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SUMMARY

Spontaneous network activity shapes emerging neuronal circuits during early brain development prior to
sensory perception. However, how neuromodulation influences this activity is not fully understood. Here,
we report that the neuromodulator oxytocin differentially shapes spontaneous activity patterns across sensory cortices. In vivo, oxytocin strongly decreased the frequency and pairwise correlations of spontaneous
activity events in the primary visual cortex (V1), but it did not affect the frequency of spontaneous network
events in the somatosensory cortex (S1). Patch-clamp recordings in slices and RNAscope showed that
oxytocin affects S1 excitatory and inhibitory neurons similarly, whereas in V1, oxytocin targets only inhibitory
neurons. Somatostatin-positive (SST+) interneurons expressed the oxytocin receptor and were activated by
oxytocin in V1. Accordingly, pharmacogenetic silencing of V1 SST+ interneurons fully blocked oxytocin’s effect on inhibition in vitro as well its effect on spontaneous activity patterns in vivo. Thus, oxytocin decreases
the excitatory/inhibitory (E/I) ratio by recruiting SST+ interneurons and modulates specific features of V1
spontaneous activity patterns that are crucial for the wiring and refining of developing sensory circuits.
INTRODUCTION
In the developing brain, neuronal connections form with remarkable precision. First, axons grow to predetermined target areas
guided by molecular cues. Subsequently, activity-dependent
processes refine synaptic connections:1–3 already before the
senses become active, spontaneous activity drives synaptic
refinement to prepare the brain for interacting with the
outside world. Finally, circuits adapt to the prevalent environmental conditions through sensory-experience-driven plasticity
mechanisms.
Spontaneous activity is expressed in specific patterns, and
these patterns are crucial for the appropriate wiring of neurons.
For example, in the developing retina, waves of spontaneous activity travel at specific speeds, in various directions, and with
different wave front shapes.4,5 Retinal waves drive highly structured activity patterns in the central visual system, including
the primary visual cortex.6–8 Perturbing these activity patterns
leads to miswiring of the central visual system.9–11

During the period when synaptic connections are shaped by
spontaneous activity, neuromodulators play an important role
in the development of cortical circuits.12–14 One of them,
oxytocin, is particularly prominently expressed in sensory
cortices during the first 2 postnatal weeks and decreases thereafter until the end of the 3rd postnatal week, when it reaches adult
levels.15 Similarly, oxytocin receptor ligand binding, immunolabeling, and mRNA expression in sensory cortices peak during the
2nd postnatal week and decrease thereafter.15–17 Thus, oxytocin
is most likely required for the development of sensory circuits
during the 1st postnatal weeks in addition to its roles in social
sensory processing in adults, where oxytocin increases the
sensitivity of auditory cortex neurons to pup calls,18 modulates
odor processing in the olfactory and accessory systems,19 and
shapes social sensory perception.20,21 Oxytocin modulates synaptic transmission in the developing forebrain. For example,
oxytocin is required for cross-modal, experience-driven synaptic
plasticity in the somatosensory cortex during the first 2 weeks of
life.15 Moreover, oxytocin triggers a temporary switch of
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Figure 1. Oxytocin Affects Spontaneous Network
Events Differentially across Sensory Cortices
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hippocampal GABA receptor action from excitatory to inhibitory.12,22 However, it has been unclear whether spontaneous
activity patterns, which drive synaptic plasticity before experience-driven refinement occurs,23 are regulated by oxytocin as
well.
Here, we asked whether oxytocin signaling shapes neuronal
activity patterns in the primary visual (V1) and somatosensory
cortices (S1) during the 2nd postnatal week. We found that, while
in S1, oxytocin activates inhibitory and excitatory neurons similarly and does not affect the frequency of network activity, in
V1, oxytocin recruits specifically somatostatin-expressing
(SST+) interneurons to control network activity frequency and
correlation, properties known to determine the refinement of
synaptic connections in V1 prior to eye opening.
RESULTS
Oxytocin Modulates Spontaneous Cortical Activity
Differentially across Sensory Areas
To study the role of the neuromodulator oxytocin in developing
sensory cortices, we first asked whether oxytocin receptor activation modulates large-scale spontaneous activity patterns. We
used in utero electroporation to express the calcium sensor
GCaMP6s in layer 2/3 pyramidal cells across V1, higher visual
areas, and the barrel cortex. Then, we performed wide-field
2 Current Biology 31, 1–12, January 25, 2021
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(A) Wide-field calcium imaging of spontaneous activity in V1
and S1 before eye opening. (Left) Single-frame images
depict network events activating V1 and/or S1 during
baseline recordings before oxytocin application. (Right)
Network events after oxytocin (Oxt) application are shown.
(B) Traces show fluorescent changes in V1 and S1 before
and after oxytocin application.
(C) Superimposition of all network events detected during a
5-min baseline recording (left) and after oxytocin application
(right). Color code indicates the frequency of the detected
events. V1 activity is strongly reduced.
(D) Network event frequency in V1 and S1 during baseline
and after oxytocin application. Time courses represent 5min averages. The horizontal bars above the line plots
indicate the time points when the values for each time bin
differed significantly from baseline (dark shades; paired
two-tailed t test; p < 0.05; without multi-measurement
correction). *p = 0.016 (n = 7 animals; Wilcoxon test).
(E) Network event area.
(F) Network event amplitude.
(G) Network event duration.
Data are represented as mean ± SEM. See also Figure S6.

