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Abstract: The cerebral cortex is essential for our sensory 
experiences and conscious thought. Its neural connec-
tions, in particular sensory areas of the cerebral cortex, 
are shaped and sculpted by our early sensory experiences. 
Onset of these first sensory experiences of the world mark 
an important developmental event, enabling our worldy 
interactions to shape the makeup of our cerebral cortex. 
These long-lasting effects of early sensory experience are 
particularly striking in human communication, since early 
exposure to the mother’s language is required to detect 
all nuances in the underlying sounds. Early interactions 
with the world are mediated by a key set of neurons, sub-
plate neurons, which remain part of the developing cere-
bral cortex until most of them disappear at later stages of 
development. They play a crucial role in the developing 
mammalian brain. Here I review the circuitry and func-
tional roles of cortical subplate neurons, focusing on their 
purpose in the development of primary sensory cortices.

Introduction
Our sensory experience is crucial to brain function, and 
whatever we experience early in Iife can end up shaping 
perception in adulthood. This effect of early experience 
is especially striking in the auditory system, which is es-
sential for human communication. Early experience with 
language sculpts the auditory system such that sounds 
specific to certain languages can be detected. One crucial 
question is: at which age and in which part of the brain 
do sensory experiences elicit circuit changes to enable the 
perception of specific sounds? Studies of maternal voice 
suggest that prenatal experience plays a role in develop-
ment of the auditory system. Since newborns already show 
a preference for maternal voice (DeCasper and Fifer, 1980; 
Mehler et al., 1988; Voegtline et al., 2013) the relevant pro-

cesses are likely active from early stages in development. 
This review highlights organization of the fetal cortex and 
examines structures and circuits that underlie the devel-
opment of sensory processing functions, in particular the 
processing of sound information.

Prenatal sensory development
A large fraction of human cortical development occurs in 
the womb (Fig. 1A), even though the womb does attenuate 
sensory activation. While somatosensation (the sense of 
touch) can be active in utero, visual stimuli do not pene-
trate the womb and thus the retina will not easily be acti-
vated. By contrast, it has been well observed that human 
fetuses can respond to sounds before birth. In prenatal 
humans, auropalpebral reflexes (blink of the eye to loud 
sounds) emerge in the 20th gestational week (Birnholz and 
Benacerraf, 1983) (Fig. 1B), indicating that the inner ear 
is transducing sounds and that at least brainstem circuits 
involved in reflexive responses are functioning. However, 
because sounds are attenuated by the uterus, auditory 
thresholds are higher at these early developmental ages 
than after birth (Werner, 2007). Similar developmental pro-
gressions occur in other mammals, although some com-
monly used animal species (e.  g. rodents and ferrets) are 
altricial, being born in a very immature state with closed 
eyes and ears. Thus, many developmental events occur-
ring in utero in humans occur ex utero in these species and 
are thus readily studied (Fig. 1B). However, because eyes 
and ears are initially closed in these animals there also 
exists a period in which sensory transduction can occur, 
but where sensory inputs are attenuated.

The ability of the human fetus to respond to sounds 
raises the question of what stimuli impinge on the devel-
oping auditory system and what are the functional con-
sequences of such stimulation. Both external sounds and 
maternal heartbeats can elicit fetal magnetoencephalo-
graphic (MEG) responses (Blum et al., 1985; Wakai et al., 
1996; Eswaran et al., 2000; Lengle et al., 2001; Schleussner 
et al., 2001; Schneider et al., 2001; Zappasodi et al., 2001; 
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Eswaran et al., 2002; Draganova et al., 2005; Porcaro et 
al., 2006). Even though auditory experience in a human 
fetus is attenuated by the womb, the preference for mater-
nal voice in newborns (DeCasper and Fifer, 1980; Mehler 
et al., 1988; Voegtline et al., 2013) suggests that sounds 
can activate the human auditory system in utero, and that 
these sounds are processed in a complex manner support-
ing recognition of the mothers’ voice.

While some motor responses seem reflexive, the selec-
tivity of newborn infants for maternal voices is strong evi-
dence to suggest that higher order processes are function-

ing. Since complex auditory processing is thought to occur 
in the auditory cortex (Nelken, 2004), early sensory expe-
rience might already act there. The mammalian cerebral 
cortex is a complex neural structure characterized by high 
interconnectivity and required for processing and con-
sciously acting on sensory information. It is well known 
that sensory experience can shape connection from the 
thalamus to the cerebral cortex as well as the connections 
within the cerebral cortex. For example, depriving devel-
oping animals of sensory information in early life prevents 
maturation of connections from the thalamus to the cortex 

Figure 1: Changing circuits in the developing sensory cortex 
A: Schematic of sensory development in humans. Sensory transduction can occur before birth. Critical periods, during which sensory 
experience can cause persistent alterations in sensory development have been identified postnatally. B: Schematic diagram of auditory 
development in three species. Gestation period indicated in brackets. Shading indicates amount of sensory information present. Black: 
Sensory transduction is absent. Dark gray: Sensory transduction is present but sound is attenuated by closed ears or the womb. Light gray: 
Sounds are not attenuated. P: postnatal day; GW: gestational week. ACX=Auditory cortex. C: Circuitry of adult sensory neocortex. WM=white 
matter; Thal=thalamus. D: Changing circuitry of developing sensory neocortex. E: Intra-SPN connection could precede and seed intra-L4 
connections. CN=Cochlear nucleus.
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and alters the pattern and function of intracortical connec-
tions (Sanes and Bao, 2009; Erzurumlu and Gaspar, 2012; 
Espinosa and Stryker, 2012).

