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Rapid Developmental Emergence of Stable Depolarization
during Wakefulness by Inhibitory Balancing of Cortical
Network Excitability

Matthew T. Colonnese
Department of Pharmacology and Physiology, and Institute for Neuroscience, The George Washington University, Washington, DC 20052

The ability to generate behaviorally appropriate cortical network states is central to sensory perception and plasticity, but little is known
about the timing and mechanisms of their development. I paired intracellular and extracellular recordings in the visual cortex of awake
infant rats to determine the synaptic and circuit mechanisms regulating the development of a key network state, the persistent and stable
subthreshold membrane potential (Vm ) depolarization associated with wakefulness/alertness in cortical networks, called the “desyn-
chronized” or “activated” state. Current-clamp recordings reveal that the desynchronized state is absent during the first 2 postnatal
weeks, despite behavioral wakefulness. During this period, Vm remains at the resting membrane potential �80% of the time, regardless
of behavioral state. Vm dynamics during spontaneous or light-evoked activity were highly variable, contained long-duration suprathesh-
old plateau potentials, and high spike probability, suggesting an unstable and hyperexcitable early cortical network. Voltage-clamp
recordings reveal that effective feedforward inhibition is absent at these early ages despite the presence of feedback inhibition. Stable
membrane depolarization during wakefulness finally emerges 1–2 d before eye opening and is statistically indistinguishable from that in
adults within days. Reduced cortical excitability, fast feedforward inhibition, and the slow cortical oscillation appear simultaneously with
stable depolarization, suggesting that an absence of inhibitory balance during early development prevents the expression of the active
state and hence a normal wakeful state in early cortex. These observations identify feedforward inhibition as a potential key regulator of
cortical network activity development.

Introduction
The primary cellular and network correlate of alert wakefulness
in sensory cortex is the “activated” or “desynchronized” state, a
relatively stable subthreshold depolarization resulting from bal-
anced excitation and inhibition in recurrent local cortical circuits
(Steriade, 2001; Destexhe et al., 2003; Poulet and Petersen, 2008;
Constantinople and Bruno, 2011; Haider et al., 2013). The desyn-
chronized state is proposed to be a long-lasting “active” state,
originally described as a short-term depolarization alternating
with the “down” state in single neurons during slow-wave sleep
(Destexhe et al., 2007). Proposed roles for the active state include
regulating plasticity, adapting cortical processing to behavioral
needs, and increasing the gain and linearity of visual responses
(Haider and McCormick, 2009; Harris and Thiele, 2011). While
clearly central to adult cortical function, little is known about the
relationships among the development of active states and its re-

lationship to cortical desynchronization and the emergence of
functional cortical circuits.

Visual activity during development is defined by two broad
stages. First, topographic maps and basic response properties are
established in part by waves of spontaneous activity transmitted
from the retina (Huberman et al., 2008). Second, with the onset
of patterned vision, visual experience becomes critical to build
higher-order visual response properties such as direction selec-
tivity, acuity, binocularity, and attention (Barnard, 1999; Farroni
et al., 2002; Kiorpes, 2006; Maurer et al., 2007; Smith and Tra-
chtenberg, 2007; White and Fitzpatrick, 2007; Leppänen and Nel-
son, 2009; Espinosa and Stryker, 2012). Electrophysiological
studies in both preterm infants and animal models suggest that a
minimal component of cortical active states or desynchroniza-
tion, continuous activity strongly modulated by sleep/wake
states, is absent during the first stage and develops during the
second. The transition to the second stage occurs at ages equiva-
lent to the human perinatal period (Dreyfus-Brisac and Monod,
1965; Jouvet-Mounier et al., 1970; Gramsbergen, 1976; Frank
and Heller, 1997; Golshani et al., 2009; Rochefort et al., 2009;
André et al., 2010; Seelke and Blumberg, 2010; Berkes et al.,
2011). Infants show signs of alert processing and visual recogni-
tion at birth (Colombo, 2001; Daw, 2006), suggesting that basic
network mechanisms of alertness/wakefulness are already in
place by birth. Detailed developmental trajectories of cortical ac-
tivity in frontal (Brockmann et al., 2011), somatosensory (Min-
lebaev et al., 2011), and visual (Colonnese and Khazipov, 2010;
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Colonnese et al., 2010) regions in rats show that continuous ac-
tivity with characteristics of cortical desynchronization, such as
low-voltage rapid oscillations, are absent until at least the end of
the second postnatal week.

