesize that in
thalamo-cortical, rather than on those targeted by corico these forms of disorder the L3N alterations are not as robust.
cortical projections #85. Studies obtained in monkeys and Here, the development of the L3N is probably aected later,
humans show somewhat higher synaptic overproductiorafter the age of 2.5 years, when further molecular matunatid
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the L3N occurs. Cognitive pathology is in such cases related GENE-ENVIRONMENT INTERACTION
synaptic network architecture or/and ne molecularde emtiat DURING POSTNATAL DEVELOPMENT
the level of individual synapse, without any dendritic andaal AFEECTS ASSOCIATIVE CIRCUITRY

changes that can be de ned as pathological.
However, complex cognitive processing is disturbed in mos‘?‘RCHITECTURE AND MAY CONTRIBUTE

cases of ASD at earlier stages of developments (337). 10 AUTISTIC TRAITS

Neurological and cognitive pathology is frequently present ] ) )
during the rst year, sometimes even at birtt83§ 339. Architecture of the mature cortical network is determined

In the most serious cases, there is ASD comorbidity wittflrough —complex —gene-environment interactions  during
the intellectual developmental disorde84() or/and epilepsy intricate developmental steps, (264 330 359-369. Given the
(347). In cases with absent comorbidity, many parents reportiNimaginable number of possible interactions between gands
a concern about socio-emotional interactions during thestr €nvironment, there are large interindividual di erences ine
year of life 342-345. Neuroimaging further revealed network Siz€ Of particular areas, and even in internal cytoarchiters
ine ciencies during the rstyear of life 337,346 347). However, Particularly within the prefrontal cortex 17, 366-369. Large
although speci ¢ ASD symptoms are not seen before the age Biterindividual dierences were found among the dendritic
two, epidemiological and genetic studies support the idea, thatructure of - cortico-cortical projecting neurons in  high
alterations of neuronal development occur during the prehata associative areas of the human brain, correlating with ¢ivell of
perinatal time 848-355). education 869. All mentioned interindividual di erences point
Thus, the “uniquely biphasic’ pattern of dendritic growth 0 & Strong environmental impact on cortical development.
of the L3N, with delayed structural and molecular maturatio ~ 1h€ mechanism of developmental plasticity leading to
during the post-infant period (after 1.5 years), indicatesitth interindividual di erences in cytoarchitectonics and neur
this neuronal class is particularly vulnerable during theipatal ~MOrphology is related to synaptic overproduction. By actiity
period, when harmful events related to ASD are expected t§ePendent molecular tuning of synaptic spines, it is determine
occur. Pathological alterations induced at that stage may n Which synapse will remain and which will be removed from
be severe enough to a ect functional demands of the L3N at’® network during the pruning process3(q 371). This
the early postnatal period. However, the perinatal lesion ¢oulModel is dened as selective stabilization hypothesis &
manifest after the second year, since the role of L3N, in no@nd Proposes that through synaptic tuning the environment
much complex microcircuitries, becomes more demanding afS Shaping the architecture of the neural network. The highes
this time. In this view, the earlier “perinatal lesion” becesn degree and longest period of synaptic overproduction are so far
visible as notable functional impairments after the second€scribed for the L3N in the prefrontal cortex, particularly a
year 327, 356). dendritic compartments (distal side branches of apical déajir
Most ASD cases will be diagnosed earliest by the age of {&9eted by cortico-cortical and intra-cortical projedi® (283.
months (L03. However, social cognition is often altered earlier,Altogether, psychological, educational, social and emafio
even in infants that do not show neither neurological, norMilieuhasapredominantin uence inreshaping circuitriesiafn
intellectual impairment. Retrospective studies have shovat th &€ involved in processing the most complex cognitive fumtio
ASD a ected children clearly have di erent behavior related t (2% 76 226 309 332 372-379. _
social responses by 12 months, like gazing in a single directio Taken together, these ndings suggest that human-speci ¢
and the way how they respond to their nan@s(). On functional ~ cognitive functions and circuitry specializationsl) ( have
magnetic resonance imaging (fMRI) altered connectivity irdAs foundation in interactions between gene85(386-389 and
was found by the 6 months1@7 346 and EEG signal was environment @42 363 38_3 389 during the penoql of synaptic
found to be altered by the 3 month€%9. Above mentioned ©Verproduction and pruning. In humans, the period of synaptic
behavioral and functional aberrations present at early staje ©verproduction and pruning is the period of the highest
infancy (837, further suggest that ASD symptoms are relatedn@gnitude of acquisitions of new knowledge. It might look
with structural alterations from the early postnatal period.Paradoxical that this occurs with a decrease in the number of
Interestingly, EEG pathology of ASD is rst observed in theSynapses, but the nal functional outcome of pruning leads to
left temporal electrode (T7), and the frontal lobe starts ted increased connectivity of the cprtlcal ngtwork. Therefdmas. .
between 15 and 18 months of age, which corresponds to tH¥ocess allows humans to acquire the highest level of cogniti
beginning of the second L3N growth spurt. The developmentdput it also prolongs the vulnerability period, increasing the
(“biphasic”) pattern of L3N, with intensive perinatal dendiit chance for the formation of abnormal circuitry29g 306 327,
growth (suggesting high vulnerability), and second grosphirt 364 385-387). ) .
around the age of 2, corresponds to the timing of alterations Stch developmental reshaping could be an important factor
in cortical functioning and appearance of symptoms in infants™ the development C_’f ASD, particularly in subjects W't_"_' a
with ASD. Understanding relations between L3N developmenfnild form of the autism spectrum phenotype. Recognition
and functional changes of cortical activity is important inthat ToM decit is a core psycho-pathological substrate of
early detection of ASD and might help to develop algorithmsASD, has allowed better diagnosing of both patients with
as combination of functional imaging methods and focusednild impairment and individuals with atypical symptoms or
behavioral testing. personality traits associated with ASD, which fall undertihead
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FIGURE 10 | Changes in dendritic synaptic spine density on rapid Golgiripregnated large layer IlIC and layer V pyramidal neurons in magpyramidal area 9 of the
human prefrontal cortex from birth until 86 years of age(A) Representative low magni cation photographs of the rapid G@gi-impregnated layer I1IC and V pyramidal
cells in the dorsolateral prefrontal cortex of a 16-year-disubject. (B) Neurolucida reconstruction of layer 11IC pyramidal neuron of49-year-old subject, illustrating
dendrites selected for counting spines(C) Representative high power magni cation images of layer 11IC pgmidal neuron dendrites.(D) Graphs represent changes in
spine numbers per 50mm of dendritic length. The age is presented in postnatal yearon a logarithmic scale. Puberty is marked by a shaded bar. Sepres represent
males, circles females. P, puberty; B, birth (fourth postrtal day); m, months; y, years. Figure published by Petanjek @l. (285).