Structural differences between 
the developing and adult cerebral 
cortex
When and where does sensory experience first interact 
with and shape the cerebral cortex? The adult cerebral 
cortex is a laminated structure with 6 layers. In sensory 
cortical areas, sensory information from the thalamus pre-
dominantly innervates the middle (granular) cortical layer 
(L4). From this input layer, information flows to the more 
superficial layers (L2/3) and to the deeper layers (L5/6) 
(Fig. 1C). Neurons from L2/3 and L5/6 project to intracor-
tical or subcortical structures, respectively. In addition, 
neurons within each layer are also highly interconnected 
via intralaminar connections.

The developing cerebral cortex shares basic laminar 
topology with the adult cerebral cortex, however the 
cortical layers form gradually over development in an 
inside-out manner (in a structure termed cortical plate), 
hence the deepest layers develop first. One important 
difference is that the developing cortex contains addi-
tional neurons located in the area where white matter 
will appear (Fig. 1D). These are called subplate neurons 
(SPNs); they comprise the earliest generated and matur-
ing population of neurons in the mammalian neocortex 
(Krmpotic-Nemanic et al., 1979; Kostovic and Rakic, 1980; 
Kanold and Luhmann, 2010). In human auditory cortex, 
SPN neurons are distinguishable at 12–13.5 weeks (Krm-
potic-Nemanic et al., 1979). During development, a large 
fraction of SPNs disappear, while some SPNs are thought 
to remain as a subpopulation of deep cortical neurons, 
layer 6b (L6b) (Kanold and Luhmann, 2010; Marx et al., 
2015; Hoerder-Suabedissen et al., 2018). The functional 
role of L6b neurons in adults is not well understood, but 
because L6b neurons are modulated by neuropeptides, 
such as hypocretin, they might play a role in controlling 
wakefulness (Bayer et al., 2004; Case and Broberger, 2017; 
Case et al., 2017). It is possible that a fraction of SPNs serve 
a similar role in development.

SPNs are diverse, which might indicate different func-
tional roles for the different SPN classes. SPNs can be 
classified into subpopulations based on their dendritic 
architecture or gene expression profiles (Kanold and 
Luhmann, 2010). Molecular analysis of SPNs in rodents 

and humans has revealed a panoply of subplate-specific 
markers, such as Connective Tissue Growth Factor (CTGF), 
Complexin3 (Cplx3), Nurr1 etc., suggesting the existence 
of molecularly-defined SPN populations (Hoerder-Suabe-
dissen et al., 2009; Belgard et al., 2011; Hoerder-Suabedis-
sen and Molnar, 2013; Bakken et al., 2016; Viswanathan 
et al., 2012, 2017; Lein et al., 2017). Furthermore, molecu-
lar profiling has enabled the study of subplate evolution, 
which has already identified subpopulations that are con-
served across species, e.  g., from birds to mammals, and 
other populations that seem to be specific to mammalian 
neocortex (Montiel et al., 2011; Wang et al., 2011; Molnar 
et al., 2014). Therefore, the study of how SPN neurons 
differ across species might hold clues to the evolution of 
the human neocortex, because SPNs seem to be overrep-
resented in species with more complex cortical organi-
zation (Kostovic and Rakic, 1990; Kanold and Luhmann, 
2010). Unfortunately, associations between molecular 
markers, morphological, and functional SPN types remain  
unclear.

Subplate neurons provide an  
early relay of thalamic information 
and represent an early integrative 
hub
Important clues to the functional role of SPNs are given 
by the source of their synaptic inputs as well as by their 
outputs. From the earliest studies of SPNs it was clear that 
they were present in primary sensory cortices at times 
when thalamic axons entered the white matter. From these 
observations, it was hypothesized that SPNs serve as a 
transient target and waiting compartment (Kostovic and 
Rakic, 1990; Ghosh and Shatz, 1992b; Hevner, 2000; Ko-
stovic and Judas, 2002). Physiological brain slice studies 
confirmed that SPNs in all primary sensory areas received 
excitatory thalamic inputs (Friauf et al., 1990; Higashi et 
al., 2002; Zhao et al., 2009) (Fig. 1D).

SPNs can have complex dendritic trees, suggest-
ing that they receive an extensive set of synaptic inputs 
(Hanganu et al., 2002; Zhao et al., 2009; Kanold and 
Luhmann, 2010; Liao and Lee, 2012). As mentioned above, 
SPNs receive thalamic inputs. However, at later develop-
mental ages they also receive excitatory and inhibitory 
inputs from the developing cortical plate, in particular 
from the future thalamocortical recipient layer L4 and the 
deeper layers L5/6, as well as from within the subplate 
(Viswanathan et al., 2012; Meng et al., 2014) (Fig. 1D). 
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Thus, SPNs integrate ascending information with intrin-
sic cortical activity.

