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SUMMARY

The topographic map in layer 4 of somatosensory
cortex is usually specified early postnatally and sta-
ble thereafter. Genital cortex, however, undergoes
a sex-hormone- and sexual-touch-dependent pu-
bertal expansion. Here, we image pubertal develop-
ment of genital cortex in Scnn1a-Tg3-Cre mice,
where transgene expression has been shown to be
restricted to layer 4 neurons with primary sensory
cortex identity. Interestingly, during puberty, the
number of Scnn1a+ neurons roughly doubled within
genital cortex. The increase of Scnn1a+ neurons
was gradual and rapidly advanced by initial sexual
experience. Neurons that gained Scnn1a expression
comprised stellate and pyramidal neurons in layer 4.
Unlike during neonatal development, pyramids did
not retract their apical dendrites during puberty.
Calcium imaging revealed stronger genital-touch
responses in Scnn1a+ neurons in males versus
females and a developmental increase in responsive-
ness in females. The first sexual interaction is a
unique physical experience that often creates long-
lasting memories. We suggest such experience
uniquely alters somatosensory body maps.

INTRODUCTION

For many years, it has been recognized that the precise topo-

graphic representation of the body surface by the cortical input

layer 4 is determined by peripheral inputs [1]. Based on findings

from the barrel cortex, a consensus emerged that this topo-

graphic map of the body is established within the first postnatal

week [2, 3] and shows little plasticity later in life [4]. However,

there appears to be one exception to this rule of early and expe-

rience-independent map specification in layer 4 of somatosen-

sory cortex: the region of rat somatosensory cortex that

responds to genital stimulation, genital cortex, undergoes an un-

usually late expansion during puberty [5–7]. Furthermore, much

like the onset of puberty [8], this expansion was dependent on

sexual maturation and could be advanced by co-housing prepu-

bertal female rats with adult males [6]. This plasticity of genital

cortex is remarkable in several respects: (1) it occurs at a late
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postnatal stage; (2) the extent of remodeling is large; (3) it can

be induced by physiological stimuli, whereas macroscopically

detectable cortical plasticity usually requires drastic interference

with incoming sensory signals, such as amputation or nerve tran-

section [9]; and (4) it can be detected anatomically, unlike other

somatosensory plasticity phenomena, which can only be re-

vealed physiologically [4]. The expansion has been quantified

by measuring the area receiving thalamic afferents within this

somatosensory field [6].

The observation that, during puberty, thalamic fibers invade

surrounding dysgranular regions of layer 4 [6] is particularly inter-

esting because of the intricate relationship between thalamo-

cortical axons and postsynaptic cortical neurons. In 1782, Fran-

cesco Gennari described the thick band of highly myelinated

thalamic axons terminating in layer 4 [10]. After discovering

fundamental differences in the physiology of primary and

secondary (or higher order) cortical areas [11], their neurogenetic

underpinnings have become evident more recently. Within

somatosensory cortex, areal specification depends on various

molecular cues and input from the ventral posteromedial nucleus

of the thalamus [12–14]. Postsynaptically, thalamocortical axons

target excitatory pyramidal and spiny stellate cells, the latter be-

ing a hallmark of primary somatosensory cortex [15–17]. Within

layer 4, all excitatory neurons appear pyramidal-like at birth

[18]. By postnatal day 5, however, the majority of neurons have

a spiny stellate shape, suggesting that pyramidal neurons retract

their apical dendrite to become stellates within the first postnatal

week [18, 19]. Without thalamocortical input, stellate cells fail to

develop appropriately [12, 14, 20].

We have previously shown that rat genital cortex grows during

puberty, which we revealed by visualizing antibody-stained tha-

lamocortical afferents within layer 4 [6]. Therefore, we wonder

whether there are concurrent, cell-type-specific changes within

layer 4. To address this question, we now turn to mice, where

we can combine chronic two-photon imaging with the geneti-

cally targeted expression of fluorescent indicators. Specifically,

we use the layer-4-specific transgenic mouse line Scnn1a-

Tg3-Cre mice, where cre-recombinase expression resembles

the homunculus in primary somatosensory cortex while septa

are lacking Scnn1a+ neurons [21, 22]. Moreover, Scnn1a+ neu-

rons exhibit the transcriptional profile of primary somatosensory

layer 4 neurons [19]. Scnn1a+ neurons express the RAR-related

orphan receptor beta (RORb), a layer 4 marker [12, 23], whose

ectopic expression is necessary and sufficient to orchestrate

the acquisition of morphological, physiological, and circuit prop-

erties of primary layer 4 neurons [19]. Using this mouse line, we
Authors. Published by Elsevier Ltd.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Mapping Scnn1a Expression and

Genital Cortex in Scnn1a-tdTomato Mice

(A) Scnn1a-tdTomato tangential section. Scnn1a

expression is dense in primary somatosensory

(S1), auditory (A1), and visual (V1) cortex. Scale bar

represents 500 mm.

(B) Scnn1a-tdTomato coronal section. Scnn1a

expression is high in L4 whisker (S1w) and paw

barrels (S1p) but low in the dysgranular zone (DZ),

primary motor cortex (M1), secondary somato-

sensory cortex (S2), and non-layer 4 cells. Scale

bar represents 250 mm.

(C) Within L4, Scnn1a+ neurons are confined to

barrels and are absent from septa between barrels.

Scale bar represents 50 mm.

(D) Scnn1a-tdTomato tangential section. Scnn1a

expression reveals the S1 homunculus (male; P25).

Scale bar represents 250 mm.

(E) The region of S1 highlighted by the dashed box in

(D) imagedusing two-photonmicroscopy.Multiple z

stacks were acquired at minimal magnification

(1,065 3 1,065 mm) and tiled together. Scale bar

represents 250 mm.

(F) Intrinsic imaging (male; P25) revealed S1 sub-

fields (dark blue) on the surface of the craniotomy

representing the dorsal and ventral trunk, forepaw,

tail, genital, and hindpaw. Scale bar represents

250 mm.

(G) Regions circled in (F) were aligned to each other

based on the blood vessel pattern on the surface of

the craniotomy. Scale bar represents 250 mm.

(H) Superimposing intrinsically mapped body parts

(F andG) onto the expression of Scnn1a+neurons in

L4 of S1 as shown in (E) based on the blood vessel pattern. The topographic arrangement of subfields revealed by intrinsic imaging aligns with Scnn1a+ dense areas

in L4 is shown. Scale bar represents 250 mm.

(I) Based on the alignment in (H), we infer that the barrel-like subfields of Scnn1a+ neurons within L4 represent the mapped body parts as shown. Scale bar represent

250 mm.

See also Figure S1.
investigate the following questions: first, does Scnn1a expres-

sion, which resembles the mouse homunculus, change in genital

cortex during puberty? If so, what are the dynamics of this pro-

cess? Second, do excitatory neurons in genital cortex remodel

during puberty? Third, does puberty modulate the activity of

genital cortex neurons? And finally, are there experience-depen-

dent effects on pubertal maturation of layer 4 in genital cortex?

More specifically, wewant to find out whether initial sexual expe-

rience, usually conceptualized as particularly dramatic and

memorable, modulates genital cortex maturation [24, 25].

RESULTS

Functional Identification of Genital Cortex in Scnn1a-
tdTomato Mice
To investigate the cellular development of layer 4 (L4) in genital

cortex, we used L4-specific Scnn1a-Tg3-cre mice [21], which

we crossed with an Ai9 reporter line to label all cre-expressing

neurons with td-Tomato. Tangential histological slices through

cortical L4 of such Scnn1a-tdTomato brains reveal transgene

expression limited to primary sensory cortices (Figure 1A;

female; postnatal day [P] 40), with the homunculus being clearly

visible within primary somatosensory cortex (S1). Coronal sec-

tions (Figure 1B) showed that Scnn1a expression is restricted
to L4, where it is high in whisker (S1w) and paw (S1p) barrels,

low in the dysgranular zone (DZ) and secondary somatosensory

cortex (S2), and absent from motor cortex (M1) [26]. Further-

more, Scnn1a+ neurons are confined to barrels, and septa do

not contain Scnn1a+ neurons (Figure 1C). We conclude that

Scnn1a+ is a marker for primary sensory L4 neurons located in

zones of dense lemniscal innervation [19, 22].