S1

in vivo calcium imaging in lightly anesthetized
pups between postnatal days (P) 9 and 13. We
observed spontaneous network activity in V1,
S1, and higher visual areas (Figures 1A and 1B).
Frequently, network events were confined to individual sensory regions but sometimes occurred
across the entire field of view. After topical appliS1
V1
cation of oxytocin (1 mM) onto the cortical surface
(for details, see STAR Methods), the occurrence
of network events was strongly decreased in V1
but only modestly changed in S1 (Figures 1A–1D). Control application of cortex buffer without oxytocin did not change the frequency of calcium events (V1 mean frequency before cortex
buffer 0.042 ± 0.002 Hz; after 0.044 ± 0.004 Hz; p > 0.05; n =
4; Wilcoxon test. S1 mean frequency before cortex buffer
0.042 ± 0.003 Hz; after 0.044 ± 0.004 Hz; p > 0.05; n = 4; Wilcoxon test). Surprisingly, the response of V1 and S1 differed
significantly (percentage of change V1: 43.5% ± 7.9%; S1:
7.9% ± 5.2%; p = 0.0026; n = 7; unpaired two-tailed t test).
Network event area, amplitude, or duration was not affected
(Figures 1E–1G).
Oxytocin Desynchronizes Spontaneous V1 Network
Activity
To evaluate how oxytocin modulates the activity of individual
neurons in the developing cortical network, we performed
in vivo two-photon calcium imaging in V1 of lightly anesthetized
neonatal mice. Layer 2/3 cells were labeled with the calcium indicator Oregon Green BAPTA-1 (OGB-1) by bolus loading.24
Oxytocin application decreased the frequency of calcium
events transiently (Figures 2A–2C) without affecting their amplitude (Figure 2D), in line with our wide-field experiments. In control experiments, where we applied cortex buffer without
oxytocin, frequency and amplitude were unaffected (Figures
S1A and S1B).
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Because the correlational structure of spontaneous network
activity determines its role in network refinement,25 we also
investigated whether oxytocin affected the pairwise correlations
between spontaneously active neurons. We observed that
oxytocin application decreased the mean Pearson correlation
coefficients across pairs of neurons (Figures 2E and 2F),
whereas cortex buffer applications did not affect such correlations (Figures 2E and 2F). Next, we explored changes in correlations at the level of individual neurons after oxytocin application
in more detail. We plotted pairwise correlations for all experiments during baseline against the correlations after oxytocin or
cortex buffer application (Figures S1C and S1D). Again, we
observed that oxytocin, but not cortex buffer application,
strongly decreased correlations across the entire population.
There were essentially no neuronal pairs that showed increased
correlations (Figure S1C). We further found that oxytocin had a
subtractive effect on neuronal correlations (Figures 2G and
2H), such that more distal pairs of neurons were proportionally
decorrelated more strongly by oxytocin than nearby neuronal
pairs (Figures 2I and 2J). Finally, we investigated whether the
changes in correlations between all neurons occurred uniformly
or whether specific pairs of neurons underwent changes in their
correlations. To address this question, we first computed the
correlation matrices at different time points (Figure 2K). Interestingly, we saw that, during late oxytocin, when the frequency of
calcium events had returned to baseline (mean baseline:
0.032 ± 0.004 Hz; mean 125–135 min: 0.027 ± 0.003 Hz; p =
0.14; paired two-tailed t test), the correlation matrices exhibited
sustained structural differences in the correlational structure of
subsets of cells (Figure 2K, inset). To quantify these differences,
we computed the mean squared distance (MSD) between the
baseline matrix and the matrices computed at varying time
points and found that networks treated with oxytocin exhibited
a sustained higher distance compared to baseline (p = 0.038,
repeated-measures one-way ANOVA; mean baseline: 0.1 ±
0.04; mean 60–70 min: 6.36 ± 1.56, p = 0.007; mean 90–
100 min: 4.52 ± 1.12, p = 0.008; mean 125–135 min: 2.94 ±
0.6, p = 0.009; post hoc paired two-tailed t test). Conversely,
the MSD was unchanged with cortex buffer application (p =
0.19; repeated-measures one-way ANOVA; Figure 2L). These
oxytocin-induced changes in network activity patterns may
reflect differences in functional connectivity between the imaged
neurons or their shared inputs, because response correlations
are indicative of strong synaptic connections in the adult and
probably common feedforward inputs in the developing visual
cortex.26,27
Oxytocin Affects the E/I Ratio Differentially across
Sensory Areas
To investigate whether the differential modulation of V1 and S1
by oxytocin as described above (Figure 1) can be explained by
differences in the distribution of the oxytocin receptor in these
areas, we used RNAscope to detect Oxtr, Scl17a7 (coding for
VGLUT1), and Gad1 mRNA in the cortex at P10. We found that
Oxtr was expressed in V1 as well as in S1 (Figure 3). However,
in V1, Oxtr co-localized almost exclusively with the Gad1 signal
(Figures 3B–3D), whereas in S1, the Oxtr signal co-localized
with both the VGLUT1 and Gad1 signal (Figures 3F–3H). These
observations suggested that differences between V1 and S1 in
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oxytocin receptor expression on the cellular level could explain
oxytocin’s differential effect in these areas. To test this idea functionally, we examined how oxytocin regulated excitatory and
inhibitory synaptic transmission in V1 and S1. Whole-cell
patch-clamp recordings of layer 2/3 pyramidal neurons in slices
from V1 showed that oxytocin affected neither the frequency nor
the amplitude of spontaneous excitatory postsynaptic currents
(sEPSCs) (Figures 4A–4C). Next, we measured spontaneous
inhibitory postsynaptic currents (sIPSCs) at the reversal potential
of glutamate-receptor-mediated currents. We found that the frequency of sIPSCs, in contrast to that of sEPSCs, was strongly
increased after oxytocin bath application (Figures 4D and 4E).
The amplitude of sIPSCs was unaffected (Figure 4F). To test
whether this increase in frequency was mediated by the specific
activation of the oxytocin and not the vasopressin 1A receptor,28
which can be activated by oxytocin as well,29 we blocked the
oxytocin receptor using its specific antagonist OTA.30 OTA prevented the oxytocin-mediated increase in sIPSC frequency
entirely (fold-change oxytocin only, Figure 4E: 4.95 ± 1.53;
oxytocin + OTA, Figure S2: 0.98 ± 0.32; p = 0.012; unpaired
two-tailed Mann-Whitney test), demonstrating that this effect
was mediated by the oxytocin receptor. Thus, activation of the
oxytocin receptor increased the inhibitory tone in V1 dramatically
but did not affect excitatory synaptic transmission.
In contrast to V1, in S1, oxytocin bath application increased
sEPSC frequency in layer 2/3 pyramidal cells (Figures 4H and
4I). Again, sEPSC amplitude was unaffected (Figure 4J). The frequency of sIPSCs was increased but less pronounced than in V1
(Figures 4K and 4L); amplitudes were unaffected (Figure 4M).
Thus, oxytocin shifted the E/I ratio in V1 toward inhibition (Figure 4G; p < 0.001; repeated-measurement two-way ANOVA)
but did not affect E/I significantly in S1 (Figure 4N). These experiments suggested that differences in the magnitude of inhibitory
versus excitatory synaptic activity modulation accounted for the
differences in the effect of oxytocin on spontaneous network activity in V1 versus S1.
Oxytocin Targets SST+ Interneurons in the Developing
V1
Because we observed that oxytocin shaped spontaneous activity patterns effectively in V1, but not in S1, we focused next on
the cellular mechanism of oxytocin-mediated facilitation of inhibition in V1. First, we measured miniature IPSCs (mIPSCs) before
and after oxytocin bath application and found that mIPSC frequency and amplitude were unaffected by oxytocin (Figures
5A–5C). This indicated that the number of inhibitory synapses,
the density of postsynaptic receptors, or changes in the presynaptic release machinery could not explain the increase in sIPSC
frequency described above.
To search for alternative causes of the increased inhibitory activity, we performed voltage-clamp recordings in inhibitory interneurons. We used two mouse lines expressing TdTomato to
target inhibitory neurons in general (GAD2-Cre;Rosa26-TdTomato) or somatostatin-expressing interneurons specifically
(SST-Cre;Rosa26-TdTomato). We focused on SST+ interneurons for four reasons: (1) RNA sequencing (RNA-seq) data in
adulthood showed that V1 oxytocin receptors are expressed primarily in SST+ interneurons (Figure S3A; Allen Brain Atlas data
portal: http://casestudies.brain-map.org/celltax).31 (2) We found
Current Biology 31, 1–12, January 25, 2021 3
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(A and B) V1 network activity before and after
oxytocin application. (Left) Layer 2/3 neurons
labeled with the calcium indicator Oregon GreenBAPTA 1 are shown. Traces show fluorescent
changes of three example neurons and the average
activity across all cells.
(C) Network event frequency during baseline and
after oxytocin application. Imaging resumed
approximately 10 min after oxytocin application. The
frequency of network events was reduced after
oxytocin application. The horizontal bar indicates
significant deviations from baseline as in Figure 1
(dark shades; paired two-tailed t test; p < 0.05;
without multi-measurement correction). *p = 0.015
(n = 8 animals; paired two-tailed t test).
(D) Network event amplitude during baseline and
after oxytocin application.
(E) Time course of pairwise Pearson correlation coefficients before and after oxytocin and cortex buffer
application. Dashed vertical line indicates the time
point of oxytocin or cortex buffer application. Time
course represents averages of sliding 7-min window
(for details see STAR Methods). The horizontal bar
indicates significant deviations from baseline as in
Figure 1 (dark shades; paired two-tailed t test; p <
0.05; without multi-measurement correction).
(F) Mean correlations after oxytocin or cortex buffer
control applications. **p = 0.003 (n = 7 for oxytocin;
n = 6 for cortex buffer; paired two-tailed t test).
(G) Pairwise correlations plotted against interneuronal distance for an example of oxytocin (left) and
cortex buffer (right) conditions.
(H) Mean pairwise correlations in oxytocin and cortex buffer condition. Note that baseline condition
and cortex buffer display the same profile.
(I) Change in pairwise correlations plotted against
interneuronal distance for an example of oxytocin
(left) and cortex buffer (right) conditions. Dashed
lines indicate zero change in correlations. Colored
lines indicate linear fits (left, p < 1010; right, p = 0.47;
paired two-tailed t test).
(J) Pearson correlation coefficients between pairwise distances and percentages of change in correlations for all animals in oxytocin and cortex buffer
condition. Arrowheads indicate the examples shown
in (I). *p = 0.037 (n = 7 for oxytocin; n = 6 for cortex
buffer; unpaired two-tailed t test).
(K) Correlation matrices computed baseline, early
oxytocin (60 min), and late oxytocin (125 min). Red
dotted square indicates an example of a subgroup of
neurons that undergo structural changes.
(L) Normalized mean squared distances (MSDs)
between the baseline matrix and the correlation
matrices computed from a sliding 7-min window (see
STAR Methods for details) as function of time for
oxytocin and cortex buffer conditions.
Data are represented as mean ± SEM. See also
Figure S1.
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Figure 3. Oxytocin Receptor mRNA Is Differentially Expressed across Sensory Cortices
(A) Cresyl violet Nissl staining of a sagittal section from V1 at low magnification. Numbers indicate cortical layers.
(B) Dual-color RNAscope staining of VGLUT1 and Oxtr mRNA in a V1 sagittal section. Left: low magnification is shown. Right: high magnification is shown. Note
that the Oxtr signal was largely non-overlapping with the VGLUT1 signal (arrowheads indicate VGLUT1/Oxtr+ neurons).
(C) Dual-color RNAscope staining of Gad1 and Oxtr mRNA in a V1 sagittal section. Left: low magnification is shown. Right: high magnification is shown; note that
the Oxtr signal co-localized with the Gad1 signal (double arrowhead Gad1+/Oxtr+) and not with Gad1 neurons.
(D) Quantification.
(E) Cresyl violet Nissl staining of a sagittal section from S1 (same section as in A) at low magnification. Numbers indicate cortical layers.
(F) Dual-color RNAscope staining of VGLUT1 and Oxtr mRNA in an S1 sagittal section. Left: low magnification is shown. Right: high magnification is shown; note
the superposition of the two signals (double arrowheads, VGLUT1+/Oxtr+).
(G) Dual-color RNAscope staining of Gad1 and Oxtr mRNA in an S1 sagittal section. Left: low magnification is shown. Right: high magnification is shown; note that
the Oxtr signal co-localized with both Gad1+ and Gad1 signal (double arrowheads indicate Gad1+/Oxtr+; arrowhead indicates Gad1/Oxtr+ neuron).
(H) Quantification.