Because membrane voltage [membrane potential (Vm )] dy-
namics have not been extensively examined over these ages, it is
unclear how activity patterns observed in immature cortex differ
from adult active states, and whether the continuous activity ob-
served in older infants is a mature desynchronized state. Further-
more, the cellular and network mechanisms underlying the
development of active states, such as the maturation of recurrent
excitatory connections and functional inhibition, are unknown.
Here I use whole-cell patch-clamp in vivo in a well established
model of cortical network development in primary visual cortex
(V1) (Colonnese et al., 2010) to quantitatively describe the emer-
gence of cortical desynchronization, and its relationship to the
development of cortical active states, network excitability, and
inhibitory– excitatory balance.

Materials and Methods
Experimental procedures. All procedures are consistent with National In-
stitutes of Health guidelines and were approved by The George Washing-
ton University Institutional Animal Care and Use Committee. Recording
methods have been extensively described (Colonnese et al., 2010; Minle-
baev et al., 2011). Long–Evans female rats and litters were acquired from
Hilltop Lab Animals at postnatal day 4 [P4 (P0, birth)]. Eye opening
occurred between P13 and P14. All animals recorded on P13 had closed
eyes; one animal that had not opened its eyes by P14 had them manually
opened. Under isoflurane anesthesia, the skull was cleaned, plastic bars
were placed over the occipital and nasal bones, and they were sealed to
the skull with dental cement. Carprofen (5 mg/kg) was used periopera-
tively as an analgesic. For recording, under isoflurane anesthesia, the
animal was placed in a modified stereotaxic frame attached to the head
fixation apparatus. The body was supported within a padded enclosure,
which was warmed with an electric blanket. Temperature was monitored
with a thermocouple placed under the abdomen and maintained at 33–
36°C. Movement was detected using a piezo-based detector that was
placed under the enclosure, and an electromyographic (EMG) signal was
detected by a stainless steel wire placed in the neck and/or facial muscles.
The skull above the monocular visual cortex (2.7–3 mm lateral and 0 –1
mm rostral to the lambda suture) was thinned, and electrodes were in-
serted through small holes made by flaking and resecting the dura locally.
An extracellular linear multicontact electrode array (NeuroNexus) was
inserted within 300 �m horizontally of the patch electrode to record local
field potential (LFP) activity. A contact located in layer 4 was used to
define the network state and identify local activity patterns. While not
necessarily located in the same layer as the whole-cell recording, layer 4
LFPs allow for more consistent definition of the network state, because
the development of network activity patterns has been described in great-
est detail there (Colonnese and Khazipov, 2010; Colonnese et al., 2010).
Extracellular signals were collected at 32 KHz and digitized using the
Cheetah (Neuralynx) amplifier and software package. For whole-cell re-
cordings, intracellular solution consisted of the following (in mM):135
potassium methanesulfonate, 2 MgCl2, 0.1 CaCl2 1 EGTA(K), 2 Na
2ATP, 5 HEPES, and 5 HEPES(Na), pH 7.25 (osmolarity, 270 –285
mOsm). Membrane potential values were corrected for liquid junction
potentials of �12 mV. Series resistance was �70 MOhm. Only cells with
resting membrane potential (Vrest) of less than �60 mV and overshoot-
ing action potentials were analyzed. Glutamatergic EPSCs were recorded
at the reversal potential of the GABAA receptor-mediated current (�75
mV); presumptive GABAA receptor-mediated PSCs were recorded at the
EPSC reversal potential (0 mV). Whole-cell configuration was achieved
under isoflurane anesthesia (1%) vaporized with oxygen, which was im-
mediately removed upon achieving whole-cell access. Animals were con-
sidered alert when they showed consistent (�10 s) movement, which was
defined as a variable EMG and movement signal, following isoflurane
removal. Analysis of wakeful periods was confined to periods of active

movement. In animals older than P13, these periods were associated with
low-amplitude, high-frequency activity in the LFP. Few neurons were
held long enough for the animal to demonstrate quiescent or slow-wave
sleep states (defined as the absence of movement for �1 min). A sleep-
like “recovery” state could be analyzed in each animal during the 1 min
preceding wakefulness. Recovery contained frequent slow waves after
P13 and slow activity transients in younger animals, both of which are
suppressed by anesthesia (Colonnese and Khazipov; Colonnese et al.,
2010), suggesting that this is a natural, sleep-like state. In animals that did
sleep, I observed no difference between recovery and “sleep” states. Vi-
sual stimuli were provided by a 100 ms whole-field flash (100 lux) every
30 s on a background of low light (�1lux).

