
Developmental Neurobiology. 2021;81:207–225.     | 207wileyonlinelibrary.com/journal/dneu

1 |  INTRODUCTION

In its immature state, the brain exhibits a variety of coher-
ent, synchronous activity patterns reported in several areas 
of the nervous system across many species (Allene & 
Cossart, 2010). These areas include the retina, spinal cord, 
hindbrain, hippocampus, and many cortical regions (Moody 
& Bosma,  2005). Multiple in vivo and in vitro models 

demonstrate that cortical networks exhibit complex self-  
organized activity patterns even in the absence of sensory 
stimuli (Luczak & MacLean,  2012). Artificially disrupt-
ing these activity patterns elicits homeostatic mechanisms 
to maintain circuit output during neuronal network de-
velopment, thus endorsing the necessity of Spontaneous 
Synchronous Network Activity (SSA) for proper network 
maturation (Blankenship & Feller, 2010; Stacy et al., 2005).
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Abstract
Spontaneous Synchronous Network Activity (SSA) is a hallmark of neurodevelop-
ment found in numerous central nervous system structures, including neocortex. SSA 
occurs during restricted developmental time-windows, commonly referred to as criti-
cal periods in sensory neocortex. Although part of the neocortex, the critical period 
for SSA in the medial prefrontal cortex (mPFC) and the underlying mechanisms for 
generation and propagation are unknown. Using Ca2+ imaging and whole-cell patch-
clamp in an acute mPFC slice mouse model, the development of spontaneous activity 
and SSA was investigated at cellular and network levels during the two first postnatal 
weeks. The data revealed that developing mPFC neuronal networks are spontane-
ously active and exhibit SSA in the first two postnatal weeks, with peak synchronous 
activity at postnatal days (P)8–9. Networks remain active but are desynchronized by 
the end of this 2-week period. SSA was driven by excitatory ionotropic glutamater-
gic transmission with a small contribution of excitatory GABAergic transmission at 
early time points. The neurohormone oxytocin desynchronized SSA in the first post-
natal week only without affecting concurrent spontaneous activity. By the end of the 
second postnatal week, inhibiting GABAA receptors restored SSA. These findings 
point to the emergence of GABAA receptor-mediated inhibition as a major factor in 
the termination of SSA in mouse mPFC.
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SSA dynamics are controlled by distinct molecular 
mechanisms that follow or trigger the maturation of physi-
ological and morphological cellular properties (Khazipov 
& Luhmann,  2006; Luhmann & Khazipov,  2018; McCabe 
et al., 2006, 2007). This activity is derived from the intrin-
sic network architecture and cellular properties unique to 
early developmental stages. At prenatal stages, gap junctions, 
calcium channels, and cholinergic signaling underlie the 
earliest forms of synchrony in retinal and hippocampal cir-
cuits. However, at early postnatal stages, glutamatergic and 
GABAergic receptors mediate synchrony in neocortical and 
hippocampal circuits, respectively (Allene & Cossart, 2010; 
Picardo et  al.,  2011). Different networks mediate SSA 
through different developmentally restricted mechanisms, in-
cluding early excitatory effects of gamma-aminobutyric acid 
(GABA) (Ben-Ari et al., 1989, 2012; Conhaim et al., 2011; 
Garaschuk et al., 2000) and high(er) connectivity through gap 
junctions (Blankenship & Feller, 2010; Dupont et al., 2006). 
Furthermore, a variety of cellular properties can increase 
neuronal excitability during the time period of SSA, includ-
ing low-threshold calcium currents, high cell membrane re-
sistance, and a different immature repertoire of ion channel 
subunit expression levels (Allene & Cossart, 2010; Barnett 
et al., 2014; Chamma et al., 2012; Corlew et al., 2004; Picken 
Bahrey & Moody, 2003).

The neocortex exhibits a variety of SSA patterns re-
flecting its complex developmental program (Luhmann 
et al., 2016). Relative to other neocortical regions, the me-
dial prefrontal cortex (mPFC) is one of the brain areas with 
the longest maturational periods in humans (for review see 
(Schubert et  al.,  2015)) and is proposed to undergo some 
of the latest critical periods, not fully maturing until early 
adulthood (Thomas & Johnson,  2008). However, it is not 
confirmed whether mPFC development at the neuronal 
level is also protracted postnatally in rodents as in humans. 
An increasing body of research points toward the functional 
relevance of the mPFC from early on in postnatal life with 
involvement in functions such as social interaction and an-
alyzing the emotions and intentions of others (Brumback 
et al., 2018; Gao et al., 2009; Gervain et al., 2008; Grossmann 
& Johnson,  2010). The functions and development of this 
area are especially relevant in autism spectrum disorders 
given their uneven profile of executive dysfunction and social 
deficits present even in high-functioning individuals (Gilbert 
et al., 2008; Pirone et al., 2018). Several studies point toward 
the impairment and dysfunction of deep layer neurons in the 
mPFC as a potential locus for autism pathology (Brumback 
et  al.,  2018). Yet, the trajectory of SSA and its underlying 
mechanisms during early postnatal development have not 
been fully explored in the rodent mPFC to-date.

In this study, multiphoton microscopy and whole-cell 
patch-clamp electrophysiology were used to infer the pat-
tern of spontaneous activity and SSA within the developing 

mouse mPFC and to determine the underlying mechanisms. 
The data here presented shows that peak SSA occurs at the 
beginning of the second postnatal week and ceases by the 
end of this same week, marking a limited critical period for 
SSA in the developing mPFC. Gap junctions and oxytocin 
are capable of modulating subtle effects upon spontaneous 
activity and SSA during this early postnatal period. However, 
peak network synchrony is strongly mediated by ionotropic 
glutamatergic transmission. GABAA receptor-mediated sig-
naling increases both spontaneous network excitation and 
SSA during the first postnatal week. In contrast, SSA can be 
restored by blockade of GABAA receptor-mediated inhibition 
at the end of the second postnatal week. Thus, excitatory and 
inhibitory signaling play dominant roles in the onset and ces-
sation of SSA in the developing mPFC.

2 |  MATERIALS AND METHODS

2.1 | Animal usage

All procedures involving animals were conducted in accord-
ance with national Dutch regulations and were approved by 
an animal ethics committee (DEC) of the VU University 
Amsterdam. Male C57BL/6 mouse pups aged from postnatal 
day (P) 0 to P15, where P0 was taken as the day of birth, were 
used for slice preparation and data acquisition.

2.2 | Reagents

All reagents were purchased from Sigma-Aldrich except 
when indicated otherwise. The concentration of the drugs 
used for bath perfusion were: Tetrodotoxin (TTX):1  µM; 
Carbenoxolone (CBX): 100  µM; Glycyrrhizic acid 
(GZA): 100  µM; 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNQX):10  µM; DL-2-Amino-5-phosphonopentanoic acid 
(DL-APV):50  µM; Gabazine (Tocris):10  µM; Oxytocin 
(OX): 1 µM.

Highlights

• mPFC shows spontaneous and synchronous activ-
ity during the first two postnatal weeks

• Early postnatal activity in the mPFC is driven 
largely by glutamatergic transmission

• Oxytocin is able to desynchronize early network 
activity in the mPFC

• GABA blockade can partially restore SSA at the 
end of the second postnatal week
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2.3 | Preparation of coronal mPFC 
brain slices

Mouse pups were rapidly decapitated and their brains dis-
sected out under ice-cold cutting solution containing (mM): 
110 Choline chloride, 26 NaHCO3, 10 glucose, 11.6 sodium 
ascorbate, 3.1 sodium pyruvate, 2.5 KCl, 1.3 NaH2PO4 
(Merck), 7 MgCl2, and 0.5 CaCl2 (Bureau et al., 2006); with 
osmolarity adjusted to 310 ± 5 Osm/L. Coronal slices of 300–
350 µm (dependent on the age of the animal) were obtained 
using a Microm HM 650 V slicer (Thermo Fisher Scientific; 
frequency: 70  Hz, amplitude: 0.7  mm, speed: 0.07  mm/s). 
Slices were then allowed to recover for a minimum of 1 hr 
in a holding chamber containing slightly elevated magne-
sium artificial cerebral spinal fluid (aACSF) composed of 
(mM): 125 NaCl, 3 KCl, 1.2 NaH2PO4 (Merck),10 glucose, 
26 NaHCO3, 2.5 MgCl2, and 1.6 CaCl2. The solution was 
continuously bubbled with carbogen gas (95% O2, 5% CO2).