here that, already at P10, oxytocin receptor mRNA is expressed
almost exclusively in SST+ interneurons in layer 2/3 of V1 (Figure 5D). (3) Decreases in network correlations similar to those
described above can be induced by SST+ interneuron-mediated
lateral inhibition.32,33 (4) We observed here that the rise rate of V1
and S1 sIPSCs increased in response to oxytocin application
(Figure S3B). Because the sIPSC rise rate is larger for synapses
that are located distally in the dendritic tree, this result indicated
that oxytocin preferentially increased the frequency of inhibitory
inputs at distal dendrites, which receive the majority of SST+
interneuron inputs.34
Therefore, we investigated the effect of oxytocin on SST+ interneurons. We recorded from SST+ neurons in voltage-clamp
mode at 60 mV and blocked NMDA, AMPA, and GABAA receptor-mediated currents using D-AP5, NBQX, and SR95531,
respectively, to prevent oxytocin-mediated network effects. In
this configuration, we recorded oxytocin-mediated inward currents in almost all SST+ neurons (83%; amplitude: 27 ±
16 pA; Figures 5E–5G). Oxytocin did not trigger inward currents
in any of the SST neurons in slices from the same SST-Cre;Rosa26-TdTomato mice. We concluded that oxytocin triggered
depolarizing inward currents specifically in SST+ interneurons.
Accordingly, we observed oxytocin induced inward currents in
29% of GAD2+ interneurons (Figure 5G), which is similar to the

proportion of SST+ neurons within the entire population of V1 interneurons (23%).35
Together, these results indicated that oxytocin mediated the
increase in inhibitory synaptic activity in V1 through activation
of SST+ interneurons. To test this idea directly, we asked
whether specifically downregulating SST+ interneurons might
prevent the oxytocin-induced increase in overall inhibition (Figure 5H). We performed voltage-clamp recordings of layer 2/3
neurons in acute slices from V1 of transgenic neonatal mice
where SST+ interneurons expressed inhibitory designer receptors activated by designer drugs (iDREADDs) (SSTCre;GiDreadd). Bath application of CNO, the activator of iDREADDs,
did not affect the baseline frequency of sIPSCs (Figures 5I and
5J), suggesting that SST+ interneurons were only sparsely active
in our slice preparation. Then, we applied oxytocin and found
that it did not increase sIPSC frequency in the presence of
CNO (Figures 5I and 5J), in contrast to our previous results in slices from wild-type (WT) mice (Figure 4E; fold-change WT: 4.95 ±
1.53; iDREADD: 0.95 ± 0.07; p < 0.0001; Mann-Whitney test).
Additional control experiments showed that oxytocin did increase the frequency of sIPSCs in neurons from iDREADD-expressing animals in the absence of CNO, but not their amplitude
(Figures 5J, inset; S4A; and S4B), and that CNO by itself did not
change the sIPSC frequency (Figures S4C and S4D). These
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across Sensory Cortices
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(A) Voltage-clamp recordings of spontaneous excitatory postsynaptic currents (sEPSCs) during baseline (Bl) and after oxytocin
bath application in acute visual cortex slices.
(B) Frequency of sEPSCs before, during, and after oxytocin
application. In the visual cortex, oxytocin did not affect EPSC
frequency. p > 0.05 (n = 7 cells; paired two-tailed t test).
(C) Oxytocin did not affect sEPSC amplitude. p > 0.05 (n = 7 cells;
paired two-tailed t test).
(D) Spontaneous inhibitory postsynaptic currents (sIPSCs) before
and after oxytocin application.
(E) Oxytocin led to a strong increase in sIPSCs. ****p = 8.2 3 105
(n = 8 cells; paired two-tailed t test).
(F) Oxytocin did not affect the amplitude of sIPSCs. p > 0.05 (n = 8
cells; paired two-tailed t test).
(G) In the visual cortex, oxytocin led to a 5 times increase of
sIPSCs, but sEPSCs were unaffected. ***p = 0.0003 (n = 7 and n =
8 cells for V1 sEPSCs and sIPSCs, respectively; Mann-Whitney
test).
(H) Voltage-clamp recordings of sEPSCs before and after
oxytocin bath application in somatosensory cortex slices.
(I) Application of oxytocin increased the frequency of sEPSCs in
the somatosensory cortex slightly. **p = 0.0014 (n = 7; paired twotailed t test).
(J) Oxytocin did not affect the amplitude of sEPSCs. p > 0.05 (n = 7
cells; paired two-tailed t test).
(K) sIPSCs before and after oxytocin application.
(L) Oxytocin led to a transient increase in sIPSCs. **p = 0.002 (n = 8
cells; paired two-tailed t test).
(M) Oxytocin did not affect the amplitude of sIPSCs. p > 0.05 (n = 8
cells; paired two-tailed t test).
(N) In the somatosensory cortex, oxytocin led to similar increases
in sIPSC and sEPSC frequency. p = 0.11 (n = 7 and n = 8 cells for
S1 sEPSCs and sIPSCs, respectively; unpaired two-tailed t test).
Data are represented as mean ± SEM. See also Figure S2.
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results showed that activation of SST+ interneurons is required
for the oxytocin-induced increase in inhibition.
Oxytocin Enhances SST+ Neuron Excitability
Our results suggested that oxytocin triggered inward currents in
SST+ interneurons (Figures 5E–5G) and that oxytocin-dependent
enhancement of SST+ interneuron firing mediated its effect on
network activity (Figures 5H–5J). Therefore, we investigated
next whether and how oxytocin-induced inward currents
enhanced SST+ neuron firing. In current-clamp mode, we injected a constant current to set the membrane potential of V1
layer 2/3 SST+ interneurons to 60 mV in the presence of the
transmitter receptor blockers D-AP5, NBQX, and SR95531.
Then, we applied oxytocin while keeping the holding current constant. We observed that oxytocin induced a depolarization of
4.5 ± 0.4 mV (Figure 6A), which exhibited the same transient temporal profile as the sIPSC frequency increase shown in Figure 4E.
Current-clamp recordings (Figure 6B) revealed an increase in the
firing rate of SST+ interneurons after oxytocin application (Figure 6C). We further studied how oxytocin affected the action potential (AP) properties of SST+ interneurons. Oxytocin (1)
increased the AP amplitude and overshoot (Figures 6D and
S5A; +2.63 ± 0.78 mV and +2.01 ± 0.93 mV, respectively), (2)
broadened the AP width (+0.18 ± 0.03 ms at half-maximum; Figures 6D and 6E), and (3) decreased the time required to generate
6 Current Biology 31, 1–12, January 25, 2021