The S1 homunculus is clearly visible in a magnified tangential

section (Figure 1D;male; P25). Based on ourmappings in rats [5],

we suspected genital cortex within the dashed square in Fig-

ure 1D. Two-photon imaging of this area in Scnn1a-tdTomato

mice also showed S1 subfields delineated by septa (Figure 1E).

Next, we used intrinsic signal imaging to locate the genital, hind-

paw, forepaw, tail, ventral, and dorsal trunk cortex [27, 28]. We

sequentially stimulated these body parts with a small circular vi-

bration motor. The resulting intrinsic signal for each body part is

shown in Figures 1F and S1. Based on the blood vessel pattern

on the surface of the craniotomy (Figure 1G), we aligned these

fields. We matched the blood vessel pattern captured during

intrinsic imaging with blood vessels captured during two-photon

imaging to superimpose intrinsically identified fields onto the

pattern of Scnn1a+ neurons in layer 4 (Figure 1H). Intrinsically

identified borders between body parts aligned well with septa

lacking Scnn1a+ neurons (Figures 1H and S1A) and allowed us
Current Biology 29, 3588–3599, November 4, 2019 3589



Figure 2. The Number of Scnn1a+ Neurons

Increases in Genital Cortex during Puberty

(A) Schematic of the somatosensory homunculus

and genital cortex (red).

(B) Experimental timeline for chronic imaging ex-

periments. Mice undergo two-photon imaging

sessions every 4–7 days.

(C) Two-photon stacks capturing Scnn1a+ neu-

rons in the same field of view in genital cortex (top)

and hindpaw cortex (bottom) between P26 and

P51 (from left to right). In genital cortex, additional

Scnn1a+ neurons appear over time (middle,

arrows). Scale bars: 20 mm (top) and 10 mm

(middle, bottom). Arrows mark newly appearing

Scnn1a+ neurons.

(D) Scnn1a+ neurons were counted in stacks of

genital cortex and hindpaw cortex. Counts are

expressed as P35 = 100%. Resulting relative

counts increase steeply in female (left; n = 8) and

male genital cortex (middle; n = 7) compared to

hindpaw cortex (right; gray; n = 9).

(E) The average slope was calculated for each line

in (D). The slope of cell counts was greater for fe-

male (n = 8; 1.78 ± 0.47) and male (n = 7; 2.30 ±

0.69) genital cortex compared to hindpaw cortex

(n = 9; 0.76 ± 0.45; ANOVA; F(2,21) = 17.2; p =

3.73 3 10�5; superscripted p values indicate

Tukey-Kramer post hoc comparisons).

(F) During chronic imaging experiments, weight of

females increased from approximately 8 g to 20 g

(left; n=10) andmales reachedup to23g (right; n=8).

(G) In males, the anogenital distance increased from

7 mm prepuberty to 16 mm postpuberty (n = 5).
to assign the mouse homunculus to the expression of tdTomato

(Figure 1I). Similar to the rat [5], the genital area is located close

to the hindpaw. Intrinsic mapping showed very consistent

alignment with the pattern of Scnn1a expression (Figures S1B

and S1C).

Chronic Imaging of Scnn1a+ Expression across Puberty
To investigate the pubertal development of genital cortex, we

conducted chronic two-photon imaging of Scnn1a expression

in genital cortex of anesthetized Scnn1a-tdTomato mice (Fig-

ure 2A). Mice underwent imaging sessions every 4–7 days start-

ing at the earliest possible time after weaning until early adult-

hood (approximately P25–P63; Figure 2B). Simultaneously, we

tracked pubertal development (see below). Genital and hindpaw

cortex were either located using intrinsic signal imaging (Figures

1F–1I) or based on the clear topographic layout Scnn1a expres-

sion. During each imaging session, we took a structural z stack of

the same field of view (FOV) in genital cortex (Figure 2C, top and

middle). Stacks were approximately 200 3 200 mm size and

covered the 400 mm between the bottom of L4 and the pia with

2 mm z spacing. Similarly, we acquired stacks of a FOV in
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hindpaw cortex as a control region (Fig-

ure 2C, bottom). Within genital cortex,

we observed that some neurons became

fluorescent over time (Figure 2C, middle,

red arrows), i.e., acquired Scnn1a expres-

sion. We counted Scnn1a+ neurons in the
acquired series of stacks (Figure 2C, left to right), taking precau-

tions to correct for small shifts in the xy plane or imaging angle

(see STAR Methods). The absolute size of the acquired series

of stacks varied between mice, depending on the quality of the

craniotomy. Therefore, we expressed the resulting cell counts

as percentage of the number of cells counted on P35 (5 weeks

of age) for both genital and hindpaw cortex. The resulting per-

centages are then plotted as a line against age for each animal

(Figure 2D), always reaching 100%onP35.We found that in gen-

ital cortex, the number of Scnn1a+ neurons roughly doubled be-

tween weaning and early adulthood in females (Figure 2D, red,

left) and males (Figure 2D, blue, middle). In contrast, the number

of neurons in hindpaw cortex only increased by �40% (Fig-

ure 2D, gray, right). Next, we calculated the mean slope for

each cell count line shown in Figure 2D. To this end, we

computed slope at each time point along each line and derived

the mean. The mean also included negative values displayed

for hindpaw cortex cell counts. The resulting mean slopes for fe-

male and male genital cortex as well as hindpaw cortex show

that in female and male genital cortex, there are significantly

more Scnn1a+ neurons added in comparison to hindpaw cortex



(Figure 2E; slope [mean ± SEM]: female genital [n = 8]: 1.78 ±

0.47; male genital [n = 7]: 2.30 ± 0.69; hindpaw [n = 9]: 0.76 ±

0.45; ANOVA; F (2,21) = 17.2; p = 3.73 3 10�5; p values in

Figure 2E indicate Tukey-Kramer pairwise comparisons be-

tween female genital cortex, male genital cortex, and hindpaw

cortex).

We also tracked the sexual development of mice. Weight

increased from �8 g to �20 g in females (Figure 2F, left), and

males reached up to �23 g (Figure 2F, right). We monitored

vaginal opening in females and anogenital distance (AGD) in

males, two markers for pubertal maturation [29, 30]. Vaginal

opening occurred around P40 (Figure 2F, left; 40.4 ±

3.1 days). In line with the tight relationship between sexual

maturation and weight in females [31], vaginal opening was

associated with mice reaching approximately 16 g. In males,

the AGD increased from prepubertal 7 mm to adult 16 mm (Fig-

ure 2G) [29]. The first ovulation usually occurs 7 days after

vaginal opening [32]. In line with this continuous process of sex-

ual maturation, the number of Scnn1a+ neurons did not show a

sharp step-like increase. Instead, the increase was gradual,

rising steeply before P40 and leveling off toward early

adulthood (Figure 2D).