Having identified their main inputs, the next clue to 
SPN function was provided by identifying their synaptic 
targets. Brain slice experiments in rodents showed that 
SPNs innervate L4 before thalamic axons activate L4 (Zhao 
et al., 2009; Deng et al., 2017) (Fig. 1D). This SPN to L4 
projection is excitatory and targets both excitatory and 
inhibitory L4 neurons. Thus, SPN activity can change the 
balance of activity in L4.

Taken together, these identified circuits indicate that 
early thalamic activity is relayed to the future thalamic 
input layer, L4, via an obligatory relay in the subplate. This 
relay action can be observed in young brain slices. Sub-
plate responds to thalamic afferents with short latency, 
while L4 responses have longer latency (Friauf and Shatz, 
1991; Barkat et al., 2011). This circuit topology highlights 
the essential role of SPNs in relaying early thalamic inputs 
to L4 (Fig. 1D), enabling SPNs to influence the develop-
ing cortical architecture. Computational analysis has 
shown that SPNs can induce activity correlations between 
thalamic terminals and their future targets in L4 and 
thereby promote strengthening of thalamus-L4 synapses 
by forming a “teacher circuit” (Kanold and Shatz, 2006; 
Kanold, 2009; Butts and Kanold, 2010). This instructive 
role of SPNs might also generalize and apply to intracor-
tical circuits. For example, SPNs connect to each other, 
and thus their activity might cause correlated activity in 
spatially distinct populations of L4 neurons. Such correla-
tions might contribute to formation of spatially patterned 
connections within L4 (Fig. 1E).

Besides projecting to L4 and other targets in the de-
veloping cortical plate, SPNs have also been shown to 
connect to subcortical structures such as the thalamus 
(McConnell et al., 1989, 1994; Viswanathan et al., 2017; 
Hoerder-Suabedissen et al., 2018). As a result, SPNs sit at 
the nexus between immature ascending and descending 
thalamocortical and corticothalamic pathways.

Subplate neurons are the first 
cortical neurons to exhibit sensory 
responses and nascent topographic 
organization
Given that SPNs in sensory cortices receive thalamic 
inputs, it follows that peripheral sensory stimulation 
might activate them, because peripheral receptors can 
function before onset of thalamic transmission to L4. The 

opening of eyes and ears in altricial animals, such as mice, 
roughly coincides with the onset of thalamic transmission 
to L4 (Barkat et al., 2011). Although it has commonly been 
assumed that before this time point no sensory activation 
of cortex is present, direct and indirect evidence suggest 
otherwise. Peripheral receptors, like retinal photore-
ceptors or cochlear hair cells, can function at earlier ages, 
and thus sensory evoked activity could be present along 
ascending sensory pathways. Recordings in ferrets and 
mice, born with closed eyes and ears, showed that cells 
in the visual pathway can respond to visual stimuli before 
eye opening (Krug et al., 2001; Akerman et al., 2002; Tian 
and Copenhagen, 2003; Akerman et al., 2004; Chen et al., 
2009). Recent electrophysiological studies of the ferret 
auditory system indicated that the auditory cortex can 
respond to sound ~10 days before ear opening (Wess et 
al., 2017) (Fig. 1B). In these immature animals, sound-
evoked local field potentials (LFPs) were present in both 
the future thalamocortical recipient layer, L4, as well as in 
subplate. Oscillatory LFP activity in response to whisker 
stimulation is also present in the subplate of the soma-
tosensory cortex in neonatal rodents (Yang et al., 2009). 
Since LFPs reflect bulk electrical activity, these signals 
contain both neuronal spiking activity as well as synap-
tically-evoked potentials. To identify which population of 
neurons underlies this early activity, laminar recordings 
of single-unit activity (i.  e. extracellular recorded spikes 
that can be assigned to a single neuron) were performed. 
These recordings revealed that the earliest responses 
originated from SPNs, and that responses in L4 emerged 
at later ages (Wess et al., 2017) (Fig. 2A). Furthermore, at 
ages during which responses were present in both sub-
plate and L4, SPNs responded at shorter latencies, indi-
cating that sound information reached L4 via SPNs; this 
is consistent with the SPN to L4 projections at early ages 
(Fig. 1D, 2B). These experiments indicate that sensory in-
formation is present in the cerebral cortex at much earlier 
ages than previously assumed and that the earliest active 
neurons are located in the subplate and not in L4. These 
results show that at least in the auditory system it is 
likely that sensory information is present in the sensory 
cortex shortly after the sensory end organs are capable of 
sensory transduction.

One hallmark of sensory cortices is their topographic 
organization: stimulus features, such as sound frequency, 
are mapped out on populations of neurons such that 
neighboring populations respond to similar features – 
with the overall stimulus preference varying smoothly 
across the cortex. The existence of early sound-evoked 
activity raised the question of whether early responses 
also showed topographic organization. LFP recordings 
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using multi-electrode arrays demonstrated that neighbor-
ing electrodes in the subplate showed similar frequency 
preference, while neighboring electrodes in L4 showed 
less similarity (Fig. 2C). In addition, stimulus preference 
similarities were larger for closer electrodes, indicating 
that subplate might contain topographic maps of stimulus 
preference. These findings suggest that the topographic 
organization of the sensory cortex might be sketched out 
within the subplate (Wess et al., 2017) and transferred to 
L4 via the “teacher-circuit” (Fig. 2D).