an AP from the onset of current injection (1.97 ± 0.32 ms; Figure 6F). In addition, oxytocin modulated AP kinetics as it
decreased the maximal speed of voltage change (dV/dt; Figures
S5B and S5C). Thus, oxytocin increased the firing capacity and
AP properties of V1 layer 2/3 SST+ neurons, most likely by depolarizing their resting membrane potential, as described for PV+ interneurons in the hippocampus.36 Knowing how oxytocin affects
SST+ interneuron activity, we used this information to better understand how oxytocin generated the observed distance-dependent change in correlations. We implemented a recurrent spiking
neural network based on a multi-layer model of the thalamocortical system (Figure 6G).37 To mimic the effect of oxytocin, we
increased the resting membrane potential of 25% of the inhibitory neurons, corresponding to the population of SST+ interneurons (Figure 6H). This elevation in membrane potential increased
the firing rate of SST+ interneurons for identical current injections
(Figure 6I) similarly as observed in our data (Figure 6C). Consequently, in the simulated network, firing of excitatory neurons
was strongly suppressed. Inhibitory neurons fired slightly less
as well, because their excitatory inputs were largely diminished
(Figure 6J). In addition, oxytocin strongly decreased the temporal
synchronization of excitatory neurons (Figures 6K and 6L),
generating a comparable decrease of correlations over distance
as in our experimental data (Figures 2G–2J). This result supported the idea that the increased inhibitory drive produced by
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Figure 5. SST+ Interneurons Mediate the Oxytocin-Induced Increase
in Inhibitory Synaptic Activity in V1
(A) Voltage-clamp recordings of spontaneous miniature synaptic excitatory
postsynaptic currents (mIPSCs) in the presence of tetrodotoxin (TTX) (0.5 mM)
before and after oxytocin bath application in V1 slices.
(B) The frequency of mIPSCs was not affected by oxytocin. p > 0.05 (n = 7 cells;
paired two-tailed t test).
(C) The amplitude of mIPSCs was not affected by oxytocin. p > 0.05 (n = 7 cells;
paired two-tailed t test).
(D) V1 Oxtr and Sst mRNA transcripts. Note the superposition of the two signals (arrowhead: Sst+/Oxtr+ neurons: 93%; Sst/Oxtr+ neurons: 2%).
(E) Examples of voltage-clamp recordings at holding potential of 60 mV from
a somatostatin-expressing neuron (SST+) (SST-Cre;Rosa26-TdTomato), an
unlabeled neuron (SST), and a GAD2+ neuron (GAD2+) (GAD2-Cre;Rosa26TdTomato) before and after oxytocin application. Oxytocin induced an inward
current in the SST+ neuron, but not in the unlabeled (most likely excitatory)
neuron or in the GAD2+ neuron.
(F) Group data of oxytocin-induced inward currents: SST+ n = 17 cells; SST
n = 7 cells; and GAD2+ n = 7 cells. *p = 0.021; **p = 0.0044. Kruskal-Wallis test,
followed by a Dunn test.
(G) Percentage of cells with oxytocin-induced inward currents. Almost all SST+
neurons show oxytocin-mediated currents (14/17 cells) but none of the SST
neurons (0/7 cells) and a fraction of GAD2+ cells (2/7 cells).
(H) Schematic representation of the experimental paradigm: pyramidal neurons in slices from a transgenic mouse expressing inhibitory DREADDs specifically in SST+ interneurons (SST-Cre;Rosa26-Gi-hMD4i) were recorded in
voltage-clamp mode. Oxytocin was applied while SST+ neuron activity was
suppressed by CNO to test whether SST+ activation is required for the
oxytocin-induced increase in inhibitory synaptic activity.
(I) Example recordings of sIPSCs in baseline condition, in the presence of CNO
alone, and after bath application of oxytocin in the presence of CNO.
(J) Oxytocin did not increase sIPSC frequency in the presence of CNO. p > 0.05
(n = 12 cells; repeated-measurements one-way ANOVA). Inset: sIPSC frequency is shown. Oxytocin led to an increase in the frequency in the absence
of CNO. *p = 0.032 (n = 3 cells; paired two-tailed t test).
Data are represented as mean ± SEM. See also Figures S3 and S4.

oxytocin is sufficient to generate the here-observed effects of
oxytocin applications on spontaneous activity patterns,
including the distance-dependent changes in interneuronal
correlations.