2.4 | Bulk-loading acute brain slices

The bulk-loading of cells with Fura-2-AM was carried out 
as previously described in Dawitz et al (2011). Briefly, 
slices were transferred to a staining chamber containing 
1 ml of aACSF (the same composition as previously men-
tioned aACSF, however, the magnesium concentration 
was 1.5  mM). This chamber was heated to 34°C and then 
50  µg Fura-2-AM (Invitrogen) was diluted in 9  µl DMSO 
and 1 µl Pluronic acid (20% solution in DMSO; Invitrogen), 
vortexed for 5 min and pipetted directly on the slices. They 
were incubated for 20–40  min, depending on the age of 
the animal. After the incubation period, slices were placed 
into recording chambers that were previously coated with a 
poly(ethyleneimine)-solution, this coating discards the need 
for a metal harp as the slices stay slightly attached to the glass 
coverslip on the chamber. The chambers were then placed 
into a humidified interface constantly perfused with carbogen 
and left for a minimum of 1 hr before imaging.

2.5 | Two-photon calcium imaging

High-resolution videos were obtained using an Olympus mi-
croscope with a water immersion objective (20×; NA 0.95). 
One movie (per condition) was acquired on a TrimscopeTM 
(LaVision Biotec) using a Ti-sapphire laser tuned to 820 nm. 
Images were captured using a Hamamatsu C9100 EM-CCD 
camera at 7.65 Hz for a total of 4,000 frames on an area of 
450µmX525µm. During data acquisition, acute postnatal 
mouse brain slices were continuously perfused with oxy-
genated standard ACSF to approximately 37°C at 1 ml/min. 
After baseline recordings were obtained, drugs were washed 

into the bath for 10  min prior to reimaging under the new 
condition. At the end of each movie, a Z-stack  ±  20  µm 
(in steps of 1 µm) of the focus plane was acquired for cell 
body detection. All data collection was done with ImSpector 
Software (LaVision BioTec).

2.6 | Analysis of imaging data

Custom-built scripts in Matlab (MathWorks, USA) were 
used to analyze the imaging data (full details in Hjorth 
et al., 2016). Briefly, neurons were detected using a Z-stack, 
for each condition, where an algorithm searched for local in-
tensity maxima and a spherical region was analyzed around 
these centers creating individual regions of interest (ROI). 
These ROI were only added if the volume of the spherical 
region had a corresponding radius between 2 and 20 mm and 
a minimum area of 25 mm2 intersection of the sphere and 
the imaging plane. For each cellular ROI, the correspondent 
intensity values of the pixels within were averaged per frame 
of the recording and plotted against the total time of record-
ing to form a cell-specific activity trace. A running median 
of the relative trace was used to estimate a baseline, where 
frames with a > 10% drop in intensity, at least one standard 
deviation (SD) below the baseline and remained significantly 
below this baseline for a minimum of five frames (tested with 
a one-sided t test) were considered as a putative events. This 
procedure was repeated three times, excluding previously de-
tected putative events and using ever so stricter two-sided 
t test comparing the new putative event frames against the 
filtered baseline. Results were manually inspected and cor-
rected when necessary.

To detect synchronous network events (SSA) and to group 
neurons as being synchronous, first, the onset time of their 
events was summed on a frame-by-frame scheme and the ac-
tivity vector resulting from this was smoothed by a Gaussian 
full width at half-maximum of five frames (500 ms).This ac-
tivity vector will therefore represents a summary of the ac-
tivity present. Second, a threshold was set as five times the 
standard deviation of 500 activity vectors that were created 
by randomly shuffling the inter-event intervals of the origi-
nal activity vector. This threshold value consequently is cal-
ibrated per individual slice, dependent on both the number 
of active cells within the slice and their rates of activity. All 
events exceeding this threshold were considered as network 
events (reported as SSA in the Results). Cells that at least 
40% of network events during the trace were then considered 
synchronous (SSA cells) (Hjorth et al., 2016). This will then 
categorize neurons into silent (no activity shown), active (at 
least one spontaneous event was detected) and SSA (which 
fulfill the criteria mentioned above). In the text, reported val-
ues for the percentages of active and synchronized cells are 
given to the nearest integer.
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2.7 | Electrophysiological recordings and 
data analysis

The procedure for brain slice preparation was the same 
as for calcium imaging with the exception of dye-loading 
and slices were position into their recording chamber by 
a metal harp. The rate of perfusion, temperature, and run-
ning ACSF composition for baseline recording was kept 
as previously mentioned. All cells were pyramidal neurons 
recorded in layer 5 of the mPFC. These cells were viewed 
under infrared-differential interference contrast illumina-
tion and identified by their large triangular-shaped somata 
with a prominent dendrite and characteristic firing proper-
ties (Lee et al., 2014; Song & Moyer, 2018). For each brain 
slice, the boundaries of layer 5 was determined by observ-
ing the somata of these cells, which were typically located 
in a dense layer between 300 and 450  µm from the pial 
surface. At older ages Layer 2/3 could also be easily iden-
tified with similar characterizes but closer to the pial sur-
face. Patch pipettes were pulled to a resistance of 3–5 MΩ 
and back-filled with high Cl- intracellular solution (pH 7.3, 
290–295 mOsm) composed of (in mM): 70 K-Gluconate, 
70 KCl, 10 HEPES, 4 Mg-ATP, 4 phosphocreatine, and 0.4 
GTP. All recordings were done using a Multi-Clamp 700B 
amplifier (Molecular Devices, Palo Alto, CA, USA), low-
pass-filtered at 3 kHz, sampled at 10 kHz, digitized using 
a Digidata 1440A (Molecular Devices, Palo Alto, CA, 
USA), and stored in a PC using Clampex 10.1 (Molecular 
Devices). After breakthrough, pyramidal cells were in-
jected with several step pulses to estimate several parame-
ters. For cells from younger animals (usually less than P6), 
the protocol started at −25 pA and increased in steps of   
5 pA for a duration of 750 ms. For cell from older animals, 
the protocol started at −100 and increased in steps of 25 pA 
for a duration of 750 ms. For all voltage-clamp recordings, 
cells were held at −70 mV to isolate excitatory spontane-
ous synaptic activity, and recorded for 15 min for baseline 
levels (last 10 min used for analysis proposes), drugs were 
applied for 10  min and cells were then recorded another 
10 min. For burst discharge measurements (Figures 5 and 
6, Supporting Information Figure S1), layer 3 and 5 py-
ramidal neurons were identified in mPFC slices as before. 
Pipettes were filled with an intracellular solution contain-
ing (in mM): 125 Cs-gluconate, 5 CsCl, 4 NaCl, 10 HEPES, 
0.2 EGTA, 2 K2-phosphocreatine, 2  Mg-ATP, 0.3 GTP, 
adjusted with KOH to pH 7.3 (±290 mOsm). Recordings 
of 5  min were made per cell and cells were clamped at 
−70 mV. Electrophysiological data were analyzed offline 
using Mini Analysis Program 6.0.7 (Synaptosoft, Decatur, 
GA, USA) for excitatory synaptic events and burst dis-
charges and MATLAB (MathWorks, USA) for extracting 
and calculating basic cell properties.

2.8 | Statistics

Data are presented as mean ± SEM, except when non-nor-
mally distributed where median values are reported. Statistical 
significance was calculated using Kruskal–Wallis test, paired 
and unpaired t tests, Wilcoxon test, Mann–Whitney U test, 
Friedman test, and two-way ANOVA (GraphPad Prism; 
GraphPad Software, Inc., La Jolla, CA, USA). Nonparametric 
test statistics were used when normal distribution of analysis 
results could not be proven.

3 |  RESULTS

3.1 | SSA peaks at the start of the second 
postnatal week in mouse mPFC

To map the critical period of SSA in the mPFC, acute coronal 
brain slices were imaged using the calcium-dependent indicator 
Fura-2 from birth (P0) to the end of the second postnatal week. 
The orientation of acute mPFC brain slices was chosen to pre-
serve as much as possible the columnar structure of the mPFC 
by cutting parallel to the apical dendrites and studied activity in 
the mPFC without most of its connection to other brain areas. 
Per condition a 450 µm by 525 µm area was imaged for 4,000 
frames at 7.65 Hz (131 ms exposure) with a 2-by-2 binning. A 
minimum of 20 cells on the focal plane was necessary for slice 
consideration. At the end of each condition a Z-stack using a 
step size of 1 µm at ±20 µm from the focal plane was done for 
later 3D reconstruction of the soma.

mPFC networks were composed of silent and sponta-
neously active cells, with a percentage of the active cells 
being synchronously active (Figure  1a–c). Spontaneous 
activity altered significantly during the first two postnatal 
weeks of development (Figure 1d,e, Table 1). The percent-
age of active cells within a network increased from 22 ± 4% 
(mean ± SEM) at P0–1 to its peak at P8–9 (35 ± 2.6%), be-
fore decreasing to its lowest level at the end of the second 
postnatal week (P14–15:11 ± 2%). Within the network, the 
proportion of cells whose activity was synchronous with each 
other (see Methods for definition) also changed significantly 
over developmental age (Figure 1d, discontinuous line). At 
both the start of the first postnatal week and end of the sec-
ond postnatal week, very few cells were synchronously active 
(P0–1:4 ± 1.8%, P14–15:3 ± 1.5%). However, the proportion 
of synchronously active cells reached peak levels at P8–9 
(20 ± 2% of total cells), coincident with peak levels of active 
cells within a network.

