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a b s t r a c t

BOLD fMRI (blood oxygenation level dependent functional magnetic resonance imaging)
is increasingly used to detect developmental changes of human brain function that are
hypothesized to underlie the maturation of cognitive processes. BOLD signals depend on
neuronal activity increasing cerebral blood flow, and are reduced by neural oxygen con-
sumption. Thus, developmental changes of BOLD signals may not reflect altered information
processing if there are concomitant changes in neurovascular coupling (the mechanism
by which neuronal activity increases blood flow) or neural energy use (and hence oxy-
gen consumption). We review how BOLD signals are generated, and explain the signalling
pathways which convert neuronal activity into increased blood flow. We then summarize
in broad terms the developmental changes that the brain’s neural circuitry undergoes dur-
nergy ing growth from childhood through adolescence to adulthood, and present the changes in
neurovascular coupling mechanisms and energy use which occur over the same period. This
information provides a framework for assessing whether the BOLD changes observed dur-
ing human development reflect altered cognitive processing or changes in neurovascular
coupling and energy use.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

By way of the BOLD (blood oxygenation level depen-
dent) signal, functional magnetic resonance imaging (fMRI)
provides an effective means of measuring brain activity in
humans. Critically, the technique is non-invasive and thus
safe for use across all age groups, including children. This
makes fMRI potentially the most powerful tool available
today for studying the neural underpinnings of the vast
cognitive and social development that occurs during the
first years of life. Over the past twenty years, fMRI has been
vital in providing insight into the normal development of
the neural strategies involved in human language acqui-
sition, visual recognition, and memory (Baird et al., 1999;
Casey et al., 1995; Gaillard et al., 2000; Thomas et al., 1999).
fMRI is also well suited to studying abnormal neural devel-
opment in diseases such as epilepsy and schizophrenia, and
in disorders such as dyslexia and ADHD (Gaillard, 2000; Gur
and Gur, 2010; Pugh et al., 2000; Vaidya et al., 1998).

It is important to note, however, that the conclusions
drawn from developmental fMRI studies often rely on the
assumption that the BOLD signal reflects the same set of
processes in the developing brain as in the adult brain
(despite neuronal signalling changes as dramatic as GABA
switching from being an excitatory transmitter in early
development to being inhibitory later: see Section 7.3).
This assumption is worth assessing critically because the
BOLD signal is not a direct measure of any one compo-
nent of neural activity, but in fact reflects the behaviour of
several different brain processes, which all undergo mas-
sive developmental changes in the early years of life. For
example, regional blood flow, the levels of neuronal and
astrocytic enzymes that regulate blood vessel diameter,
astrocyte morphology, and hence the coupling of neuronal
activity to blood flow changes (neurovascular coupling),
may all change alongside neural activity. These changes in
neurovascular coupling mechanisms (and also in cellular
energy use) may compromise the power of BOLD imaging
to detect “real” developmental changes in neuronal infor-

mation processing, possibly producing changes of BOLD
signal with development when there is no change in neu-
ronal processing (false positives), or obscuring BOLD signal
changes that would otherwise occur as neuronal signalling
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

changes with age (false negatives). An extreme example
of such interpretional problems, discussed in detail later
(Section 6), is that sensory stimulation evokes a “normal”
positive BOLD signal in neonates and adults, but a nega-
tive BOLD signal in infants and young children, implying
that there are two transitional ages at which no BOLD
signal is produced by neural activity. For robust interpre-
tation of developmental fMRI data, therefore, it is crucially
important to understand in as much detail as possible the
developmental changes of brain processes other than neu-
ronal activity which may influence the BOLD signal.

Here, we review the physiological changes observed in
neuronal and vascular networks in the developing brain,
with a particular focus on those features which may alter
the BOLD signal with age. We then discuss which factors
are primarily responsible for changes in the BOLD signal
during development, and outline the main considerations
that should be taken into account when interpreting the
results of developmental fMRI studies.

2. How is the BOLD signal generated?

To understand the factors that may affect the BOLD sig-
nal during development, we must first understand how
it is generated. Essentially, by monitoring local increases
in cerebral blood flow (CBF) that are associated with neu-
ral activity, the BOLD signal provides an indirect measure
of brain activity with reasonably high spatial precision
(1.5–3 mm). As outlined in Fig. 1, the method depends crit-
ically on the relationship between neural activity and CBF,
which was first noted over 100 years ago, but is now much
better characterized (Mosso, 1880; Roy and Sherrington,
1890; early studies are reviewed by Iadecola, 2004). Neural
activity leads to ATP expenditure, largely on the pumping
out from neurons of ions which enter to generate synap-
tic and action potentials (Attwell and Iadecola, 2002). This
evokes an increase in oxygen consumption to regenerate
ATP which, within a few seconds, is followed by a dis-
proportionate increase of blood flow to the active area.

Associated with these local changes in oxygen consump-
tion and blood supply, there are changes in the local oxygen
concentration (which initially falls due to consumption,
and then rises above its baseline value when the increased
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Fig. 1. Schematic diagram showing the different stages of how BOLD signals are generated, from neurobiology through physics to data analysis. On the
left, neuronal activity releases transmitters (glutamate) which act via neuronal and astrocytic signalling systems to trigger an increase of local blood
flow. Neuronal activity also leads to O2 consumption and generation of paramagnetic deoxygenated haemoglobin (Hb) from diamagnetic oxygenated
haemoglobin (HbO2). The blood flow increase brings in fresh oxygenated blood which (in adults) lowers the local concentration of Hb. This decreases the
non-homogenizing effect that Hb has on the local magnetic field which protons in H2O experience. As a result, after a radiofrequency (RF) pulse is applied
transverse to the magnetic field used to align the proton spins (Bo), the synchronised spin precession in the transverse plane dephases more slowly (graph
on right). The difference in decay time between the red (HbO2) and blue (Hb) curves in the graph generates the increased MRI signal from protons in areas
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lood flow brings in more oxygen (Offenhauser et al., 2005;
nager et al., 2009)) and, concomitantly, changes in the
evels of oxygenated and deoxygenated haemoglobin.

Through their different magnetic properties (Pauling
nd Coryell, 1936), these molecules provide the basis of
he BOLD signal (Ogawa et al., 1990). During the initial
ncrease in oxygen consumption, oxygen is taken from
iamagnetic oxyhaemoglobin, leaving behind paramag-
etic deoxyhaemoglobin, which makes the magnetic field
xperienced by protons in surrounding water molecules
ess homogenous and thus decreases the magnetic reso-
ance signal from these protons. During the subsequent

ncrease of blood flow (which in fact partly overlaps with
he increase of O2 consumption), the initial tendency to
n increase in deoxyhaemoglobin level is converted to a
ecrease, by the delivery of fresh oxygenated blood, thus

ncreasing the magnetic resonance signal (Fig. 1). It is this
elayed decrease of deoxyhaemoglobin level, reflecting a

ocal increase in blood flow, that dominates the (positive)
MRI signal detected in most BOLD imaging experiments

there is also a contribution to the signal from a local
ncrease in blood volume which we ignore for simplicity
s it is probably driven passively (Hoge et al., 1999) by the
ncrease in flow). Thus, the size of the BOLD fMRI signal is
a structural image of the brain at the top right.

determined by the difference between the amount of blood
flow increase, which increases the signal, and the use of O2
by neurons, which reduces the signal.

It is important to note that the BOLD signal cannot be
viewed as a direct read-out of the metabolic demand asso-
ciated with activity in the tissue (indeed, as noted above,
O2 consumption decreases the BOLD signal). In particular,
BOLD signals need not directly report spiking activity in
the imaged area, but instead reflect the many factors asso-
ciated with neural activity which lead to an increase in
blood flow. Most importantly, neurotransmitters released
during synaptic activation are now known to directly influ-
ence local blood flow and it is thought that the BOLD signal
may most closely reflect the excitatory synaptic compo-
nent, rather than the action potential component, of neural
activity (reviewed by Attwell & Iadecola, 2002; Logothetis,
2008; Attwell et al., 2010).

Critically for developmental studies, the synaptic archi-
tecture and signalling pathways that control blood flow
change with age, implying that the relationship between

neural activity and blood flow is likely to change as well. In
addition, the O2 use associated with neural activity, which
decreases the positive BOLD signal, is also likely to change
with development. Finally, vascular networks themselves
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change with age, directly altering the way in which blood
flow responds to neural activity, and potentially alter-
ing the signal to noise ratio of the BOLD signal, which
increases with the fraction of the tissue that is occupied
by blood (Ogawa et al., 1993; Bandettini and Wong, 1997;
Mandeville and Marota, 1999; Buxton et al., 2004). Thus, in
addition to developmental changes in neural information
processing, these changes of neurovascular coupling will
alter the BOLD signal at different ages.

3. Neurovascular coupling

Neurovascular coupling is the mechanism by which
neuronal activity produces an increase of local blood flow,
termed functional hyperaemia. Roy and Sherrington (1890)
postulated that chemical products of metabolism affected
the vessel wall, altering the vessel calibre, and it is often
assumed that functional hyperaemia serves to adjust the
blood flow to meet energy needs. Accumulation of the
metabolic products adenosine and lactate does contribute
to activity-induced blood flow increases (Gordon et al.,
2008; Ko et al., 1990), and metabolic CO2 generation may
promote blood flow after conversion to H+ by carbonic
anhydrase (Colonnese et al., 2008). However, the idea that
a metabolic need signal, such as a fall of oxygen or glucose
concentration, is the main trigger of increased blood flow in
response to neuronal activity has been superseded with the
discovery that neurotransmitter mediated pathways alter
blood flow (Akgören et al., 1994; Li and Iadecola, 1994;
Zonta et al., 2003; reviewed by Attwell et al., 2010), and that
block of these pathways greatly reduces functional hyper-
aemia without affecting energy use by the tissue (Leithner
et al., 2010; Offenhauser et al., 2005; St Lawrence et al.,
2003).

The supply of oxygen and glucose to neurons occurs
mainly across the walls of capillaries in the brain
parenchyma (but with some oxygen passing across arte-
riolar walls: Yaseen et al., 2011; Kasischke et al., 2011).
The amount of blood flow providing these nutrients is
determined by the contractile tone of smooth muscle cells
around pre-capillary arterioles (Fig. 2), which controls the
diameter of the vessels and hence the resistance to blood
flow. Although the basal tone setting the resting blood flow
is, in part, set by mediators released from endothelial cells
lining the blood vessels, changes in blood flow in response
to neuronal activity are evoked by events in neurons and
astrocytes situated in close proximity to the vasculature.
In brief, the release of neurotransmitters from active neu-
rons generates neuron- and astrocyte-derived messengers
(Fig. 2) which either modulate ion channel activity in the
smooth muscle, leading to a change of intracellular calcium
concentration ([Ca2+]i), or change the calcium-sensitivity
of the contractile apparatus, both of which lead to altered
contraction (reviewed by Attwell et al., 2010; Iadecola,
2004; Koehler et al., 2009). Developmental changes in the
strength of these signalling pathways can therefore alter
the relationship between neuronal activity and the blood

flow response that generates BOLD signals. The remainder
of this section reviews in more detail the main signalling
pathways underlying neurovascular coupling, as a basis
for understanding how developmental changes in compo-
Neuroscience 1 (2011) 199–216

nents of these pathways may contribute to changes in the
BOLD signal during development.