Data analysis. Raw traces were analyzed in Clampfit (Molecular De-
vices) and by custom-developed analysis routines in Matlab (Math-
Works). Vrest was defined in current-clamp during anesthesia after
achieving whole-cell access. Periods of “depolarization” were defined as
the time periods in which Vm was �5 mV above Vrest. This value was
chosen to reflect likely polysynaptic activity, but was below the mean
depolarization levels during active states (P13�) or slow activity tran-
sients (�P12). “Waking depolarization” was the peak of the Vm distri-
bution during wakefulness minus the peak during anesthesia (Vrest). The
presence of long-duration “silent periods” was calculated by determining
the length of all periods without depolarization, then counting the pro-
portion that was �1 s. The prevalence of “plateau potentials” was calcu-
lated as the proportion of time the neuron was in the depolarized state
and was also above spike threshold (after spikes were removed). To de-
termine “depolarization instability,” periods of quiet were removed and
instability was calculated as the � of a single Gaussian function fit to the
Vm distribution. “Spike density” was the number of action potentials per
second occurring when the neuron was in the depolarized state. Exam-
ples of these operational definitions are shown in Figure 2. For synaptic
current analysis (see Fig. 5), the peak current amplitude in response to
each visual stimulus during a 1 s poststimulus window was identified for
evoked currents. For spontaneous currents, layer 4 LFP deflections of
�150 �V were identified, and the peak current within 100 ms following
the LFP was used. For peak spontaneous current, the peak amplitude for
all currents measured during a 10 min period in the absence of visual
stimulation was identified.

Statistical analysis. Parametric analysis was applied for n � 10 for all
groups and p � 0.05 by the Shapiro–Wilk test for normality. The para-
metric statistical test used was a Student’s t test, which was applied to all
spontaneous membrane voltage data. The Wilcoxon rank sum test was
applied to synaptic current and evoked Vm data. Data are reported as the
mean � SD, unless otherwise noted.

Results
Rapid emergence of cortical desynchronization and active
states before eye opening
Whole-cell patch-clamp recordings in current-clamp mode were
initiated in rat monocular V1 under anesthesia, allowing the
measurement of Vrest. Anesthesia was then removed, and the be-
havioral state was monitored, allowing measurement of Vm dy-
namics during behavioral wakefulness (Constantinople and
Bruno, 2011). Wakeful Vm dynamics are divisible into two clear
developmental periods (Figs. 1, 2). In the first period, before P11,
wakefulness is characterized by a persistent down-state with Vm

near Vrest (for examples of network states described, see Fig.
2A,B). Membrane dynamics in these young pups were similar
during natural sleep, anesthesia, and wakefulness. All three con-
sist primarily of long-duration down-states. The continuous al-
ternation between active and down states seen in sleeping adults
was not observed in any state (Haider and McCormick, 2009). Vm

depolarization at these young ages, whether during sleep or wake-
fulness, occurs as two kinds of discrete events: (1) short bursts
lasting 200 –500 ms with no associated LFP oscillation; and (2)
slow-activity transients (SATs), 2–10 s depolarizations with asso-
ciated rapid (20 Hz) oscillations in the LFP (Colonnese and
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Khazipov; Colonnese et al., 2010). Under anesthesia, SATs disap-
pear, leaving only brief bursts of activity (Rochefort et al., 2009).
Neither short bursts nor SATs could be classified as cortical active
states because (1) their Vm dynamics are unstable, and (2) they
frequently include plateau potentials when Vm exceeds the action
potential threshold for 10 –300 ms (Fig. 2A, green boxes). Anal-
ysis of the membrane potential distribution between P8 and P11
(Fig. 1C) showed no bistability during anesthesia or sleep, as
observed in adults by others (Poulet and Petersen, 2008; Con-
stantinople and Bruno, 2011; Haider et al., 2013; Polack et al.,
2013). Instead, in all states the Vm distribution includes a single

peak at Vrest with a long unimodal decay toward depolarized
potentials.