Scnn1a+ Expression Increases while Neuron Density
Remains Stable
To determine the origin of newly appearing Scnn1a+ neurons,

we performed immunostaining. Tangential brain sections of

pre- and postpubertal Scnn1a-tdTomato brains were counter-

stained with the neuron-selective antibody NeuN conjugated to

a green secondary antibody. Fluorescent micrographs show

that neither in genital cortex (Figure 3A) nor in hindpaw cortex

(Figure 3B) do all L4 neurons (NeuN+, green) express Scnn1a

(tdTomato+, red). However, in genital cortex, the number of

Scnn1a+ neurons increases from pre- to postpuberty (Fig-

ure 3A). We counted the number of Scnn1a+ neurons relative

to all neurons (NeuN+) in z stacks (xyz: 100 3 200 3 40 mm;

1 mm z spacing; n = 12 hemispheres) of genital cortex of mice

between P24 and P100. Although the percentage of Scnn1a+

neurons increases in genital cortex with age (Figure 3C), it re-

mains stable in hindpaw cortex (Figure 3D). Binning these

data into three age groups shows that, in genital cortex (Fig-

ure 3E, red), the percentage of Scnn1a+ neurons is significantly

lower at prepubertal ages (<P40: 8.47 ± 1.35) compared to

postpuberty (P40–P80: 18.0 ± 1.69) and adulthood (>P80:

20.5 ± 2.05), and there was no significant difference between

the latter two age groups (ANOVA: F(2,11) = 54.5; p = 9.35 3

10�6; p values in Figure 3E indicate pairwise comparisons be-

tween age groups). In comparison, the percentage of Scnn1a+

neurons remains consistently around 60% in hindpaw cortex

(ANOVA: F(2,11) = 0.26; p = 0.77; Figure 3E, gray). Finally,

neuron density (all NeuN+ per mm3) is similar and remains sta-

ble with age in both genital and hindpaw cortex (Figure 3F).

Although the density of Scnn1a+ neurons increases signifi-

cantly with age, the density of Scnn1a� neurons decreases

marginally and not significantly (Pearson’s correlation coeffi-

cient: Scnn1a+: r = 0.900, p = 0.0001; Scnn1a�: r = �0.133,

p = 0.681). These findings are in line with a conversion scenario,

where previously Scnn1a� neurons acquire Scnn1a expression

during puberty.
Apical Dendrites of Pyramidal Neurons in Genital Cortex
Do Not Remodel during Puberty
Within L4, excitatory neurons can be broadly categorized into

stellate and pyramidal neurons, defined by the absence and

presence of an apical dendrite, respectively [15, 17, 33, 34].

However, at birth, all excitatory L4 neurons appear as pyramids

[18], suggesting many retract their apical dendrite to become

stellates in the first postnatal week [18]. This process seems to

be a hallmark of layer 4 somatosensory map development [19].

To find out whether pyramidal neurons in genital cortex lose their

apical dendrite during puberty, we acquired high-magnification

two-photon z stacks of neurons within genital cortex of 5 mice.

Stacks covered the entire distance from the bottom of L4 to

the pia (xyz: 1333 1333 400 mm; 2 mm z spacing). We captured

the same Scnn1a+ neurons prepuberty (Figure 4A, left top; P30)

and postpuberty (Figure 4A, left bottom; P60) and reconstructed

all neurons within these stacks (n = 5 pre and 5 post). We identi-

fied neurons that were present at both ages and those that newly

appeared during adulthood.We further classified each neuron as

either stellate (orange) or pyramidal (green) shaped, based on the

absence and presence of an apical dendrite, respectively. The

high-magnification micrographs (Figure 4A, right) show exam-

ples of a pyramidal and a stellate neuron, which evidently do

not undergo morphological remodeling during puberty. In fact,

100% of stellate cells (n = 51) retained their stellate cell

morphology and 100% of pyramids (n = 63) retained their apical

dendrite throughout puberty (Figure 4B). Overall, there were

more spiny stellates than pyramids in genital cortex L4 before

puberty, and their ratio was not different after puberty (Figure 4C;

Fisher’s exact test; X2 = 0.95; p = 0.91).

Stronger Genital-Touch Responses in Layer 4 of Males
Compared to Females and a Developmental Increase of
Responsiveness in Females
To understand how puberty shapes evoked responses in L4 of

genital cortex, we performed calcium imaging of Scnn1a+ neu-

rons during sensory stimulation of the genitals. Three weeks after

neonatal injection (P0 to P1), Scnn1a-cre mice showed extensive

cre-dependent expression of the activity-dependent calcium indi-

cator flex-GCaMP6s in genital cortex (Figure 5A). Overall, the la-

beling of Scnn1a+ neurons with flex-GCaMP corresponded well

with labeling by genetic crossing of Scnn1a-cre and Ai9-reporter

mice (see STAR Methods). For two-photon imaging, mice were

lightly anesthetized using isoflurane and head fixed, and genitals

were stimulated with a small circular vibration motor for 300 trials

(Figure 5B). Care was taken to position the stimulation the exact

same way during all experiments (see STAR Methods). For each

cell, we computed a DF/F0 trace. Neurons varied in responsive-

ness to genital stimulation (green dashes, Figure 5C). Because im-

aging conditions varied, we Z scored all traces acquired during a

session. To quantify the responsiveness of neurons in genital cor-

tex, we first analyzed all detectable neurons, which also includes

Scnn1a+ neurons that acquired Scnn1a expression during pu-

berty. For each cell, we computed a mean Ca2+ trace across all

trails. The average of these mean traces shows that neurons in

males respond more strongly to genital stimulation compared to

females (Figure 5D), which is in line with previous findings from

rats [5]. Calculating the response index (RI) for male and female

neurons ([Fmax(stim) – Fmean(bsl)]/ STD (Fbsl); see STAR Methods)
Current Biology 29, 3588–3599, November 4, 2019 3591



Figure 3. Genital Cortex Scnn1a+ Expres-

sion Increases while Neurons Density

Remains Stable

(A) Tangential Scnn1a-tdTomato sections (40 mm)

of genital cortex layer 4. Sections were stained

against NeuN (top, green) to reveal the density of

Scnn1a+ neurons (red, middle) relative to all

NeuN+ neurons. Scnn1a+ neurons appear as

orange in the overlay (white arrows, bottom). Left:

prepuberty (P30); right: postpuberty (P49).

(B) Same as (A) but for hindpaw cortex. Left: pre-

puberty (P30); right: postpuberty (P90). Scale bar

(A and B) represents 25 mm.

(C) The number of Scnn1a+ neurons relative to all

NeuN+ neurons counted in z stacks of genital

cortex plotted against age (days); n = 12

hemispheres. Gray, polynomial fit line.

(D) Same as (C) for hindpaw cortex; n = 12

hemispheres.

(E) Data shown in (C) and (D) binned into three age

groups (<P40, P40–P80, and >P80). Left: genital

cortex (red); right: hindpaw cortex (gray). p values

indicate Tukey-Kramer pairwise comparisons

between age groups.

(F) Neuron density per 1 mm3 for hemispheres

shown in (C) and (D). Left: genital cortex (red); right:

hindpaw cortex (gray).
showed that this difference was highly significant (RI [mean ±

SEM]: males [990 neurons in 5 mice]; 9.02 ± 0.357 versus

females [734 neurons in 5 mice]; 5.67 ± 0.124; rank-sum test;

Z = 10.2; p = 2.74 3 10�24).

To determine whether response strength changes in genital

cortex over the course of puberty, we performed functional imag-

ing experiments betweenweaning and early adulthood. In females

(n = 5), we split neurons according to whether they were recorded

before or after vaginal opening. In accordance with previous re-

ports of male puberty onset and the notion thatmale sexual matu-

ration is independent of weight [31], we used the mean age at

vaginal opening (P39) as an approximation in males (n = 5).

Evoked responses in males were similar before and after P39
3592 Current Biology 29, 3588–3599, November 4, 2019
(Figure 5E, top). In contrast, responsive-

ness increased from before to after vaginal

opening in females (Figure 5E, bottom).