Of the cells that were active within a network, the fre-
quency of their activity also changed significantly over the 
first two postnatal weeks (Figure 1e). Spontaneous activity 
was fairly constant around 0.01 to 0.015 Hz. During this same 
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time period, the frequency of synchronously active cells also 
altered significantly although in a distinct pattern to general 
spontaneous activity (Figure 1e). Synchronous network ac-
tivity (SSA) was negligible at P0–1 (0.0009 ± 0.0004 Hz) but 
increased to reach a peak at the start of the second postnatal 
week (P8–9:0.01 ± 0.001 Hz), before declining to a near-ab-
sence at P14–15 (0.0007 ± 0.0003 Hz).

The amplitude and area under the curve (AUC) of cal-
cium events in active cells (Supporting Information Figure 
S1a–c) was significantly affected by age with the P0–6 

group being significantly higher (amplitude 0.104 ± 0.003, 
AUC 3.93 ± 0.50) than both P7–9 (amplitude 0.093 ± 0.004, 
AUC 1.75 ± 0.14) and P10–15 (amplitude 0.079 ± 0.005, 
AUC 1.78 ± 0.30). SSA cells showed a similar outline with 
both parameters being significantly affected by age and 
P0–6 (amplitude 0.114 ± 0.006, AUC 3.05 ± 0.34) show-
ing significantly higher values in both parameters than 
P10–15 (amplitude 0.084 ± 0.006, AUC 1.63 ± 0.36) and 
higher AUC than P7–9 (amplitude 0.102  ±  0.005, AUC 
1.41 ± 0.11).

(a)

(b)

(c)

(d) (e)
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Thus, the immature mPFC exhibits a developmentally reg-
ulated pattern of SSA that increased during the first postnatal 
week, peaked at the start of the second postnatal week and 
then virtually disappeared, although the network remained 
spontaneously active. These activity profiles indicate critical 
period for SSA in the mPFC during P0 to P15, since mPFC 
networks can remain spontaneously active after P14–15 but 
synchronous activity is no longer present.

3.2 | SSA is partially intrinsic to the 
immature mPFC

To determine whether the mPFC by itself can maintain or 
self-generate spontaneous and synchronous activity, network 
activity was measured in mPFC networks (P7–9) before and 
after isolation of the surrounding cortical tissue, utilizing a 
minislice preparation (Figure 2a). Following mPFC isolation, 

Age

Active SSA
Number 
of slicesMean SD Mean SD

0–1 22.22% ±20.09 3.8% ±10.48 34

0.008572 Hz ±0.004968 0.000866 Hz ±0.002575

2–3 30.25% ±17.04 4.1% ±10.74 64

0.012315 Hz ±0.007293 0.003224 Hz ±0.007515

4–5 29.31% ±16.86 4.11% ±8.7 55

0.014044 Hz 0.013869 0.004964 Hz ±0.011807

6–7 34.1% ±25.14 16.22% ±24.28 48

0.010278 Hz ±0.007186 0.005081 Hz ±0.010361

8–9 34.71% ±25.53 19.61% ±22.32 80

0.012378 Hz ±0.009628 0.009788 Hz ±0.014202

10–11 25.23% ±23.19 13.44% ±18.89 54

0.011117 Hz ±0.010296 0.004736 Hz ±0.009505

12–13 14.85% ±14.84 5.73% ±10.32 13

0.018736 Hz ±0.015305 0.003130 Hz ±0.006735

14–15 11.3% ±10.43 3.12% ±7.74 25

0.018487 Hz ±0.038216 0.000697 Hz ±0.001735

T A B L E  1  Percentages and frequency 
of spontaneously active and SSA in 
developing mPFC networks

F I G U R E  1  Peak network synchrony (SSA) in mPFC occurs at the beginning of the second postnatal week. (a) Semiautomatically detected 
contours of the cells (masks) present on the focal plane of the example time-lapse recordings at ages P3, P8, and P13. Black-filled contours indicate 
silent cells, red-filled indicate cells that were active but no activity was synchronous, and blue-filled indicate active cells that were synchronous 
in at least one network event. Scale bar, 100 µm. (b) Raster plots of the activity from the same slices whose masks are represented in (a). Each 
identified cell is represented in a single row and the beginning of a detected event is marked with a single dot. The green horizontal line represents 
the iterative threshold for the detection of SSA. Fuchsia colored dots indicate events classified as an SSA event. (c) Five representative traces 
taken from the P8 example slice during a typical recording. Two silent cells (black traces) and three synchronized cells (blue traces) are shown. 
Arrowheads indicate spontaneous activity in the cell that was outside of SSA. (d) Percentage of active and synchronized cells from P0 to P15 in the 
mPFC. Overall spontaneous activity changed significantly with postnatal age in terms of percentage of active cells (Kruskal–Wallis H (8) = 46.73, 
p < .0001) with a significant decrease toward latest time point (P14–15) (Pairwise comparisons with independent samples Kruskal–Wallis test P0–1 
vs. P8–9, p = .036; P2–3 vs. P14–15, p < .0001; P4–5 vs. P14–15, p < .0001 P6–7 vs. P14–15, p < .0001; P8–9 vs. P12–13, p = .013 and vs. P14–
15, p < .0001). Similarly the percentage of cells whose activity is synchronized in the network, varied significantly with postnatal age (Kruskal–
Wallis H (8) = 49.29. p < .0001). SSA peaked at P6–9 from low values that decreased to near zero values by the end of the second postnatal week 
(Pairwise comparisons with independent samples Kruskal–Wallis test P0–1 vs. P6–7, p = .035 and vs. P8–9, p < .0001; P2–3 vs. P6–7, p = .001 
and vs. P8–9, p < .0001; P4–5 vs. P6–7, p = .039 and vs. P8–9, p < .0001; P6–7 vs. P14–15, p = .031; P8–9 vs. P14–15, p < .0001). (e) Frequency 
of spontaneous activity and SSA from P0 to P15 in the mPFC. The frequency of spontaneously active cells, similarly to the percentage of active 
cells, was significantly affected by age (Kruskal–Wallis H (8) = 19.99, p = .0056). SSA frequency, on the contrary, showed a bell-shaped pattern 
demonstrating a significant effect of age (Kruskal–Wallis H (8) = 41.70, p < .0001). The activity rose during the first 7 days, peaking at P8–9, 
and decreasing to near zero values by P15 (Pairwise comparisons with independent samples Kruskal–Wallis test P0–1 vs. P8–9, p < .0001; P2–3 
vs. P6–7, p = .012 and vs. P8–9, p < .0001; P4–5 vs. P8–9, p < .0001; P6–7 vs. P8–9, p < .0001 and vs. P14–15, p = .045; P8–9 vs. P14–15, 
p < .0001). Data were not normally distributed. Total number of slices per age group is: P0–1: n = 34. P2–3: n = 64. P4–5: n = 55. P6–7: n = 48. 
P8–9: n = 80. P10–11: n = 54. P11–12: n = 13. P14–15: n = 25 [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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the percentage of active cells within the network and their 
mean frequency of activity decreased significantly (Figure 2b, 
active cells: 40 ± 6.0% vs. 28 ± 4%, and Figure 2d, active cell 
frequency: 0.012  ±  0.002 vs. 0.0061  ±  0.0007). However, 
spontaneous activity persisted in all minislice preparations 
imaged. Similarly, the percentage of synchronized cells 
and their network frequency also decreased significantly 
following mPFC isolation (Figure  2c, synchronous cells: 
31 ± 7% vs. 7 ± 2%; Figure 2e, SSA: 0.013 ± 0.0045 Hz vs. 
0.0024  ±  0.0012  Hz). However, unlike spontaneous activ-
ity levels within the mPFC network, SSA disappeared in the 
vast majority of slices, with only a subset of slices (n = 5/12) 
maintaining a small percentage of synchronized cells firing 
simultaneously at a low frequency. Therefore, the mPFC can 

maintain spontaneous activity in isolation, and albeit at a re-
duced level and in a subset of cases, some persistent SSA 
remains.