Activation of SST+ Interneurons Is Required for
Oxytocin-Mediated Modulation of Spontaneous Activity
Patterns
Finally, we asked whether the oxytocin-mediated decrease in
the frequency of spontaneous network activity was the result
of the activation of oxytocin receptors expressed in SST+ interneurons in vivo. We specifically inactivated SST+ interneurons
by using a Cre-dependent inhibitory DREADD delivered by virus
injection, which results in 80% of the SST+ interneurons expressing the hM4Di-DREADD construct.33 We showed previously that
bath application of clozapine in vitro reduced the excitability of
SST+ interneurons,33 replicating previous findings that hM4DiDREADD activation reduces the excitability of developing layer
2/3 neurons.38 We performed in vivo wide-field calcium imaging
to monitor spontaneous network activity in V1 and then activated
the iDREADD receptor by injecting clozapine subcutaneously
(Figure 7A). 5 min after clozapine injection, oxytocin was applied
topically (Figures 7A and 7B). In this condition, oxytocin failed to
decrease the frequency of spontaneous network events
compared with oxytocin application alone (Figure 7C, % of
change clozapine + oxytocin: 18.1% ± 10.5%; Figure 1D, %
of change oxytocin: 49.2% ± 6.2%; p = 0.023; unpaired twotailed t test). Area, amplitude, and duration were not affected
either (Figures 7D–7F). Therefore, SST+ neurons are required
for the inhibitory effect of exogenous oxytocin on the frequency
of spontaneous activity in the developing visual cortex.
We demonstrated here that oxytocin receptor activation can
modulate spontaneous activity patterns by specifically activating SST+ interneurons; however, the source of oxytocin was
exogenous. To evaluate whether endogenous oxytocin indeed
modulates spontaneous activity patterns under physiological
conditions, we performed wide-field in vivo calcium imaging recordings in awake animals, when SST+ interneurons are intrinsically active (SST+ interneurons are largely silent under anesthesia).32 When we blocked oxytocin receptors, we observed a
small but significant increase in the frequency of calcium events
(Figure 7G), whereas the amplitude remained unchanged (Figure 7H), as predicted based on our results after topical application of exogenous oxytocin. This result suggested that the
oxytocin receptor is activated by its endogenous ligand and
modulates spontaneous activity patterns. Finally, we verified
that focal oxytocin application modulates spontaneous activity
in the awake condition as well. As in anesthetized animals, we
found that the frequency of network events was decreased
although their amplitude remained unaffected (mean baseline
frequency: 0.047 ± 0.007; mean oxytocin frequency: 0.036 ±
0.005; p = 0.043; paired two-tailed t test; n = 6 animals).
DISCUSSION
In adults, oxytocin is a potent modulator of brain activity and
behavior, and it is important for brain development. Here, we
demonstrate that, before eye opening, during the 2nd postnatal
week, oxytocin modulates specific characteristics of spontaneous activity patterns in the visual cortex: it selectively increases SST+ interneuron excitability through oxytocin receptor
activation and sparsifies and decorrelates neuronal activity in
layer 2/3 of V1 without affecting event area, amplitude, or
duration.
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Figure 6. Oxytocin-Induced Increase of the
Excitability of SST+ Interneurons Is Sufficient
to Explain Distance-Dependent Changes in
Correlation
(A) Average of current-clamp recordings of SST+
neurons before and after oxytocin bath application.
Right: group data of SST+ interneuron membrane
potential in baseline and oxytocin conditions are
shown. ****p = 4.7 3 1010 (n = 34 cells; paired twotailed t test).
(B) Train of APs generated with a ramp protocol in
current-clamp mode in baseline and oxytocin conditions.
(C) Instantaneous frequency versus current plot. ***p <
0.0001 (n = 34 cells; repeated-measurements twoway ANOVA).
(D) Left: single APs aligned to the peak in baseline
and oxytocin conditions. Right: group data of AP
amplitude in baseline and oxytocin conditions are
shown. *p = 0.038 (n = 34 cells; paired two-tailed t
test).
(E) AP width. ****p = 1.8 3 106 (paired two-tailed t
test).
(F) AP. Left: single APs in response to a square current
step in baseline and oxytocin conditions. The time
required to elicit an action potential was strongly
reduced in the presence of oxytocin. ****p = 8.9 3
107 (paired two-tailed t test). Data are represented as
mean ± SEM.
(G) Left: schematic of the model with excitatory
background input and recurrently connected excitatory (red) and inhibitory populations (blue). We,
excitatory weight; Wi, inhibitory weight. Right:
connection probability as a function of distance between cells is shown.
(H) Resting membrane potential of SST+ interneurons
during baseline and oxytocin.

(I) Firing rate of inhibitory cells as a function of the input current in baseline and oxytocin.
(J) Spike raster plot of excitatory (red) and SST+ interneurons (blue) neuron populations before and after application of oxytocin (see STAR Methods).
(K) Correlation as a function of distance for baseline and oxytocin conditions. See STAR Methods for calculation details.
(L) Change in correlation as a function of distance.
See also Figure S5 and Table S1.

The Effect of Oxytocin Receptor Activation Differs
between V1 and S1
A large body of evidence suggests that maternal care behaviors
induce activation of hypothalamic neurons and release of
oxytocin in the pup’s brain (e.g., during mother-pup skin-toskin contact,39 anogenital stimulation,40 or stroking stimuli,41
and most likely after milk suckling activity42). Accordingly, somatosensory stimuli specifically activate parvocellular oxytocin
neurons in the paraventricular nucleus (PVN).43 How oxytocin
reaches the developing cortex is not entirely clear. It might be
released within V1, because hypothalamic oxytocin neurons
project to the cortex, including V1, at least in adult mice.17,44
Alternatively, oxytocin may diffuse into the developing cortex after somatodendritic release from the hypothalamus into the third
ventricle.15,28,42 To fully disentangle how oxytocin reaches the
developing cortex and to induce endogenous release, it will be
required to adapt technical approaches currently available in
adults18,36,44 to neonatal animals. Nevertheless, our observation
that blocking cortical oxytocin receptors increases the frequency of spontaneous network activity in V1 of awake animals
indicates that the oxytocin receptor is activated by its
8 Current Biology 31, 1–12, January 25, 2021

endogenous ligand and modulates spontaneous activity patterns during development.
Independently of the source of oxytocin, we find here that this
neuropeptide strongly decreases spontaneous network activity
in V1, although its effect on spontaneous network activity in S1
is comparably mild. The differences between oxytocin’s effect
on V1 and S1 network activity are consistent with differences
in the expression of its receptor across cell types and their specific responses to oxytocin. Oxytocin receptor mRNA expression
co-localizes with the interneuron marker GAD1 in both V1 and
S1; however, its expression in excitatory neurons is higher in
S1 than V1. Furthermore, oxytocin increases specifically inhibitory synaptic transmission in V1, but in S1, it results in a smaller
and more-balanced activation of both spontaneous inhibitory
and excitatory currents. Thus, the specific effect of oxytocin on
inhibitory signaling is most likely responsible for its effect on
network activity patterns in V1. In the adult, various brain regions
differ in their responses to oxytocin due to differences in the distribution of the oxytocin receptor in inhibitory neurons as
well;17,18,36,44–47 however, whether oxytocin signaling differs between V1 and S1 in adulthood too is currently unknown.
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(A) Schematic representation of the experimental design: widefield calcium imaging of spontaneous network activity in SST-Cre
mice where V1 neurons express GCaMP6s and GiDreadd after
viral transduction.
(B) Fluorescent changes before and after clozapine + oxytocin
application.
(C) Network event frequency during baseline and after oxytocin
application. Time courses represent 5-min averages. Dashed
light blue curve represents data shown in Figure 1D, V1, for
comparison.
(D) Network event area.
(E) Network event amplitude.
(F) Network event duration. Data are represented as mean ± SEM.
(G) Network event frequency during baseline and after oxytocin
receptor antagonist application, in awake animals. *p = 0.037 (n =
7 animals; paired two-tailed t test). Data are represented as
mean ± SEM.
(H) Network event amplitude during baseline and after oxytocin
receptor antagonist application, in awake animals.
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Figure 7. Role for SST+ Interneurons and Endogenous
Oxytocin Receptor Activation in Modulating Network Activity In Vivo