Accordingly, response indices of prepu-

bertal males were greater than those of

prepubertal females (Figure 5E, left; males:

n = 551 versus females: n = 465; rank-sum

test; Z = 10.9; p = 1.04 3 10�27). Further-

more, neurons imaged in adult males re-

sponded more strongly to genital stimula-

tion than neurons imaged in adult female

mice (Figure 5E, right; males: n = 418

versus females n = 255; rank-sum test;

Z = 2.77; p = 0.006). Response indices of

neurons in genital cortex of males only

slightly increased before and after P39

(Figure 5F, top; RI [mean ± SEM]: <P39:

8.79 ± 0.394 versus >P39: 9.45 ± 0.665;

rank-sum test; Z = 1.31; p = 0.190). In
contrast, in females, stimulation of the external genitals elicited

significantly larger responses after vaginal opening as compared

to before vaginal opening (Figure 5F, bottom; RI [mean ± SEM]:

before vaginal opening: 5.24 ± 0.126 versus after vaginal opening:

6.49 ± 0.265; rank-sum test; Z = 4.78; p = 1.743 10�6). Given that

pubertal maturation is temporally extended, we also correlated

the response indices with the age at imaging for males (Figure 5G,

top) and females (Figure 5G, bottom). Interestingly, response

indices increased with age in females (Pearson’s correlation coef-

ficient: r = 0.102; p = 0.006), but not in males (Pearson’s correla-

tion coefficient: r = 0.017; p = 0.600). Together, these results

show that neurons in genital cortex showsex- and age-dependent

response properties.



Figure 4. No Evidence for a Loss of Apical

Dendrites in Pubertal Development of

Scnn1a+ Neuron

(A) Structural stacks (xyz: 1333 1333 400 mm; 2 mm

z spacing) of Scnn1a+ neurons in genital cortex

were vertically reconstructed to reveal dendritic

morphology. Stacks of the same FOV were

compared pre and postpuberty in 5 mice. There are

fewer fluorescent cells prepuberty (left, top)

compared to postpuberty (left, bottom). Stellate

cells (no apical dendrite; orange arrows) remain

stellate cells, and pyramidal cells (with apical

dendrite; green arrows) remain pyramidal cells. The

same cells are shown at a higher magnification on

the right. Scale bars: 50 mm (left) and 10 mm (right).

(B) Scnn1a+ neurons were reconstructed in 5 pre- and 5 postpubertal stacks and identified as stellate or pyramidal shaped. All neurons that were

captured before puberty (63 pyramids and 51 stellates in 5 mice) retained their original morphology. No cell underwent a conversion from either

stellate to pyramid or vice versa during puberty.

(C) There were slightly more stellates (orange) than pyramids (green) both before (left) and after puberty (right). The number of both stellates and

pyramids approximately doubled during puberty. There was no association between age and cell type (Fisher’s exact test; c2 = 0.95; p = 0.91).
Newly Appearing Scnn1a+ Neurons Respond to Genital
Stimulation
Our data suggest that during puberty, many neurons in genital

cortex gain Scnn1a+ expression (Figure 2). To determine

whether these newly Scnn1a-expressing neurons are function-

ally active, we performed Ca2+ imaging experiments. We identi-

fied the newly appearing Scnn1a+ neurons by comparing z

stacks acquired before puberty (Figure 6A, top) to stacks ac-

quired postpuberty (Figure 6A, bottom). To ensure that the

cellular gain of GCaMP fluorescence after puberty reflected the

gain of Scnn1a expression and not a delay in viral transfection,

prepubertal stackswere acquired at least 4weeks after injection.

Similar to results observed in Scnn1a-tdTomato mice, many

neurons expressed flexed GCaMP6s both before and after pu-

berty (Figure 6A, purple arrows). Other neurons expressed

GCaMP only after puberty (Figure 6A, green arrows). We limited

our analysis to newly appearing Scnn1a+ neurons that clearly did

not express GCaMP before puberty (28 neurons in 2 male and 2

female mice) and compared those to all other recorded neurons

(1,689 neurons in 5 male and 5 female mice). The average

evoked response of these newly appearing Scnn1a+ neurons

was similar to the response evoked in all other neurons (Figures

6B and 6C).

Scnn1a+ and Scnn1a– Neurons Respond Similarly to
Genital Stimulation
To determine whether Scnn1a+ and Scnn1a� neurons differ in

their responsiveness to genital stimulation, we performed acute

two-photon targeted juxtacellular recordings in Scnn1a-tdTo-

mato mice under urethane anesthesia. We visualized L4 of gen-

ital cortex using two-photon microscopy and stimulated the

external genital region as before (Figure 5). For juxtacellular re-

cordings, we inserted a pipette filled with a green fluorescent

dye (Alexa 488) and recorded evoked responses of both putative

Scnn1a+ (Figure S2A, red) and putative Scnn1a� neurons,

which were identifiable as dark shadows within the fluorescently

labeled neuropil (Figure S2A, white arrows). After recording, neu-

rons were electroporated (see STAR Methods) with Alexa Fluor

488 to identify the recorded neuron (Scnn1a+ versus Scnn1a�).

Scnn1a� neurons turned from not fluorescent (Figure S2B, top)
to green fluorescent after electroporation (Figure S2B, bottom).

In contrast, the Scnn1a-tdTomato+ neurons (Figure S2C, top)

became red and green after electroporation (Figure S2C, bot-

tom). Labeling efficacy was high (>90%), andmultiple cells could

be recorded and identified within the same animal (21 identified

Scnn1a+ neurons and 25 identified Scnn1a� neurons in 2 males

and 4 females). The mean firing rate of Scnn1a� (Figure S2D)

and Scnn1a+ neurons (Figure S2E) in response to 200ms of gen-

ital stimulation (shaded gray box) were overall similar. Mean firing

rate differences were calculated by subtracting the mean firing

rate during the 200 ms preceding stimulus onset from the

mean firing rate during genital stimulation (200 ms) for each

cell (Figure S2F). Overall, Scnn1a+ neurons responded slightly

more strongly to genital stimulation than Scnn1a� neurons,

but this difference was not statistically significant (Kruskal-Wallis

test; p = 0.154).

Co-housing Prepubertal Females with Adult Males
Advances the Gain of Scnn1a+ Neurons in Genital
Cortex
Pubertal development of female mice can be accelerated by

co-housing them with adult males via the synergistic effect of

male pheromones and touch [8]. Specifically, three days of

co-housing resulted in a tripling of uterine weight. We have pre-

viously shown that this induced advance in pubertal maturation

by male conspecifics also accelerates the expansion of genital

cortex in prepubertal female rats [6]. Therefore, we wondered

whether co-housing with adult males and the concomitant first

sexual experience would also accelerate the gain of Scnn1a

expression in genital cortex. To test this, we performed chronic

imaging experiments of Scnn1a-tdTomato mice similar to Fig-

ure 2. Now, female mice were co-housed with sexually mature

males between P36 and P39 (Figure 7A). At P36, females had

just reached 15 g of bodyweight (Figure 7B), a time point where

the uterine response to adult males is maximal [8] although

vaginal opening had not yet occurred. Although weight

gain was similar between single and co-housed females,

vaginal opening occurred slightly, albeit not significantly, earlier

in co-housed females (Figure 7C; alone [n = 8]: P40.4 ± P3.1

versus +male [n = 7]: P38.7 ± P1.5 days of age; unpaired
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t test; p = 0.209). Scnn1a+ neurons were imaged in genital cor-

tex of co-housed females and counted in series of stacks of the

same FOV captured between P25 and P63. In females sitting

alone, fewer neurons gained Scnn1a expression between P36

and P39 (Figure 7D) compared to females co-housed with adult

males (Figure 7E). We quantified this increase in Scnn1a+ cells

for females sitting alone (Figure 7F, left; same as Figure 2D) and

for females co-housed with males (Figure 5F, right). A close ex-

amination of P36–P39 (Figure 7G) highlights the steep increase

in Scnn1a+ neurons for co-housed females in this short time

window (Figure 7G, right). Between P36 and P39, the slope of

cell counts is significantly steeper for co-housed females

compared to single-housed females (Figure 7H; alone [n = 8]:

1.89 ± 0.69 versus +male [n = 7]: 3.91 ± 1.60; unpaired t test;

p = 0.006). To examine whether this steep increase during
3594 Current Biology 29, 3588–3599, November 4, 2019
co-housing results in an overall increased number of Scnn1a+

neurons in genital cortex or represents an acceleration of

Scnn1a+ expression gain, we compared cell counts at P50

(Figure 7I) 11 days after co-housing ended. Interestingly, there

was no difference in the relative cell count of Scnn1a+ neurons

between single-housed and co-housed females at this stage

(Figure 7I; alone [n = 8]: 127 ± 8 versus +male [n = 7]: 136 ± 9;

unpaired t test; p = 0.111). Overall, these data suggest that

initial sexual experience has a strong effect on Scnn1a expres-

sion. This gain of Scnn1a+ cells appears to reflect an acceler-

ating effect on the maturation rather than a life-long expansion

of genital cortex.