Between P11 and P13, the second developmental period
started. From this age forward, wakefulness is associated with a
persistent depolarizing shift in Vm (Figs. 1B, 2B) that resembles
the “desynchronized” state observed in adult V1 by others (Pou-
let and Petersen, 2008; Constantinople and Bruno, 2011; Haider
et al., 2013; Polack et al., 2013). During anesthesia and natural
sleep, Vm alternates between stable depolarization (active states)
and Vrest (Figs. 1B, 2B), forming the well described slow oscilla-
tion (Steriade et al., 1993). As a result of these changes, Vm bista-
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Figure 1. Rapid and simultaneous development of stable membrane depolarization during wakefulness and sleep. A, Intracellular recording of Vm in a layer 2/3 neuron from a P10 rat V1 in the
following three states of vigilance: anesthetized (1% isoflurane), awake, and sleeping (quiet/slow-wave sleep). Action potentials are clipped for better resolution. Vrest is determined during
anesthesia, which is subsequently removed. Simultaneous monitoring of the local field potential in layer 4 (L4), and of movement by piezo-electric and EMG signals is used to determine behavioral
state and to identify cortical activity patterns. Note the absence of depolarization during wakefulness and sleep, and the presence of large-amplitude, unstable, discrete events. B, Similar recording
at P14. Note stable and persistent depolarization during wakefulness, and up– down state transitions during sleep. C, Histograms of Vm during three vigilance periods: 1% isoflurane anesthesia
(blue); 60 s before movement during recovery from isoflurane anesthesia (green); and wakefulness (red). Development of unimodal Vm distribution during wakefulness develops between P11 and
P13. Clear separation between active and down states during unconsciousness is visible by P13 but stabilizes over the next week.
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bility during sleep and anesthesia, and a
unimodal distribution at depolarized po-
tentials during wakefulness, could be ob-
served in single neurons after P13 (Fig.
1C). These changes do not appear to be
dependent on pattern vision because they
were observed as early as P13, before any
pups had opened their eyes.

Quantification of Vm dynamics by age
indicates that stable depolarization during
wakefulness is adult-like within days of its
developmental emergence (Fig. 2C–H).
The amplitude of the steady depolariza-
tion during wakefulness (waking depolar-
ization) from P8 to P11 is only �0.56 to
2.0 mV above Vrest measured under anes-
thesia (mean amplitude, 0.66 � 0.71 mV).
However, from P13 to P25 waking Vm is
8 –18 mV above Vrest (mean waking Vm,
12.9 � 2.5 mV; p � 10�18), which is sim-
ilar to adult values. There was no signifi-
cant effect of age (Fig. 2C). The amount of
time neurons spend in a depolarized state
(“time depolarized”; Fig. 2D; 15.9 � 5.1%
at P8 –P11 to 92.1 � 9.5% at P13–P25; p �
10�21) and the proportion of down-states
of �1 s during wakefulness (silent peri-
ods; Fig. 2E; 34.1 � 14.0% to 1.3 � 4.4%;
p � 10�13) show that, rather than a slow
developmental increase in the time spent
depolarized, as soon as the cortex is able to
generate a stable depolarization (active
state), it can maintain it for long periods
during behavioral wakefulness, thereby
generating an adult-like desynchronized
state.

This reorganization of network activ-
ity patterns between P11 and P13 is not a
simple increase in excitability or synaptic
input. Rather, it appears to be a rebalanc-
ing of network excitability, decreasing si-
lent periods but also reducing the total
depolarization during network activity.
This is most obvious in the presence of
plateau potentials, periods of steady Vm

depolarization above action potential
threshold, which were present only before
P13 (for examples of plateau potentials,
see Figs. 2A, 3A, green boxes). From P8 to
P11, plateau potentials occupied 10.8 �
3.5% of the time the neuron was depolar-
ized (Fig. 2F). Between P13 and P25, they
accounted for only 1.1 � 1.0% of neuro-
nal depolarization periods (p � 10�17).
Close examination of the developmental
time course shows even further reduction
in the prevalence of plateau potentials be-
tween P18 and P20 (p � 0.023, P13–P18
vs P20 –P25).