SST+ Interneuron Activation Accounts for the OxytocinMediated Increase in V1 Inhibitory Transmission
We propose here that the specific activation of SST+ interneurons through oxytocin modulates spontaneous activity patterns
in the developing V1 based on five observations: (1) the oxytocin
receptor is transcribed in V1 SST+ interneurons but barely detected in other interneuron types, excitatory neurons, or glia
cells.31 (2) Pharmacogenetic suppression of SST+ neurons prevents the oxytocin-mediated decrease in network event frequency in vivo. (3) Oxytocin induces an inward current in almost
all SST+ interneurons and in a fraction of GAD2+ interneurons. (4)
Oxytocin-mediated depolarization of SST+ interneurons increases the frequency of inhibitory synaptic inputs in pyramidal
cells 5-fold, and (5) this increase is abolished entirely by SST+
interneuron inactivation.
Our finding that oxytocin increases inhibitory function through
SST+ interneuron activation and decreases spontaneous activity
during an important step in visual cortex development supports
the idea that oxytocin modulation of inhibition facilitates the
developmental progression across critical periods.19,48 During
development, changes in the E/I balance are important, because
they determine the opening or closure of critical periods, during
which sensory pathways become sensitive to experience.49
Furthermore, the maturation of inhibition may be required for
decreasing spontaneous activity,50 thereby increasing the relative importance of visually evoked activity. This relative increase
in experience-driven activity could initiate the critical period

100
75

2 weeks after eye opening.51 Thus, oxytocin may be
an important regulator of ‘‘phenotypic checkpoints’’
important for sensitive periods during postnatal
development.52