3.1. Neurovascular coupling via neuronal nitric oxide

Neuronal activity can dilate blood vessels as a result
of synaptically released glutamate binding to NMDA
(N-methyl-d-aspartate) receptors on neurons, causing a
calcium influx which activates neuronal nitric oxide syn-
thase (nNOS) (Garthwaite et al., 1988). Nitric oxide then
diffuses to the vasculature where it produces vessel dila-
tion (Fig. 2; Busija et al., 2007). Nitric oxide acts as a direct
mediator of neuronally evoked blood flow responses in the
cerebellum (Akgören et al., 1996) whereas in the cerebral
cortex, although it is necessary for NO to be present in order
for neural activity induced dilation to occur, changes of
the level of NO are not the primary mediator of vasodi-
lation (Lindauer et al., 1999). In the cortex nNOS is often
found in GABAergic inhibitory interneurons near blood ves-
sels (for review see Estrada and DeFelipe, 1998; Hamel,
2006), which can also express other vasoconstrictive medi-
ators such as neuropeptide Y and somatostatin (Cauli et al.,
2004). Other interneurons, which lack nNOS (Estrada and
DeFelipe, 1998), may release vasoactive intestinal pep-
tide which mediates dilation. In human cortex, and thus
potentially relevant to BOLD studies, in addition to being
present in interneurons, nNOS is also expressed by a sub-
population of excitatory pyramidal cells (Judas et al., 1999;
Wallace et al., 1995), and it has also been reported in excita-
tory pyramidal cells of the rat hippocampus (Burette et al.,
2002).

3.2. Neurovascular coupling via astrocytes

Astrocytes are large glial cells which extend many pro-
cesses that envelope surrounding synapses. They show a
rise of intracellular calcium concentration in response to
synaptic activity, as a result of metabotropic glutamate
receptors being activated by synaptic glutamate release
(Porter and McCarthy, 1996). In humans, an individual
astrocyte may be able to sense the activity at ∼2 mil-
lion synapses (Oberheim et al., 2006). Astrocytes also
form perivascular endfeet on blood vessels (Simard et al.,
2003), and so have an anatomy suitable for signalling
from neurons to arterioles to control blood flow. Cal-
cium concentration rises in astrocytes can lead to arteriole
dilation (Gordon et al., 2008; Takano et al., 2006; Zonta
et al., 2003). This occurs mainly as a result of calcium
activating the enzyme phospholipase A2 (Fig. 2) to gener-
ate arachidonic acid and its vasoactive metabolites, which
include prostaglandins, epoxyeicosatrienoic acids (EETs)
and 20-hydroxyarachidonic acid (20-HETE). Because devel-
opmental changes in the levels of the enzymes synthesizing
these derivatives, or in their inactivation mechanisms, may
contribute to changes in BOLD signals through develop-
ment, we will briefly review their actions.

Prostaglandins are produced from arachidonic acid

by cyclooxygenase (COX) enzymes, both forms of which
(COX1 in astrocytes and COX2 in astrocytes and neu-
rons) are involved in blood flow control (Niwa et al.,
2000; Takano et al., 2006). COX initially produces
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Fig. 2. Signalling pathways mediating neurovascular coupling. When neurons are active they release glutamate which generates action potentials in
interneurons containing NOS and activates metabotropic glutamate receptors (mGluR) in astrocytes. As a result [Ca2+]i rises in both cell types, releasing NO
and derivatives of arachidonic acid to dilate local arterioles and increase blood flow. In addition arachidonic acid diffuses to arterioles and is converted into
20-HETE which constricts the vessels. K+ release from astrocytes via large conductance Ca2+-activated K+ channels (BKCa channels) may also dilate vessels
by promoting K+ efflux through smooth muscle inward rectifier K+ channels (Kir) and thus generating hyperpolarization. Blood flow changes evoked by
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n arteriole smooth muscle and on astrocytes. Developmental changes in

rostaglandin H2 which is then converted to the vasodila-
or prostaglandin E2 by PGE synthase. PGE2 relaxes
mooth muscle by activating cyclic AMP production
Davis et al., 2004), ultimately resulting in decreased

yosin light chain phosphorylation (Conti and Adelstein,
980). Prostaglandins also hyperpolarize arteriolar smooth
uscle cells by activating calcium-dependent potassium

hannels (Serebryakov et al., 1994), reducing voltage-gated
a2+ entry and thus decreasing contraction. The actions
f prostaglandins are terminated by re-uptake into cells
xpressing the prostaglandin transporter.

EETs are produced in astrocytes from arachidonic acid
y epoxygenases, a class of cytochrome P450 enzyme
Alkayed et al., 1996; Amruthesh et al., 1993). EETs can
yperpolarize and thus relax smooth muscle by activating
Ca2+ influx through TRPV4 channels which in turn acti-

ates large conductance (BKCa) Ca2+-activated K+ channels
Campbell et al., 1996; Earley et al., 2005). EETs may also
ause relaxation by inhibiting vasoconstricting thrombox-
ne A2 receptors (Behm et al., 2009). EETs are inactivated by
oluble epoxide hydrolase which converts epoxides to their
orresponding dihydroxyeicosatrienoic acids (Fang et al.,

001; Iliff et al., 2010; Spector et al., 2004), although EETs
an also be inactivated by COX activity or by slow insertion
nto phospholipid stores (Bernstrom et al., 1992; Ellis et al.,
990).
n on this diagram. Vasodilation occurs in the context of constriction of
. Noradrenaline evokes constriction by acting on �-adrenergic receptors
he components will alter the BOLD response.

Arachidonic acid formed in astrocytes can also diffuse to
arteriolar smooth muscle and be converted into 20-HETE
by the �-hydroxylase enzyme, CYP4A (Gebremedhin et al.,
1998; Metea and Newman, 2006; Mulligan and MacVicar,
2004). 20-HETE constricts smooth muscle by activating
protein kinase C, inhibiting potassium channels and thus
depolarizing the cell and increasing voltage-gated Ca2+

influx (Lange et al., 1997). Although this system alone
constricts arterioles and reduces cerebral blood flow, it
provides an extra mechanism for activity-evoked dilation
which may contribute to the generation of BOLD signals:
NO released by neural activity inhibits CYP4A and thus
reduces 20-HETE mediated constriction (Roman, 2002).
Activity-evoked [Ca2+]i rises can also increase blood flow
by opening calcium-activated potassium channels in astro-
cytes. This leads to an increase in extracellular potassium
concentration ([K+]o) which enhances the conductance of
inward-rectifying K+ channels in smooth muscle, causing
hyperpolarization and vessel dilation (Filosa et al., 2006).

3.3. Vasoconstriction by noradrenaline, dopamine and
5-HT
For the activity-evoked dilation of arteriolar smooth
muscle described above to occur there has to be a tonic
constriction of the arterioles, which is partly produced
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by aminergic input to the vessels. Within the brain
parenchyma, arterioles and capillaries (which can also
be constricted by isolated cells called pericytes (Peppiatt
et al., 2006) although little is known about control of
blood flow at the capillary level) are close to noradrener-
gic terminals of neurons from the locus coeruleus, which
appear to release their transmitter close to astrocyte end-
feet (Cohen et al., 1997; Paspalas and Papadopoulos, 1996).
Noradrenaline constricts brain blood vessels (Raichle et al.,
1975). In part this may be because it increases astro-
cytic [Ca2+]i by acting on �1 receptors (Bekar et al.,
2008; Duffy and MacVicar, 1995) leading to vessel con-
striction, presumably via the 20-HETE pathway described
above (Mulligan & MacVicar, 2004). Noradrenergic inner-
vation can also directly affect vascular smooth muscle.
Smooth muscle cells express both �1 and �2 receptors
(Drew and Whiting, 1979) and activation of these receptors
increases [Ca2+]i leading to vessel constriction (Vanhoutte
and Rimele, 1982). Dopaminergic fibres from the ven-
tral tegmental area and 5-HT-releasing axons from the
raphe nucleus may also contribute to vasoconstriction
(Cohen et al., 1996; Krimer et al., 1998). The arteriole
tone set by the amount of aminergic input may affect
how much blood flow increase is produced by the mainly
glutamate-mediated signalling pathways which dilate ves-
sels in response to synaptic activity. For example dilations
evoked by raising [K+]o or by raising astrocyte [Ca2+]i
pharmacologically are larger when the vessels are more
preconstricted by a thromboxane agonist (Blanco et al.,
2008). Thus, developmental changes in the amine systems
may alter the tone of arterioles and lead to correspond-
ing developmental changes in the blood flow increases,
and BOLD signals, generated by a fixed amount of neuronal
activity.

3.4. Implications

With this overview in mind of the mechanisms by which
glutamate released by neural activity leads to increases of
local blood flow, and hence to BOLD fMRI signals, we will
now examine how both the brain’s neural circuitry and its
blood flow control mechanisms alter during brain develop-
ment.

4. Changes in neural circuitry with development

As the brain develops, its processing capabilities
become increasingly sophisticated through changes in sev-
eral components of the neural circuitry. These include
experience-dependent and -independent changes to
synaptic architecture, transmitter signalling, cell numbers,
temporal response characteristics and myelination. This
section follows several of these changes from birth, through
childhood and adolescence, to adulthood.

Inevitably, much of our knowledge of developmental
changes in neural circuitry and in the systems mediating
neurovascular coupling has come from animals (partic-

ularly rodents) rather than humans. In what follows,
therefore, it is useful to bear in mind the following approx-
imate correspondence between the stages of rodent and
human brain development. The main period of corpus cal-
Neuroscience 1 (2011) 199–216

losum myelination in rats and mice occurs from about
postnatal day 7 (P7) to P35 (Hamano et al., 1998), corre-
sponding to human ages from birth to ∼18 years (Lenroot
and Giedd, 2006; Pujol et al., 1993). Human adolescence
has been suggested to map onto rat ages P30–P42 (Spear
and Brake, 1983), with the rat brain being regarded as
adult by P60. As detailed data for developmental changes
were not available for all the species from which data were
taken for this review, and developmental comparisons may
be complicated by interspecies differences in the order of
developmental events, we have kept age classifications to
the broad time windows of childhood, adolescence and
adulthood.

4.1. Cortical thickness and wiring

One of the most remarkable developmental circuitry
changes is apparent in the increase in thickness and then
slower thinning of human cortical grey matter which
occurs over the period from childhood through adolescence
into early adulthood (Ostby et al., 2009; Paus, 2005; Shaw
et al., 2008; Tamnes et al., 2010), which at least partly
reflects the excess formation and then selective deletion
of synapses (this is after the main period of neuroge-
nesis and programmed cell death that occurs earlier in
brain development: Chan et al., 2002). The initial phase
of expansion–underpinned by synaptogenesis in parallel
with dendritic growth (Rakic et al., 1994)—coincides with
rapid changes in the functional properties of neurons and
cortical circuitry (Khazipov et al., 2001). The slower thin-
ning phase – underpinned by activity-dependent synaptic
pruning (Bourgeois and Rakic, 1993; Huttenlocher, 1990)
– allows for the deletion of unnecessary synapses, thereby
increasing processing efficiency (Mimura et al., 2003).