In the adult, rapid and balanced inhi-
bition counteracts recurrent excitation in
cortical networks, stabilizing Vm during
active states (Haider and McCormick,
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Figure 2. Vm dynamics show rapid development of adult-like depolarization during wakefulness. A, B, Expanded Vm traces from Figure
1 show quantification metrics used during wakefulness (color) and examples of the terms for cortical network states used in the present
study (italics). C, Waking depolarization (blue arrows) was quantified as the peak of the Vm distribution (for examples, see Fig. 1C) during
wakefulness vs Vrest. D, Time depolarized (red bars) is the percentage of total time the cell was �5 mV above Vrest. E, Silent periods (blue
line) are the percentage of periods that the cell spent at Vrest that lasted �1 s. F, The incidence of plateau potentials (green box) is the
percentage of the time depolarized the cell spent above the action potential (AP) threshold. G, The depolarization instability of depolariza-
tion periods (purple arrow) is the � of a Gaussian distribution fit to the Vm distribution during the time depolarized. H, Spike density is the
number of APs per second of depolarization. In line with previous literature, the active state (B, right column) is a stable, mostly subthresh-
old depolarization that occurs during the synchronized state in alternation with down-states (B, right column) to form the slow-wave
(Haider and McCormick, 2009). The desynchronized state (or activated state) is a persistent depolarization resembling a continuous active
state during wakefulness. By these definitions, young animals lack a desynchronized state as well as an active state. Instead, wakefulness
(andsleep)ischaracterizedbyapersistentdown-state, interruptedbylarge-amplitudeunstableactivitiesthatspendsignificanttimeabove
the AP threshold. We have previously called these activities SATs (Colonnese and Khazipov, 2010).
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2009; Renart et al., 2010). The instability of Vm during depolar-
ization periods (depolarization instability), measured as the � of
a single Gaussian fit to the Vm distribution (equivalent to the SD),
decreased between P9 –P11 and P13–P25 (Fig. 2G; from 9.5 � 2.3
to 3.9 � 1.2 mV; p � 10�9), suggesting inhibitory stabilization of
cortical activity. Surprisingly, despite the extensive interneuron
development between P13 and P25 (Huang et al., 2007), no
changes in Vm stability occurred over these ages (P13–P18 vs
P18 –P25, p � 0.6). The number of action potentials per second
of depolarization (spike density), which decreases after eye open-
ing in anesthetized mice (Rochefort et al., 2009), also showed a
rapid decrease between P11 and P13 (Fig. 2H; depolarization,
7.8 � 3.2 to 2.1 � 1.7 spikes/s; p � 10�15), providing further
evidence of reduced excitability in the network.

Maturation of the cortical network dampens visual responses
I next determined how the changes in cortical network properties
leading to the emergence of cortical desynchronization also mod-
ulates the Vm dynamics of visual responses. Visual stimulation at
P10 –P11, before the onset of cortical active states, causes unsta-
ble, large-amplitude depolarizations with multiple action poten-
tials riding on a plateau potential during both wakefulness and
sleep (Fig. 3A). After P12, during wakefulness, the visual response
becomes a small depolarizing potential on the background of
stable depolarization (Fig. 3B, top). If stimulation occurs during
a down-state (e.g., during anesthesia or sleep), the visually in-

duced depolarization is likely to be fol-
lowed by the induction of an up-state (Fig.
3B, bottom). These changes result in a de-
crease in the proportion of time Vm is
above the action potential threshold (pla-
teau potential) from 37 � 12% (n � 5) to
1.18 � 1.62% (n � 5; p � 0.008) in the 1 s
following stimulation (Fig. 3C, top), and a
decrease in evoked spiking from 8.41 �
2.88 action potentials in the second fol-
lowing stimulation at P10 –P11 to 0.76 �
0.37 action potentials at P13–P14 (p �
0.008; Fig. 3C, bottom).

Changes in intrinsic excitability
are not associated with the onset
of cortical desynchronization
To determine whether changes in Vrest or
action potential threshold contribute to
the emergence of cortical desynchroniza-
tion, I determined whether they shift rap-
idly between P11 and P13 (Fig. 4). At
P9 –P11, Vrest measured during anesthesia
is between �68 and �62 mV (mean Vrest,
�63.8 � 1.7 mV). By P13–P25, the Vrest

hyperpolarizes slightly, from �74 to �61
mV (mean Vrest, �68.7 � 4.1; p � 10�3);
however, the change is gradual (Fig. 4A),
unlike the onset of cortical desynchroni-
zation. Action potential threshold hyper-
polarized slightly, from between �40 and
�32 mV at P9 –P11 (mean action poten-
tial threshold, �35.9 � 2.4 mV) and be-
tween �46 and �31 mV at P13–P25 (mean
action potential threshold,�39.2�4.1; p�
0.02), but again the change is gradual (Fig.
4B). The total distance between Vrest and the

action potential threshold is not affected by age (P9–P11, 27.9 � 3.0
mV; P13–P25, 29.4 � 4.6 mV; p � 0.3; Fig. 4C). Thus, while changes
in intrinsic excitability likely contribute to the maturation of cortical
activity, they are not highly correlated with the emergence of cortical
activation between P11 and P13.