3.3 | Spontaneous and synchronous activity 
in the mPFC depend on action potentials

Several studies show that cortical neuronal activity is ac-
companied by an intracellular calcium rise that is either 
caused by a depolarization in the membrane potential (Allene 
et  al.,  2008; Corlew et  al.,  2004; Yang et  al.,  2009) or by 
intracellular mechanisms that do not lead to a measurable 
electrical signal (Kandler & Katz, 1998; Yuste et al., 1992). 
To probe the mechanism used to initiate and maintain SSA, 
the sodium channel blocker tetrodotoxin (TTX) (Carter 

F I G U R E  2  Low level spontaneous activity and SSA persist in 
isolated mPFC. (a) Acute coronal slice from a P8 animal before and 
after the isolation of the mPFC. The cartoon (left) shows the mPFC 
with the anterior cingulate (AC), prelimbic (PL), infralimbic (IL) 
cortices, and forceps minor of the corpus callosum (FMI). The cartoon 
(right) displays the areas still present in the minislice after the isolation 
of the mPFC. (b) Significant decrease in the percentage of active cells 
following mPFC isolation (t (11) = 3.106, p = .01, two-tailed). (c) 
Significant reduction but persistence of synchronized cells after mPFC 
isolation (Mann–Whitney U = 36.50, p = .0014). (d) The frequency 
of active cells significantly decreased following mPFC isolation (t 
(10) = 3.57, p = .012). (e) Reduction but persistence of SSA in a 
subset of minislices (5/12) following mPFC isolation (Mann–Whitney 
U = 32.00, p = .0284). N = 12 for both baseline and minislices. 
*p < .05; **p < .01; ***p < .001; ****p < .0001 [Color figure can be 
viewed at wileyonlinelibrary.com]

(a)

(b) (c)

(d) (e)

F I G U R E  3  SSA is action potential-dependent in the developing 
mPFC. (a) Example traces from Ca2+ recordings at baseline (black) 
and after TTX incubation (orange). (b) TTX decreased both the 
percentage of active (paired t test, t (5) = 3.71, p = .0139) and 
synchronized cells within a network (paired t test, t (5) = 4.083, 
p = .0095). (c) Similarly, TTX application decreased the frequency 
of spontaneously active cells (paired t test, t (4) = 3.859, p = .0182) 
and led to a complete block of SSA (t (5) = 3.544, p = .0165). (d) A 
cell-to-cell comparison confirms a significant decrease of frequency 
of spontaneous events (paired t test, t (224) = 6.481, p < .0001). (e) 
Similarly, a paired comparison reveals a significant drop in signal 
amplitude after the application of TTX (paired t test, t (220) = 7.310, 
p < .0001). For all conditions n = 6. *p < .05; **p < .01; ***p < .001; 
****p < .0001 P7–9, n = 6 [Color figure can be viewed at 
wileyonlinelibrary.com]
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& Bean, 2009) was applied to test if the spontaneous Ca2+ 
events were caused by action potential-dependent activity.

Addition of TTX (1 µM) significantly decreased both the 
percentage of active cells and their frequency (Figure 3a–c, 
baseline 41  ±  18% vs. TTX 5  ±  7%, frequency baseline 
0.026 ± 0.015 Hz vs. TTX 0.0044 ± 0.0031). Furthermore, 
TTX induced a complete block of all synchronized activity 
within mPFC networks and no synchronized cells were present 
in any of the slices tested (Figure 3b,c, baseline 31 ± 17% vs. 
TTX complete block; frequency baseline 0.018 ± 0.017 Hz 
vs. TTX complete block). A cell-to-cell comparison of all 
imaged networks confirmed this significant decrease in 
both frequency (Figure  3d, paired t test, t (224)  =  6.481, 
p < .0001) and amplitude of the signals (Figure 3e, paired t 
test, t (220) = 7.310, p < .0001). These results demonstrate 
a clear action potential-dependence of SSA in mPFC, which 
could be mediated throughout the network via electrical and/
or chemical synaptic transmission.

A small percentage of cells (14/225 ~ 6%) actually had 
their activity increased by the presence of TTX, and all but 
one were silent before the application of the drug.

A potential explanation would be disinhibition but this 
would need to be tested due to the fact that the GABAergic 
system might not yet assume an inhibitory role, also a re-
cruitment or enhancement of apparently silent postsynaptic 
synapses could have contributed to this phenomena.

Another potential explanation would be an homeostatic 
adaptation to maintain an optimal level of neuronal activity as 
blockade of spontaneous network activity with TTX has been 
shown to an increase the frequency and amplitude of AMPA 
receptor-mediated mEPSCs in newborn rat hippocampus 
(Chowdhury & Hell, 2018; Lauri et al., 2003; Turrigiano & 
Nelson, 2004). In the retina, which shows several sequential 
mechanisms responsible for SSA, the blockade of one of 
this mechanisms makes the retina regresses to the previous 
wave-generating mechanism (Blankenship & Feller, 2010).

3.4 | Involvement of gap junctions in 
mPFC SSA

At very early stages of cortical development, chemical syn-
apses are scarce but the neocortex already expresses gap 
junctions that are involved in various processes such as neu-
rogenesis, cell migration, and synapse formation (Connors 
et  al.,  1983; Sutor & Hagerty,  2005). In newborn mice 
(P0–3), studies reported the involvement of gap junction in 
synchronous plateau assemblies (Allene et al., 2008; Dupont 
et al., 2006) and in older animals (P8–14), being involved in 
spreading waves of activity (Siegel et al., 2012). Therefore, to 
test the influence of gap junctions on early spontaneous and 
synchronous activity, slices from P0–3 mice were imaged 
under baseline conditions and either carbenoxolone (CBX, 

100  µM) or its inactive (regarding gap junction blockade) 
analog, glycyrrhizic acid (GZA, 100  µM) (Bani-Yaghoub 
et al., 1999) were acutely applied.

The presence of CBX or GZA had no significant effect 
on either the percentage of active cells or their frequency 
(Figure  4 B and D). The presence of CBX, however, in-
creased the percentage of synchronized cells (Figure  4c, 
synchronized baseline median = 0%, CBX = 4%) and their 
network frequency (Figure 4e, SSA frequency baseline me-
dian = 0 Hz, CBX = 0.002 Hz), although it is important to 
note that baseline SSA is at a low level at this immature stage 
of development (see confirmation in Figure  1e and exam-
ple of a typical raster plot in Figure  4a). As a control, no 
significant changes were observed with application of gly-
cyrrhizic acid for spontaneous activity or SSA in the mPFC 
(Figure 4b–e). Therefore, pharmacological blockade of gap 
junctions appeared to have a small facilitatory effect on SSA 
in the first few postnatal days of mPFC development, without 
an effect on general spontaneous activity.

3.5 | Maturing glutamatergic synaptic 
transmission underlies SSA in the 
developing mPFC

Excitatory synaptic transmission is a predominant feature of 
the first postnatal week of the development of rodent neocortex 
(Hestrin, 1992; Sutor & Hagerty, 2005). Neocortical forms of 
SSA has been shown to involve AMPA- and NMDA-type glu-
tamate receptors (Garaschuk et al., 2000; McCabe et al., 2006) 
with NMDA receptor signaling appearing early on during 
network formation and regulating the synaptic recruitment of 
AMPARs (Allene & Cossart, 2010). To test the involvement 
of ionotropic glutamate receptors in spontaneous activity and 
SSA in the developing mPFC, neuronal activity at different 
postnatal days was imaged before and after incubation with a 
combination of CNQX and DL-APV (Figure 5a). The combi-
nation of CNQX and DL-APV decreased the percentage of ac-
tive cells in ages older than P7 with the more pronounced effect 
on the P7–9 age group (Figure 5b, Percentage of Active: P7–9 
baseline = 36±2% vs. CNQX + DL-APV = 13±0.2%, Mann–
Whitney U  =  806.5, p  <  .0001; P10–14 baseline  =  20±2% 
vs. CNQX + DL-APV = 12±2%, Mann–Whitney U = 1,747, 
p = .0277). There was no significant effect on the frequency 
of spontaneous activity at any age measured (Figure  5c). 
However, blocking AMPA- and NMDA receptors signifi-
cantly reduced the number of synchronous cells in all age 
groups measured, with the biggest reduction being seen in the 
P7–9 groups, similar to that observed for spontaneous activ-
ity (Figure 5d, Percentage of SSA cells: P0–6 baseline = 5±1% 
vs. CNQX + DL-APV = 3±1.0%, Mann–Whitney U = 5,439, 
p  =  .0027; P7–9 baseline  =  20±2% vs. CNQX  +  DL-
APV = 3±1%, Mann–Whitney U = 1,030, p < .0001; P10–15 
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baseline  =  10±2% vs. CNQX  +  DL-APV  =  2±1%, Mann–
Whitney U  =  1,742, p  =  .0046). Similarly, SSA frequency 
significantly decreased by blocking ionotropic glutamatergic 

transmission at all ages tested to very low levels (Figure  5e 
SSA frequency: P0–6 baseline  =  0.0035  ±  0.0007  Hz vs. 
CNQX  +  DL-APV  =  0.0007  ±  0.0003  Hz, Mann–Whitney 
U = 5,301, p = .0008; P7–9 baseline = 0.0088 ± 0.0013 Hz 
vs. CNQX + DL-APV = 0.0009 ± 0.0004 Hz, Mann–Whitney 
U = 1,039, p < .0001; P10–14 baseline = 0.0034 ± 0.0001 Hz 
vs. CNQX + DL-APV = 0.0007 ± 0.0003 Hz, Mann–Whitney 
U = 1,763, p = .0066).

