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SUMMARY
One key factor underlying the functional balance of cortical networks is the ratio of excitatory and inhibitory
neurons. Themechanisms controlling the ultimate number of interneurons are beginning to be elucidated, but
to what extent similar principles govern the survival of the large diversity of cortical inhibitory cells remains to
be investigated. Here, we investigate the mechanisms regulating developmental cell death in neurogliaform
cells, bipolar cells, and basket cells, the three main populations of interneurons originating from the caudal
ganglionic eminence and the preoptic region. We found that all three subclasses of interneurons undergo ac-
tivity-dependent programmed cell death. However, while neurogliaform cells and basket cells require gluta-
matergic transmission to survive, the final number of bipolar cells is instead modulated by serotonergic
signaling. Together, our results demonstrate that input-specific modulation of neuronal activity controls
the survival of cortical interneurons during the critical period of programmed cell death.
INTRODUCTION

A large diversity of interneurons, defined by specific morpholog-

ical, electrophysiological, and molecular properties, enables the

great variety of inhibitory motifs that exist in the cerebral cortex

(Lim et al., 2018). The contribution of each interneuron subtype

to the modulation of information processing in cortical circuits

largely depends on their number and precise connectivity pat-

terns (Fishell and Rudy, 2011; Jiang et al., 2015; Kätzel et al.,

2011), which are both refined during distinct developmental crit-

ical periods. Dysregulation of these processes has been associ-

ated neurodevelopmental disorders such as autism and epilepsy

(Marı́n, 2016).

The final number of neurons in the developing brain is regulated

through an evolutionary-conserved process known as pro-

grammed cell death (Hamburger and Levi-Montalcini, 1949;

Oppenheim, 1991; Raff et al., 1993). In the cerebral cortex,

glutamatergic pyramidal cells and gamma-aminobutyric acid-ex-

pressing (GABAergic) interneurons are first overproduced during

neurogenesis (Southwell et al., 2012; Thomaidouetal., 1997).Sub-

sequently,manyneurons are eliminated toestablish the final ratios

of excitatory and inhibitory neurons (Blanquie et al., 2017; Wong

and Marı́n, 2019). Multiple lines of evidence suggest that cortical

neurons undergo programmed cell death unless they sustain a

certain level of activity during a specific period of development
This is an open access article und
(Blanquie et al., 2017; Denaxa et al., 2018; Duan et al., 2020; Priya

et al., 2018; Wong et al., 2018). This process ensures that only

active neurons are fully integrated into nascent circuits (Duan

et al., 2020;Wonget al., 2018), and appropriate ratios of excitatory

and inhibitory neurons are retained in the cerebral cortex.

One population of interneurons has been shown to flout this

requirement—the vasoactive intestinal peptide-expressing

(VIP+) interneurons (Duan et al., 2020; Priya et al., 2018). VIP+ in-

terneurons are overproduced during development and subse-

quently pruned through programmed cell death. However, in

contrast to all other cortical interneurons, neuronal activity

does not appear to impact their maturation or survival (De Marco

Garcı́a et al., 2011; Priya et al., 2018), which suggests that the

density of VIP+ interneurons in the cerebral cortex might be es-

tablished independently of their ability to integrate into the

nascent circuits. This possibility is intriguing since many VIP+ in-

terneurons directly regulate the function of other interneurons

(Fu et al., 2014; Garcı́a-Junco-Clemente et al., 2017; Lee et al.,

2013; Pfeffer et al., 2013; Pi et al., 2013), and disruption of their

development causes functional deficits that are associated

with autism spectrum disorder (ASD) (Batista-Brito et al., 2017;

Goff and Goldberg, 2019; Mossner et al., 2020). Elucidating the

mechanisms that determine the final complement of VIP+ inter-

neurons is critical for understanding the organization of disinhibi-

tory circuits in the cerebral cortex.
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One limitation of previous attempts at investigating the devel-

opment of VIP+ interneurons is the heterogeneity of this popula-

tion. VIP+ interneurons belong to a large and diverse group of

cortical interneurons that, in the mouse, expresses the serotonin

receptor Htr3a (Rudy et al., 2011). It consists of at least threema-

jor subclasses: reelin-expressing (Reln+) neurogliaform cells,

calretinin-expressing (CR+) bipolar cells, and basket cells,

many of which also express the neuropeptide cholecystokinin

(Lim et al., 2018). Most Htr3a+ interneurons are produced during

development from the caudal ganglionic eminence (CGE) (Butt

et al., 2005; Miyoshi et al., 2010; Nery et al., 2005), but at least

a fraction of neurogliaform cells seems to derive from progenitor

cells in the preoptic-hypothalamic (POH) border region (Gelman

et al., 2009; Lim et al., 2018; Niquille et al., 2018). VIP is ex-

pressed by most CR+ bipolar cells and many CGE-derived bas-

ket cells (Prönneke et al., 2015), so, in principle, it is conceivable

that these two subtypes of VIP+ interneurons may follow

different developmental programs.