Subplate damage and dysfunction 
are implicated in neuro- 
developmental disorders
Because SPNs are the earliest cortical neurons to mature, 
they are also the first to be susceptible to injury. Further-
more, researchers have suggested that SPN dysfunction 
plays a role in multiple neurodevelopmental disorders 
such as autism spectrum disorders (ASDs), cerebral 
palsy, and schizophrenia. To directly investigate the con-
sequences of early SPN damage, SPN lesion studies have 
been performed in animal models. Such studies used ex-

Figure 2: Early auditory responses in subplate 
A: Example of a sound-responsive SPN. Shown are spiking rates (color) in response to tones of particular loudness. Note that this neuron is 
selectively responding to mid-frequency tones. Adapted from Wess et al. 2017. B: Latency of sound-evoked activity is shorter in SPN than in 
mid cortical plate neurons (CPN). Adapted from Wess et al. 2017. C: Cartoon illustrating the difference in frequency selectivity of LFP activity 
on neighboring electrodes. Colors represent different sound frequencies (Red: low tone frequency Yellow:high tone frequency). A higher 
local tuning similarity is present in subplate than L4. D: Hypothesized sequential development of tonotopy in cortical columns. Subplate 
is topographically organized at early ages. SP inputs to L4 establish frequency selectivity and promote the establishment of thalamic axon 
connections of the same frequency band to L4. Thus, L4 neurons will start to show an orderly progression of frequency preferences across 
columns.
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citotoxic lesions via focal injections of kainic acid (Ghosh 
et al., 1990; Ghosh and Shatz, 1992a, 1993, 1994; Lein et 
al., 1999; Kanold et al., 2003; Kanold and Shatz, 2006) or 
targeted immuno-ablations (Kanold et al., 2003; Kanold 
and Shatz, 2006; Tolner et al., 2012) to remove SPNs in 
early development. Lesioning in very early development, 
at time points before thalamic axons have reached L4, 
showed that SPNs are required for normal ingrowth of 
thalamic axons to their target in L4 (Ghosh et al., 1990). 
Lesioning at a slightly older age, when thalamic axons 
have entered L4 but before these connections had 
matured, prevented the anatomical patterning and func-
tional maturation of thalamocortical connections (Ghosh 
and Shatz, 1992a, 1993, 1994; Kanold et al., 2003; Tolner 
et al., 2012) as well as intracortical inhibition (Kanold 
and Shatz, 2006). Taken together, these animal studies 
showed that loss of SPNs prevents essential steps of 
cortical development from taking place, and that these 
neurons play a key role in promoting normal cortical de-
velopment. Moreover, the multitude of lesioning effects 
across development suggests that SPNs play critical roles 
throughout.

Additional evidence for a role of SPNs in neurode-
velopmental disorders arose from studies showing that 
hypoxic insults to the developing human fetus can result 
in damage to the subplate region (Kostovic et al., 1989; Mc-
Quillen and Ferriero, 2005). Further animal studies con-
clusively showed that neonatal hypoxic-ischemic injuries 
can cause loss of SPNs (McQuillen et al., 2003; Mikhailova 
et al., 2017), alter their morphology (McClendon et al., 
2017), and lead to altered excitatory and inhibitory cortical 
circuits impinging on SPNs (Sheikh et al., 2018).

SPNs have also been implicated in autism spectrum 
disorders. Histological studies on human postmortem 
tissue from autism patients shows an altered boundary 
between L6 and white matter (Avino and Hutsler, 2010) as 
well altered neural cell number and patchy subplate gene 
expression changes (Courchesne et al., 2011; Stoner et 
al., 2014). Furthermore, exposure to valproate acid (VPA) 
during pregnancy results in enhanced risk of autism in 
humans and rodents (Roullet et al., 2013; Nicolini and 
Fahnestock, 2018) and rodent studies have shown that 
such neonatal exposure alters circuits to developing SPNs 
(Nagode et al., 2017).

Collectively, these studies show that SPNs are a 
common target in multiple animal models of neurodevel-
opmental disorders. Since SPNs influence the develop-
ment of cortical neurons, altered subplate circuits likely 
give rise to altered cortical circuits and cortical function. 
It is possible that SPNs are also disrupted in other condi-
tions. Further studies of SPNs in a variety of conditions 

are needed. The recent availability of molecular markers 
should enable these studies.

Subplate neuron activity can be 
modulated: potential effects of 
maternal exposure to drugs and 
pharmaceuticals
Excitatory and inhibitory inputs are not the only inputs 
to SPNs. Histological and brain slice studies have shown 
that SPNs are targeted by many neuromodulatory systems 
that can function in the developing brain. For example, 
SPNs can be modulated by acetylcholine (ACh) or seroto-
nin (Hanganu and Luhmann, 2004; Dupont et al., 2006; 
Hanganu et al., 2009; Liao and Lee, 2011, 2014). Further-
more, SPNs label for a variety of other neuropeptides 
such as substance P, neuropeptide Y (NPY) etc. (Chun 
and Shatz, 1989; Antonini and Shatz, 1990; Kanold and 
Luhmann, 2010). In addition, SPNs that persist as L6b 
neurons are modulated by neuropeptides (Bayer et al., 
2004; Case and Broberger, 2017; Case et al., 2017) suggest-
ing that these neuropeptides might also influence SPNs 
at earlier ages. Therefore, fetal exposure to agonists or 
modulators of these signaling systems – such as maternal 
consumption of alcohol or drugs of abuse – might alter 
activity of SPNs directly via acting on SPN receptors. It has 
been noted that fetal drug exposure could lead to altered 
development of cortical circuits (Thompson et al., 2009). 
Altered SPN activity and function could underlie some of 
these developmental effects. Similarly, maternal stress or 
inflammation (Estes and McAllister, 2016) can potentially 
alter SPN function. However, to date none of these possi-
bilities have been explored.