To validate the developmental maturation of excitatory and 
glutamatergic activity underlying network activity in mPFC, 
spontaneous excitatory synaptic activity and network burst 
discharges from individual layer 5 pyramidal neurons were 
recorded. Burst discharges were prominent in 13/66 (~20%) 
neurons recorded (Figure 5f, see inset for enlarged trace) and 
exhibited a similar developmental profile to SSA measurements 
with peak frequency of burst discharges occurring at P7–9 (ap-
pearing in 12/31 neurons recorded) and a very low frequency or 
absence in P1–3 and P10–15 (Figures 1e and 5g). In-between 
burst discharge activity, spontaneous excitatory postsynaptic 
currents (sEPSCs) were measured from the same pyramidal 
neurons. sEPSC amplitude increased significantly during the 
first postnatal week, stabilizing during the second postnatal 
week (Figures 5h, P1–3 = 14.7 ± 1.2 pA, P4–6 = 20.3 ± 5.8 
pA, P7–9  =  21.1  ±  6.2 pA, P10–15  =  20.9  ±  3.5 pA). 
sEPSC frequency also increased significantly with increas-
ing developmental age (Figures 5i, P1–3 = 0.08 ± 0.03 Hz, 
P4–6  =  0.12  ±  0.02  Hz, P7–9  =  0.45  ±  0.12, P10–
15:1.7 ± 0.37 Hz), with the highest levels and increased vari-
ability observed at P10–15, similar to the pattern of increasing 
spontaneous but non-synchronized activity recorded with cal-
cium indicators (Figures 1e and 5i).

Thus, glutamatergic synaptic activity develops significantly 
during the first two postnatal weeks of mPFC development; 
ionotropic glutamate receptors mediate a significant proportion 
of spontaneous activity across the network and are the dominant 
mechanism underlying SSA in the developing mouse mPFC.

3.6 | Removal of GABAergic inhibition 
at the end of the second postnatal week 
restores SSA

Previous reports have demonstrated little or no role for 
GABAergic transmission, particularly GABAA receptors, 
underlying SSA in neocortical slices during the initial part 
of the first postnatal week, in contrast to generation of forms 
of SSA in the hippocampus (Allene et  al., 2008; Allene & 
Cossart, 2010; Bonifazi et al., 2009; Garaschuk et al., 1998, 
2000; Picardo et al., 2011). To determine the potential contri-
bution of GABAergic transmission upon activity within the 
mPFC, we tested the effects of GABAA receptor-mediated 
inhibition by blocking both phasic and tonic elements of 
GABAA receptors (Figure 6a,b).

F I G U R E  4  Influence of gap junctions on early SSA. All 
slices recorded were from animals from P0 to P3. (a) Example 
raster plots of a P1 slice before and after the incubation with gap 
junction blocker Carbenoxolone. (b) An ANOVA of the percentage 
of active yielded significant variation between the conditions, F (2, 
73) = 6.437 p = .0027. A post hoc Tukey test showed that CBX and 
GZA differed significantly at p < .01. However, none of the drug 
condition significantly changed this when in comparison with the 
baseline (mean ± SEM: baseline 21.0 ± 2.35, CBX 34.4 ± 2.18, GZA 
19.8 ± 10.70). (c) CBX increased the percentage of synchronized 
cells in a network (Kruskal–Wallis, H (3) = 11.64, p = .003; Dunn's 
multiple comparisons test Baseline vs. Carbenoxolone, mean rank 
difference = −14.28, p < .05). GZA showed no significant change 
relative to baseline but a significant difference when compared to 
CBX (Dunn's multiple comparisons test CBX vs. GZA, mean rank 
difference = 19.04, p < .01). (d) CBX or GZA application had no 
significant effect upon the frequency of spontaneously active cells. 
(e) CBX application increased the SSA frequency (Kruskal–Wallis, H 
(3) = 13.1, p < .001, Dunn's multiple comparisons Baseline vs. CBX, 
mean rank difference = −13.07, p < .05). GZA showed no significant 
change upon SSA frequency relative to baseline but significantly 
differed from CBX (Dunn's multiple comparisons CBX vs. GZA, mean 
rank difference = 19.98, p < .01). Baseline n = 38, CBX n = 20, GZA 
n = 18. *p < .05; **p < .01; ***p < .001; ****p < .0001 [Color figure 
can be viewed at wileyonlinelibrary.com]
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F I G U R E  5  Glutamatergic synaptic transmission underlies SSA in the developing mPFC. (a1) Representative calcium fluorescence traces 
from a P8 slice at baseline (black) and after incubation with glutamatergic blockers (CNQX + DL-APV) (red). (a2) Raster plots from the slice 
whose traces are represented in (a1). (b) Blocking ionotropic glutamate transmission led to a decrease in the percentage of active cells in ages older 
than P7 (P7–9: Mann–Whitney U = 806.5, p < .0001; P10–15: Mann–Whitney U = 1747, p = .0277) but not in the P0–6 group. (c) The presence 
of CNQX + DL-APV did not alter the frequency of active cells in any age group. (d) CNQX and DL-APV significantly decrease the percentage 
of SSA cell in all age groups (P0–6: Mann–Whitney U = 5,439, p = .0027; P7–9: Mann–Whitney U = 1,030, p < .0001; P10–15: Mann–Whitney 
U = 1742, p = .0046) to values close or equal to zero. (e) Similar to the effect on the percentage of SSA cells, the presence of CNQX and DL-
APV significantly decrease SSA frequency at all ages measured (P0–6: Mann–Whitney U = 5,301, p = .0008; P7–9: Mann–Whitney U = 1,039, 
p < .0001; P10–15: Mann–Whitney U = 1763, p = .0066) with values reaching a median of zero. (f) Trace example from a recording of sEPSC 
in a P8 layer 5 pyramidal neuron in the mPFC showing burst discharges. Insert shows an expanded view of one of the bursts showing the typical 
shape of a burst with a large depolarization followed by a plateau with multiple action potentials. (g) Frequency of Burst discharges detected 
while recording sEPSC. Age has an effect on the frequency of bursts (Kruskal–Wallis H = 29.12, p < .0001) with the P7–9 groups showing 
significantly higher values in comparison to other ages (Dunn's multiple comparisons test: P1–3 vs. P7–9 *, P4–6 vs. P7–9 ***, P7–9 vs. P10–15 
*). (h) Maturation of Layer 5 PC EPSC amplitude during the first and second postnatal week displaying an increase over time (Kruskal–Wallis H 
(4) = 9.110, p = .0279) with the first postnatal day presenting significantly lower values when compared to the end time points (Dunn's multiple 
comparisons test: P1–3 vs. P7–9 *, P1–3 vs. P10–15 *). (i) Layer 5 PC EPSC frequency increases over the time period measured (Kruskal–Wallis 
H (4) = 25.85, p < .0001) with frequency at the end of the second postnatal week being significantly higher than the values on the first week 
(Dunn's multiple comparisons test: P1–3 vs. P10–15 ***, P4–6 vs. P10–15 ****). *p < .05; **p < .01; ***p < .001; ****p < .0001. For calcium 
imaging (B-E) n = number of slices: P0–6 baseline n = 160, CNQX + DL-APV = 83; P7–9 baseline n = 112, CNQX + DL-APV = 34; P10–15 
baseline n = 92, CNQX + DL-APV = 49. For patch-clamp (F-H) n = number of cells: P1–3 baseline n = 6; P4–6 baseline n = 21; P7–9 baseline 
n = 22; P10–15 baseline n = 8 [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  6  Age-dependent effects of GABAergic signaling upon SSA in mPFC. (a1) Representative calcium fluorescence traces from a P3 slice 
at baseline (black) and after incubation with Gabazine (blue). The first trace in each condition shows a silent cell. (a2) Raster plots from the slice where 
traces in A1 were extracted showing the decrease in frequency of active cells and SSA after the application of Gabazine. (b1) Representative calcium 
fluorescence traces from a P14 slice at baseline (black) and after incubation with Gabazine (blue). The two first traces in black denote silent cells. (b2) 
Raster plots from the slice where traces in B1 were extracted. Incubation with Gabazine increased the percentage of active cells, cells in SSA, and the 
increase in SSA frequency. (c) Gabazine significantly reduced the percentage of active cells in the P0–6 group (Mann–Whitney U = 2,509, p = .0344) 
while significantly increasing it at P7–9 (Mann–Whitney U = 1,204, p = .0022) and prominently at P10–15 (Mann–Whitney U = 437, p < .0001). (d) 
At the level of frequency of active cells incubation with Gabazine led to a significant decrease in the P0–6 group (Mann–Whitney U = 1886, p = .0001), 
however, it did not show any significant effect on older age groups. (e) Gabazine presence did not significantly influence the percentage of SSA cells in 
P0–6. At P7–9, inhibiting GABAA receptors increased the percentage of SSA cells significantly (Mann–Whitney U = 1,201, p = .0016) with the same 
effect being even more evidently seen in the P10–15 group (Mann–Whitney U = 366, p < .0001). (f) SSA frequency was not significantly affected by 
Gabazine in the first two age groups, while the P10–15 group showed a significant increase by gabazine (Mann–Whitney U = 111, p < .0001). (g1) 
Representative recordings of sEPSCs from a neonatal (P1) layer 5 mPFC PC, both baseline (black) and Gabazine (blue) showed low levels of activity 
and no burst discharges. (g2) Representative recordings of sEPSCs from a P13 layer 5 mPFC PC where gabazine (blue) presented multiple burst 
discharges. The insert shows an expanded view of the transient in (h) to demonstrate the typical shape of the burst found, where one large depolarization 
(>2000 pA) if followed by a prolonged repolarization phase with multiple action potentials. (h) Total number of burst discharges detected either at 
baseline level of after the incubation with gabazine. A significant effect was found over age groups (F (3, 94) = 7.788, p = .0001) and the presence 
of Gabazine also had an effect (two-way ANOVA F (1, 94) = 11.64, p = .001) especially at the end of the second postnatal week (Sidak's multiple 
comparisons test- Baseline: P10–15 vs. Gabazine: P10–15 ****). Mean is represented by + symbol. Median represented together with minimum 
and maximum values. * p < .05, ** p < .01, *** p < .001, **** p < .0001. For calcium imaging (c–f) n = number of slices: P0–6 baseline n = 160, 
Gabazine = 40; P7–9 baseline n = 112, Gabazine = 33; P10–15 baseline n = 92, Gabazine = 23. For patch-clamp (i) n = number of cells: P1–3 
baseline n = 6; P4–6 baseline n = 21; P7–9 baseline n = 22; P10–15 baseline n = 8 [Color figure can be viewed at wileyonlinelibrary.com]
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Blockade of GABAA receptors with Gabazine signifi-
cantly reduced the percentage of spontaneously active 
cells in the P0–6 group (Figure 6c median baseline = 24%, 
Gabazine  =  18%, Mann–Whitney U  =  2,509, p  =  .0344) 
while increasing this percentage in the older age groups (P7–9 
median baseline  =  30%, Gabazine  =  56%, Mann–Whitney 
U  =  1,204, p  =  .0022; P10–15 median baseline  =  13%, 
Gabazine  =  44%, Mann–Whitney U  =  437, p  <  .0001). It 
also induced a significant decrease in the frequency of active 
cells of the P0–6 group (P0–6 median baseline = 0.009 Hz, 
Gabazine = 0.005 Hz, Mann–Whitney U = 1,886, p = .0001) 
but, did not significantly change the frequency of active cells 
in older age groups (Figure 6d).