Rapid feedforward inhibition emerges with cortical
desynchronization and active states
To determine whether changes in thalamic feedforward inputs
contribute to the emergence of cortical active states, I measured
excitatory and inhibitory currents in voltage-clamp during light-
evoked activity in awake animals (Fig. 5). Spontaneous activity
was also measured to assay the total synaptic input to each neu-
ron and to determine whether changes in sensory-evoked activity
are specific to feedforward circuits.

Strong spontaneous and light-evoked excitatory currents are ob-
served in V1 neurons at all ages (Fig. 5A,B). Inhibitory currents
between P9 and P11, though present during spontaneous activity,
are only minimally driven by visual stimulation. As a result, in older
animals (P12–P16) the distribution of evoked and spontaneous in-
hibitory currents largely overlapped, with some tendency for evoked
currents to be larger than spontaneous events (Fig. 5C). However, in
young animals (P9–P11) �90% of evoked inhibitory currents were
smaller than the smallest spontaneous current. Excitatory currents
showed no developmental change, and spontaneous and evoked ex-
citatory current distributions overlapped at all ages (Fig. 5C). To
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quantify this relationship for each cell, I plotted the median evoked
current relative to the peak spontaneous current for each cell. This
describes the average visual response as a function of the synaptic
capacity of each neuron. For light-evoked excitatory responses, the
median-evoked current size does not change over development (Fig.
5D, bottom). From P9 to P11, it is 44–89% of the peak spontaneous
current (mean current size, 64 � 20% of peak spontaneous current),
and from P12 to P16 it is 44 to 113% (mean current size, 72 � 23%
of peak spontaneous current; p � 0.88). In contrast, the median
inhibitory response to visual stimulation changes dramatically (Fig.
5D, top). At P9–P11, it is only 6–24% of the peak spontaneous
current (mean, 14 � 8%), increasing to 38–102% (mean, 72� 23%;
p � 0.0025) at P12–P16. Peak spontaneous amplitude did not
change in the same population (Fig. 5E); thus, the change in inhibi-

tory currents is largely due to an increase in the amplitude of evoked
currents, which in young animals appears to be far below the total
inhibitory synaptic capacity of the cell. This is true neither for excit-
atory currents at either age or for inhibitory currents after P12. To
examine the total current flux transmitted by spontaneous currents,
as opposed to their amplitude, I measured the integrated current
during spontaneous activity (Fig. 5F). This spontaneous ratio of
inhibition to excitation (I/E ratio), though it appears to be increasing
with age, is not significantly different between P8–P11 and P12–P16
(1.88 � 0.77 vs 2.80 � 1.17; p � 0.16).

Slower and/or smaller GABAergic currents could contribute
to a reduced feedforward inhibitory effectiveness in the V1 of
young rats. To examine the precise temporal dynamics of each
current in relation to a known input, I measured mean light-
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Figure 5. Spontaneous but not light-evoked inhibitory currents in early cortex. A, Light-evoked (top traces) and spontaneous (bottom) synaptic currents and their associated LFP during
wakefulness in V1 of P11 rat. Presumptive GABAergic currents (red) and glutamatergic (Glu; blue) currents are recorded for each neuron, and synaptic events with similarly sized LFPs are shown for
comparison. Despite large GABAergic currents during spontaneous activity, light (green bars) evokes little synaptic response. B, Same analysis for a neuron from a P13 rat. C, Distribution of
spontaneous (gray bars) and evoked (colored bars) currents for GABAergic (top four graphs) and glutamatergic (Glu; bottom four graphs) currents. Example animals from early (P11) and later (P13)
ages are shown. D, Median evoked current (relative to peak spontaneous current) for each neuron. GABA currents are shown above in red; glutamate current are shown below in blue. E, Peak
spontaneous current used to calculate relative amplitude in D. F, I/E ratio during spontaneous activity for each neuron.
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evoked currents at each age (Fig. 6). The delay between the 30%
rise of the mean excitatory current to the inhibitory current in
single neurons shortens substantially between P11 and P12 (Fig.
6C), from 56 to 162 ms (mean, 92 � 41 ms) at P8 –P11 to �2 to
7 ms (mean, 2.6 � 3.2 ms; p � 0.0025) at P12–P16. There is a
simultaneous increase in the ratio of the peak amplitude of the
mean inhibitory to the mean excitatory evoked currents (Fig.
6D): from 0.41 to 1.01 (mean, 0.68 � 0.22) at P8 –P11 to 1.01 to
4.66 (mean, 2.26 � 1.26; p � 0.0025) at P12–P16. Because of the
longer delay in young animals, the I/E ratio measured at the peak
of the excitatory current increased even more dramatically (Fig.
6D), from 0.25 to 0.40 (mean, 0.30 � 0.64) at P9 –P11 to 0.99 to
4.51 (mean, 2.17 � 1.23; p � 0.0025) at P12–P16. These data
show that the development of fast feedforward inhibition, but not
total inhibition, is tightly locked to the maturation of cortical
desynchronization and the emergence of active states.