50

Oxytocin Desynchronizes the Network in a
Structured Manner
0
We observed that oxytocin decreases pairwise correlations between neurons. This decorrelation is
mediated most likely by oxytocin-induced activation
of SST+ interneurons, in agreement with previously published
findings: activation of interneurons decreases neuronal correlations in general.53,54 More specifically, lateral inhibition, a
role attributed to SST+ interneurons, decorrelates spike
trains55 or stimulus-evoked patterns,56 and pharmacogenetic
inactivation of SST+ interneurons increases pairwise correlations during spontaneous network activity in the developing visual cortex.33 Our analyses and simulations suggest that correlations are downregulated in a spatially specific manner:
correlation decreases are more pronounced between pairs
of neurons that are farther apart. Neuronal correlations and
the spatial extent of spontaneous network activity patterns
determine their effectiveness in refining synaptic connections
in the visual system.11,25,57,58 Therefore, the regulation of
spatial correlations through oxytocin may be necessary to
shape spontaneous activity patterns to drive the refinement
of synaptic connections and to prepare the emerging network
optimally for computing visual inputs after eye opening. It
might be tempting to speculate that oxytocin contributes to
improved visual acuity after tactile stimulation during
development.59
During the 2nd postnatal week, V1 activity patterns change
from high-correlation, high-cell-participation patterns toward
sparser and less-correlated activity. Sparsification of activity
patterns has been shown to be largely pre-programmed.60–62
Because oxytocin signaling ramps up during the 2nd postnatal
week and sparsifies activity patterns as discussed above,
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oxytocin and potentially other neuromodulators may drive the
sparsification and decorrelation seen in spontaneous activity
patterns toward the onset of sensation. In this regard, it is
interesting to note that activity patterns in the Fmr1 knockout
(KO) mouse, a model for the neurodevelopmental disorder
fragile X syndrome, show increased correlations in the developing somatosensory and visual cortices compared to WT littermates.63,64 In addition, atypical oxytocin signaling has been
implicated as a risk factor for neurodevelopmental disorders.65–67 Thus, oxytocin may be important for healthy brain
development to specifically shape activity patterns for synaptic refinement by regulating SST+ interneuron function.
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RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Christian
Lohmann, c.lohmann@nin.knaw.nl.
Materials Availability
This study did not generate new unique reagents.
Data and Code Availability
The datasets generated during this study have not been deposited in a public repository but are available from the Lead Contact on
request. This study used standard, custom-built MATLAB programmed scripts that are available from the Lead Contact upon
request. The code used for the simulations is available at https://github.com/comp-neural-circuits/OTmodel.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal
All experimental procedures were approved by the institutional animal care and use committee of the Royal Netherlands Academy of
Arts and Sciences and in agreement with the European Community Directive 2010/63/EU and with the Institutional Animal Care and
Use Committee at Florida State University in accordance with state and federal guidelines (Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health). We used neonatal C57BL/6J, SST-Cre, SST-Cre;Rosa26-TdTomato and GAD2-Cre;Rosa26-TdTomato males and females mice from postnatal day 9 to 14 (P9-14). The SST-Cre;Rosa26-TdTomato and GAD2-Cre;Rosa26-TdTomato lines were generated by crossing the reporter Rosa26-TdTomato line (The Jackson Laboratory, 007908) with either
the SST-Cre (The Jackson Laboratory, 013044) or the GAD2-Cre (The Jackson Laboratory, 010802) lines. Neonatal pups were
housed with one mother, with exception of pups coming from in utero electroporation. They were housed with two mothers and
the nest trimmed to 6 pups to facilitate the caring behavior of the mothers. Animals were kept in a 12h-12h light/dark cycle with
food and water ad libitum. All the experiments were performed during the light cycle. No effects related to sex were observed. No
animal was excluded from the analysis.
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METHOD DETAILS
In utero electroporation and surgery
In utero electroporation was performed as described previously23. To perform calcium imaging of layer 2/3 pyramidal cells,
GCaMP6s was cloned into pCAGGS (Addgene plasmid 4075372) and used in combination with DsRed in pCAGGS for visualization
(gift from Christiaan Levelt). Pups were in utero electroporated at embryonic day (E) 16.5 after injection of the GCaMP6s (2 mg/ml) and
DsRed (1 mg/ml) vectors into the ventricles. Electrode paddles were positioned to target the subventricular zone and 50 V pulses of
50 ms duration were applied.
For in vivo experiments, surgery for craniotomy was performed as described previously7,33. Pups were kept at 36-37 C and anesthetized with 2% isoflurane and lidocaine was applied into the skin before neck muscle removal. A head bar was fixed above the V1/
S1 region. Isoflurane was dropped to 0.7% before the imaging session. This lightly anesthetized state, which is characterized by rapid
and shallow breathing and a relatively high heart rate, was maintained throughout the imaging session. During experiments in the
absence of anesthesia, pups were kept undisturbed in the dark and covered by a custom-made holder that prevents heat loss
and mimic the conditions in the nest, for one hour before the imaging session started. The welfare of the pup was monitored to minimize distress during the whole imaging session.
Virus injection
Virus injections were performed at P0-1. Virus injected were pAAV1-Syn-GCaMP6s (AV-1-PV2824, UPenn viral core) and pAAV1hSyn-DIO-hM4D(Gi)-mCherry (produced by Fred Winter33). SST-Cre neonatal mice were anesthetized by cold-induced hypothermia
and kept cold in a stereotactic frame for pups (RWD Life Science). Stereotactic injections targeting V1 were performed with a microinjection pipet (Nanoject II, Drummond; volume 27 nl; mix of 1:1 AAV1-hSyn-DIO-hM4D(Gi)-mCherry and AAV1-Syn-GCaMP6; from
Bregma in mm: 0.3 posterior, 1.4 lateral). Immediately after injection, pups were kept warm on a heating pad and placed back to their
mother after they awoke from anesthesia.
Wide-field imaging
In utero electroporated or virus injected pups were used for calcium imaging of visual and somatosensory cortex. Calcium events
were recorded with a Movable Objective Microscope (MOM, Sutter Instrument). Time-lapse recordings were acquired with a 4x
objective (0.8 NA, Olympus) and blue light excitation from a Xenon Arc lamp (Lambda LS, Sutter Instrument Company). A CCD camera (Evolution QEi, QImaging) was controlled by custom-made LabVIEW (National Instruments) based software and images were acquired at a frame rate of 20 Hz.
Clozapine (Tocris) was injected subcutaneously (0.5 mg/kg) and oxytocin was applied five minutes after clozapine injection.
2-photon imaging
Bolus load of the calcium indicator Oregon Green 488 BAPTA-1 AM (OGB-1, Invitrogen) was performed as described7. Imaging was
performed by using a two-photon microscope (MOM, Sutter, or A1RMP, Nikon) and a mode-locked Ti:Sapphire laser (MaiTai,
Spectra Physics or Chamaleon, Coherent, l = 810 nm). Consecutive xyt-stacks were acquired at a frame rate of 4-7 Hz (pixel
size 0.3 - 0.6 mm) through a 40x (0.8 NA, Olympus) or a 16x (0.8 NA, Nikon) water-immersion objective, controlled by ScanImage70
or NIS-Elements AR4.51.00 software (Nikon).
For in vivo experiments, oxytocin (1 mM, Sigma) and the oxytocin receptor antagonist (desGly-NH2,d(CH2)5[D-Tyr2,Thr4]OVT,
250 mM, synthesized and kindly donated by Dr. Maurice Manning, University of Toledo) was diluted in cortex buffer solution7 and
applied topically at the craniotomy. The craniotomy was filled with approximately 300 ml of solution and that volume was kept constant until the end of the experiment.
Patch-clamp experiments
Acute 300 mm coronal slices of the visual or somatosensory cortex were dissected between P9-P14. Pups were sacrificed by decapitation and their brains were immersed in ice-cold cutting solution (in mM): 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 20 Glucose, 215 Sucrose, 1 CaCl2, 7 MgCl2 (Sigma), pH 7.3-7.4, bubbled with 95%/5% O2/CO2. Slices were obtained with a vibratome (Microm HM
650V, Thermo Scientific) and subsequently incubated at 34 C in artificial cerebrospinal fluid (ACSF, in mM): 125 NaCl, 3.5 KCl,
1.25 NaH2PO4, 26 NaHCO3, 20 Glucose, 2 CaCl2, 1 MgCl2 (Sigma), pH 7.3-7.4. After 45 minutes, slices were transferred to the electrophysiology setup, kept at room temperature and bubbled with 95%/5% O2/CO2. For patch-clamp recordings, slices were transferred to a recording chamber and perfused (3 ml/min) with ACSF solution bubbled with 95%/5% O2/CO2 at 34 C.
Layer 2/3 pyramidal cells and interneurons were identified using an IR-DIC video microscope (Olympus BX51WI). GAD2+ and SST+
interneurons were identified by the TdTomato protein fluorescence from the transgenic mice GAD2-Cre;Rosa26-TdTomato and SSTCre;Rosa26-TdTomato, respectively. Quick change between bright-field imaging and epifluorescence was achieved using a footswitch device TEAMSTER71. Whole-cell voltage or current-clamp recordings were made with a MultiClamp 700B amplifier (Molecular
Devices), filtered with a low pass Bessel filter at 10 kHz and digitized at 20-50 kHz (Digidata 1440A, Molecular Devices). Series resistance was assessed during recordings and neurons showing a series resistance > 30 MU or a change > 30% were discarded. Digitized data were analyzed offline using Clampfit 10 (Molecular Devices), Igor (WaveMetrics) and AxoGraph (Axograph Scientific).
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Spontaneous and miniature IPSCs were recorded at a holding potential of 10 mV with glass pipettes (3-6 MU) containing (in mM):
115 CsCH3SO3, 10 HEPES, 20 CsCl, 2.5 MgCl2, 4 ATP disodium hydrate, 0.4 GTP sodium hydrate, 10 phosphocreatine disodium
hydrate, 0.6 EGTA (Sigma), pH 7.3. For sIPSC recordings during selective silencing of SST+ interneurons, clozapine N-oxide
(CNO) (10 mM, Tocris) was administered 1 minute prior to oxytocin (1 mM, Sigma). mIPSCs were recorded in the presence of tetrodotoxin (0.5 mM, Tocris). The oxytocin receptor antagonist desGly-NH2,d(CH2)5[D-Tyr2,Thr4]OVT (50 mM, synthesized and kindly
donated by Dr. Maurice Manning, University of Toledo) was applied for 5-10 minutes before oxytocin wash-in. sEPSCs were recorded at a holding potential of 60 mV (with junction potential correction) with an intracellular solution containing (in mM): 122 potassium gluconate, 10 HEPES, 13 KCl, 10 phosphocreatine disodium hydrate, 4 ATP magnesium salt, 0.3 GTP sodium hydrate
(Sigma), pH 7.3. Oxytocin-induced currents in GAD2+ and SST+ interneurons were recorded at a holding potential of 60 mV
(with junction potential correction) in the presence of 10 mM SR95531, 10 mM NBQX, 50 mM D-AP5 (Tocris). Current-clamp recordings
of SST+ interneurons were performed using the same KGluconate-based intracellular solution and in the presence of the synaptic
blockers mentioned above. After breaking the seal, variable current injection was applied to keep the cells at 60 mV. The injected
current was kept constant from the time of oxytocin wash-in.
RNAscope
Fresh frozen brain tissue from C57BL/6J mice was sectioned in the sagittal plane at 20 mm in 6 series on SuperFrost Plus microscope
slides and stored at 80 C until further processing. RNA transcripts were detected with RNAscope 2.5HD Duplex Assay (Cat. No.
322430, Advanced Cell Diagnostics (ACD), Hayward, CA). Synthetic oligonucleotide probes complementary to the nucleotide
sequence 1198 – 2221 of Oxtr (NM_001081147.1; ACD Cat. No. 411101-C2), 464 - 1415 of Slc17a7 (VGLUT1; NM_182993.2;
ACD Cat. No. 416631), 62 – 3113 of Gad1 (NM_008077.4; ACD Cat. No. 400951) and 18 – 407 of Sst (NM_009215.1; ACD Cat.
No. 404631) were used. Slides were fixed for 2 hours in ice cold 4% paraformaldehyde (pH 9.5) followed by increasing concentrations
of ethanol and dehydration in 100% ethanol overnight at 20 C. Slides were air-dried for 10 minutes and boiled for 5 minutes in a
target retrieval solution (ref. 322001, ACD), followed by 2 room temperature water rinses and a rinse in 100% ethanol. Slides were
air-dried, after which targeted sections were incubated with Protease Plus solution (ref. 322331, ACD) for 15 minutes at 40 C, followed by room temperature water rinses. These prepared slides were then probed for 2 hours with individual probe mixtures
(Oxtr in the red channel 2 and the other probes in the blue-green channel 1) at 40 C. Unbound probes were rinsed off in wash buffer
and slides were stored overnight in 5X SSC at room temperature. Signal amplification and detection were performed using the
detailed instructions provided in the RNAscope 2.5HD Duplex Assay. Sections were counterstained with Gill’s hematoxylin (American Mastertech Scientific, Inc. Lodi, CA) and coverslipped with Vectamount (Vector Laboratories, Inc. Burlingame, CA). Images were
captured with brightfield microscopy (Keyence BZ-X710, Keyence Corp., Osaka, Japan).
Model
We simulated a large-scale computational model of the visual cortex37 in the NEST framework69. We focused only on modeling the
cortical network of excitatory and inhibitory neurons with 25% of the inhibitory population corresponding to SST+ neurons in L2/3,
receiving excitatory input from the thalamus. To achieve network activity similar to that described for the developing cortex7,62, we
adjusted the intrinsic membrane properties and synaptic weights in the model based on measurements from the present study (Table
S1) and applied an external current of 50 pA (to excitatory neurons) or 40 pA (to SST+ interneurons) and a sinusoidal background input
to the excitatory population to generate spontaneous activity. The oxytocin effect was modeled by increasing the resting membrane
potential of SST+ interneurons from 60.8 mV to 56.3 mV as the change observed in our experiments (Figure 6A). After simulating
the system for 60 s in baseline condition, we modeled application of oxytocin and simulated again for 60 s. Correlations are computed
between the voltage traces of excitatory units.
QUANTIFICATION AND STATISTICAL ANALYSIS
2-photon imaging analysis
Images were analyzed with ImageJ (NIH) and custom-written MATLAB scripts (MathWorks) as described previously63. First, to remove movement artifacts and align all recordings we performed an image alignment step based on the enhanced correlation coefficient algorithm68. DF/F0 stacks were generated by subtracting and dividing each frame by the mean fluorescence (F0). Regions of
interest (ROIs) were placed on cells that showed clear activity and were visible in all recordings. Glial cells in the field of view showed
elevated basal intensity and were not active. All included ROIs were neuronal. DF/F0 traces were obtained by calculating the mean
intensity within the ROI for each frame. Increases in fluorescence intensity, which reflect increases in the intracellular calcium concentration due to action potential firing, were then detected automatically for all ROIs and subsequently verified manually. The detection threshold was adjusted for each experiment (at least 2x the standard deviation of the signal in the absence of events) but remained the same within an experiment.
Pearson correlation coefficients were computed from the DF/F0 stacks. The total number of pairs of cells (computed as N(N – 1) /2)
was balanced across conditions (oxytocin – 8806 pairs; cortex buffer – 8023 pairs). In Figure 2E each x-coordinate corresponds to a
window of length 7 minutes around the time point. The y-coordinate of the line is computed as the average across all animals of the
condition
pﬃﬃﬃﬃ over the correlation coefficients computed from the window. The shaded area is the standard error of the mean (computed
b = N, where s
b is the estimated standard deviation over animals and N is the number of animals). In Figure 2F, we averaged the
as s
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correlation coefficients computed from the windows over all animals and time points before or after oxytocin application. The filled
contour plot was made by plotting pairwise correlations after oxytocin (average of 40 minutes period after oxytocin) against baseline
correlations (average of 40 minutes period before oxytocin).
For the matrix correlation analysis, we computed the squared distance between the baseline matrix, cBL
ij , computed for the entire
baseline period of 45 minutes, and the correlation matrix computed from a shifting 7-minute slice centered at time point t, ctij , and then
P
2
summing over all the element-wise differences of all matrix entries, MSD = ðctij  cBL
ij Þ . To remove any potential drift that occurs
ij