Unlike spontaneous activity, Gabazine did not significantly 
alter the percentage of synchronous cells or SSA frequency in 
the P0–6 group. It should, however, be noted that this group pres-
ents low baseline levels for both these parameters (Figure 6e,f 
(Percentage of SSA cell P0–6 mean baseline  =  5  ±  0.8% 
median  =  0, Gabazine  =  5±2% median  =  0; Frequency 
SSA cell P0–6 median baseline = 0.0035 ± 0.0007 Hz me-
dian  =  0, Gabazine  =  0.0014  ±  0.0005  Hz median  =  0)). 
However, at P7–9, blockade of GABAergic inhibition in-
creased significantly the percentage of synchronized cells 
(P7–9 median baseline  =  11%, Gabazine  =  36%, Mann–
Whitney U = 1,201, p = .0016) but without increasing SSA 
frequency significantly (P7–9 median baseline = 0.003 Hz, 
Gabazine  =  0.005  Hz). During the latter half of the sec-
ond postnatal week, Gabazine significantly increased both 
the low percentage of synchronized cells (P10–15 median 
baseline  =  0% (mean  =  10±1.7%), Gabazine  =  38.10% 
(mean = 35.5 ± 4.4%), Mann–Whitney U = 366, p < .0001), 
and prominently SSA frequency (P10–15 median base-
line = 0 Hz (mean = 0.0034 ± 0.0008), Gabazine = 0.01 Hz 
(mean  =  0.016  ±  0.0034), Mann–Whitney U  =  111, 
p < .0001).

At a single cell level, blockade of GABAA receptor-me-
diated inhibition involvement in a potential alteration of 
the level of burst discharges from layer 5 pyramidal neu-
rons during the first two postnatal weeks was also explored 
(Figure 6g,h). Gabazine did not significantly affect the occur-
rence of burst discharges during the first postnatal week but 
did induce a high frequency of spontaneous discharge events 
from P10–15 (Figure 6h, P10–15 average baseline = 0±0 Hz 
vs. Gabazine 0.016 ± 0.005 bursts).

Taken together, these findings indicate that GABAA re-
ceptor-mediated inhibition significantly modulated sponta-
neous and synchronous mPFC network activity during the 
first two postnatal weeks. During the first postnatal week, 
GABAergic blockade significantly decreased levels of spon-
taneous activity, whereas in contrast, it increased both spon-
taneous and synchronous measures of network and single cell 
activity during the second postnatal week.

3.7 | Oxytocin influences early SSA but only 
alters spontaneous activity after P7

Oxytocin is a neuropeptide with a key role in the control of 
several cognitive, social, and neuroendocrine functions and 
best known for promoting parturition and lactation. (Meyer-
Lindenberg et al., 2011; Sala et al., 2011) Maternal oxytocin 
was reported to directly control a first “GABA switch” dur-
ing parturition (Leonzino et al., 2016; Tyzio et al., 2006). To 
determine whether oxytocin can acutely modulate spontane-
ous activity and SSA in the developing mPFC, slices were 
imaged before and after being exposed to 1  µM oxytocin 
(Figure 7a).

At the beginning of the first postnatal week oxytocin 
had no significant effect on either the percentage of spon-
taneously active cells or their frequency (Figure  7b,d). 
However, at P0–6 (Figure  7c,e), it negatively influenced 
the percentage of synchronized cells (baseline = 5±1% vs. 
Oxytocin = 1±1%, Mann–Whitney U = 1,008, p = .0.032) 
and the SSA frequency (baseline = 0.0035 ± 0.0007 Hz vs. 
Oxytocin = 0.0001 ± 0.0001 Hz, Mann–Whitney U = 971, 
p = .017). At later age groups, oxytocin had no effects on the 
percentage of synchronized cells or SSA frequency. However, 
oxytocin modulated the frequency of spontaneous activity 
in the network, causing an increase in frequency at P7–9 
(baseline Mdn = 0.0087; Oxytocin Mdn = 0.016, U = 732, 
p  =  .037) but a decrease in the older age group (P10–15 
baseline Mdn = 0.007; Oxytocin Mdn = 0.004, U = 334.5, 
p = .012).

Although SSA levels are particularly low at the start of 
the first postnatal week, these results give an indication that 
oxytocin could be used to disrupt the early but not later stages 
of SSA, causing desynchronization, without interfering with 
the general spontaneous activity of cells in the developing 
mPFC.