autism phenotype388-390). Itis possible that the “pathological”  We propose that in such individuals, the emotional and
substrate can be found only in the circuitry architecturéhout  psycho-social environment during infancy and childhood is
any structural or molecular impairment of neurons and their crucial for the appearance of ASD or autistic trai&3{, 394
pathways. In line with this possibility is a higher incidende o 395. Vice versa, in individuals with genetic backgrounds to
ASD in school rather than preschool childreql), suggesting develop ASD or autistic traits, this opens a huge window of
that in some cases, “autistic” circuitry architecture iabished opportunity for cognitive rehabilitation, particularly corggring
through late childhood, or even adolescend®3 392 393. the highly extended period of circuitry reorganization ineth
So, the broad or subthreshold autism spectrum conditionshuman prefrontal cortex. At an epidemiological level, milddan
could be used as a model to understand trajectories of “matur atypical cases should be far more numerous then serious chses
nurture” interactions, guiding neurodevelopment toward; o ASD, and are therefore of much higher societal impact. Second
away from ASD. enhanced emotional and psychological interaction in infgant
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and children, have been shown to have a stimulating e ect Based on the level of gene expression, a reduced number
on the development of ToM396 397, suggesting that those of distinct cell subtypes in layers IV and V, the calbindin and
with mild symptomatology and subtle alterations in circyitr parvalbumin neurons, was suggestet?§ 427. So far the
organization have a greater chance for a positive outcomarbf e only neuron-speci ¢ pathology documented histologically in
intervention (399. ASD is a decreased number of parvalbumin interneurons in
medial prefrontal cortex429. Parvalbumin expressing cortical
neurons provide inhibitory input to cortico-cortical projeicg

OVERVIEW OF REPORTED CORTICAL principal cells $23-431). The temporal pattern of change in axon