To examine whether this effect of co-housing is specific

to genital cortex, we also captured series of stacks in the hind-

paw cortex of co-housed females and compared those to
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single-house females (Figure S3A). In the hindpaw area, the

gain of Scnn1a+ neurons between P36 and P39 is minimal

and similar between single and co-housed females (Fig-

ure S3B). Similarly, the slope of cell counts within the co-hous-

ing period is not different between the two groups in hindpaw

cortex (Figure S3C; alone [n = 6]: 1.06 ± 0.82 versus +male

[n = 7]: 0.88 ± 0.79; unpaired t test; p = 0.695). Finally, the

relative cell count of Scnn1a+ neurons was not different at

P50 between co-housed and single-housed females in hindpaw

cortex (Figure S3D; alone [n = 6]: 109 ± 4 versus +male [n = 7]:

111 ± 8; unpaired t test; p = 0.668).

DISCUSSION

Our findings reveal that layer 4 of the primary somatosensory

genital field undergoes unusually late remodeling during puberty.

We showed that the number of Scnn1a+ neurons almost doubles

during pubertal maturation and that this gain is gradual rather

than stepwise. Our data suggest that within genital cortex, only

a fraction of all neurons expresses Scnn1a+ and that this fraction

grows during puberty while neuron density is stable. In contrast

to developmental processes [18], Scnn1a+ neurons in genital

cortex retain their original morphology as stellate or pyramidal

neurons. Calcium imaging further showed that neurons in male

genital cortex respond more vigorously to genital touch

compared to females. It also revealed that newly appearing

Scnn1a+ neurons also respond to genital touch. Most interest-

ingly, however, we observed that initial sexual experience dras-

tically accelerated the gain of Scnn1a expression in genital

cortex neurons.

During pre- and early postnatal development, extrinsic and

intrinsic factors shape the distinct identity of layer 4 primary

somatosensory cortex within a brief window of cortical plasticity

[35, 36]. Thereafter, the somatosensory homunculus remains

particularly stable [9]. Compared to other body parts, genitals

significantly change in shape and relevance much later in life

[37, 38]. Although recent studies have demonstrated that activity

in primary somatosensory cortex does not only reflect the phys-

ical properties of touch [39–41], few have yet examined the effect

of sexual maturation and, more importantly, sexual experience

on the cortical representation of genitals. We specifically
targeted layer 4 of genital cortex to build on our previous findings

[5–7], although we do not rule out puberty-dependent changes in

other layers of genital cortex.

We show that more Scnn1a+ neurons are gained in genital

cortex compared to hindpaw cortex and that this increase repre-

sents a change in Scnn1a expression and not a gain of new

neurons. Scnn1a+ neurons cluster densely in layer 4 of primary

somatosensory cortex [19, 22] and pattern it in the shape of

the mouse homunculus, suggesting that neurons newly appear-

ing as Scnn1a+ during puberty may resemble a late-acquired

layer 4 cell identity. New Scnn1a+ neurons did not appear

abruptly but rather gradually, with an initial steep rise that levels

off thereafter. This observation is in line with the view that sex

hormones act within one temporally extended sensitive period

during brain development [42] and not only during one brief peri-

natal and one brief pubertal pulse [43]. Moreover, we show that

initial sexual experience can increase the gain of Scnn1a+ neu-

rons in genital cortex. We suggest that this immediate and

drastic effect represents a developmental acceleration rather

than a permanent increase, as the relative gain of Scnn1a+ neu-

rons was not different once animals reached adulthood. We

wonder whether this imminent accelerating effect of sexual

experience on cortical circuitry is related to the great psycholog-

ical and social significance of initial sexual experience [24, 25],

although we cannot exclude the possibility that other kinds of

sexual experience (later or premature) also have an effect on

genital cortex.

A key property of many excitatory neurons in layer 4 of primary

somatosensory cortex is their spiny stellate morphology [18],

which depends on the appropriate transcriptional expression

[19]. Nevertheless, some excitatory neurons within the granular

areas of somatosensory cortex retain their pyramidal

morphology [15, 16, 18]. We find that, in genital cortex, there

were more spiny stellates compared to pyramids. Although the

number of Scnn1a+ neurons almost doubles during sexual

maturation in genital cortex, the ratio between stellates and pyr-

amids did not change from prepuberty to postpuberty. We also

examined the morphology of pre- and postpubertal Scnn1a+

neurons to find out whether pyramidal Scnn1a+ neurons in gen-

ital cortex retract their apical dendrite as some of them do during

early development [18]. However, we did not observe any
Current Biology 29, 3588–3599, November 4, 2019 3595



30 50
50

75

100

125

150

30 50

1

3

5

7

40

80

120

160

30 50
5

15

25

35

40

45

50

36 39

105

115

125

36 39

A
P36 - P39

Co-housing + adult male 210 28 49 56 63 days

Chronic imaging + 
puberty tracking 

Co-housing + 
adult male 

36 - 39

W
ei

gh
t (

g)

A
ge

  (
da

ys
) 

at
 

va
gi

na
l o

pe
ni

ng

Age (days)

Age (days) Age (days) Alone
+Male

Alone
+Male

Alone
+Male

S
cn

n1
a+

 c
el

ls
 (

10
0 

%
 =

 P
35

)

M
ea

n 
sl

op
e 

P
36

 -
 P

39

p = 0.006 p = 0.111 

S
cn

n1
a+

 c
el

ls
 (

10
0 

%
 =

 P
35

)

%
 S

cn
n1

a+
 c

el
ls

 P
50

(1
00

 %
 =

 P
35

)

Alone + Male
Genital Cortex 

Alone + Male

p = 0.209B C

HF IG

+ Male
Alone

P36 - P39
co-housing

Alone + Male

P36 P39 P39P36

D E
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(A) Prepubertal females were co-housed with adult males, when females were between P36 and P39. Chronic imaging was performed as before (Figure 2).

(B) Females sitting alone (dashed pink; n = 10) and females co-housed with males (solid pink; n = 7) gained weight at a similar rate. Co-housing started when

female mice reached 15 g and continued for three days (red).

(C) Age at vaginal opening was slightly, but not significantly, advanced in co-housed females (+ male, red, n = 7, 38.7 ± 1.5 versus alone, pink, n = 8, 40.4 ± 3.1;

unpaired t test; p = 0.209).

(D) Scnn1a+ neurons in females sitting alone on P36 (left) and P39 (right). Arrows mark newly appearing Scnn1a+ neurons. Scale bar represents 10 mm.

(E) Same as (D) for females co-housed with adult males. Scale bar represents 10 mm.

(F) Scnn1a+ neurons in genital cortex (P35 = 100%) of females sitting alone (left; n = 8; same as Figure 2D) and females co-housedwithmales (right; n = 7). Days of

co-housing, red.

(G) Magnification of dashed boxes in (D). The gain of Scnn1a+ neurons is greater in females sitting with a male (right) compared to females sitting alone (left).

(H) Between P36 and P39, the mean slope of Scnn1a+ cell counts is smaller for single-housed females (left; n = 8; 1.89 ± 0.69) compared to co-housed females

(right; n = 7; 3.91 ± 1.60; unpaired t test; p = 0.006).

(I) At P50, relative Scnn1a+ cell counts of females sitting alone (left) and females co-housed with males (right) are not different (unpaired t test; p = 0.111).