While this general pattern is followed across corti-
cal areas, the exact time-course of the expansion and
thinning phases differs depending on the region, and
appears closely related to the developmental timeline of
the behaviour that the region subserves. Synaptogenesis in
the human primary visual cortex, for example, begins in
the foetus reaching a maximum at around 8 months post-
natally, after which visual experience-dependent pruning
decreases synaptic density to the adult level (about 60%
of the maximum) by 11 years (Garey and de Courten,
1983). This timescale correlates with the period of visual
plasticity in infant monkeys, and with the establishment
of visual acuity, stereopsis and oculomotor function in
humans (Garey and de Courten, 1983). In the human pre-
frontal cortex (PFC), on the other hand, grey matter density
increases up until the onset of puberty and then decreases
throughout adolescence and into early adulthood (Toga
et al., 2006; Sowell et al., 2003). Over the period of grey
matter reduction there is a marked behavioural maturation
in the social skills that the PFC is considered responsible
for, namely, an understanding of other people’s intentions,
beliefs and desires, and an ability to predict the behaviour
of others (Blakemore, 2008).
Over the period of synaptic density changes, specific
neuronal connections are developed and maintained. The
determinants of which connections become stable are
likely to vary depending on the function of the region, but
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ne common principle is the wiring up of similarly tuned
ells. This is clearly seen in topographic maps, where the
patial layout of sensory input or motor output varies sys-
ematically across a cortical region, and neurons that are
uned to the same spatial field have a higher likelihood of
eing connected (Alonso and Martinez, 1998; Hubel and
iesel, 1963). The formation of these maps tends to rely

oth on an intrinsic organisation mechanism – the retino-
ectal map, for example, is patterned in the nasotemporal
nd dorsoventral planes from the earliest stages of tectal
nnervation (Holt and Harris, 1983) – and a component
f experience-dependent development – proper binocular
rganisation in the visual cortex map, for example, depends
n visual input from both eyes (Blakemore, 1979). In addi-
ion to sensory and motor regions, topographic maps have
ecently been found in human cortical areas associated
ith high order cognition: visual field topography has been

bserved in the parietal (Sereno et al., 2001) and frontal
Kastner et al., 2007) cortex, and may be important for spa-
ial attention, working memory and decision making (Silver
nd Kastner, 2009). It is as yet unclear, however, on what
ime course these higher order maps develop and on what
rocesses their development depends.

.2. Inhibition

Another important principle of synaptic connectivity
hat develops early on is lateral inhibition, where the
eighbours of excited neurons are inhibited by GABAer-
ic interneurons, thus sharpening the neural response to a
timulus (Sillito, 1975; Crook et al., 1998; Gabernet et al.,
005). This effect requires inhibitory circuitry to develop
longside excitatory circuitry and, indeed, there is evi-
ence that, within days of sensory experience, inhibitory
esponses to sensory stimulation become increasingly
elective and correlated with excitatory responses (in
at auditory cortex: Dorrn et al., 2010; in mouse visual
ortex: Gandhi et al., 2008). In addition to shaping recep-
ive fields, the balance between excitation and inhibition
ecomes critical for regulating firing rates and infor-
ation flow in the developing network (Akerman and

line, 2007). To achieve this balance, in most brain
egions different GABAergic interneuron classes appear
t different times, which are related to critical periods
n network development. In monkey visual cortex, for
xample, calbindin-containing interneurons appear early
n development, correlated with the onset of the tha-
amocortical innervation, while parvalbumin-containing
nterneurons appear after birth, correlated with the onset
f visually driven activity (Hendrickson et al., 1991).
n humans the GABAergic system in visual cortex con-
inues to mature well into adulthood (Pinto et al.,
010), undergoing three distinct developmental changes
uring childhood (when receptor subunits change), adoles-
ence (when proteins mediating GABA synthesis increase
n level while vesicular uptake falls) and adulthood
when GABA synthesis decreases and vesicular uptake

ncreases).

The development of interneuron networks also plays
role in shaping the temporal characteristics of circuit-

evel activity. While early development is characterized
Neuroscience 1 (2011) 199–216 205

by spontaneous bursts of synchronous activity which are
thought to be critical for the activity-dependent wiring of
similarly tuned cells (Garaschuk et al., 1998; Meister et al.,
1991), later development is characterized by more oscil-
latory network-level activity, particularly in the gamma
frequency range (30–100 Hz). Werkle-Bergner et al. (2009),
for example, used EEG in humans to show that visually-
evoked synchronous gamma oscillations developed by
11 years, but were not maximally sensitive to stimulus
changes until adulthood. Gamma oscillations are thought
to be generated by an interaction between stimulus-driven
excitatory and inhibitory activity (Atallah and Scanziani,
2009; Ray & Maunsell, 2010), and therefore the inte-
gration of GABAergic interneurons into the excitatory
circuitry may be important in the development of several
behavioural functions. For example, gamma oscillations
have been suggested as a solution to the binding prob-
lem (Singer and Gray, 1995; but see Ray and Maunsell,
2010), promoting integration of distributed information
for its coherent processing and possibly contributing
to the improving executive function seen throughout
adolescence (Blakemore and Choudhury, 2006). Gamma
oscillations may also have a direct role in learning and
memory, as their synchronisation of synaptic inputs has
been shown to directly enhance synaptic strength (König
et al., 1995; Salinas and Sejnowski, 2001).

4.3. Myelination

Synaptic synchrony is also increased throughout devel-
opment by myelination, which is now known to play a
role in fine tuning the timing of spike arrival (Salami et al.,
2003; Seidl et al., 2010) and thus increasing connection effi-
ciency (Hagmann et al., 2010). The human corpus callosum,
for example, undergoes an intricate myelination process
throughout childhood and adolescence, with several thick-
ness changes thought to result from varying the degree
of myelination (Luders et al., 2010), possibly in order to
fine tune input arrival times in cortical areas. A similar
process of myelin maturation, involving changes in axonal
diameter and myelin wrap number and density, occurs
postnatally across the whole brain in a wave from posterior
to anterior regions. The progression is slow, with the frontal
lobes being the last to myelinate towards the end of ado-
lescence (Fields, 2008) and the white matter not becoming
fully mature until well into adulthood (20–30 years, Benes
et al., 1994; Yakovlev and Lecours, 1967). One potential
benefit of this slow progression is in maintaining white
matter plasticity in regions that can be influenced by expe-
rience and learning, through activity-dependent effects on
myelination (reviewed in Markham and Greenough, 2004;
Ullen, 2009). For example, Bengtsson et al. (2005) used dif-
fusion tensor imaging (DTI) to show that myelination in
many regions, including the corticospinal tract (a white
matter tract involved in voluntary skilled movements of
distal limbs), is positively correlated with amount of piano

practice in children. They also found a positive correla-
tion between myelination and piano practice in adults,
but mainly in corticocortical pathways and not in the now
mature corticospinal tract.
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4.4. Amine system development

Another relatively slow process is the maturation of
amine neurotransmitter systems, which are thought to
play key roles in cognitive development. The dopamine,
serotonin and noradrenaline networks, which are closely
involved in mood and attention, undergo large-scale
changes at several developmental stages, from the infant
to the ageing brain. Catecholamines and serotonin, for
example, show early postnatal surges of development on
different timescales (Lambe et al., 2000; Murrin et al.,
2007), influencing the functional development of differ-
ent cortical systems (Levitt et al., 1997). Broadly speaking,
noradrenaline synthesis and endogenous concentration
increases steadily throughout the brain until adulthood
(Goldman-Rakic and Brown, 1982). Serotonergic devel-
opment occurs more quickly, reaching mature levels
of synthesis and concentration by childhood, with the
largest percentage increases occurring in the parietal
and occipital cortex (Goldman-Rakic and Brown, 1982).
Dopamine synthesis and concentration, on the other hand,
tends to peak during adolescence, and gradually decrease
towards adulthood, remaining the highest in frontal
regions (Goldman-Rakic and Brown, 1982). These changes
are accompanied by dramatic changes in those behaviours
that the dopamine system is thought to subserve, namely,
reward-seeking and incentive-driven action, which also
peak during adolescence (Wahlstrom et al., 2010).

4.5. Plasticity in the mature brain

Finally, even after these large-scale neural features have
reached maturity, the brain retains a high level of plasticity.
Synapses can alter their strength on the basis of activity,
allowing us to learn and remember new things, throughout
life. Entire cortical regions retain the capacity to reorganise
themselves, and may do so in extreme circumstances, such
as the loss of part of a limb (Merzenich and Jenkins, 1993).

4.6. Implications

The developmental neural circuitry changes discussed
here (and schematized in Fig. 3), which can be closely linked
to behavioural changes, are often the very neurophysiolog-
ical features that we hope to track across ages with fMRI,
and their particular effects on the BOLD signal are discussed
in Section 7. However, less commonly considered are par-
allel developmental changes in the microvasculature and
neurovascular coupling, which may have confounding age-
related effects on the BOLD signal. It is therefore important
to have a clear picture of how these components of the
vascular system develop alongside the neural circuitry.

5. Changes in neurovascular coupling with
development

The relationship between neuronal activity and blood

flow depends critically on the characteristics of the sig-
nalling pathways regulating blood flow. It not only varies
between brain regions (Sloan et al., 2010), but can depend
on which set of afferents to a brain area is activated.
Neuroscience 1 (2011) 199–216

For example, even at a fixed developmental stage, Enager
et al. (2009) found that the relationship between neu-
ral activity and blood flow response differed within the
same small cortical area, the barrel field of the primary
somatosensory cortex, depending on which set of synap-
tic inputs was activated. Stimulating at a low frequency
evoked a larger blood flow response when stimulation
was applied to the thalamocortical afferents than when
applied to trans-callosal inputs from the contralateral cor-
tex, whereas at high stimulation frequencies the relative
influence of the two pathways was reversed. Thus neu-
rovascular coupling exhibits pathway-specific signalling
differences, possibly reflecting differences in the signalling
molecules involved (Gotoh et al., 2001) or in the anatom-
ical arrangement of the neurons (and astrocytes) relative
to the blood vessels they control. These differences in the
dependence of blood flow on neural activity even in the
same cortical area and at the same developmental stage
show that a constant relationship between BOLD signal
and neural activity cannot be taken for granted as neu-
rovascular coupling changes during brain development.
This is reinforced by the fact that human regional cere-
bral blood flow at the age of 5–6 years is 50–85% higher
than that in the adult or at birth (Chiron et al., 1992). Dur-
ing development the brain undergoes many changes which
have the potential to alter neurovascular coupling, rang-
ing from the development of the vasculature to changes
of the expression of enzymes responsible for producing
vasoactive mediators. This section will give an overview
of the changes that occur in neurovascular coupling during
development.