Open questions
SPNs are known to constitute a key neuronal population 
in early development, but many questions remain. In 
sensory systems, these neurons provide an early sketch 
of future cortical organization. However, the role of SPNs 
in other cortical regions has not been investigated. Many 
advances have been made in understanding SPN circuits 
and function, but most of these studies have been per-
formed in rodents. Given that SPNs are more numerous in 
species with more complex brains, e.  g. in humans, studies 
in other species are needed. Finally, SPNs are in a prime 



Patrick O. Kanold: The first cortical circuits: Subplate neurons lead the way and shape cortical organization   21

position to be modulated by a variety of substances that 
cross the placenta, but evidence of such effects on SPN 
activity is lacking.

Acknowledgements: This work was supported by NIH 
RO1DC009607 (POK). The author would like to thank 
all past and current members of the laboratory for their  
invaluable contributions, Zara Kanold-Tso for comments 
on the manuscript, and Dr.  Werner Kilb for help  with 
editing and translation.

References:
Akerman CJ, Smyth D, Thompson ID (2002) Visual experience before 

eye-opening and the development of the retinogeniculate 
pathway. Neuron 36:869–879.

Akerman CJ, Grubb MS, Thompson ID (2004) Spatial and temporal 
properties of visual responses in the thalamus of the 
developing ferret. J Neurosci 24:170–182.

Antonini A, Shatz CJ (1990) Relation Between Putative Transmitter 
Phenotypes and Connectivity of Subplate Neurons During 
Cerebral Cortical Development. The European journal of 
neuroscience 2:744–761.

Avino TA, Hutsler JJ (2010) Abnormal cell patterning at the cortical 
gray-white matter boundary in autism spectrum disorders. 
Brain research 1360:138–146.

Bakken TE et al. (2016) A comprehensive transcriptional map of 
primate brain development. Nature 535:367–375.

Barkat TR, Polley DB, Hensch TK (2011) A critical period for auditory 
thalamocortical connectivity. Nat Neurosci 14:1189–1194.

Bayer L, Serafin M, Eggermann E, Saint-Mleux B, Machard D, Jones 
BE, Muhlethaler M (2004) Exclusive postsynaptic action of 
hypocretin-orexin on sublayer 6b cortical neurons. J Neurosci 
24:6760–6764.

Belgard TG, Marques AC, Oliver PL, Abaan HO, Sirey TM, Hoerder-
Suabedissen A, Garcia-Moreno F, Molnar Z, Margulies EH, 
Ponting CP (2011) A transcriptomic atlas of mouse neocortical 
layers. Neuron 71:605–616.

Birnholz JC, Benacerraf BR (1983) The development of human fetal 
hearing. Science 222:516–518.

Blum T, Saling E, Bauer R (1985) First magnetoencephalographic 
recordings of the brain activity of a human fetus. Br J Obstet 
Gynaecol 92:1224–1229.

Butts DA, Kanold PO (2010) The applicability of spike time dependent  
plasticity to development. Front Synaptic Neurosci 2:30.

Case L, Broberger C (2017) Neurotensin Broadly Recruits Inhibition 
via White Matter Neurons in the Mouse Cerebral Cortex: 
Synaptic Mechanisms for Decorrelation. Cereb Cortex:1–14.

Case L, Lyons DJ, Broberger C (2017) Desynchronization of the Rat 
Cortical Network and Excitation of White Matter Neurons by 
Neurotensin. Cereb Cortex 27:2671–2685.

Chen M, Weng S, Deng Q, Xu Z, He S (2009) Physiological properties 
of direction-selective ganglion cells in early postnatal and adult 
mouse retina. The Journal of physiology 587:819–828.

Chun JJ, Shatz CJ (1989) The earliest-generated neurons of the cat 
cerebral cortex: characterization by MAP2 and neurotransmitter 

immunohistochemistry during fetal life. J Neurosci 
9:1648–1667.

Courchesne E, Mouton PR, Calhoun ME, Semendeferi K, Ahrens-
Barbeau C, Hallet MJ, Barnes CC, Pierce K (2011) Neuron 
number and size in prefrontal cortex of children with autism. 
JAMA 306:2001–2010.

DeCasper AJ, Fifer WP (1980) Of human bonding: newborns prefer 
their mothers’ voices. Science 208:1174–1176.

Deng R, Kao JPY, Kanold PO (2017) Distinct Translaminar 
Glutamatergic Circuits to GABAergic Interneurons in the 
Neonatal Auditory Cortex. Cell Rep 19:1141–1150.

Draganova R, Eswaran H, Murphy P, Huotilainen M, Lowery C, Preissl 
H (2005) Sound frequency change detection in fetuses and 
newborns, a magnetoencephalographic study. Neuroimage 
28:354–361.