See also Figure S3.
pyramidal neurons that retracted their dendrites during this late

stage. Alternatively, neurons in genital cortex may have already

undergone morphological remodeling just prior to gaining

Scnn1a expression. Unfortunately, we cannot investigate this

scenario because layer 4 neurons do not express all viral con-

structs well and can be more easily visualized in vivo by using

a transgenic mouse line.

Using two-photon calcium imaging, we show that responses

of layer 4 neurons in genital cortex to genital touch are more

complex than anticipated. Similar to previous observations in

rats [5], we found greater responsiveness of genital cortex

neurons in males compared to females. In addition, we also

observed a positive correlation between age at recording and

response strength in females, but not in males. Given that gen-

ital cortex appears anatomically monomorphic in males and

females, this physiological dimorphism is particularly surpris-

ing. Differences in the anatomy of male and female genitals
3596 Current Biology 29, 3588–3599, November 4, 2019
may contribute to this result. In males, the surface area of the

external genitals (penis and scrotum) is significantly larger

than that of female genitals, where stimulation of the skin, as

it is applied here, does not resemble the sensory input that

female genitals receive during natural intercourse. Moreover,

males are usually heavier than females, possibly resulting in dif-

ferences in depth of anesthesia. To further elucidate how

genital cortex processes sensory inputs in an age-, sex-, and

possibly hormone-dependent manner, it will be key do develop

approaches to exert precise local (vagina versus clitoris) and

naturalistic (external versus internal) sexual stimulation on the

female genital tract [44].

Finally, we cannot rule out the possibility that Scnn1a+ con-

stitutes a special subpopulation of layer 4 neurons, at least in

genial cortex. Although it would have been of great interest to

investigate Scnn1a� neurons in vivo, there is currently no

feasible strategy to target these neurons optically. Therefore,



we turned to two-photon guided juxtacellular recordings to

investigate whether Scnn1a+ and Scnn1a� neurons differ in

their response properties to genital stimulation. The results

suggested similar response strengths of Scnn1a+ and

Scnn1a� neurons. Yet, it is conceivable that our experimental

approach was insufficient to resolve differences between these

cell types. For one, we cannot rule out that sensory responses

of Scnn1a� neurons arise from excitatory network activity. We

suggest probing thalamic input to layer 4 more precisely by

selectively activating primary thalamic afferents while recording

from postsynaptic targets in layer 4. Alternatively, it would also

be interesting to selectively label layer 4 neurons that receive

thalamic input in Scnn1a-cre mice to find out how these neu-

rons map onto Scnn1a expression. In a similar vein, comparing

the molecular profile of Scnn1a+ and Scnn1a� neurons as well

as the factors that lead to the gain of Scnn1a+ expression dur-

ing puberty will be important. For example, hormone-level

changes during puberty might influence Scnn1a expression

and cellular functions of Scnn1a+ neurons: the Scnn1a gene

encodes for the alpha subunit of a well-known non-voltage

gated epithelial sodium channel (ENaC) in various organs. Inter-

estingly, the activity of this channel is dependent on estrogen in

several tissues [45–47].

Conclusions
In line with earlier observations, our novel results show that layer

4 of genital cortex follows a unique developmental trajectory.

Rather than being fully developed after the first postnatal

week, many of its principal neurons assume their primary cortex

layer 4 cell identity only in the course of puberty. Our data show

that genital cortex maturation can dramatically accelerate the

initial sexual experience. We wonder if the molding of the genital

representation by initial sexual interaction contributes to its huge

mnemonic weight and its powerful effects on the perception of

one’s own sexuality.
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Mouse: B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J

Mus musculus

JAX Cat #: 007909; RRID: IMSR_JAX:007909

Mouse: C57BL/6JRj Janvier N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

MATLAB Mathworks https://de.mathworks.com/products/matlab.html

Adobe Illustrator Adobe https://www.adobe.com

Spike2 CED http://ced.co.uk/products/spkovin

Suite2p [48] https://github.com/MouseLand/suite2p
LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not create new unique reagents ormouse lines. Further information and requests for resources and reagents should be

directed to and will be fulfilled by the Lead Contact, Michael Brecht, michael.brecht@bccn-berlin.de.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experimental procedures were performed according to the German guidelines on animal welfare under the supervision of

local ethics committee (animal permit number G0244/16). Adult Scnn1a-Tg3-Cre (B6;C3-Tg(Scnn1a-cre)3Aibs/J, RRID:

IMSR_JAX:009613) and Ai9-reporter mice (B6;Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, RRID: IMSR_JAX:007909) mice were pur-

chased from Jackson Labs. Wild-type C57BL/6JRj mice were purchased from Janvier. For intrinsic and chronic imaging, juxta

cellular experiments and histology, heterozygous Scnn1a-cre mice were bred with homozygous Ai9-reporter mice. Scnn1a x Ai9

positive offspring constitutively expressed tdTomato in all cre-positive cells (Scnn1a-tdTomato). Males and females between post-

natal day (P) 25 and P90 were used. For calcium imaging experiments, we used single transgenic Scnn1a-cre mice injected with

flexed GCaMP6s. All animals were weaned at P20 and genotyped by Transnetyx (Cordova, TN). Mice were housed alone or in pairs

under a 12-hour light and dark cycle in temperature controlled cabinets with ad libitum chow and water.

METHOD DETAILS

Assessment of pubertal development
Throughout chronic experiments (P25 - P60), weight and external parameters of pubertal development were closely monitored.

Weights were smoothed with a three day sliding window and plotted across days for each animal. Females were inspected daily

starting at weaning to record vaginal opening. For males, we recorded the distance between anus and penis (anogenital distance,

AGD). Both, vaginal opening and AGD are dependent upon the activation of the hypothalamic-pituitary-gonadal axis [29].

Sensory stimulation of the body surface
For stimulation of the body surface, in particular the external genitals, we used a small circular vibrationmotor, usually found inmobile

phones (Ø 8 mm, 3 mm thick, Eckart Electronics, PO1637), which emits 10 Hz vibrations. The vibration motor was attached to a

costume made control box, which could be triggered by TTL pulses during intrinsic imaging, two-photon calcium imaging and
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juxtacellular recordings. The vibration motor was held by a micro-manipulator which allowed precise positioning on the genital or

other body parts. To stimulate the genital inmales, the vibrationmotor was positioned on top of the penis and the scrotum. In females,

it was positioned to cover the exit of the urethra, the clitoris and the vulva.

Headpost and window surgery
For all chronic imaging experiments, mice underwent headpost and window surgeries following weaning approximately at P25. Mice

were anaesthetized with isoflurane (1.5 – 2% in O2). Body temperature was maintained at 36�C using a heatpad. After removing the

skin covering the skull, a circular 3 mm craniotomy was made positioned between the coronal suture and the midline. The dura was

left intact and the craniotomy was sealed with a stack of three coverslips, 3 mm, 3 mm and 4 mm glued together with light Norland

optic adhesive 71 (Norland products) and affixed using superglue. A light-weight, two-point fixation headpost was glued on the skull

surrounding the craniotomy, before sealing everything with dental cement.

Intrinsic imaging of genital cortex
Topographic maps in S1 were functionally identified using intrinsic optical imaging (iOS) as previously described [27, 28]. For this

purpose, mice were lightly anesthetized with isoflurane (0.5 – 1% in O2) and placed on a heatpad. We sequentially identified several

body parts in each mouse which included the genital, hindpaw, forepaw, genital, tail, ventral and dorsal trunk. To limit the duration of

anesthesia per experiment not all body parts were mapped in all mice. For identifying each body part, we placed the small circular

vibration motor on it using a micromanipulator. Care was taken to prevent the vibration motor to touch anything but the body part

under investigation. To reach the ventral side of the paws, they were minimally suspended. To reach the ventral trunk and the genital,

the lower body was slightly twisted. After appropriate positioning, the blood vessel pattern on the surface of the craniotomy was

captured using green illumination (530 nm). Next, the craniotomy was illuminated by a ring of small red LEDs (600 nm) mounted

around the objective. Illumination was set so that the craniotomy was homogenously enlightened without saturation. Images were

captured using a CCD camera coupled to a 50 nm and 25 nm lens. The signal was measured before and during sensory stimulation

(1 s stimulation, 5 s ISI) for 20 sweeps. The intrinsic signal was measured as the difference between reflected light before and during

stimulation and was mapped onto the blood vessel pattern (Figure 1F). The signal was then analyzed using ImageJ. Images were

converted to gray scale and smoothed using a Gaussian filter (sigma = 10). The area of evoked activity was identified by thresholding

the image to binary black and white, where the darkest pixels (strong activity) appeared as black and the remaining image in white.