In contrast to previous work, here we found that the survival of

all three main subclasses of cortical Htr3a+ interneurons is regu-

lated by neuronal activity during a critical time window in post-

natal mouse development. This process is dependent on the

ability of interneurons to integrate into nascent cortical circuits,

as inputs from pyramidal cells can regulate their survival.

Remarkably, while neurogliaform cells and CGE-derived basket

cells depend on glutamatergic transmission for their survival, bi-

polar cells do not. Instead, we found that serotonin is a potent

modulator of the survival of bipolar cells. Our experiments reveal

a mechanism through which long-range inputs from distant brain

regions regulate the final number of a specific subtype of inter-

neuron in the developing cerebral cortex.

RESULTS

Activity-dependent survival of Htr3a+ interneurons
It has been previously shown that Reln+ cells and VIP+ cells un-

dergo Bax-mediated programmed cell death in the postnatal

cortex, although only Reln+, but not VIP+, cells appear to

depend on activity for their survival (Priya et al., 2018). Since

VIP is expressed in both bipolar cells and some CGE-derived

basket cells (hereafter referred to as basket cells) (Prönneke

et al., 2015), we designed a strategy to identify the three main

subclasses of Htr3a+ interneurons simultaneously. We used tri-

ple immunohistochemistry against Prox1, a transcription factor

that is universally expressed in Htr3a+ interneurons (Rubin and

Kessaris, 2013), CR, and Reln, to discriminate neurogliaform

cells (Prox1+ and Reln+), bipolar cells (Prox1+ and CR+), and

basket cells (Prox1+, CR�, and Reln�) (Figure S1; see STAR

Methods). We validated this approach by comparing the per-

centage of cells recovered in the cerebral cortex with previous

studies based on genetic methods (Lim et al., 2018) (Figure S1).

We then used Htr3a-Cre mice to generate conditional mice in

which all Htr3a+ interneurons lack the two BCL2 family genes

Bax and Bak1 (Lindsten et al., 2000) and quantified the number

of neurogliaform cells, bipolar cells, and basket cells in the pri-

mary somatosensory cortex (S1) at postnatal day 30 (P30). We

found that suppressing programmed cell death leads to a

�30% increase in the density of the three main subclasses of
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Htr3a+ interneurons (Figure 1). These results confirmed that neu-

rogliaform cells, bipolar cells, and basket cells undergo pro-

grammed cell death in the developing postnatal cortex.

We next investigated whether cell-autonomous manipulation

of the activity of the three main subclasses of Htr3a+ interneu-

rons influences their survival. To this end, we transientlymodified

their activity using a chemogenetic approach based on the use of

designer receptors exclusively activated by designer drugs

(DREADDs). In brief, we injected the S1 of P0 Htr3a-Cre mice

with adeno-associated viruses (AAVs) encoding mutant

G-protein-coupled receptors that either enhance (hM3Dq) or

dampen (hM4di) neuronal activity following the administration

of the ligand clozapine-N-oxide (CNO) (Figure 2A). We adminis-

tered CNO to pups twice daily between P7 and P10, which

overlaps with the peak of programmed cell death for Htr3a+ in-

terneurons (Priya et al., 2018), and examined their distribution

at P21. In contrast to previous observations (Priya et al., 2018),

we found that cell-autonomous alteration of neuronal activity

modified the density of all Htr3a+ interneurons, including the

subtypes characterized by the expression of VIP, bipolar cells

(Prox1+ and CR+), and basket cells (Prox1+, CR-, and Reln-).

Specifically, activation of Htr3a+ interneurons led to increased

density of neurogliaform cells, bipolar cells, and basket cells

(Figures 2B and 2C). Conversely, inhibition of Htr3a+ interneu-

rons decreased the final density of all three subclasses of inter-

neurons (Figures 2B and 2D). The role of activity in regulating the

survival of Htr3a+ interneurons is associated with their standard

period of programmed cell death because cell-autonomous

manipulation of neuronal activity between P10 and P13 did not

modify their density (Figure S2). Altogether, these results

demonstrated that all Htr3a+ interneurons, including VIP+ sub-

types, undergo activity-dependent programmed cell death in

the mouse during a defined time window of early postnatal

development.

Pyramidal cells regulate the survival of Htr3a+
interneurons
We have previously shown that the survival of interneurons

originating from the medial ganglionic eminence (MGE) and the

preoptic area (POA) is regulated by the number and activity of

excitatory pyramidal cells (Wong et al., 2018). We investigated

whether the survival of Htr3a+ interneurons also depends on

the number of these cells. To this end, we generated mice in

which pyramidal cells lack Bax and Bak1 and fail to undergo

programmed cell death (Wong et al., 2018). Analysis of S1 at

P30 revealed that the densities of neurogliaform cells,

bipolar cells, and basket cells were significantly increased in

NexCre/+;Bak1�/�;Baxfl/fl mice compared with controls

(Figures 3A and 3B). This experiment revealed that the number

of pyramidal cells influences the survival of all three main groups

of Htr3a+ interneurons.