Dupont E, Hanganu IL, Kilb W, Hirsch S, Luhmann HJ (2006) Rapid 
developmental switch in the mechanisms driving early cortical 
columnar networks. Nature 439:79–83.

Erzurumlu RS, Gaspar P (2012) Development and critical period 
plasticity of the barrel cortex. The European journal of 
neuroscience 35:1540–1553.

Espinosa JS, Stryker MP (2012) Development and plasticity of the 
primary visual cortex. Neuron 75:230–249.

Estes ML, McAllister AK (2016) Maternal immune activation: 
Implications for neuropsychiatric disorders. Science 
353:772–777.

Eswaran H, Lowery CL, Robinson SE, Wilson JD, Cheyne D, McKenzie 
D (2000) Challenges of recording human fetal auditory-evoked 
response using magnetoencephalography. J Matern Fetal Med 
9:303–307.

Eswaran H, Preissl H, Wilson JD, Murphy P, Robinson SE, Rose D, 
Vrba J, Lowery CL (2002) Short-term serial magnetoenceph-
alography recordings offetal auditory evoked responses. 
Neuroscience letters 331:128–132.

Friauf E, Shatz CJ (1991) Changing patterns of synaptic input to 
subplate and cortical plate during development of visual 
cortex. Journal of neurophysiology 66:2059–2071.

Friauf E, McConnell SK, Shatz CJ (1990) Functional synaptic circuits 
in the subplate during fetal and early postnatal development of 
cat visual cortex. J Neurosci 10:2601–2613.

Ghosh A, Shatz CJ (1992a) Involvement of subplate neurons 
in the formation of ocular dominance columns. Science 
255:1441–1443.

Ghosh A, Shatz CJ (1992b) Pathfinding and target selection by 
developing geniculocortical axons. J Neurosci 12:39–55.

Ghosh A, Shatz CJ (1993) A role for subplate neurons in the 
patterning of connections from thalamus to neocortex. 
Development 117:1031–1047.

Ghosh A, Shatz CJ (1994) Segregation of geniculocortical afferents 
during the critical period: a role for subplate neurons. J 
Neurosci 14:3862–3880.

Ghosh A, Antonini A, McConnell SK, Shatz CJ (1990) Requirement 
for subplate neurons in the formation of thalamocortical 
connections. Nature 347:179–181.

Hanganu IL, Luhmann HJ (2004) Functional nicotinic acetylcholine 
receptors on subplate neurons in neonatal rat somatosensory 
cortex. Journal of neurophysiology 92:189–198.

Hanganu IL, Kilb W, Luhmann HJ (2002) Functional synaptic 
projections onto subplate neurons in neonatal rat 
somatosensory cortex. J Neurosci 22:7165–7176.



22   Patrick O. Kanold: The first cortical circuits: Subplate neurons lead the way and shape cortical organization

Hanganu IL, Okabe A, Lessmann V, Luhmann HJ (2009) Cellular 
mechanisms of subplate-driven and cholinergic input-de-
pendent network activity in the neonatal rat somatosensory 
cortex. Cereb Cortex 19:89–105.

Hevner RF (2000) Development of connections in the human visual 
system during fetal mid-gestation: a DiI-tracing study. J 
Neuropathol Exp Neurol 59:385–392.

Higashi S, Molnar Z, Kurotani T, Toyama K (2002) Prenatal 
development of neural excitation in rat thalamocortical 
projections studied by optical recording. Neuroscience 
115:1231–1246.

Hoerder-Suabedissen A, Molnar Z (2013) Molecular diversity of 
early-born subplate neurons. Cereb Cortex 23:1473–1483.

Hoerder-Suabedissen A, Wang WZ, Lee S, Davies KE, Goffinet 
AM, Rakic S, Parnavelas J, Reim K, Nicolic M, Paulsen O, 
Molnar Z (2009) Novel markers reveal subpopulations of 
subplate neurons in the murine cerebral cortex. Cereb Cortex 
19:1738–1750.

Hoerder-Suabedissen A, Hayashi S, Upton L, Nolan Z, Casas-Tor-
remocha D, Grant E, Viswanathan S, Kanold PO, Clasca F, Kim Y, 
Molnar Z (2018) Subset of Cortical Layer 6b Neurons Selectively 
Innervates Higher Order Thalamic Nuclei in Mice. Cereb Cortex.

Kanold PO (2009) Subplate neurons: crucial regulators of cortical 
development and plasticity. Front Neuroanat 3:16.

Kanold PO, Shatz CJ (2006) Subplate neurons regulate maturation of 
cortical inhibition and outcome of ocular dominance plasticity. 
Neuron 51:627–638.

Kanold PO, Luhmann HJ (2010) The subplate and early cortical 
circuits. Annu Rev Neurosci 33:23–48.

Kanold PO, Kara P, Reid RC, Shatz CJ (2003) Role of subplate neurons 
in functional maturation of visual cortical columns. Science 
301:521–525.

Kostovic I, Rakic P (1980) Cytology and time of origin of interstitial 
neurons in the white matter in infant and adult human and 
monkey telencephalon. J Neurocytol 9:219–242.

Kostovic I, Rakic P (1990) Developmental history of the transient 
subplate zone in the visual and somatosensory cortex of 
the macaque monkey and human brain. J Comp Neurol 
297:441–470.