5.1. Vascular development

At birth vascular development is incomplete, and the
vasculature matures as the brain develops. From new-
born to adult, the primate cerebral vascular vessel volume
increases 2.7-fold and the mean distance between any
point in the tissue and the nearest vessel decreases by
32% (Risser et al., 2009). Similarly, in rat, the capillary vol-
ume fraction increases 3-fold between postnatal days 7
and 20 (corresponding in humans roughly to the period
from birth to adolescence) and then decreases slowly to
become approximately 30% less in adulthood (Keep & Jones,
1990). These changes in blood volume fraction will, other
things being equal, produce proportional changes in BOLD
signal with development (Ogawa et al., 1993; Bandettini
and Wong, 1997; Mandeville & Marota, 1999; Buxton et al.,
2004). Vessel growth results from a mismatch in microvas-
cular supply and metabolic demand, so that areas that use
more energy become more highly vascularized than less
active areas (Riddle et al., 1993; Weber et al., 2008). In both
the cerebral and the cerebellar cortices of rats, the vascu-
lar density increases through early development from the
inside to the outside of the tissue (Conradi et al., 1980; Yu
et al., 1994), while in cat visual cortex the rich capillary
supply to the highly active layer IV is not present at birth

but appears at 5 weeks postnatally (Tieman et al., 2004).
Similarly, human cerebral cortical studies show a rapid
increase in blood vessel density between either 26–35 ges-
tational weeks (Mito et al., 1991) or post 36 gestational
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Fig. 3. Summary of the developmental time courses of changes in neural information processing mechanisms (top) and of components of the signalling
p (bottom
l bbit.

w
j
a
a
o
i
a
p
(
a
d
r
1
d

athways regulating blood flow and thus controlling the BOLD response
ilac from rat or mouse; red from cat; pink from pig; light orange from ra

eeks (Miyawaki et al., 1998). In a study of foetal and
uvenile vasculature, radially orientated vessels were seen
t 15 gestational weeks, with lateral branching observed
t 20–27 weeks (Norman and O’Kusky, 1986). Branching
ccurs at an earlier stage in the lower half of the cortex
n keeping with the inside to outside pattern mentioned
bove. Capillary formation occurs after birth and is most
rominent in vascular layer 3/neuronal laminae IV and Va
starting between term and 3 months postnatal: Norman
nd O’Kusky, 1986). Other post-birth changes include a

ecrease in pial vessel coverage of the brain’s surface occur-
ing over the first postnatal years (Norman and O’Kusky,
986). During the developmental increases of blood vessel
ensity in the brain parenchyma, neural activity presum-
). Changes shown in blue are from human data; green is from macaque;

ably is not coupled to blood flow increases as efficiently as
when the vasculature is fully developed.

5.2. Neuronal NOS development

Interneuron numbers and the vasoactive substances
they produce show developmental changes, which will
alter the neuronal pathway of neurovascular coupling
(Fig. 2). In mice the number of nNOS containing interneu-
rons in the mouse cerebral cortex decreases somewhat

with age (Eto et al., 2010), with higher expression for
the first two postnatal weeks and a decrease from four
to eight weeks (i.e. through adolescence and into adult-
hood). There is disagreement over whether the number
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of nNOS expressing neurons then increases or decreases
as animals become senile (Reuss et al., 2000; Sánchez-
Zuriaga et al., 2007). The total level of nNOS (reflecting
number of cells expressing NOS and expression level per
cell) has also been studied in the first few weeks of rodent
postnatal life (Ogilvie et al., 1995; Riobo et al., 2002). Cyto-
plasmic nNOS is expressed weakly at embryonic stages
and increases in early development. The age at which the
peak expression is reached varies between brain regions
being, for example, P9 in the neocortex and P20 in the cere-
bellum. Expression then declines to an adult level, with
the time taken for this process varying between regions,
occurring between P12-15 in the neocortex and P20-60
in the cerebellum (Ogilvie et al., 1995). Studies of nNOS
development in human cortex have focussed on foetal and
adult expression, and information on juvenile and ado-
lescent expression is lacking. Expression of nNOS in the
human cerebral cortex has a similar distribution to that
in the foetal brain but at a lower density: the density of
nNOS expressing cells increases from 13 to 32 gestational
weeks (GW) and then decreases (Ohyu and Takashima,
1998; Downen et al., 1999). Two types of nNOS positive
interneuron are found in developmental studies (Estrada
and DeFelipe, 1998; Ohyu and Takashima, 1998). Type 1
cells are large and intensely stained, appear at 15–18 GW
(Ohyu and Takashima, 1998; Yan et al., 1996), and reach
an adult distribution at 32 GW. Type 2 cells are smaller
and more weakly stained, appear at 26–32 GW (Ohyu and
Takashima, 1998; Yan et al., 1996), and increase in expres-
sion until term. The pattern of expression follows the inside
to outside development mentioned above.

5.3. Astrocyte development

Astrocytes also show developmental changes in size and
connectivity which may affect the size and spatial extent of
blood flow responses caused by neuronal activity. Immuno-
cytochemical study of cat visual cortex found that mature
astrocytes only develop in the 3rd postnatal week, reach-
ing adult density at the 4th week and then continuing to
mature until 7 weeks after birth (Müller, 1992). Astrocytes
increase in number and size during development, reaching
their adult number by about P24 in rat hippocampus and
P50 in rat cortex (Nixdorf-Bergweiler et al., 1994; Stichel
et al., 1991). Changes in density and size are accompanied
by changes in morphology, such as branching and orien-
tation. Gap junctional coupling of astrocytes, which may
enlarge the area over which neuronal activity can influ-
ence blood flow, develops by P11 in rat visual cortex, and
remains stable throughout development (Binmöller and
Müller, 1992), although before this stage astrocytes appear
not to be coupled.

Developmental changes in the expression of the
metabotropic glutamate receptors (mGluR5: Romano et al.,
1995) which raise astrocyte [Ca2+]i in response to neuronal
activity may alter the astrocytic pathway of neurovascular
coupling. mGluR5 is highly expressed in the brain dur-

ing early life (rat postnatal day 1) and decreases within
the first postnatal weeks to an adult level between P30
and P60 (Catania et al., 1994). The decrease in expres-
sion differs between brain regions: mGluR5 expression
Neuroscience 1 (2011) 199–216

in the hypothalamus decreases 6 fold, whereas in the
cortex expression decreases by only 3 fold (van den
Pol et al., 1995). These measurements include mGluR5
expressed on neurons, but suggest that there may be
significant developmental changes in astrocyte signalling
downstream of mGluR5 mediated by arachidonic acid
derivatives, since mGluR5 expression correlates with the
amount of phosphatidylinositol hydrolysis evoked by an
mGluR agonist (Casabona et al., 1997). Prostaglandin sig-
nalling from astrocytes to blood vessels is probably altered
during development. Prostaglandin synthesis in rat brain
homogenates or induced by convulsions in in vivo brain
is low at postnatal day 1 and increases strongly to adult
levels in three weeks (Seregi et al., 1987), suggesting that
prostaglandin induced dilations will increase with devel-
opment. Similarly, expression of prostaglandin receptors
is lower in newborn pigs than in adults (Li et al., 1995).
However, the signalling consequences of upregulation of
prostaglandin synthesis and receptor density with devel-
opment are opposed, over the first postnatal month in mice,
by an increase in expression of the transporter (PGT) which
terminates prostaglandin signalling (Scafidi et al., 2007).

Astrocyte-mediated increases in blood flow may also
be altered by developmental changes in the expression or
properties of potassium channels, including the calcium-
activated large conductance (BKCa) K+ channels expressed
on astrocyte endfeet, as well as inward rectifying potas-
sium channels on vascular smooth muscle (Filosa et al.,
2006). For example, in rabbit Müller cells (astrocyte-like
cells found in the retina), the open probability of BKCa chan-
nels strongly decreases within the early postnatal period,
possibly due to the resting potential becoming more neg-
ative (Bringmann et al., 1999). As a result, to activate the
channel in older cells requires both a strong depolariza-
tion and an increase in intracellular calcium, whereas in
early postnatal cells only a small change in membrane
potential is needed to activate the channels, suggesting that
neurovascular coupling mediated by these channels might
become less efficient with age.

5.4. Vasoconstricting pathways

All of these developmental changes in vasodilating
pathways may be potentiated or opposed by correspond-
ing effects on constricting pathways, including either the
aminergic pathways that help to set the basal tone of the
arterioles (Blanco et al., 2008) or the 20-HETE pathway
which can constrict vessels in response to astrocyte [Ca2+]i
rises (Mulligan and MacVicar, 2004).

5.5. Implications

The complex developmental changes in components of
the signalling systems mediating neurovascular coupling
that we have outlined above (and schematized in Fig. 3) do
not provide a simple prediction for how neuronal activity

evoked blood flow changes, and hence the BOLD response,
will alter, suggesting that far more research is needed to
understand this. However, they highlight the importance
of considering how developmental changes in the BOLD
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ignal may in some cases reflect factors other than neuronal
ctivity.

. Changes in neural energy use with development

In Section 2 we explained that the magnitude of the
OLD signal is affected by the O2 use of the area of brain
eing studied—the larger is the increase of O2 use evoked
y neural activity (relative to the increase of blood flow)
he smaller is the positive BOLD response. Although many
actors affect the O2 use, most brain energy in primates is
redicted to be used on synaptic transmission (Attwell and
aughlin, 2001), and this conclusion has been reinforced by
he fact that action potentials are now thought to use 3-fold
ess energy than was originally believed (Alle et al., 2009).
hus, the neural activity evoked increase of O2 consump-
ion is expected to increase with the increase of synaptic
ensity that occurs over the first ∼10 years of life, and to
ecrease as synaptic pruning occurs later on. Indeed, O2
sage has been reported to rapidly increase with synapse
evelopment in children (Muramoto et al., 2002) and later
o slowly decrease by ∼0.5% per year with ageing in the
dult (Pantano et al., 1984; Leenders et al., 1990; Takada
t al., 1992).

A greater fractional increase of neural activity-evoked
nergy (O2) use than of blood flow has been postulated
o occur in infants and young children to explain why (in
ontrast to the situation in neonates and adults) over a
ew years of early development infants and young children
how negative BOLD signals in response to sensory stim-
lation, i.e. a decrease of MRI signal rather than the usual

ncrease (Anderson et al., 2001; Born et al., 1998; Muramoto
t al., 2002; Yamada et al., 1997). Of concern for the inter-
retation of developmental changes in BOLD signals, the
ransition from a negative BOLD signal (in infants, when
he task-evoked increase in O2 use outweighs the increase
n blood flow) to a positive BOLD signal (when, as is usual in
dults, the increase of blood flow outweighs the increase in
2 consumption) implies that at some intermediate devel-
pmental stage it is possible for an active area to show
o BOLD response. This would occur if the increase of O2
se and the increase of blood flow cancel out each other’s
ffects on the deoxyhaemoglobin level. For a study start-
ng from this (young) age, the developmental increase in
ask-evoked blood flow increase (relative to that of O2 use)
ould result in the appearance of activation in an area that
reviously did not show it, even if that area was equally

nvolved in processing the information at all ages.

. How do developmental changes of neural
ircuitry and of neurovascular coupling combine to
roduce developmental changes in BOLD signals?

Many of the neural changes that underpin behavioural
hanges during development are expected to have clear
ffects on the BOLD signal, making their detection possible
ith fMRI. It would be ideal if this notion could be reversed,
o that changes in BOLD signals could be assumed to reflect
change in the underlying neuronal processing of informa-

ion. Conclusions based on BOLD data, however, depend
ritically on the usually unstated assumption that there
Neuroscience 1 (2011) 199–216 209

are no confounding changes in the neurovascular coupling
that generates the BOLD signal. Given the vast array of
developmental changes in the mechanisms mediating neu-
rovascular coupling, which we have described above, it
would be extremely surprising if they did not contribute
significantly to at least some of the developmental changes
in BOLD signals that have been observed experimentally.