NEURONAL PATHOLOGY IN AUTISM terminals of parvalbumin interneurons parallels the changes i
dendritic spine density on layer Ill principal cell2@g 432.
Despite pathological changes observed in the cerebellumihe chandelier subpopulation of parvalbumin neurons, which
amygdala and brainstenB893-402), imaging data and studies is projecting to axon initial segment of principal neurons, is
on post-mortem material are implying that cerebral cortexfound to be a ected in prefrontal cortex of ASD subjects38.
circuitries are the most plausible candidate to produce cor&@herefore, decreased number of parvalbumin neurons in ASD
de cits of autism. However, speci c cortical neuronal aléions  may be related to alterations of postnatal re nements in aati
are yet to be described and present data are often contraglicto circuitry related with associative pyramidal neurons.
Some ASD cases have reduced neuronal cell body size butin conclusion, despite no direct evidence of L3N pathology in
increased number of minicolumns and increased neuronalhSD being found, already mentioned ndings that in ASD there
density ¢03 404). These ndings suggest an increased number ofs a higher spine density in layer W20, could suggest an altered
neurons in frontal, temporal and parietal regions of ASD ag  synaptic pruning of projections arising from associative L3N.
(405409. In other ASD cases, neuron numbers and density were
unchanged 407, while some have a reduction in the number

of neurons ¢09. Cellular patches were found in prefrontal and DISCLOSURE OF PRE-EXISTING LESION
temporal cortices of ASD patients, while again no change in if HROUGH LATE MATURATION OF
neuron density was describedd9. ASSOCIATIVE NEURONS IN AUTISM

Cell body size was unaltered in the dorsolateral medial
prefrontal cortex 405, superior temporal gyrus407), anterior  In this manuscript we present an interesting observation
cingulate cortex410, hippocampus411), and amygdala41?. about neuron pathology of an ASD case from Zagreb's
Smaller cell size was found in cortical regions with ideeti Neuroembryological Collection434-436), and evaluate the
minicolumnar pathologies in ASD, i.e., frontal regiod$3 406  possibility that appearance of ASD symptoms is correlated
413, as well as primary motor, sensory and visual cortiégg),  with maturation of associative L3N during early childhodmiit
In the fusiform gyrus 415, hippocampus 416 and portions  without disruption of their development.
of the anterior cingulate cortex4(7, 418, smaller neuron cell We performed an in depth analysis of brain tissue from a 23-
bodies of varying types have also been reported. These chiangegear-old female with ASD (based on DSM-III-R criteria)3(),
cell body size are considered to be presentin preadoleseg@st with mild intellectual disability and epilepsy. We did not @vse
between ASD and controls, and this e ect becomes diminishedhanges in the brain's gross morphology, cytoarchitectonic
later on @0Q 410. Importantly, changes in cell body size arestructure, nor expression of non-phosphorylated-neuro lament
usually related with changes in dendritic morphology. Hoeev H (SMI32) which is highly expressed in L3N-igure 17).
Golgi studies on ASD neocortices, showed that there is nnchanged intensity of neurolament staining8{, 439
dendritic pathology in neocortical pyramidal and non-pyrarald suggests normal axonal development of associative neurons.
neurons ¢11, 419, but increased density of dendritic spines wasOn rapid Golgi impregnated sections of prefrontal cortex
found in layer Il of temporal, parietal and frontal regiodZ(). (Brodmann area 9), primary motor cortex (Brodmann area
Higher spine density suggests impaired synaptic pruning, and #) and primary visual cortex (Brodmann area 17), we did
correlated to decreased brain weight and lower levels afiteg  not observe changes in dendritic size or in spine density of

functioning in ASD (L64 421-424). L3N or other classes of principal neurons. However, a small
Reduction in neuronal size and loss of neurons in ASDfraction of neurons in the layer Il and upper part of layer

suggests a bias in connectional abnormalities present iiphell [l in the analyzed areas exhibited abnormalities of dendrit

areas of the association cortex, speci cally within laybet aire  morphology Figure 12).

involved in long-range connectivitylQg 414). The alteration of Alongside well developed and regularly oriented principal

neuronal classes essential to these circuitries is expéutbd neurons, a subset of neurons in layers IlI/IIA had spiny
the main correlate of altered cognitive processing. In linthw dendrites, whose morphology resembled those of immature
that, it was suggested that the total number of a special mealro principal cells Figure 13A). Such dendritic morphology with
subtypes found only in species with highly developed socidbw spine density is characteristic for developing principal
cognition, von Economo spindle cells, is decreased in aytisin  neurons at initial stages of their dendritic di erentiation
stereological analysis in the frontal part of the insula dowbt  Developing neurons with similar morphology are found
con rm that assumption ¢25. in the neocortex of healthy neonatesFigure 138, but
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FIGURE 11 | Neuro lament staining (SMI32) in neocortex of adult female Wi autism. Pattern of SMI32 immunostaining counterstained ith Giemsa in the prefrontal
area 9 (A), primary motor area 4(B) and primary visual area 171C), in a 21-year-old autistic female with a comorbidity in thedrm of epilepsy and intellectual disability
(according to DSMIII classi cation). The analyzed material &part of Zagreb's Neuroembryiological Collection434—436). The distribution, density and level of

neuro lament (SMI32) expression did not differ from normatescontrol @1, 438), and no obvious disruption of cytoarchitecture was obsered (68, 266). SMI32 stained
sections were compared to normative control specimens obtaed from the Zagreb Neuroembryological Collection, whicincludes 29 specimens, with an age span of
19 to 57 years.