Discussion
The present study has identified a critical developmental check-
point in sensory cortex, namely, the capacity to maintain stable
and persistent activity in the network through balanced excita-
tion and inhibition. It has been suggested that the balanced de-
polarization during wakefulness, referred to as activation and
resulting in the desynchronized state (Steriade and McCarley,
2005), and the up-states occurring during unconsciousness (ac-
tive states) result from the same network processes; in essence,
the desynchronized state is a continuous active state (Destexhe et
al., 2007). The simultaneous emergence of both states in my re-
cordings is strong evidence for this. My data further suggest that
it is the fundamental ability of cortex to generate balanced and
stable depolarization (i.e., the active state), that is the limiting
factor in the development of stable depolarization during wake-
fulness as well as the emergence of true slow-wave sleep. Despite

moderate changes in the regulatory components of the sleep/
wake cycle and changes in retinal activity during development,
my data do not support their involvement in the emergence of
cortical desynchronization. The idea that active state develop-
ment is a limiting step in cortical development clarifies and unites
a number of disparate observations of human and animal EEG
development. These include the observations that human sleep/
wake EEG patterns are reorganized around term (André et al.,
2010; Scher, 2011), that EEG infra-slow activities (Tolonen et al.,
2007; Colonnese and Khazipov, 2010) and sensory responses
(Colonnese et al., 2010) decrease during development, and that
neural desynchronization occurs in S1 (Golshani et al., 2009) and
V1 (Rochefort et al., 2009) during these early postnatal ages.

Directly measuring intracellular Vm in vivo produced multiple
results that could not have been predicted from previous extra-
cellular and current recordings. (1) During the early period,
wakeful depolarization is not simply smaller than in the adult,
and thus below the level of detection; it is in fact not modulated
during wakefulness at all. (2) Depolarization during desynchro-
nization is adult like both in duration and amplitude as soon as it
is initiated. Thus, the desynchronized state does not develop by
stringing together brief active states, elongating immature active
states, or by a progressive and graded increase in recurrent exci-
tation and depolarization. (3) While early cortex can produce
periods of activity that superficially resemble the active state, this
cortical activity is unbalanced and unstable, and thus is unlike the
active state described in adults. (4) The key change in cortical
network dynamics associated with the onset of cortical desyn-
chronization and active states is a reduction in excitability. To-
gether, this is direct evidence that the limiting factor in the
development of cortical active states is not the development of
corticocortical excitatory connections, as previously proposed
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Figure 6. Rapid development of fast feedforward inhibition. A, Mean visually evoked currents for GABA (top red) and glutamate (Glu, top blue), and the mean visually evoked LFP from layer 4
(bottom) for the same neuron for the matched trials from a P11 (left) and P13 (right) rat. C, D, Relationship between excitatory and inhibitory currents is quantified as “Delay,” and “I @ Emax,” and
“Imax,” as shown. B, Similar layout for P13. C, Delay between excitatory and inhibitory currents by age. D, Ratio of mean inhibitory current amplitude to mean excitatory current amplitude measured
at the peak of the excitatory current (I@Emax, orange) or measured at the peak of each (Imax, red).
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(Colonnese et al., 2010). In fact, depolarization during spontane-
ous activity is sufficiently strong to drive and maintain neurons
above action potential threshold. Additionally, neither an in-
crease in excitatory spontaneous synaptic potentials nor a steady
increase in the amplitude of depolarization during periods when
the cortex is active was observed in the period leading up to the
onset of active states, either of which might implicate an increase
in excitatory synaptic connections in their developmental initia-
tion. Instead, the deficiency of early circuits appears to lie in the
opposite direction: insufficient inhibition to balance excitatory
inputs that are already in place. As described in isolated cortical
slices, unbalanced excitation limits the self-propagating activity
of the slow oscillation, shortening active states and increasing the
duration of down-states (Sanchez-Vives et al., 2010), potentially
contributing to the shortening of down-states observed here. Pre-
vious work in the somatosensory cortex in vivo showed that a
similar development of rapid inhibition is correlated with the
elimination of early gamma oscillations (Minlebaev et al., 2011).
However, the relative roles of feedforward versus feedback inhi-
bition were not quantified, and it was unclear whether this inhib-
itory development simply eliminated an immature activity
pattern or also actively induced a mature activity pattern. Here, I
provide evidence in V1 that thalamic, or feedforward, inhibition
develops later than intracortical, or feedback, inhibition. At the
same time, cortex acquires the capacity to generate the balanced
subthreshold depolarization necessary for balanced depolariza-
tion during wakefulness as well as the active state during sleep.
The mechanism of this feedforward inhibitory development is
unclear, but a similar development has been described in S1 in
vitro, where experience-dependent strengthening of thalamic
synapses on fast-spiking interneurons drives the emergence of
feedforward inhibition (Daw et al., 2007; Chittajallu and Isaac,
2010). The striking similarity to our current observations sug-
gests that a similar process occurs in V1, albeit 4 d later.