Developmental changes in BOLD signals include those
showing the appearance at one developmental stage of a
BOLD response in an anatomical region where it does not
occur at another developmental stage (e.g. Blakemore et al.,
2007; Monk et al., 2003; Passarotti et al., 2003), a change in
the amplitude of the BOLD signal at one anatomical loca-
tion (e.g. Casey et al., 1995; Durston et al., 2006; Keulers
et al., 2011; Kwon et al., 2002; Maril et al., 2010; Monk
et al., 2003; Turkeltaub et al., 2008; Wang et al., 2006),
or an expansion or contraction of the spatial area acti-
vated within one anatomical region (e.g. Casey et al., 2002;
Durston et al., 2006; Gaillard et al., 2000, 2003; Golarai
et al., 2007; Kwon et al., 2002; Passarotti et al., 2003). We
will now consider the possible problems of interpreting
each of these kinds of change.

7.1. Alterations of activation locus

In general, a movement of the locus of BOLD activa-
tion is interpreted as the involvement of a new area for
processing of information to perform a task, as the neu-
ral wiring progresses and regional specialisation develops.
For example, tasks taxing social cognition start to activate
the right superior temporal sulcus more (and the prefrontal
cortex less) as development proceeds (Blakemore et al.,
2007), suggesting a change in the neural strategies under-
pinning social cognition. Similarly, Monk et al. (2003) found
a loss of the amygdala response to viewing fearful faces on
going from adolescence to adult, and Holland et al. (2001)
found increased left hemisperic lateralization of responses
with age during a verb generation task. Alteration of the
anatomical location of an activated area is the develop-
mental change in BOLD response that is most likely to
unequivocally reflect changes occurring in the underlying
neuronal information processing (but see Section 6 for a
scenario where activity could evoke no BOLD response at
a young age and a positive BOLD response in the adult, as
a result of a decrease with development of the ratio of O2
use evoked by activity to blood flow increase evoked by
activity).

7.2. Alterations of BOLD amplitude at one anatomical
location

Increases or decreases in BOLD signal amplitude with
development are usually interpreted as indicating more
or less involvement of neuronal activity in the activated
area in the task being performed. For this conclusion to be
secure, however, it is necessary to be sure that the altered
amplitude does not simply reflect a change in blood volume

fraction (see Section 5.1) or in the strength of neurovascular
coupling, for example producing a larger increase of blood
flow for the same amount of neural activity and energy use,
and thus producing a larger BOLD signal.
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In rats, BOLD signals increase in amplitude and decrease
in latency with development (Colonnese et al., 2008) and
some human studies also report a shorter latency for BOLD
signals in adults than in children (Brauer et al., 2008; but
see Richter and Richter, 2003). This might be expected from
many of the developmental changes in the neural circuitry
summarized in Section 4, e.g. the development and refine-
ment of synaptic connections leading to more effective
excitation in adults (indeed Colonnese et al. (2008) found
that neural excitation occurred with a decreased latency
at older ages), increased myelination leading to more syn-
chrony of incoming synaptic activation (Fornari et al., 2007;
Olesen et al., 2003), and perhaps a greater influence of
attention mediated by amine transmitter systems. How-
ever, the many developmental changes in neurovascular
coupling noted in Section 5 are also likely to contribute to
developmental alterations of BOLD signal amplitude and
latency.

First, as noted in Section 6, a developmental increase
in the amplitude of the positive BOLD signal can result
from the activity-evoked blood flow increasing more with
age than does the activity-evoked O2 use, for example
as a result of the developmental maturation of the sys-
tems mediating neurovascular coupling. Complicating this,
however, the extra blood flow and O2 use evoked by
neural activity may have different dependencies on the
amount of neural activity occurring, as seen in visual cortex
where increasing the number of active neurons appar-
ently increases O2 use more than it increases blood flow,
resulting in an unchanged or even a smaller BOLD signal
(Goodyear and Menon, 1998; Marcar et al., 2004a,b). This
implies that the age-related changes of BOLD signal may
depend critically on the amount of neural activity produced
by the task.

Second, the increase of vascular volume fraction that
develops with age (Keep & Jones, 1990; Risser et al., 2009)
is expected to increase the BOLD signal (Ogawa et al., 1993;
Bandettini and Wong, 1997; Mandeville & Marota, 1999;
Buxton et al., 2004), all other factors being equal. On the
other hand, the increase in vascular density may lead to
a decrease in the fall of deoxyhaemoglobin level occur-
ring during activity and thus decrease the BOLD signal,
as suggested by Marcar et al. (2004b) when comparing
the more highly vascularized visual cortical area V1 with
V2 (although differences in the information processing
occurring in V1 and V2 could also contribute to the dif-
ferences observed). An increased vascular density, perhaps
decreasing the distance that neurovascular messengers
must diffuse to increase blood flow, may also explain the
decrease of BOLD latency with development (which is too
large to be accounted for by alterations of the onset of neu-
ral activity: Colonnese et al., 2008).

Third, developmental alterations of the basal tone pro-
vided by amine transmitter systems may alter the blood
flow response to neural activity, and thus alter the BOLD
response, even in the absence of changes of neuronal infor-
mation processing. However, it is currently unclear exactly

how an increased baseline vasoconstriction might alter
the BOLD signal. One possibility is that an overall lower-
ing of blood flow and volume would simply reduce the
BOLD signal. On the other hand, tighter vasoconstriction
Neuroscience 1 (2011) 199–216

might increase the amount by which a vessel can dilate in
response to glutamatergic transmission, thereby increas-
ing activity-related blood flow responses and BOLD signals
(Blanco et al., 2008). Consistent with this, dilation of blood
vessels with CO2 to increase basal blood flow has been
shown to decrease the BOLD response (Cohen et al., 2002)
and also alters the apparent area of activation by altering
the signal to noise ratio (Thomason et al., 2005). Of course
developmental changes in amine systems will also produce
changes in neuronal function, for example dopamine sys-
tem development between childhood and adulthood can
directly modulate the excitability of interneurons in the
prefrontal cortex (Tseng and O’Donnell, 2007). The chal-
lenge, as with “pharmacological fMRI” of adults in which
amine systems are manipulated with drugs (Attwell and
Iadecola, 2002), is to separate amine effects on neuronal
function from effects on neurovascular coupling.

7.3. Expansion or contraction of the spatial area
activated within one anatomical region

Changes in the area showing BOLD activation within
an anatomical region are often used to infer changes in
the underlying neuronal processing. An expansion of the
activated area of V1 after trace (but not after delay) eye-
blink conditioning of rabbits (Miller et al., 2008) was
interpreted as showing that more neurons were activated
after learning to carry out the more cognitively complex
task. In humans, expansion of activated somatosensory
and motor areas over a three-week period of motor skill
acquisition was considered to reflect the cortical plastic-
ity that underpinned performance improvement (Karni
et al., 1998; Hluštík et al., 2004). Importantly, while Miller
et al.’s work studied relatively rapid changes in synaptic
strength, allowing unequivocal conclusions to be reached,
for longer-term learning and developmental studies over
greater time durations changes in neurovascular coupling
need to be ruled out as a cause of the activated area alter-
ing in size. In addition, because changes of the amplitude of
the BOLD signal also commonly occur during development,
it is essential to consider the possibility that the activated
area merely appears to change in size because of an altered
signal to noise ratio.

Changes in the spatial scale of neurovascular coupling
may come about as a consequence of the developmen-
tal changes described in Section 5. Alterations of enzyme
levels (see Section 3) will change the spatial area over
which levels of neurovascular messengers are produced at
a high enough concentration to affect blood vessels, and
the development of the astrocyte network (Binmöller and
Müller, 1992) may allow neurons to influence more dis-
tant vessels. Furthermore, the development of the vascular
network itself may either provide more spatially localized
control of blood flow (due to local control of individual ves-
sels developing within a network which has increased in
vessel density) or allow activity in one area to influence
blood flow over a larger area (if vascular dilatory responses

propagate back to larger vessels which feed a larger vol-
ume of brain: Iadecola et al., 1997). However, whereas the
expansion of the activated area reported by Miller et al.
(2008) occurred on a millimetre scale, neurovascular cou-
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ling changes seem more likely to alter blood flow on a
cale of a few hundred microns.

Frequently, brain development is associated with a
ecrease in the area activated in BOLD studies, presum-
bly correlating with the refinement of cortical wiring
eing accompanied by a shift from spatially diffuse brain
ctivity to more focal brain activity, as regional special-
sation emerges. For example, Casey et al. (2002) in the
triatum and hippocampus, and Gaillard et al. (2000) and
assarotti et al. (2003) in the cortex, using stimulus-
esponse compatibility, verbal fluency, and face matching
asks, respectively, found that progression from childhood
o adulthood was accompanied by a shift from diffuse to

ore focal activation. This supports the idea that, before
recise synaptic pruning, the less efficient connections that
xist result in more widespread activity in response to tasks
hat later activate only highly specialised brain areas.

Part of the increasing spatial localization of BOLD signals
hat occurs in such studies may reflect the development
f inhibitory circuits. GABAergic signalling is thought to
ecrease the BOLD signal by inhibiting excitatory cells,
hus reducing glutamate release and decreasing the local
BF response (Lauritzen, 2005; Lauritzen and Gold, 2003;
uthukumaraswamy et al., 2009; Donahue et al., 2010).

his may enhance the spatial localization of positive BOLD
esponses by generating an area of decreased neuronal
ring and decreased blood flow around a central area
f increased cell firing (Devor et al., 2007). This devel-
pment of inhibitory responses may also contribute to
parser stimulus-evoked activation. In adult monkeys, for
xample, visual object learning is associated with more
elective object representation in the inferior temporal cor-
ex (Baker et al., 2002; Sigala and Logothetis, 2002), and in
umans, the fusiform face area (FFA) has been shown to
espond to faces with increasing selectivity across devel-
pment from childhood to adulthood (Peelen et al., 2009).
imilarly, the spatial receptive field organisation in topo-
raphically mapped regions becomes increasingly refined,
nd blocking inhibition removes this specificity (Sillito,
975, Crook et al., 1998). As noted in Section 3, some

nhibitory interneurons release nitric oxide. Thus, in addi-
ion to indirectly reducing the BOLD signal by inhibiting
lutamatergic neurons, interneuron activity can influence
he BOLD signal through the release of NO and other
asoactive agents which directly regulate the local blood
ow.

In early development, GABA is not inhibitory but
roduces depolarizing potentials, perhaps providing an
xcitatory drive for synapse formation before glutamate
akes over (Ben-Ari et al., 1989; Ben-Ari, 2002; Cherubini
t al., 1991; Tyzio et al., 2011; but see Rheims et al., 2009).
his occurs because at young ages the Nernst potential for
he Cl− ions that pass through GABAA receptors is more
ositive than the resting potential. The reduction and spa-
ial sharpening of the BOLD signal by inhibitory activity

ay, therefore, not be in effect until glutamate and GABA
re well established in their mature roles as excitatory

nd inhibitory neurotransmitters. Once GABA is inhibitory,
ncreases in the strength of GABAergic inhibition may
ecrease the size of the BOLD signal (Muthukumaraswamy
t al., 2009; Donahue et al., 2010), thus decreasing the
Neuroscience 1 (2011) 199–216 211

signal to noise ratio and possibly decreasing the area
apparently activated, or even induce negative BOLD signals
(Northoff et al., 2007).