Kostovic I, Judas M (2002) Correlation between the sequential 
ingrowth of afferents and transient patterns of cortical 
lamination in preterm infants. Anat Rec 267:1–6.

Kostovic I, Lukinovic N, Judas M, Bogdanovic N, Mrzljak L, Zecevic N, 
Kubat M (1989) Structural basis of the developmental plasticity 
in the human cerebral cortex: the role of the transient subplate 
zone. Metab Brain Dis 4:17–23.

Krmpotic-Nemanic J, Kostovic I, Nemanic D, Kelovic Z (1979) The 
laminar organization of the prospective auditory cortex in the 
human fetus (11--13.5 weeks of gestation). Acta Otolaryngol 
87:241–246.

Krug K, Akerman CJ, Thompson ID (2001) Responses of neurons in 
neonatal cortex and thalamus to patterned visual stimulation 
through the naturally closed lids. Journal of neurophysiology 
85:1436–1443.

Lein ES, Finney EM, McQuillen PS, Shatz CJ (1999) Subplate neuron 
ablation alters neurotrophin expression and ocular dominance 
column formation. Proceedings of the National Academy of 
Sciences of the United States of America 96:13491–13495.

Lein ES, Belgard TG, Hawrylycz M, Molnar Z (2017) Transcriptomic 
Perspectives on Neocortical Structure, Development, Evolution, 
and Disease. Annu Rev Neurosci 40:629–652.

Lengle JM, Chen M, Wakai RT (2001) Improved neuromagnetic 
detection of fetal and neonatal auditory evoked responses. Clin 
Neurophysiol 112:785–792.

Liao CC, Lee LJ (2011) Neonatal fluoxetine exposure affects the 
action potential properties and dendritic development in 
cortical subplate neurons of rats. Toxicol Lett 207:314–321.

Liao CC, Lee LJ (2012) Evidence for structural and functional changes 
of subplate neurons in developing rat barrel cortex. Brain 
Struct Funct 217:275–292.

Liao CC, Lee LJ (2014) Presynaptic 5-HT1B receptor-mediated 
synaptic suppression to the subplate neurons in the 
somatosensory cortex of neonatal rats. Neuropharmacology 
77:81–89.

Marx M, Qi G, Hanganu-Opatz IL, Kilb W, Luhmann HJ, Feldmeyer D 
(2015) Neocortical Layer 6B as a Remnant of the Subplate – A 
Morphological Comparison. Cereb Cortex.

McClendon E, Shaver DC, Degener-O’Brien K, Gong X, Nguyen T, 
Hoerder-Suabedissen A, Molnar Z, Mohr C, Richardson BD, 
Rossi DJ, Back SA (2017) Transient Hypoxemia Chronically 
Disrupts Maturation of Preterm Fetal Ovine Subplate Neuron 
Arborization and Activity. J Neurosci 37:11912–11929.

McConnell SK, Ghosh A, Shatz CJ (1989) Subplate neurons pioneer 
the first axon pathway from the cerebral cortex. Science 
245:978–982.

McConnell SK, Ghosh A, Shatz CJ (1994) Subplate pioneers and the 
formation of descending connections from cerebral cortex. J 
Neurosci 14:1892–1907.

McQuillen PS, Ferriero DM (2005) Perinatal subplate neuron injury: 
implications for cortical development and plasticity. Brain 
Pathol 15:250–260.

McQuillen PS, Sheldon RA, Shatz CJ, Ferriero DM (2003) Selective 
vulnerability of subplate neurons after early neonatal hypoxia-
ischemia. J Neurosci 23:3308–3315.

Mehler J, Jusczyk P, Lambertz G, Halsted N, Bertoncini J, Amiel-Tison 
C (1988) A precursor of language acquisition in young infants. 
Cognition 29:143–178.

Meng X, Kao JP, Kanold PO (2014) Differential signaling to subplate 
neurons by spatially specific silent synapses in developing 
auditory cortex. J Neurosci 34:8855–8864.

Mikhailova A, Sunkara N, McQuillen PS (2017) Unbiased Quanti-
fication of Subplate Neuron Loss following Neonatal 
Hypoxia-Ischemia in a Rat Model. Dev Neurosci 39:171–181.

Molnar Z, Kaas JH, de Carlos JA, Hevner RF, Lein E, Nemec P (2014) 
Evolution and development of the mammalian cerebral cortex. 
Brain Behav Evol 83:126–139.

Montiel JF, Wang WZ, Oeschger FM, Hoerder-Suabedissen A, Tung 
WL, Garcia-Moreno F, Holm IE, Villalon A, Molnar Z (2011) 
Hypothesis on the dual origin of the Mammalian subplate. 
Front Neuroanat 5:25.

Nagode DA, Meng X, Winkowski DE, Smith E, Khan-Tareen H, 
Kareddy V, Kao JPY, Kanold PO (2017) Abnormal Development 
of the Earliest Cortical Circuits in a Mouse Model of Autism 
Spectrum Disorder. Cell Rep 18:1100–1108.

Nelken I (2004) Processing of complex stimuli and natural scenes in 
the auditory cortex. Curr Opin Neurobiol 14:474–480.

Nicolini C, Fahnestock M (2018) The valproic acid-induced rodent 
model of autism. Exp Neurol 299:217–227.