4 |  DISCUSSION

The data outlines the developmental profile of spontaneous 
activity and the critical period of SSA in mPFC networks 
during the two first postnatal weeks in mice. For mPFC, 
the first few weeks are a period of extensive structural and 
functional synaptic development, similar to other neocortical 
regions (Feldmeyer & Radnikow, 2009; Kroon et al., 2019). 
During the first two postnatal weeks of mPFC development, 
the frequency of spontaneous network activity gradually in-
creased, while SSA showed a distinct developmentally regu-
lated pattern with its onset during the first week, peak activity 
between P8–9 and then its disappearance by P15. This was 
supported by electrophysiological recordings where burst 
discharges displayed a similar profile peaking the P7–9. Both 
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spontaneous and SSA were maintained on an isolated mPFC 
albeit to a lesser frequency and lower number of cells par-
ticipating. Both were also dependent on action potential, with 
SSA coming to a complete block when a sodium channel 
blocker was present. Pharmacological blockade of gap junc-
tions revealed a potential role of these on actually decreasing 
the number of cells activity and decreasing the frequency of 
SSA postnatally. From a mechanistic point of view SSA in 

the mPFC seems to be highly dependent on ionotropic glu-
tamatergic transmission as seen by the vast decrease (almost 
to a full block) of this type of activity in the presence of the 
blockers cocktail used at all ages measured. GABA might 
have small contribution to this activity on the earlier time 
points (P0–6) but starts assuming an inhibitory role from the 
end of the first postnatal week onward. Probably being the 
case of the extinction of the activity toward the end of its crit-
ical period. This effect is similarly seen in burst discharges in 
the presence of Gabazine.

On the contrary, spontaneous activity seems to be only 
slightly dependent on a potential excitatory role of GABA 
early on, with no involvement of glutamate. This suggests the 
involvement of a third kind of mechanism or neurotransmitter 
as for example acetylcholine (which was not feasible to be 
tested with the same protocol due to the high choline chloride 
concentration used during slice preparation). From the end 
of the first week ionotropic glutamatergic transmission has a 
significant positive contribution and GABA assumes its typ-
ical inhibitory role. However, the remaining levels of activ-
ity again suggest a third contributing element. Oxytocin was 
tested a potential contributor or modulator of early activity 
given its involvement in parturition and the GABA “switch” 
that occurs in the fetal brain during (Tyzio et al., 2006), how-
ever, it only showed some modulatory effects of synchronous 
activity in the first postnatal week.

Here, critical periods were defined as regulated time-win-
dows during which sensory experience and/or intrinsic neu-
ronal activity transmit information that is believed to be 
essential for normal development and refinement of neuronal 
circuits. These time-windows for synchronous spontaneous 
network activity in neocortical neurons have been investi-
gated from late prenatal stages through to the second post-
natal week in rodent brain. Comparisons between critical 
periods for different regions have limitations due to differ-
ences in slice/recording methodology and inexact description 
of the neocortical region, particularly in prenatal/early post-
natal stages (see Supporting Information Table S1 for over-
view). For example, in somatosensory cortex in vitro, SSA 
(identified as “early cortical network oscillations”) peaks just 
after birth (P0–P3) and is no longer present by P6–P8 (Allene 
et al., 2008) while in vivo, barrel cortex was synchronously 
active from its onset at P4 until P14 where it was sparsely 
detected (Golshani et  al.,  2009) In addition, an immature 
form of SSA has been has been reported in aged organotypic 
neocortical cultures of prenatal extraction (Chiappalone 
et  al.,  2007). In our study, the earliest age point measured 
was P0, so while we cannot rule out the presence of SSA 
before this time point in mPFC, it seems to be unlikely since 
the level of spontaneous activity at P0 was sparse and at its 
lowest relative to all later time points, and there was no syn-
chronous activity present. Taking all current data together, 
however, there seem to be no evidence for synchronous 

F I G U R E  7  Oxytocin influences early SSA but only alters 
spontaneous activity after P7. (a) Representative Raster plots of the 
effect of Oxytocin on a P5 slice, where the low level of SSA is reduced 
to zero. (b) Quantification of the effect of oxytocin incubation in the 
several age groups test on the percentage of active cells. Oxytocin 
does not have any significant effect in the percentage of active cells 
at any age tested. (c) Oxytocin significantly reduces the percentage of 
SSA cells at P0–6 (Mann–Whitney U = 1,008, p = .0.032) and shows 
no significant effect at older age groups. (d) Incubation with oxytocin 
significantly increases spontaneous activity frequency at P7–9 (during 
the peak of activity) (Mann–Whitney—baseline Mdn = 0.0087; 
Oxytocin Mdn = 0.016), U = 732, p = .037) while it decreased 
it at P10–15 (Mann–Whitney—baseline Mdn = 0.007; Oxytocin 
Mdn = 0.004), U = 334.5, p = .012). (e) Oxytocin significantly 
reduces SSA frequency at P0–6 (Mann–Whitney U = 971, p = .017) 
similar to the effect it had on the percentage of SSA cells. Likewise, 
it did not have a significant effect on older age groups. Total number 
of slices per age is: P0–6 = 17, P7–9 = 19, P10–15 = 14. The + sign 
represents the mean and the horizontal bar the average. *p < .05; 
**p < .01; ***p < .001; ****p < .0001 [Color figure can be viewed at 
wileyonlinelibrary.com]

(a)

(b)

(d) (e)

(c)

www.wileyonlinelibrary.com
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network activity occurring at significantly later time points 
in mPFC than in other neocortical regions, and thereby no 
support for a later critical period in rodent mPFC based on 
these measures.

From a mechanistic point of view, SSA in mPFC is largely 
driven by ionotropic glutamatergic transmission as indicated 
by the complete blockade of synchronous activity by iono-
tropic glutamatergic antagonists at all ages tested. A similar 
major contribution of ionotropic glutamatergic transmission 
to SSA has been observed in other cortical and hippocam-
pal areas (Bolea et  al.,  1999; Canepari et  al.,  2000; Seki 
et al., 2012). In these regions, synaptic AMPA receptors pro-
vide the depolarization needed to remove the Mg2+ block, 
permitting the participation of NMDA receptors in the cre-
ation of synchronous activity. Although not tested in this 
study, a separate block of the receptors could elucidate any 
potentially different participation in mPFC during this time 
period. In contrast to the strong glutamatergic-dependence 
of SSA, spontaneous activity during this critical period was 
only partially mediated via ionotropic glutamatergic signal-
ing. Indeed, regarding spontaneous activity in general, there 
were no significant effects of glutamatergic blockade during 
the first postnatal week, with only a significant decrease in 
the number of active cells from P7 onward––presumably 
reflecting a maturation of excitatory synaptic transmission 
from postnatal week 1 to 2 during early mPFC development 
(Kroon et al., 2019).

Unlike some forms of synchronous network activity (re-
ferred to as “giant depolarising potentials”) in the immature 
hippocampus (Garaschuk et al., 2000; McCabe et al., 2006), 
SSA in the developing mPFC does not depend on excitatory 
GABAergic neurotransmission at its peak level. This was 
shown by the lack of a negative effect of the GABAA recep-
tor-mediated antagonist, Gabazine, on both the percentage 
of cells participating in synchronous events and on the SSA 
frequency itself. Rather, blocking GABAA receptor-mediated 
signaling at the peak of SSA (P7–9) led to a higher percent-
age of synchronized cells without affecting SSA frequency, 
suggesting an inhibitory influence already upon network syn-
chrony at this time point. By the end of the second postnatal 
week (P10–15), this negative effect upon network synchrony 
persisted as removal of GABAA receptor-mediated signaling 
restored both SSA frequency and the percentage of synchro-
nous cells to values close to those previously observed at 
peak SSA levels at P7–9. These findings are supported also 
by the disinhibition seen in single cell recordings from layer 
5 mPFC pyramidal neurons, whereby at P10–15 application 
of Gabazine significantly increased the frequency of burst 
firing discharges. These results indicate that an emergence 
of ionotropic GABAergic inhibition could be responsible as a 
mechanism for the suppression of SSA in developing mPFC 
networks and a major contributory factor to the closure of 
this critical period for synchrony. This pattern of inhibitory 

maturation at the cellular level is similar to that reported in 
the CA3 area of the hippocampus where a period of enhanced 
excitability is terminated with the developmental switch in 
GABA-mediated function from an excitatory to an inhibitory 
profile (Khazipov et al., 2004). Supporting such a changing 
developmental profile in mPFC from initial GABAergic ex-
citation, a small but significant decrease in spontaneous ac-
tivity from P0–6 via Gabazine can be observed, although 
the decreases in SSA during this first postnatal week were 
nonsignificant, probably due to the very low level of SSA 
observed in only a subset of slices. It should be noted that the 
timing of the change of GABA from excitatory to inhibitory 
action, termed the GABA “switch,” differs between the hip-
pocampus and neocortex. In rodent hippocampal slices after 
P5, GABA exerts an excitatory action (Valeeva et al., 2013) 
while the somatosensory cortex shows mature levels for the 
reverse potential of chloride (an indicator of what action 
GABA will have via GABAA receptor activation) at the later 
age of P8–9 (He et al., 2014).