8. Can neurovascular coupling changes ever be
ruled out as a cause of developmental BOLD
changes?

The main message of this review is that developmental
changes in neurovascular coupling are likely to contribute
to observed developmental changes in BOLD signals. How,
then, can the BOLD researcher reliably attribute changes in
BOLD signals to a change in neural information processing
rather than a change of blood flow control? While there
is no simple answer to this question, we believe there are
three approaches to the problem.

First, being aware (for example from animal work) of
the changes of neurovascular coupling and blood volume
fraction that are occurring in the region of interest over the
period under consideration, it may be possible to rule them
out as a cause of the changes seen. For example, changes
in the spatial scale of BOLD responses may be larger than
is plausible to be explained by changes in astrocyte mor-
phology or blood vessel branching patterns, as outlined
above. Similarly, changes that occur rapidly as a result of
learning, at a time after the enzyme systems controlling
blood flow have matured, are unlikely to reflect alterations
of neurovascular coupling or blood volume fraction. How-
ever, it is always possible that studies which document a
change during development in the amplitude of the BOLD
signal in a particular area may be confounded by devel-
opmental changes of neurovascular signalling mechanisms
(or neuronal energy use) that have yet to be discovered by
researchers working at the cellular level. Measuring how
development alters some parameter of the stimulus that
evokes a BOLD response may suggest an explanation in
terms of changes of neural information processing (e.g.
an increase in a parameter describing the specificity of a
stimulus may be interpreted in terms of increasing lateral
inhibition between cortical columns or between different
cortical areas), but it is still necessary to consider whether
non-linear changes in the relationship between neuronal
activity and blood flow could account for the data. It is not
obvious how any kind of subtractive protocol design can
get around the need to consider possible confounding by
changes of neurovascular coupling.

Second, detailed information on the changes of neu-
rovascular coupling and of neural energy use occurring
over the period of a study will often not be available, par-
ticularly for humans. In this case a functional approach
needs to be taken. Church et al. (2010) have put forward
the notion that neurovascular coupling changes cannot be
the cause of changes of BOLD signal during development
if different tasks produce opposing changes with develop-
ment in the same area (i.e. one task produces an increase
in response with development, while the other task pro-
duces a decrease with development). This is a promising

approach, but one needs to be sure that the same input con-
nections to the area studied are activated for both tasks. As
noted in Section 5, the relationship between blood flow and
neuronal activity is different for different inputs to cortical
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regions (Enager et al., 2009), and so may undergo different
developmental changes.

Thirdly, it may be advantageous to document, and try to
understand, developmental BOLD changes in simpler “low
level” neural circuits, such as the visual, somatosensory and
auditory cortices, the wiring and function of which are rea-
sonably well known, in order to have a better framework
for interpreting changes of BOLD signals in “higher” areas
where the neural basis of the information processing is far
more poorly understood. We therefore advocate the con-
struction of a publicly accessible database as a repository
in which to deposit atlases of BOLD responses to standard
stimuli, recorded in a standardised imaging setting at key
developmental stages. The stimuli used could include sta-
tionary and drifting gratings or random moving dots for
the visual system, vibration to the skin for the somatosen-
sory system, and tone sequences for the auditory system
(some stimuli for which BOLD signals in sensory cortices
are reasonably well understood in terms of the responses
of neurons are collected by Schölvinck et al., 2008).

Ultimately, a full understanding of developmental
changes in BOLD responses is likely to require much work
characterizing how neurovascular coupling alters, in order
to isolate changes produced by the maturation of neural
information processing. Being aware of this issue is cru-
cial for the rigorous interpretation of developmental fMRI
studies.
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Hluštík, P., Solodkin, A., Noll, D.C., Small, S.L., 2004. Cortical plasticity
during three-week motor skill learning. J. Clin. Neurophysiol. 21,
180–191.

Hoge, R.D., Atkinson, J., Gill, B., Crelier, G.R., Marrett, S., Pike, G.B., 1999.
Linear coupling between cerebral blood flow and oxygen consumption
in activated human cortex. Proc. Natl. Acad. Sci. USA 96, 9403–9408.

Holland, S.K., Plante, E., Weber Byars, A., Strawsburg, R.H., Schmithorst,
V.J., Ball Jr., W.S., 2001. Normal fMRI brain activation patterns in chil-
dren performing a verb generation task. Neuroimage 14, 837–843.

Holt, C.E., Harris, W.A., 1983. Order in the initial retinotectal map in Xeno-
pus: a new technique for labelling growing nerve fibres. Nature 301,
150–152.

Hubel, D.H., Wiesel, T.N., 1963. Shape and arrangement of columns in cat’s
striate cortex. J. Physiol. 165, 559–568.

Huttenlocher, P.R., 1990. Morphometric study of human cerebral cortex
development. Neuropsychologia 28, 517–527.

Iadecola, C., 2004. Neurovascular regulation in the normal brain and in
Alzheimer’s disease. Nat. Rev. Neurosci. 5, 347–360.

Iadecola, C., Yang, G., Ebner, T.J., Chen, G., 1997. Local and propagated vas-
cular responses evoked by focal synaptic activity in cerebellar cortex.
J. Neurophysiol. 78, 651–659.

Iliff, J.J., Jia, J., Nelson, J., Goyagi, T., Klaus, J., Alkayed, N.J., 2010. Epoxye-
icosanoid signaling in CNS function and disease. Prostaglandins Other
Lipid Mediat. 91, 68–84.

Judas, M., Sestan, N., Kostovic, I., 1999. Nitrinergic neurons in the devel-
oping and adult human telencephalon: transient and permanent
patterns of expression in comparison to other mammals. Microsc. Res.
Tech. 45, 401–419.

Karni, A., Meyer, G., Rey-Hipolito, C., Jezzard, P., Adams, M.M., Turner, R.,
Ungerleider, L.G., 1998. The acquisition of skilled motor performance:
fast and slow experience-driven changes in primary motor cortex.
Proc. Natl. Acad. Sci. USA 95, 861–868.

Kasischke, K.A., Lambert, E.M., Panepento, B., Sun, A., Gelbard, H.A.,
Burgess, R.W., Foster, T.H., Nedergaard, M., 2011. Two-photon NADH
imaging exposes boundaries of oxygen diffusion in cortical vascular
supply regions. J. Cereb. Blood Flow Metab. 31, 68–81.

Kastner, S., DeSimone, K., Konen, C.S., Szczepanski, S.M., Weiner, K.S.,
Schneider, K.A., 2007. Topographic maps in human frontal cortex
revealed in memory-guided saccade and spatial working-memory
tasks. J. Neurophysiol. 97, 3494–3507.

Keep, R.F., Jones, H.C., 1990. Cortical microvessels during brain devel-
opment: a morphometric study in the rat. Microvasc. Res. 40,
412–426.

Keulers, E.H., Stiers, P., Jolles, J., 2011. Developmental changes between
ages 13 and 21 years in the extent and magnitude of the BOLD response
during decision making. Neuroimage 54, 1442–1454.

Khazipov, R., Esclapez, M., Caillard, O., Bernard, C., Khalilov, I., Tyzio, R.,
Hirsch, J., Dzhala, V., Berger, B., Ben-Ari, Y., 2001. Early development
of neuronal activity in the primate hippocampus in utero. J. Neurosci.
21, 9770–9781.

Ko, K.R., Ngai, A.C., Winn, H.R., 1990. Role of adenosine in regulation of
regional cerebral blood flow in sensory cortex. Am. J. Physiol. 259,
H1703–1708.

Koehler, R.C., Roman, R.J., Harder, D.R., 2009. Astrocytes and the regulation
of cerebral blood flow. Trends Neurosci. 32, 160–169.

König, P., Engel, A.K., Singer, W., 1995. Relation between oscillatory activ-
ity and long-range synchronization in cat visual cortex. Proc. Natl.
Acad. Sci. USA 92, 290–294.

Krimer, L.S., Muly, E.C., 3rd, Williams, G.V., Goldman-Rakic, P.S., 1998.
Dopaminergic regulation of cerebral cortical microcirculation. Nat.
Neurosci. 1, 286–289.

Kwon, H., Reiss, A.L., Menon, V., 2002. Neural basis of protracted devel-
opmental changes in visuo-spatial working memory. Proc. Natl. Acad.
Sci. USA 99, 13336–13341.

Lambe, E.K., Krimer, L.S., Goldman-Rakic, P.S., 2000. Differential postnatal

development of catecholamine and serotonin inputs to identified neu-
rons in prefrontal cortex of rhesus monkey. J. Neurosci. 20, 8780–8787.

Lange, A., Gebremedhin, D., Narayanan, J., Harder, D., 1997. 20-
Hydroxyeicosatetraenoic acid-induced vasoconstriction and inhibi-
tion of potassium current in cerebral vascular smooth muscle is
Neuroscience 1 (2011) 199–216

dependent on activation of protein kinase C. J. Biol. Chem. 272,
27345–27352.

Lauritzen, M., 2005. Reading vascular changes in brain imaging: is den-
dritic calcium the key? Nat. Rev. Neurosci. 6, 77–85.

Lauritzen, M., Gold, L., 2003. Brain function and neurophysiological cor-
relates of signals used in functional neuroimaging. J. Neurosci. 23,
3972–3980.

Leenders, K.L., Perani, D., Lammertsma, A.A., Heather, J.D., Buckingham, P.,
Healy, M.J., Gibbs, J.M., Wise, R.J., Hatazawa, J., Herold, S., et al., 1990.
Cerebral blood flow, blood volume and oxygen utilization. Normal
values and effect of age. Brain 113, 27–47.

Leithner, C., Royl, G., Offenhauser, N., Fuchtemeier, M., Kohl-Bareis, M.,
Villringer, A., Dirnagl, U., Lindauer, U., 2010. Pharmacological uncou-
pling of activation induced increases in CBF and CMRO2. J. Cereb. Blood
Flow Metab. 30, 311–322.

Lenroot, R.K., Giedd, J.N., 2006. Brain development in children and
adolescents: insights from anatomical magnetic resonance imaging.
Neurosci. Biobehav. Rev. 30, 718–729.

Levitt, P., Harvey, J.A., Friedman, E., Simansky, K., Murphy, E.H., 1997.
New evidence for neurotransmitter influences on brain development.
Trends Neurosci. 20, 269–274.

Li, D.Y., Varma, D.R., Chemtob, S., 1995. Up-regulation of brain PGE2 and
PGF2 alpha receptors and receptor-coupled second messengers by
cyclooxygenase inhibition in newborn pigs. J. Pharmacol. Exp. Ther.
272, 15–19.

Li, J., Iadecola, C., 1994. Nitric oxide and adenosine mediate vasodilation
during functional activation in cerebellar cortex. Neuropharmacology
33, 1453–1461.

Lindauer, U., Megow, D., Matsuda, H., Dirnagl, U., 1999. Nitric oxide:
a modulator, but not a mediator, of neurovascular coupling in rat
somatosensory cortex. Am. J. Physiol. 277, H799–811.

Logothetis, N.K., 2008. What we can do and what we cannot do with fMRI.
Nature 453, 869–878.

Luders, E., Thompson, P.M., Toga, A.W., 2010. The development of
the corpus callosum in the healthy human brain. J. Neurosci. 30,
10985–10990.

Mandeville, J.B., Marota, J.J.A., 1999. Vascular filters of functional MRI:
spatial localization using BOLD and CBV Contrast. Mag. Reson. Med.
42, 591–598.