After its emergence, the amplitude, duration, and stability of
cortical depolarization during wakefulness was remarkably con-
sistent between P13 and 25. This occurs despite the significant
subsequent increase in synaptic density (Blue and Parnavelas,
1983), and the massive experience-dependent reorganization of
the structure and function of glutamatergic and GABAergic syn-
apses (Quinlan et al., 1999; Yoshii et al., 2003; Levelt and
Hübener, 2012). This stability of cortical depolarization param-
eters, despite such significant synaptic development, suggests a
strong homeostatic regulation that maintains the active-state de-
polarization within a narrow window (Maffei et al., 2012). It is
surprising to observe mature active states before visual experi-
ence and the refinement of long-range cortical connectivity, be-
cause depolarization during active states has been proposed to
transiently link relevant circuits as a mechanism for visual mem-
ory, attention, and developmental plasticity (Berkes et al., 2011;
Harris and Thiele, 2011; Aton et al., 2013). One possibility is that
while the specific intracortical connections supporting the active
state are refined during developmental plasticity, they maintain a
constant level of depolarization. This hypothesis is supported by
recent evidence showing consistent connection probability but
increasing refinement of pyramidal cell connectivity in rodent V1
during the time period examined here (Ko et al., 2013).

The lack of an active state or desynchronized state during the
developmental equivalent of the fetal period in humans provides
more evidence that cortical circuit development can be divided
into two clear periods. First, during initial formation of topo-
graphic maps, activity is provided by the periphery, generated by
specialized transient circuits that spontaneously cause bursting

activity (Blankenship and Feller, 2010). So as not to compete with
this critical retinal input, spontaneous activity within thalamic
cortex is minimized, while the transmission of this input is
maximized by delaying and minimizing feedforward inhibi-
tion. The suprathreshold depolarization and extensive syn-
chronization brought about by these network properties is
expected to support maximal depolarization, and hence plas-
ticity, of the relevant inputs. However, there is likely a tradeoff
between plasticity and the capacity for alert sensory process-
ing. A major role for the development of feedforward inhibi-
tion is to remove the effects of shared inputs in the cortical
network, allowing for the generation of desynchronization in
the cortical circuit (Renart et al., 2010). This developmental
step probably allows for alert sensory processing and further
plasticity based on the fine structure of the visual world. In-
hibitory development is likely not the sole contributor to these
changes, but rather one component in a multifactoral matu-
rational event that includes changes in retinal and thalamic
circuits as well as ascending neuromodulatory development
(Bickford et al., 2010; Colonnese and Khazipov, 2012). Deter-
mining how this critical checkpoint is controlled will increase
our understanding of how cortical activity is matched to the
changing needs of the developing animal, and may provide
novel clues for neurodevelopmental disorders that involve de-
ficient maturation of attention, cognition, or sensory process-
ing (Gogolla et al., 2009).
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Gogolla N, Leblanc JJ, Quast KB, Südhof TC, Fagiolini M, Hensch TK (2009)
Common circuit defect of excitatory-inhibitory balance in mouse models
of autism. J Neurodev Disord 1:172–181. CrossRef Medline
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