It is only possible to speculate how our findings on net-
work development and SSAs in mPFC brain slices translates 
to in vivo developing mPFC. Even though there are reports 
of this kind of activity in vivo the use of anesthetics is a big 
liming factor to further evaluate it mechanistically as well as 
the use of genetic models as they will likely affect develop-
mental processes. In adult mice high isoflurane doses have 
been shown to induce synchrony in local neuronal networks 
in a dose-dependent manner (Goltstein et  al.,  2015; Wang 
et al., 2020). This is thought to be by increasing activity of 
GABAA  receptors and potassium channels. One recurring 
theme is also that anesthetics acting on the GABAergic sys-
tem are likely to exert their effects differently on local corti-
cal circuits, given the differences in types of neurons present 
and their repertoire of receptors. Adding to this the repertoire 
of GABAergic receptors changes during development (Wu & 
Sun, 2015) making it even harder to compare in vivo results 
over several ages when anesthetics are present. Likewise, 
we can only speculate whether SSA plays a role in the mat-
uration of the network and the neuronal expression of chlo-
ride transporters NKCC1 and KCC2 that contribute toward 
the switch in GABA’s actions (Rivera et  al.,  1999; Schulte 
et  al.,  2018). However, regardless, the data here presented 
indicate a switch in mechanism of GABAergic action that oc-
curs at the start of the second postnatal week in rodent cortex, 
in agreement with that reported in the neocortex (Luhmann & 
Prince, 1991; Owens et al., 1996).

SSA in mPFC networks was abolished by the acute ap-
plication of TTX, indicating that it is mediated by action po-
tential-dependent activity in the slice. Electrophysiological 
recordings from pyramidal neurons confirmed the presence 
of AP burst discharges at similar frequencies to those of 
SSA measured using calcium-dependent indicators at peak 
network activity ages (see Supporting Information Figure 
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S1). These burst discharges were comprised of a large de-
polarizing event followed by a slow-repolarization wave 
containing several action potentials. These events lasted 
on average 3 s (2.8 ± 0.8 s) similar to reports from other 
neocortical areas (McCabe et al., 2006) but longer than for 
example, events in the developing hippocampus (Ben-Ari 
et al., 1989; Garaschuk et al., 1998). While network syn-
chrony in the rodent neocortex is largely mediated via local 
synaptic transmission, the synchronous waves of activity 
are reported to be initiated by extrinsic pacemakers located 
in regions including the piriform or entorhinal cortices, 
septal nuclei, hippocampus, or the contralateral cortical 
area (Barger et  al.,  2016; Easton et  al.,  2014; Garaschuk 
et al., 2000; Lischalk et al., 2009). For mPFC, the reduc-
tion of spontaneous activity and SSA seen in the minislice 
preparation points toward a partial dependency on other 
brain areas to contribute or even generate spontaneous and 
synchronous activity. Several connections to and from the 
mPFC (Riga et al., 2014) especially the hippocampal-pre-
frontal connections (Jin & Maren, 2015) can generate os-
cillations by phase-locking the neuronal firing via direct 
axonal pathways at an immature developmental stage 
(Brockmann et al., 2011). One of the limitations of in vitro 
experiments is the ablation of several connections between 
brain areas while slicing the area of interest. In addition, 
the manipulation used was a crude lesion approach with 
the potential to cause localized physical damage. However, 
given the continuation of SSA in a subset of isolated mPFC 
preparations and coupled with the persistence of neuronal 
firing in a small population of cells following TTX appli-
cation in intact slices, it could be possible the existence 
of some pacemaker-like activity within the mPFC network.

In the developing rodent retina, the earliest network 
activity is mediated by gap junctions prior to synaptic 
transmission (Blankenship & Feller,  2010).Gap junctions 
mediate some of the earliest forms of activity measured in-
cluding synchronized Ca2+ oscillations in small groups of 
neurons and precursor cells (Catsicas et al., 1998; Owens & 
Kriegstein, 1998). They also partially mediate synchronous 
plateau assemblies (SPAs) in the hippocampus of newborn 
mice (P0–3) (Allene et al., 2008). Similarly, the immature 
cerebral cortex of mice is strongly synchronized within a 
cortical column by gap junctions (Dupont et  al.,  2006). 
However, results in the mPFC show contradictory data, with 
the inhibition of gap junctions leading to an increase in the 
percentage of cells being spontaneously and synchronously 
active, and increasing the SSA frequency in slices from 
P0–3 animals. It must though be noted that spontaneous 
activity levels and SSA occurrence in mPFC was very low 
during the first few postnatal days tested. One hypothesis 
to explain the results is a disruption of inhibitory inter-
neuron coupling leading to disinhibition of the network. 
While gap junction-coupled inhibitory interneurons are 

extensively connected in the mature neocortex (reviewed 
in (Galarreta & Hestrin, 2001)) and the presence of func-
tional GABAergic synapses at early postnatal stages has 
been reported (Le Magueresse & Monyer, 2013), no study 
has shown this to exert an inhibitory control over network 
activity. Furthermore, blockade of GABAergic neurotrans-
mission in the developing mPFC networks does not support 
the role of GABA as having an inhibitory effect at the start 
of the first postnatal week but rather a small excitatory ef-
fect, since blocking phasic and tonic GABAA receptor-me-
diated transmission decreased network activity. One caveat 
of using gap junction blockers is that most of the currently 
available drugs tend to have low potency and effectiveness, 
poor selectivity, and have significant off-target effects on 
a wide range of non-connexin ion channels, receptors, 
and enzymes.(Chepkova et al., 2008; Vessey et al., 2004) 
Nonetheless, the results obtained with CBX point toward a 
small effect related to its ability to reduce connexin channel 
conductances (Davidson & Baumgarten, 1988) since GZA, 
which does not affect connexins, did not have any effect on 
the parameters evaluated when compared to baseline levels.

Oxytocin has a well-established role in both parturition 
(Arrowsmith & Wray, 2014) and lactation (Crowley, 2015) 
with perturbed oxytocin signaling linked to several neuro-
psychiatric disorders (reviewed in Cochran et al., 2013). In 
the developing rodent hippocampus, responses to oxyto-
cin are derived from its effects upon GABAergic signaling 
(Leonzino et al., 2016; Tyzio et al., 2006) or via inhibition of 
glutamatergic signaling (Ripamonti et al., 2017). In mPFC, 
we did not observe consistent effects of acute oxytocin ap-
plication upon spontaneous activity or synchrony across the 
first two postnatal weeks. Rather, oxytocin abolished the low 
level of SSA during the first postnatal week and altered the 
frequency of spontaneous activity at two later age groups but 
not levels of synchrony. Although this may hint toward an 
effect of oxytocin via inhibition of glutamatergic signaling, 
it is difficult to draw strong conclusions. Prolonged oxytocin 
application or an in utero manipulation may elucidate the role 
of oxytocin further, particularly in the early stages of SSA 
onset.

Finally, perturbation of network activity during critical peri-
ods or the alteration of the timing of these periods have been hy-
pothesized as major factors for the alteration of neuronal circuit 
formation and maturation (Allene & Cossart, 2010; Hanganu-
Opatz, 2010). Furthermore, alteration of the timing of network 
synchrony during critical periods may underlie pathophysiology 
of certain neurodevelopmental disorders (Meredith et al., 2012) 
including Fragile X Syndrome (Goncalves et  al.,  2013) and 
Rett Syndrome (Contractor et  al.,  2015; He et  al.,  2017; Lu 
et al., 2016). The mPFC plays an important role in several cog-
nitive and executive function processes (Miller,  2000) and is 
vulnerable in specific neurodevelopmental disorders (Schubert 
et  al.,  2015). Knowledge of the critical periods for network 
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synchrony in the neurotypically developing rodent brain and the 
underlying mechanisms may be important for deciphering pre-
frontal cortex alterations in brain disorders and the opportunity 
for early pharmacological manipulations with pharmacothera-
peutic potential.
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