Marcar, V.L., Loenneker, T., Straessle, A., Girard, F., Martin, E., 2004a. How
much luxury is there in ‘luxury perfusion’? An analysis of the BOLD
response in the visual areas V1 and V2. Magn. Reson. Imaging 22,
921–928.

Marcar, V.L., Straessle, A., Girard, F., Loenneker, T., Martin, E., 2004b. When
more means less: a paradox BOLD response in human visual cortex.
Magn. Reson. Imaging 22, 441–450.

Maril, A., Davis, P.E., Koo, J.J., Reggev, N., Zuckerman, M., Ehrenfeld, L.,
Mulkern, R.V., Waber, D.P., Rivkin, M.J., 2010. Developmental fMRI
study of episodic verbal memory encoding in children. Neurology 75,
2110–2116.

Markham, J.A., Greenough, W.T., 2004. Experience-driven brain plasticity:
beyond the synapse. Neuron Glia Biol. 1, 351–363.

Meister, M., Wong, R.O., Baylor, D.A., Shatz, C.J., 1991. Synchronous bursts
of action potentials in ganglion cells of the developing mammalian
retina. Science 252, 939–943.

Merzenich, M.M., Jenkins, W.M., 1993. Reorganization of cortical repre-
sentations of the hand following alterations of skin inputs induced
by nerve injury, skin island transfers, and experience. J. Hand Ther. 6,
89–104.

Metea, M.R., Newman, E.A., 2006. Glial cells dilate and constrict blood
vessels: a mechanism of neurovascular coupling. J. Neurosci. 26,
2862–2870.

Miller, M.J., Weiss, C., Song, X., Iordanescu, G., Disterhoft, J.F., Wyrwicz,
A.M., 2008. Functional magnetic resonance imaging of delay and trace
eyeblink conditioning in the primary visual cortex of the rabbit. J.
Neurosci. 28, 4974–4981.

Mimura, K., Kimoto, T., Okada, M., 2003. Synapse efficiency diverges due
to synaptic pruning following overgrowth. Phys. Rev. E: Stat. Nonlin.
Soft Matter Phys. 68, 031910.

Mito, T., Konomi, H., Houdou, S., Takashima, S., 1991. Immunohistochem-
ical study of the vasculature in the developing brain. Pediatr. Neurol.
7, 18–22.

Miyawaki, T., Matsui, K., Takashima, S., 1998. Developmental characteris-
tics of vessel density in the human fetal and infant brains. Early Hum.

Dev. 53, 65–72.

Monk, C.S., McClure, E.B., Nelson, E.E., Zarahn, E., Bilder, R.M., Leibenluft,
E., Charney, D.S., Ernst, M., Pine, D.S., 2003. Adolescent immaturity in
attention-related brain engagement to emotional facial expressions.
Neuroimage 20, 420–428.



ognitive

M

M

M

M

M

M

N

N

N

N

O

O

O

O

O

O

O

O

P

P

P

P

P

P

P

J.J. Harris et al. / Developmental C

osso, A., 1880. Sulla circolazione del cervello dell’uomo. Atti. R. Accad.
Lincei 5, 237–358.

üller, C.M., 1992. Astrocytes in cat visual cortex studied by GFAP and
S-100 immunocytochemistry during postnatal development. J. Comp.
Neurol. 317, 309–323.

ulligan, S.J., MacVicar, B.A., 2004. Calcium transients in astrocyte endfeet
cause cerebrovascular constrictions. Nature 431, 195–199.

uramoto, S., Yamada, H., Sadato, N., Kimura, H., Konishi, Y., Kimura, K.,
Tanaka, M., Kochiyama, T., Yonekura, Y., Ito, H., 2002. Age-dependent
change in metabolic response to photic stimulation of the primary
visual cortex in infants: functional magnetic resonance imaging study.
J. Comput. Assist. Tomogr. 26, 894–901.

urrin, L.C., Sanders, J.D., Bylund, D.B., 2007. Comparison of the matura-
tion of the adrenergic and serotonergic neurotransmitter systems in
the brain: implications for differential drug effects on juveniles and
adults. Biochem. Pharmacol. 73, 1225–1236.

uthukumaraswamy, S.D., Edden, R.A., Jones, D.K., Swettenham, J.B.,
Singh, K.D., 2009. Resting GABA concentration predicts peak gamma
frequency and fMRI amplitude in response to visual stimulation in
humans. Proc. Natl. Acad. Sci. USA 106, 8356–8361.

iwa, K., Araki, E., Morham, S.G., Ross, M.E., Iadecola, C., 2000.
Cyclooxygenase-2 contributes to functional hyperemia in whisker-
barrel cortex. J. Neurosci. 20, 763–770.

ixdorf-Bergweiler, B.E., Albrecht, D., Heinemann, U., 1994. Developmen-
tal changes in the number, size, and orientation of GFAP-positive cells
in the CA1 region of rat hippocampus. Glia 12, 180–195.

orman, M.G., O’Kusky, J.R., 1986. The growth and development of
microvasculature in human cerebral cortex. J. Neuropathol. Exp. Neu-
rol. 45, 222–232.

orthoff, G., Walter, M., Schulte, R.F., Beck, J., Dydak, U., Henning, A.,
Boeker, H., Grimm, S., Boesiger, P., 2007. GABA concentrations in the
human anterior cingulate cortex predict negative BOLD responses in
fMRI. Nat. Neurosci. 10, 1515–1517.

berheim, N.A., Wang, X., Goldman, S., Nedergaard, M., 2006. Astro-
cytic complexity distinguishes the human brain. Trends Neurosci. 29,
547–553.

ffenhauser, N., Thomsen, K., Caesar, K., Lauritzen, M., 2005. Activity-
induced tissue oxygenation changes in rat cerebellar cortex:
interplay of postsynaptic activation and blood flow. J. Physiol. 565,
279–294.

gawa, S., Lee, T.M., Kay, A.R., Tank, D.W., 1990. Brain magnetic resonance
imaging with contrast dependent on blood oxygenation. Proc. Natl.
Acad. Sci. USA 87, 9868–9872.

gawa, S., Lee, R.M., Barrere, B., 1993. The sensitivity of magnetic reso-
nance image signals of a rat brain to changes in the cerebral venous
blood oxygenation. Magn. Reson. Med. 29, 205–210.

gilvie, P., Schilling, K., Billingsley, M.L., Schmidt, H.H., 1995. Induction
and variants of neuronal nitric oxide synthase type I during synapto-
genesis. FASEB J. 9, 799–806.

hyu, J., Takashima, S., 1998. Developmental characteristics of neuronal
nitric oxide synthase (nNOS) immunoreactive neurons in fetal to ado-
lescent human brains. Brain Res. Dev. Brain Res. 110, 193–202.

lesen, P.J., Nagy, Z., Westerberg, H., Klingberg, T., 2003. Combined anal-
ysis of DTI and fMRI data reveals a joint maturation of white and grey
matter in a fronto-parietal network. Brain Res. Cogn. Brain Res. 18,
48–57.

stby, Y., Tamnes, C.K., Fjell, A.M., Westlye, L.T., Due-Tønnessen, P., Wal-
hovd, K.B., 2009. Heterogeneity in subcortical brain development:
A structural magnetic resonance imaging study of brain maturation
from 8 to 30 years. J. Neurosci. 29, 11772–11782.

antano, P., Baron, J.C., Lebrun-Grandié, P., Duquesnoy, N., Bousser, M.G.,
Comar, D., 1984. Regional cerebral blood flow and oxygen consump-
tion in human aging. Stroke 15, 635–641.

aspalas, C.D., Papadopoulos, G.C., 1996. Ultrastructural relationships
between noradrenergic nerve fibers and non-neuronal elements in
the rat cerebral cortex. Glia 17, 133–146.

assarotti, A.M., Paul, B.M., Bussiere, J.R., Buxton, R.B., Wong, E.C., Stiles,
J., 2003. The development of face and location processing: an fMRI
study. Dev. Sci. 6, 100–117.

auling, L., Coryell, C.D., 1936. The magnetic properties and structure
of hemoglobin, oxyhemoglobin and carbonmonoxyhemoglobin. Proc.
Natl. Acad. Sci. USA 22, 210–216.

aus, T., 2005. Mapping brain maturation and cognitive development dur-
ing adolescence. Trends Cogn. Sci. 9, 60–68.
eelen, M.V., Glaser, B., Vuilleumier, P., Eliez, S., 2009. Differential devel-
opment of selectivity for faces and bodies in the fusiform gyrus. Dev.
Sci. 12, F16–25.

eppiatt, C.M., Howarth, C., Mobbs, P., Attwell, D., 2006. Bidirectional con-
trol of CNS capillary diameter by pericytes. Nature 443, 700–704.
Neuroscience 1 (2011) 199–216 215

Pinto, J.G., Hornby, K.R., Jones, D.G., Murphy, K.M., 2010. Developmental
changes in GABAergic mechanisms in human visual cortex across the
lifespan. Front. Cell Neurosci. 4, 16.

Porter, J.T., McCarthy, K.D., 1996. Hippocampal astrocytes in situ respond
to glutamate released from synaptic terminals. J. Neurosci. 16,
5073–5081.

Pugh, K.R., Mencl, W.E., Jenner, A.R., Katz, L., Frost, S.J., Lee, J.R., Shaywitz,
S.E., Shaywitz, B.A., 2000. Functional neuroimaging studies of reading
and reading disability (developmental dyslexia). Ment. Retard. Dev.
Disabil. Res. Rev. 6, 207–213.

Pujol, J., Vendrell, P., Junque, C., Marti-Vilalta, J.L., Capdevila, A., 1993.
When does human brain development end? Evidence of corpus callo-
sum growth up to adulthood. Ann. Neurol. 34, 71–75.

Raichle, M.E., Hartman, B.K., Eichling, J.O., Sharpe, L.G., 1975. Central nora-
drenergic regulation of cerebral blood flow and vascular permeability.
Proc. Natl. Acad. Sci. USA 72, 3726–3730.

Rakic, P., Bourgeois, J.P., Goldman-Rakic, P.S., 1994. Synaptic development
of the cerebral cortex: implications for learning, memory, and mental
illness. Prog. Brain Res. 102, 227–243.

Ray, S., Maunsell, J.H., 2010. Differences in gamma frequencies across
visual cortex restrict their possible use in computation. Neuron 67,
885–896.

Reuss, S., Schaeffer, D.F., Laages, M.H., Riemann, R., 2000. Evidence for
increased nitric oxide production in the auditory brain stem of the
aged dwarf hamster (Phodopus sungorus): an NADPH-diaphorase his-
tochemical study. Mech. Ageing Dev. 112, 125–134.

Rheims, S., Holmgren, C.D., Chazal, G., Mulder, J., Harkany, T., Zilberter,
T., Zilberter, Y., 2009. GABA action in immature neocortical neurons
directly depends on the availability of ketone bodies. J. Neurochem.
110, 1330–1338.

Richter, W., Richter, M., 2003. The shape of the fMRI BOLD response in
children and adults changes systematically with age. Neuroimage 20,
1122–1131.

Riddle, D.R., Gutierrez, G., Zheng, D., White, L.E., Richards, A., Purves, D.,
1993. Differential metabolic and electrical activity in the somatic sen-
sory cortex of juvenile and adult rats. J. Neurosci. 13, 4193–4213.