already during the baseline and that might distort the MSD analysis, we performed a linear regression on the baseline MSD and subtracted the linear contributions from all time points. To further pool across multiple animals, we normalized the squared distances by
the mean and standard deviation of the baseline period.
Wide-field imaging analysis
Network events were detected automatically. First, DF/F0 stacks were generated using a moving average across 500 frames as F0.
The detection threshold was 12% DF/F0, which was at least 3x larger than the standard deviation of the noise during inactivity for all
recordings. Pixels below threshold were reduced to zero. Network events were defined as groups of at least 300 non-zero pixels that
were connected in time and/or space. Since the frame rate was 20 Hz and the pixel size 7.68 mm (area covered by 1 pixel: 59 mm2), this
criterion included events of e.g., > 1 s duration that covered on average > 885 mm2 of cortical surface. Since this criterion was chosen
empirically, we investigated how robust our findings were with respect to this criterion. We performed analyses where we varied the
total number of connected pixels that defined a network event on a subset of the data. We found that the number of detected events
and the changes observed in frequency after oxytocin application were very robust across different pixel numbers between 200 and
800 pixels (not shown). Since wide-field microscopy is inherently prone to scattered light, we found that the area that network events
covered across the cortex was overestimated when we used the 12% cutoff. Therefore, we restricted the area to those pixels that
reached 67% of the maximal DF/F0 value for each event (Figure S6).
Recordings from un-anaesthetized animals showed increased movement artifacts. Therefore, we restricted our analysis to frequency and amplitude of network events in traces generated from the entire area of V1. Traces were long-pass filtered to remove
high-frequency movement artifacts. Network events were automatically detected using MATLAB’s ‘‘Find peaks’’ function where
the parameters prominence and peak were optimized for detecting events during the baseline period and kept constant throughout
the experiment.
Electrophysiological analysis
m/sIPSCs and sEPSCs were detected using an Igor-based tool SpAcAn (Igor Pro 7, WaveMetrics). Frequency timelines of postsynaptic currents were built by calculating the frequency of 50-or 90 s bins. The 20%–80% rise time was calculated for each IPSC event
and the rise rate was determined as amplitude/rise time (pA/ms). Excitability of SST+ interneurons was assessed with a one-step
ramp protocol, from 100 pA to 140 pA at a rate of 96 pA/second. Single action potentials (APs) were elicited by injecting moderate
pulses of current (< 1 nA, < 15 ms). Changes in membrane potential upon oxytocin treatment were calculated as the voltage difference between the trace exhibiting the peak effect and the last trace of baseline condition. A minority of cells that did not exhibit a
depolarization (6%) were discarded for subsequent analyses. A voltage timeline was built by calculating the baseline membrane potential of 45 s bins. For analysis of SST+ interneuron excitability, the duration of the ramp was divided into 175-milisecond bins and the
mean inter-spike interval (ISI) was calculated for each period bin. Then, the instantaneous frequency (ISI-1) was plotted against the
mean current injected within the same bin. AP features were determined as follows: (1) overshoot was quantified as the amplitude of
the AP above 0 mV. (2) Amplitude was calculated as the voltage difference between the peak of the AP and its threshold. (3) Width
was determined at half the amplitude of the AP. (4) DTime was described as the time difference between the onset of pulse injection
and the time point when the membrane potential reached the action potential threshold. (5) dVdt-1 was defined as the first derivative
of the voltage trace with respect to time.
RNAscope analysis
Quantification was done on the 40x images. The total number of cells was determined by the nucleus visualization given by Gill’s
hematoxalin staining. Oxtr+/VGLUT1+/Gad1+ neurons were manually identified and counted with ImageJ.
Statistics
All data are shown as mean ± SEM. The number of animals and the test used for each analysis is specified in the Results section. To
determine statistical differences we used Prism 7 (GraphPad). Sets of data R 6 were tested for normality with a Shapiro-Wilk test,
then a paired or unpaired t test was applied for two-group comparisons. Comparisons between more than two groups were performed with one or two-way ANOVAs. For not normally distributed data or data < 6, the non-parametric Wilcoxon and Mann-Whitney
tests were applied for paired or unpaired experiments, respectively, for two-group comparisons. Datasets with more than two groups
were analyzed using the Kruskal-Wallis and Friedman test.
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