not later on. Since only part of the neurons had theduring the perinatal period. In this manner, development of
immature dendritic morphology Kigures 13C,D) (204 439  microcircuitries established by short cortico-corticagéurons
440, we concluded that in the analyzed subject a selectiwwould be stalled at the neonatal stage. Importantly, this
fraction of cortico-cortically projecting neurons is aecte neuron class is not expected to go through distinct structural
In particular, layer Il and upper part of layer Ill contain complexi cation after the rst year. Therefore, we hypothesed
cortico-cortical neurons that have relatively short axoasd that they will achieve adult structure by the age of 1, but
participated in local microcircuits between neighboring ase full functional capacity will be achieved through maturatio
(44,74,441-445. of associative neurons and related circuitries during yearl
Thus, their abnormal development in ASD may be a result othildhood (2—-6 years). By having subtle alterations of the
harmful events (including those induced genetically) adclg  short cortico-cortical network, rst symptoms, in general,
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FIGURE 12 | Reconstructions of rapid Golgi impregnated principal newns in the neocortex of an adult female with autism. Neuronsre marked in order of their
laminar position: atypical pyramid-like cell§A—C) and typical pyramidal cells in analyzed neocortices were stwn: layer 11(D), layer IlIA/B pyramidal cell§E), layer 11IC
pyramidal cells in prefrontal corteXF), giant Betz pyramidal cells in layer VV of motor corte(G), small pyramidal cells of layer \(H) and large Meynert pyramidal cells of
layer V/VI in area striatdl). Atypical pyramid-like cells{A—C) were mainly located in the layer Il, and some in the layer IlIA, bubtin any other layers. They have oval
cell bodies with bipolar orientation of dendrites, low spia density, and axons directed toward white matter. Such celtypes were not observed in Golgi sections of a
normal, adult human cerebral cortex. Golgi sections from tis case were compared to 29 rapid Golgi stained specimens, wh an age span of 19 to 57 years. No other
qualitative signs of dendritic, nor spine pathology and desity could be found on rapid Golgi slices, and morphology, ckbody size, dendritic extent, and complexity
(D-1) corresponded to pyramidal neurons of the same laminar positn in an aged-matched controls.

would not appear before nal maturation of local intracortica Such timing is linked to massive synaptic pruning in the
connections which occur later during childhood. It meansprefrontal cortex that occurs as part of normal development.
that development of L3N and their projections in ASD So, in schizophrenia the appearance of symptoms is not a result
could take a fully regular course, but may trigger appearancef disrupted development at that time9( 99 447 449.
of symptoms. In fact, events occurring through the course of regular
Neurodevelopmental model with early structural lesionsdevelopment are a trigger which may cause an already
and a delayed appearance of symptoms is already establisi@ésent, but for a long time asymptomatic impairment, to
for schizophrenia 85 446. Typical schizophrenia symptoms become eminent. Direct evidence for such a hypothesis
occur predominantly during late adolescence or early adultho comes from patients with metachromatic leukodystrophy,
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FIGURE 13 | Microphotography of rapid Golgi sections in the prefrontatortex of an adult female with autism, compared to a normal Imonth-old infant. On low
power microphotography of layer Il/IlIA in the prefrontal cortexf@ 21-year-old autistic female, numerous bipolar—pyramidike cells were found(A). In the prefrontal
cortex of a normal 1-month old infant(B), numerous neurons with similar morphology were found in theame position (arrows). High power microphotography shows
layer Il bipolar-pyramid like cells in the analyzed subje¢€). Note that dendrites had spines, but their density was low. Pper dendrites were directed to the layer |,
resembling apical dendrite morphology. On the other pole o dendrites resembled basal dendrite morphology. An axonm@se from one of those dendrites and was
directed to the white matter. In the prefrontal cortex of a neworn infant, immature pyramidal neurons with similar morplogy are found(D). In the adult autistic
subject neuron morphology of spiny bipolar neurons regardg cell body shape, and dendritic complexity is similar onliarger when compared to healthy neonate. The
presented material is a part of Zagreb's NeuroembryologideCollection, which also includes normative control speciens of 31 rapid Golgi specimens, lifespan from
infant to adolescent. Scale bar indicates 100mm (A,B) and 20mm (C,D).