Riobo, N.A., Melani, M., Sanjuan, N., Fiszman, M.L., Gravielle, M.C., Carreras,
M.C., Cadenas, E., Poderoso, J.J., 2002. The modulation of mitochondrial
nitric-oxide synthase activity in rat brain development. J. Biol. Chem.
277, 42447–42455.

Risser, L., Plouraboue, F., Cloetens, P., Fonta, C., 2009. A 3D-investigation
shows that angiogenesis in primate cerebral cortex mainly occurs at
capillary level. Int. J. Dev. Neurosci. 27, 185–196.

Roman, R.J., 2002. P-450 metabolites of arachidonic acid in the control of
cardiovascular function. Physiol. Rev. 82, 131–185.

Romano, C., Sesma, M.A., McDonald, C.T., O’Malley, K., Van den Pol, A.N.,
Olney, J.W., 1995. Distribution of metabotropic glutamate recep-
tor mGluR5 immunoreactivity in rat brain. J. Comp. Neurol. 355,
455–469.

Roy, C.S., Sherrington, C.S., 1890. On the regulation of the blood-supply of
the brain. J. Physiol. 11, 85–158, 117.

Salami, M., Itami, C., Tsumoto, T., Kimura, F., 2003. Change of conduction
velocity by regional myelination yields constant latency irrespective
of distance between thalamus and cortex. Proc. Natl. Acad. Sci. USA
100, 6174–6179.

Salinas, E., Sejnowski, T.J., 2001. Correlated neuronal activity and the flow
of neural information. Nat. Rev. Neurosci. 2, 539–550.

Sánchez-Zuriaga, D., Marti-Gutierrez, N., De La Cruz, M.A., Peris-Sanchis,
M.R., 2007. Age-related changes of NADPH-diaphorase-positive neu-
rons in the rat inferior colliculus and auditory cortex. Microsc. Res.
Tech. 70, 1051–1059.

Scafidi, S., Douglas, R.M., Farahani, R., Banasiak, K.J., Haddad, G.G., 2007.
Prostaglandin transporter expression in mouse brain during develop-
ment and in response to hypoxia. Neuroscience 146, 1150–1157.

Schölvinck, M.L., Howarth, C., Attwell, D., 2008. The cortical energy needed
for conscious perception. Neuroimage 40, 1460–1468.

Seidl, A.H., Rubel, E.W., Harris, D.M., 2010. Mechanisms for adjusting inter-
aural time differences to achieve binaural coincidence detection. J.
Neurosci. 30, 70–80.

Serebryakov, V., Zakharenko, S., Snetkov, V., Takeda, K., 1994. Effects of
prostaglandins E1 and E2 on cultured smooth muscle cells and strips
of rat aorta. Prostaglandins 47, 353–365.

Seregi, A., Keller, M., Hertting, G., 1987. Are cerebral prostanoids of
astroglial origin? Studies on the prostanoid forming system in devel-

oping rat brain and primary cultures of rat astrocytes. Brain Res. 404,
113–120.

Sereno, M.I., Pitzalis, S., Martinez, A., 2001. Mapping of contralateral space
in retinotopic coordinates by a parietal cortical area in humans. Sci-
ence 294, 1350–1354.



ognitive
216 J.J. Harris et al. / Developmental C

Shaw, P., Kabani, N.J., Lerch, J.P., Eckstrand, K., Lenroot, R., Gogtay, N.,
Greenstein, D., Clasen, L., Evans, A., Rapoport, J.L., Giedd, J.N., Wise, S.P.,
2008. Neurodevelopmental trajectories of the human cerebral cortex.
J. Neurosci. 28, 3586–3594.

Sigala, N., Logothetis, N.K., 2002. Visual categorization shapes feature
selectivity in the primate temporal cortex. Nature 415, 318–320.

Sillito, A.M., 1975. The contribution of inhibitory mechanisms to the recep-
tive field properties of neurones in the striate cortex of the cat. J.
Physiol. 250, 305–329.

Silver, M.A., Kastner, S., 2009. Topographic maps in human frontal and
parietal cortex. Trends Cogn. Sci. 13, 488–495.

Simard, M., Arcuino, G., Takano, T., Liu, Q.S., Nedergaard, M., 2003. Signal-
ing at the gliovascular interface. J. Neurosci. 23, 9254–9262.

Singer, W., Gray, C.M., 1995. Visual feature integration and the temporal
correlation hypothesis. Annu. Rev. Neurosci. 18, 555–586.

Sloan, H.L., Austin, V.C., Blamire, A.M., Schnupp, J.W., Lowe, A.S., Allers,
K.A., Matthews, P.M., Sibson, N.R., 2010. Regional differences in
neurovascular coupling in rat brain as determined by fMRI and elec-
trophysiology. Neuroimage 53, 399–411.

Sowell, E.R., Peterson, B.S., Thompson, P.M., Welcome, S.E., Henkenius, A.L.,
Toga, A.W., 2003. Mapping cortical change across the human life span.
Nat. Neurosci. 6, 309–315.

Spear, L.P., Brake, S.C., 1983. Periadolescence: age-dependent behavior
and psychopharmacological responsivity in rats. Dev. Psychobiol. 16,
83–109.

Spector, A.A., Fang, X., Snyder, G.D., Weintraub, N.L., 2004. Epoxye-
icosatrienoic acids (EETs): metabolism and biochemical function.
Prog. Lipid Res. 43, 55–90.

St Lawrence, K.S., Ye, F.Q., Lewis, B.K., Frank, J.A., McLaughlin, A.C.,
2003. Measuring the effects of indomethacin on changes in cerebral
oxidative metabolism and cerebral blood flow during sensorimotor
activation. Magn. Reson. Med. 50, 99–106.

Stichel, C.C., Muller, C.M., Zilles, K., 1991. Distribution of glial fibrillary
acidic protein and vimentin immunoreactivity during rat visual cortex
development. J. Neurocytol. 20, 97–108.

Takada, H., Nagata, K., Hirata, Y., Satoh, Y., Watahiki, Y., Sugawara, J.,
Yokoyama, E., Kondoh, Y., Shishido, F., Inugami, A., et al., 1992.
Age-related decline of cerebral oxygen metabolism in normal pop-
ulation detected with positron emission tomography. Neurol. Res. 14,
128–131.

Takano, T., Tian, G.F., Peng, W., Lou, N., Libionka, W., Han, X., Nedergaard,
M., 2006. Astrocyte-mediated control of cerebral blood flow. Nat. Neu-
rosci. 9, 260–267.

Tamnes, C.K., Ostby, Y., Fjell, A.M., Westlye, L.T., Due-Tønnessen,
P., Walhovd, K.B., 2010. Brain maturation in adolescence and
young adulthood: regional age-related changes in cortical thick-
ness and white matter volume and microstructure. Cereb. Cortex 20,
534–548.

Thomas, K.M., King, S.W., Franzen, P.L., Welsh, T.F., Berkowitz, A.L., Noll,
D.C., Birmaher, V., Casey, B.J., 1999. A developmental functional MRI
study of spatial working memory. Neuroimage 10, 327–338.

Thomason, M.E., Burrows, B.E., Gabrieli, J.D., Glover, G.H., 2005. Breath
holding reveals differences in fMRI BOLD signal in children and adults.
Neuroimage 25, 824–837.
Tieman, S.B., Mollers, S., Tieman, D.G., White, J., 2004. The blood supply of
the cat’s visual cortex and its postnatal development. Brain Res. 998,
100–112.

Toga, A.W., Thompson, P.M., Sowell, E.R., 2006. Mapping brain maturation.
Trends Neurosci. 29, 148–159.
Neuroscience 1 (2011) 199–216

Tseng, K.Y., O’Donnell, P., 2007. Dopamine modulation of prefrontal cor-
tical interneurons changes during adolescence. Cereb. Cortex 17,
1235–1240.

Turkeltaub, P.E., Flowers, D.L., Lyon, L.G., Eden, G.F., 2008. Development of
ventral stream representations for single letters. Ann. N. Y. Acad. Sci.
1145, 13–29.

Tyzio, R., Allene, C., Nardou, R., Picardo, M.A., Yamamoto, S., Sivakumaran,
S., Caiati, M.D., Rheims, S., Minlebaev, M., Milh, M., Ferre, P., Khazipov,
R., Romette, J.L., Lorquin, J., Cossart, R., Khalilov, I., Nehlig, A., Cheru-
bini, E., Ben-Ari, Y., 2011. Depolarizing actions of GABA in immature
neurons depend neither on ketone bodies nor on pyruvate. J. Neurosci.
31, 34–45.

Ullen, F., 2009. Is activity regulation of late myelination a plastic mecha-
nism in the human nervous system? Neuron Glia Biol. 5, 29–34.

Vaidya, C.J., Austin, G., Kirkorian, G., Ridlehuber, H.W., Desmond, J.E.,
Glover, G.H., Gabrieli, J.D., 1998. Selective effects of methylphenidate
in attention deficit hyperactivity disorder: a functional magnetic res-
onance study. Proc. Natl. Acad. Sci. USA 95, 14494–14499.

van den Pol, A.N., Romano, C., Ghosh, P., 1995. Metabotropic glutamate
receptor mGluR5 subcellular distribution and developmental expres-
sion in hypothalamus. J. Comp. Neurol. 362, 134–150.

Vanhoutte, P.M., Rimele, T.J., 1982. Calcium and alpha-adrenoceptors in
activation of vascular smooth muscle. J. Cardiovasc. Pharmacol. 4
(Suppl 3), S280–286.

Wahlstrom, D., White, T., Luciana, M., 2010. Neurobehavioral evidence for
changes in dopamine system activity during adolescence. Neurosci.
Biobehav. Rev. 34, 631–648.

Wallace, M.N., Brown, I.E., Cox, A.T., Harper, M.S., 1995. Pyramidal neu-
rones in human precentral gyrus contain nitric oxide synthase.
Neuroreport 6, 2532–2536.

Wang, A.T., Lee, S.S., Sigman, M., Dapretto, M., 2006. Developmental
changes in the neural basis of interpreting communicative intent. Soc.
Cogn. Affect Neurosci. 1, 107–121.

Weber, B., Keller, A.L., Reichold, J., Logothetis, N.K., 2008. The microvascu-
lar system of the striate and extrastriate visual cortex of the macaque.
Cereb. Cortex 18, 2318–2330.

Werkle-Bergner, M., Shing, Y.L., Muller, V., Li, S.C., Lindenberger, U., 2009.
EEG gamma-band synchronization in visual coding from childhood to
old age: evidence from evoked power and inter-trial phase locking.
Clin. Neurophysiol. 120, 1291–1302.

Yakovlev, P.I., Lecours, A.R., 1967. Regional Development of the Brain in
Early Life. Blackwell Scientific Publications, Boston.

Yamada, H., Sadato, N., Konishi, Y., Kimura, K., Tanaka, M., Yonekura, Y.,
Ishii, Y., 1997. A rapid brain metabolic change in infants detected by
fMRI. Neuroreport 8, 3775–3778.

Yan, X.X., Garey, L.J., Jen, L.S., 1996. Prenatal development of NADPH-
diaphorase-reactive neurons in human frontal cortex. Cereb. Cortex
6, 737–745.

Yaseen, M.A., Srinivasan, V.J., Sakadžić, S., Radhakrishnan, H., Gorczynska,
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