The threshold was set so that pixels within the darkest 10%of the gray scale appeared in black. The resulting fields of activation were

superimposed into the blood vessel pattern of the craniotomy (Figure 1G).

Two-photon imaging
Imaging was performed with a Thorlabs B-Scope or a costume built resonant scanning two-photon microscope equipped with

GaAsP photomultiplier tubes (assembled by INSS, UK). tdTomato and GCaMP6s were excited at 940 nm (typically 30 to 40 mW

at the sample) with a Ti:Sapphire laser (Spectra Physics) and imaged through a 16x 0.8 NA water immersion objective. Images

(512 3 512 pixels) were acquired at 30 Hz using ScanImage software. During all imaging experiments, mice were lightly anaesthe-

tized using isofluorane (0.5%–1.0% in O2) and body temperature was maintained using a heatpad.

Chronic imaging of Scnn1a+ neurons
Followingwindowandheadpost surgery, animalswereallowed to recover for twodays. Inorder toquantifyScnn1a+cells inL4ofgenital

cortex, two-photon imaging carriedout inScnn1a-tdTomato transgenicmice,were excitatoryneurons in L4express tdTomato. Starting

around P25, mice were imaged at least once per week until approximately 60 days of age. The exact start and endpoint of chronic im-

aging experiments varied between animals, depending on the quality of the craniotomy. Genital cortex was first identified either using

intrinsic imaging (in 9mice) or the topographic layout of the bodymapwithin L4, which is clearly visible in Scnn1a-tdTomatomice used

here. To provide an overview of the whole genital field (1065 mm x 1065 mm), a stack was taken at minimal magnification first. Next, a

representative subfield was captured at high magnification (�200 mm x 200 mm), which was used to quantify fluorescent cells. In addi-

tion, a similar stack was acquired in the somatosensory hindpaw cortex to serve as a control area. Care was taken to capture stacks at

the center of the genital or hindpaw area. Stacks were always taken at the same angle and a two-point fixation headpost was used to

minimize shifts in the imaging angle. To achieve optimal structural resolution, 60 to 200 imageswere acquiredper z-plane and averaged

online. Z stackswere acquiredstarting below layer 4, densely populatedby tdTomato+neurons,moving upward toward the pia. Stacks

covered anoverall distance of 400mmwith individual z-planes acquired every 2 mm.Following the first imagingday, the exact same field

of view was captured on subsequent imaging days. Image stacks were analyzed using ImageJ as follows: Acquired z stacks were first

minimally cropped in the xy-plane to ensure that they included the same FOV across days. With regards to the z axis (depth), neurons

were neither cut at the top or bottom due to the large vertical distance that they covered. Cells bodies were then traced by hand

throughput the z stacks to quantify the number of fluorescent cells in the genital and hindpaw region throughout puberty. Only neurons

that were fully included in the stacks were counted. After counting, we took additional precautions to account for small shifts in the im-

aging angle, which resulted in Scnn1a+ neurons moving in and out of the stacks across time points. To avoid biases in counting such

cells, we created maximum projections of the z stacks after counting cells and made sure that the same neurons were systematically

included or excluded. Because stacks were not exactly of the same xy-area (due to posthoc alignment or issues with the quality of the

craniotomy), cell counts for each animal are expressed relative to the number of cells counted on P35 (7 weeks).
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For morphological classification of Scnn1a+ neurons we captured structural z stacks as described above (xyz: �133 3 133 3

400 mm, 2 mm z-spacing). In 5 mice we acquired z stacks of the same FOV in genital cortex around P30 and around P60. Stacks

were reconstructed in 3D using ImageJ to reveal apical dendrite morphology between L4 and the pial surface. Scnn1a+ positive neu-

rons were classified as either pyramidal or stellate cells, depending on the presence or absence of an apical dendrite, respectively.

We further distinguished between neurons that were Scnn1a+ already before puberty (visible at P30 and P60) and those that only

appeared after puberty (P60 only).

Manipulation of pubertal development
For manipulation experiments, female mice underwent chronic imaging sessions as described above. In addition, mice were co-

housed with sexually mature wild-type mice for three days just prior to onset of puberty. Co-housing started once mice reached a

weight of 15 g [8] which occurred at P36. Males were removed again three days later on P39.

Neonatal viral injections
For functional imaging of Scnn1a neurons during puberty, we injected neonatal Scnn1a-cre mice (P0 – P3) with pAAV-Syn-Flex-

GCaMP6s-WPRE (Addgene plasmid #100843, RRID: Addgene_100843). For injections, cryoanesthesia was induced by placing

pups wrapped in a lab glove on a metal plate on ice for 10 minutes, taking care to avoid pups directly contacting the ice [49].

Pups were positioned dorsal side up, lightly fixed using an adhesive bandage. AAV injections were made using a 10 mL Hamilton sy-

ringe (Hamilton) and a 32 gauge needle. For injections the head was held gently and the tip of the needle was inserted carefully

through skin and cranium. Between 3 and 5 injections (�50 nl) were made into the left hemisphere directly below the cranium,

covering the area between Bregma and Lambda close to the midline (visible through the skin) to cover S1. Pups recovered on a

heat pad andwere returned to their home cage once awake and re-warmed. All pups survived this procedure and dams did not reject

any pups. Pups were weaned at P21 and underwent head-post implantation and window surgery as described above.

Functional 2-photon imaging
Followingneonatal injections, two-photoncalcium imagingwasused tocapturesensoryevokedactivityofScnn1a+L4neuronsexpress-

ingGCaMP6s throughoutpuberty.Micewere imagedbetween25and60daysofage,wherebywesampleddifferentneuronswithinmice

during multiple imaging session. Despite the long duration of GCaMP6s expression, only few cells acquired nuclear filling. Those were

excluded from the analysis. Furthermore,we ensured that viral injection of flex-GCaMP6s labeled the sameneurons as genetic crossing

of Scnn1a-cre and Ai9- reporter mice (resulting in td-Tomato expression). Injecting flex-GCaMP6s in Scnn1a-tdTomatomice showed a

good, albeit not perfect, correspondence between both transfection strategies (td-Tomato + GCaMP double labeling: 85.9 ± 2.1%,

td-Tomatoonly: 3.7±2.1%,GCaMPonly: 10.4±2.1%).To identifynewlyappearingScnn1a+neuronsduringadulthood,wetookzstacks

at 840nm at a prepubertal time point, to be able to identify all neurons that already expressed Scnn1a. During each imaging session, we

imaged neurons in the genital while stimulating the external genital with a small vibration motor (see above), triggered by TTL pulses.

Time-seriesmovieswereacquiredat30HzandalignedwithstimulationsusingSpike2software. Thevibrationmotorwasheldbyamicro-

manipulator and placed either on the genital area. During each trial, calcium activity was recorded for 2 s (baseline), followed by 1 s of

stimulation and a 5 s inter-trial-interval. During each session, we recorded�300 trials. Calcium traceswere extracted using the Suite2p

software [48],which performsmotion correction and provides neuropil traces for each cell. Automated cell detection by the suite2p soft-

ware was hand curated. This software uses adequate levels of Ca2+ fluorescence as a criterion for detecting neurons. Neurons that ac-

quirednuclear fillingbyGCaMP6swere thereforeautomaticallydisregardedby thealgorithm,whichwasconfirmedduringhandcuration.