a disorder characterized by demyelination present at bithDEVELOPMENT OF ASSOCIATIVE

The lesion remains without exacerbation up until lateNEURONS DURING CHILDHOOD AND
adolescence, when a schi;ophrenia-like _psy_chosis will emergi=| ATION TO ASD SYMPTOMS: ALTERED
(449 450. So, a xed “lesion” from earlier in development PEVELOPMENT OR TRIGGER FOR

has been silent for decades, and interacts with normal brai
maturational events that manifest much later in life. Despit PRE-EXISTING LESION?
the causative process not being obvious, it is still present

long before the symptoms appear and any diagnosis is mad@ this manuscript, we hypothesize that selective alteratiba
(327,36Q 451-454. speci ¢ subset of principal neurons could lead to global changes
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FIGURE 14 | Proposed developmental models of cortico-cortical neuroralterations in autism: schematic representation of changein dendritic morphology of layer Il
in the human prefrontal cortex during the early postnatal pgod (newborn—3 months) and around the second year (16—-30 miahs). (A) In a typically developing infant,
associative neurons undergo intensive dendritic differeiation during the rst 3 postnatal months, whereas other clases of cortico-cortical projecting neurons,
undergo major dendritic growth later during their rst postratal year. A late, second growth spurt, with large dendritielongation in the period from 18-30 months, is
so far described only in associative neurons. We propose thanaturation of associative neurons during early childhooll.5-6 years), plays a major role in global,
functional changes of the cortical network, related with #mendous cognitive development(B) Disrupted development of associative neurons (red), arouhage of 2,
does not allow enhancement in inter-columnar and inter-a@ connectivity, leading to cortical network impairment. Bvelopment of associative neurons does not have
to be disrupted (C,D). There might be a preexisting (perinatal) alteration, in aibset of short cortico-cortical neurons (red) that would beome evident around the age
of 2, during typical maturation of intra-cortical connectins established by associative neurons(C) In the case of mild perinatal disruption of short cortico-cdical
neurons, the lesion would remain functionally silent untéte differentiation of associative neurons, whereas ifD) cases where alterations are more robust,
comorbidities in form of neurological, and intellectual ipairment, manifest earlier. We suggest that alteration cabe present in various forms thus creating many
phenotypes of ASD.

in cortical network connectivity. We applied this model to thethe prefrontal cortex. The severity of this pathology would
ASD and social (pragmatic) communication disorders, whichdepend on the extent and timing of disruption within
include disrupted social and communication functioning,thvi those microcircuitries.
more or less severe global disconnectivity. Lacking evidence for structural pathology of the L3N in
We propose that contrary to normally developing childrenASD both in our reported case and overall in the literature,
(Figure 14A), there might be a disrupted development ofopens the possibility that di erentiation of this neuron class
inter-collumnar connectivity within the prefrontal cortex takes a regular course. Thus, their developmental incorpmrat
of ASD patients, as these microciruitries undergo intensivénto maturing circuits during childhood will reveal a pre-
maturation in the period between 2 and 6 years when AS[existing (perinatal) lesion in other neuronal classes and
manifests. Associative L3N, which are the main sourcenicrociruitries. Despite regular development of intracost
of local excitatory cortico-cortical connections, and areconnections during the second year, and throughout the rest
thus responsible for inter-columnar connectivity, undergoof early childhood, the cortical network will not be able
intensive structural and molecular changes during the sam® reach a new/higher level of information processing, as
time (Figure 14B. Disrupted maturation of intracortical there is a pre-existing alteration in other classes of prajecti
connectivity may then consequently alter outputs fromneurons, e.g., a subset of cortico-cortical neurons witbrish
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projections. We propose that in the case of a more subtlef Medicine, University of Zagreb (number: 380-59-10106-14-

disruption of neurons, which are a source of short cortico-55/152; class 641-01/14-02/01; 1 July 2014).

cortical circuitries, the lesion remains fully silent untihe

age of 2 Figure 140, whereas in the case of more robust AUTHOR CONTRIBUTIONS

alteration, neurological, and intellectual comorbiditygnappear

earlier Figure 14D). ZP, DS, and DD contributed equally to the work. ZP designed
These two proposed models are also not mutually exclusiveoncept of research, performed Golgi experiments, analyzed

Direct alteration of L3N or “disclosure” of pre-existing i@ss Golgi and SMI32 sections, wrote the manuscript, prepared

on other neuronal classes during di erentiation of assagi@t gures. DS analyzed Golgi and SMI32 sections, performed
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