Patrick O. Kanold: The first cortical circuits: Subplate neurons lead the way and shape cortical organization   23

Porcaro C, Zappasodi F, Barbati G, Salustri C, Pizzella V, Rossini PM, 
Tecchio F (2006) Fetal auditory responses to external sounds 
and mother’s heart beat: detection improved by Independent 
Component Analysis. Brain research 1101:51–58.

Roullet FI, Lai JK, Foster JA (2013) In utero exposure to valproic acid 
and autism--a current review of clinical and animal studies. 
Neurotoxicol Teratol 36:47–56.

Sanes DH, Bao S (2009) Tuning up the developing auditory CNS. 
Curr Opin Neurobiol 19:188–199.

Schleussner E, Schneider U, Kausch S, Kahler C, Haueisen 
J, Seewald HJ (2001) Fetal magnetoencephalography: a 
non-invasive method for the assessment of fetal neuronal 
maturation. BJOG 108:1291–1294.

Schneider U, Schleussner E, Haueisen J, Nowak H, Seewald HJ 
(2001) Signal analysis of auditory evoked cortical fields in fetal 
magnetoencephalography. Brain Topogr 14:69–80.

Sheikh A, Meng X, Liu J, Mikhailova A, Kao JPY, McQuillen PS, Kanold 
PO (2018) Neonatal Hypoxia-Ischemia Causes Functional Circuit 
Changes in Subplate Neurons. Cereb Cortex.

Stoner R, Chow ML, Boyle MP, Sunkin SM, Mouton PR, Roy S, 
Wynshaw-Boris A, Colamarino SA, Lein ES, Courchesne E (2014) 
Patches of disorganization in the neocortex of children with 
autism. N Engl J Med 370:1209–1219.

Thompson BL, Levitt P, Stanwood GD (2009) Prenatal exposure to 
drugs: effects on brain development and implications for policy 
and education. Nature reviews Neuroscience 10:303–312.

Tian N, Copenhagen DR (2003) Visual stimulation is required for 
refinement of ON and OFF pathways in postnatal retina. Neuron 
39:85–96.

Tolner EA, Sheikh A, Yukin AY, Kaila K, Kanold PO (2012) Subplate 
neurons promote spindle bursts and thalamocortical 
patterning in the neonatal rat somatosensory cortex. J Neurosci 
32:692–702.

Viswanathan S, Bandyopadhyay S, Kao JP, Kanold PO (2012) 
Changing microcircuits in the subplate of the developing 
cortex. J Neurosci 32:1589–1601.

Viswanathan S, Sheikh A, Looger LL, Kanold PO (2016) (2017) 
Molecularly Defined Subplate Neurons Project Both to 
Thalamocortical Recipient Layers and Thalamus. Cereb Cortex 
27:4759–4768.

Voegtline KM, Costigan KA, Pater HA, DiPietro JA (2013) Near-term 
fetal response to maternal spoken voice. Infant Behav Dev 
36:526–533.

Wakai RT, Leuthold AC, Martin CB (1996) Fetal auditory evoked 
responses detected by magnetoencephalography. Am J Obstet 
Gynecol 174:1484–1486.

Wang WZ, Oeschger FM, Montiel JF, Garcia-Moreno F, Hoerder-
Suabedissen A, Krubitzer L, Ek CJ, Saunders NR, Reim K, 
Villalon A, Molnar Z (2011) Comparative aspects of subplate 
zone studied with gene expression in sauropsids and 
mammals. Cereb Cortex 21:2187–2203.

Werner LA (2007) Issues in human auditory development. J Commun 
Disord 40:275–283.

Wess JM, Isaiah A, Watkins PV, Kanold PO (2017) Subplate neurons 
are the first cortical neurons to respond to sensory stimuli. 
Proceedings of the National Academy of Sciences of the United 
States of America 114:12602–12607.

Yang JW, Hanganu-Opatz IL, Sun JJ, Luhmann HJ (2009) Three 
patterns of oscillatory activity differentially synchronize 
developing neocortical networks in vivo. J Neurosci 
29:9011–9025.

Zappasodi F, Tecchio F, Pizzella V, Cassetta E, Romano GV, Filligoi G, 
Rossini PM (2001) Detection of fetal auditory evoked responses 
by means of magnetoencephalography. Brain research 
917:167–173.

Zhao C, Kao JP, Kanold PO (2009) Functional excitatory microcircuits 
in neonatal cortex connect thalamus and layer 4. J Neurosci 
29:15479–15488.

Bionotes
Patrick O. Kanold,

Department of Biology
University of Maryland
1116 Biosciences Res. Bldg.
College Park, MD 20742 USA
Phone: +1 (301) 405.5741
E-mail: pkanold@umd.edu

Patrick Kanold is a Professor at the 
University of Maryland, College Park. He 

obtained his Dipl.-Ing. in Electrical Engineering at the Technische 
Universität Berlin 1994; his Ph.D. in Biomedical Engineering from 
the Johns Hopkins University in Baltimore, USA. From 2000–2006 
he was a postdoctoral fellow and Instructor at the Department of 
Neurobiology at Harvard Medical School in Boston, USA. Since 2007 
he is at the University of Maryland College Park, USA.

mailto:pkanold@umd.edu