Neuropil signalswereweighedwitha factor of 0.7 andsubtracted for eachcell. Thefluorescent change (DF/F0)was calculatedas (F - F0) /

F0 where F0 was the baseline fluorescence value in the ROI throughout the whole imaging session [50]. To account for differences in im-

agingquality acrossdays,wez-scoredall tracesacquiredduringone sessionandpooled tracesafterwardacross sessions. Thisensures

that the structure within an imaging session is retained while particularly good or bad imaging sessions cannot distort the overall result.

For analysis of event-related calcium activity, we further normalized traces for individual trials by subtracting a baseline comprising the

mean fluorescence during the 50 framespreceding the stimulus onset from the entire trial. A response indexwas calculated for each trial

by dividing the maximum DF/F0 during the stimulus by the standard deviation of the 10 frames preceding stimulus onset.

Targeted Juxta-cellular recording
Targeted juxtacellular experiments were carried out using Scnn1a-tdTomato (5 females, 2 males, P25 to P41) transgenic mice. The

above surgical protocol for headpost and window implantation was slightly adjusted. On the day preceding the experiment, mice

underwent headpost surgery while leaving the skull intact. After implantation, mice were placed under the 2-photon microscope

and the topographic layout of L4 (tdTomato positive) was captured by imaging through the skull. On the day of the experiment,

mice were anesthetize with 10% urethane (0.01 g/g i.p.). A small craniotomy (1 mm diameter) was made above genital cortex and

the dura was removed. Mice were placed under the two-photon microscope, where the body temperature was maintained at

36�C using a rectal probe and a homeothermic blanket (FHC). For sensory stimulation, the vibration motor was positioned on the

genital. For simultaneous imaging and electrophysiology, the two-photon objective was positioned at 73� relative to the recording

stage. The pipette for juxtacellular recording was controlled by micromanipulators (SM6, Luigs & Neumann) and positioned at 45�
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relative to the recording stage. Pipettes (4 - 6 MOhm; pulled with P-97; Sutter Instrument) were filled with intracellular solution con-

taining the following (in mM): K-gluconate 130, Na-gluconate 10, HEPES 10, phosphocreatine 10, Mg-ATP 4, GTP 0.3, NaCl 4 and

Alexa 488 hydrazine 10 (ThermoFisher, #10436) at pH 7.2.

We first visualized the pipette tip with the two-photon microscope above the pia, before lowering it down to the surface of the brain,

400-500 mmmedial of genital cortex, were we set the vertical micromanipulator to 0. Following insertion into the brain, the pipette was

lowered in 3-mmsteps until it reached genital cortex layer 4,whichwas identified by simultaneous two-photon imaging.Once the pipette

was positioned in reach of cells of interest, the craniotomy was covered with 1% agarose to improve recording stability and a 3 mm

circular glass coverslip for better visibility. We approached Scnn1a+ (tdTomato +) and Scnn1a– (visible as black holes within the

tdTomato + neuropil) in an alternating fashion. The distance from the pipette tip to a cell was visualized using two-photon microscopy

and monitored by current step (1 nA)-induced voltage deviations, resulting from an increased resistance at the tip of the pipette in the

proximity of cells. Cells were recorded in current-clampmode. Once spike signals were between 0.5mV and 1.5mV, stimuli were deliv-

ered every 2 s with 200 ms stimulation length for 50 trials. After recording, cells were labeled by applying one 1 s long electroporation

pulse train (�10V, 0.5ms pulse width, 20 ms inter-pulse interval). This labeling procedure was adapted from Judkewitz et al., 2009 [51].

However, distanceof the pipette tip to the cell was kept as close asduring juxtacellular recording as long-term survival of the cell was not

necessary and labeling success was > 90% with this protocol. The labeling procedure was captured using two-photon microscopy: If

the labeled neuron at the pipette tip was previously red and appeared yellow after electroporation with Alexa 488 hydrazine, it was clas-

sified as a Scnn1a + neuron. If it was non-fluorescent during recording and turned green upon electroporation, it was identified as a

Scnn1a - neuron.We excluded recordingswith unsuccessful or ambiguous labeling attempts or if two ormore cells were labeled. Over-

all we recorded 21 Scnn1a + and 28 Scnn1a - neurons in 2 males (P25 and P41) and 4 females (2 x P25, P34 and P38), with a similar

number of both cell types recorded in each mouse. The recorded signal was amplified by a patch-clamp amplifier (ELC-03XS; NPI,

Tamm, Germany) and sampled at 50 kHz by a Power1401 analog to digital converter under the control of Spike2 software (CED).

Recordings were analyzed in MATLAB 2015a (MathWorks, MA) using descriptive statistical methods.

Immunohistochemistry
At the end of the above described experiment, animals were anaesthetized using 20% urethane solution and perfused with phos-

phate buffer followed by 4%paraformaldehyde solution (PFA). Brains were removed, hemispheres were separated, subcortical brain

areas removed and cortices were flattened between two glass slides separated by clay spacers. Glass slides were weighed down

with small ceramic weights for 3 h. Afterward, flattened cortices were left free floating in 4%PFA overnight. On the next day, PFAwas

replaced with a 30% sucrose solution for cryoprotection. Afterward, brains were embedded and 40 mm sections were cut on a

freezing microtome.

For quantifying the density of Scnn1a+ neurons relative to all other neurons, which were stained with an antibody against the

neuron specific protein NeuN. Briefly, sections were washed four times for 10 minutes in 1XPBS and then incubated in a blocking

solution containing 1XPBS and 0.5% Triton X-100 (PBS-X) and 10% goat serum for two hours at room temperature. Next, free-

floating sections were incubated in the primary antibody mouse anti-NeuN (Millipore, Darmstadt, Germany) diluted (1:1000) in a

solution containing PBS-X, 1% BSA and 10% goat serum for at least 24 h under mild shaking at 4�C. Washing sections in 1XPBS

was followed by incubation with the secondary antibody (donkey anti-mouse Alexa Fluor 488, Technologies, Darmstadt, Germany)

diluted (1:500) in PBS-X and 2% goat serum for at least 24 h in the dark. Finally, sections were mounted on gelatine coated glass

slides with Fluoromount mounting medium.

An epifluorescence microscope (DM5500B, Leica Microsystems, Mannheim, Germany) equipped with a camera was used to ac-

quire z stacks of immunofluorescently labeled sections. Fluorophores were excited using the appropriate filter cubes (Alexa 488: L5,

tdTomato: N3). Fluorescent images were acquired with a 100x oil-immersion objective. NeuN+ and Scnn1a+ neurons were counted

in z stacks of genital and hindpaw cortex layer 4 (xyz: 100 3 200 3 40 mm, 1 mm z-spacing) using the ROI-manager in ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed in MATLAB (MathWorks, Natick, MA) and are shown as mean ± SEM. The sample size (n) refers to either mice,

neurons or hemispheres. Details are provided where appropriate. To quantify the overall increase in the Scnn1a+ neurons in Figure 2E,

we applied the MATLAB gradient function to the increase for each mouse plotted in Figure 2D. This function provides the gradient at

each time point. These values (both positive and negative) were then averaged to provide themean slope. Datawas tested for normality

using the Lilliefors test. Normally distributed data was compared using an unpaired t test or an ANOVA for comparing two or more

groups respectively. Non-normally distributed data were analyzed using Rank-Sum or Kruskal-Wallis tests. Differences were consid-

ered statistically significant when p < 0.05. Posthoc pairwise comparisons were performed using the Tukey-Kramer approach.

DATA AND CODE AVAILABILITY

Raw two-photon data imaging data have not been deposited in a publicly available repository due to file size, but all relevant data and

code for thisstudycanbemadeavailableby theLeadContactMichaelBrecht,michael.brecht@bccn-berlin.deuponreasonable request.
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