We next investigated whether changes in the activity of pyra-

midal cells would also influence the survival of Htr3a+ interneu-

rons. To this end, we injected the S1 of NexCre/+ mice with

AAVs encoding hM3Dq or hM4Di at P0, modified the activity of

pyramidal cells by administrating CNO between P7 and P10,

and analyzed the distribution of interneurons at P21 (Figure 4A).

We found that the activation of pyramidal cells led to an increase



Figure 1. The three main subclasses of Htr3a+ interneurons undergo programmed cell death

(A) Coronal sections through the primary somatosensory cortex of control and Htr3a-Cre;Bak�/�;Baxfl/fl mice at P30 following immunohistochemistry against

Prox1 (cyan), reelin (magenta), and calretinin (yellow). DAPI is shown for counterstaining (grey).

(B) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform cells (Prox1+ and Reln+), bipolar cells (Prox1+ and CR+), and basket cells

(Prox1+, Reln�, and CR�) in control (gray boxplots, n = 5 mice) and Htr3a-Cre;Bak�/�;Baxfl/fl mice (green boxplots, n = 4 mice) at P30. Prox1+: two-tailed

unpaired Student’s t test, *p = 0.01. Prox1+ Reln+: two-tailed unpaired Student’s t test, *p = 0.03. Prox1+ and CR+: two-tailed unpaired Student’s t test, *p = 0.03.

Prox1+, Reln�, and CR�: two-tailed unpaired Student’s t test, *p = 0.03.

Data in (B) are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), and minimum andmaximum (whiskers), and the adjacent data

points indicate the average cell density in each animal. Scale bar, 100 mm. See also Figure S1.
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in the density of neurogliaform cells, bipolar cells, and basket

cells (Figures 4B and 4C), whereas dampening the activity of

pyramidal cells decreased the density of all three subclasses

of interneurons (Figures 4B and 4D). In contrast, modifying the

activity of pyramidal cells after the period of interneuron

programmed cell death did not modify the density of Htr3a+ in-

terneurons (Figure S3). These experiments revealed that bidirec-

tional modulation of the activity of pyramidal cells during the
standard period of interneuron programmed cell death influ-

ences the survival of these cells.

Bipolar cell survival is independent of glutamatergic
transmission
Our previous experiments demonstrated that pyramidal cells

have a non-cell autonomous role in regulating the survival of

Htr3a+ interneurons. We hypothesized that the depolarizing
Cell Reports 40, 111037, July 5, 2022 3
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effect of glutamatergic transmission couldmediate this effect. To

test this hypothesis, we prevented exocytotic glutamate release

from pyramidal cells by generating mice lacking the vesicular

glutamate transporters Vglut1 and Vglut2 in cortical neurons.

We deleted both vesicular glutamate transporters simulta-

neously because the deletion of one of them can be functionally

compensated by the other in thalamic neurons (Li et al., 2013).

Although Vglut1 is the primary transporter expressed by cortical

neurons, Vglut2 is transiently expressed in the cortex during the

first week of postnatal development (Fremeau et al., 2004).

Because null Vglut2 mice die at birth (Moechars et al., 2006),

we crossed null Vglut1 mice (Fremeau et al., 2004) with floxed

Vglut2 mice (Hnasko et al., 2010) and injected Cre-expressing

AAVs in the neocortex of control and Vglut1�/�;Vglut2fl/fl mice

at P1 (Figure 5A). Consistent with the observation that the

number and activity of pyramidal cells influence the survival of

Htr3a+ interneurons, we observed a prominent decrease in the

density of neurogliaform cells and basket cells (collectively

identified as Prox1+ and CR� cells) in the cortex of Cre-injected

Vglut1�/�;Vglut2fl/fl mice compared with controls at P21

(Figures 5B and 5C). In contrast, we observed no significant dif-

ference in the density of bipolar cells between both experimental

groups (Figures 5B and 5C). We also found that the removal of

Vglut1 from pyramidal cells is not sufficient to affect the survival

of Htr3a+ interneurons (Figure S4), which indicates that Vglut2

seems to be able to compensate for the loss of Vglut1 in pyrami-

dal cells during the time window of interneuron cell death. These

results revealed that glutamatergic transmission mediates the

role of pyramidal cells in the survival of neurogliaform cells and

basket cells. Unexpectedly, these experiments also demon-

strated that although the survival of bipolar cells is modulated

by the number and activity of pyramidal cells, this effect does

not seem to be mediated by glutamatergic transmission.

Serotonin regulates bipolar cell survival
The unexpected independence of bipolar cell survival from glu-

tamatergic transmission is consistent with the notion that VIP+

interneurons are more poorly integrated into the local excitatory

network than MGE-derived interneurons during the period of

programmed cell death (Anastasiades et al., 2016; Che et al.,

2018; Duan et al., 2020; Vagnoni et al., 2020). This observation

led us to hypothesize that the survival of bipolar cells could be

regulated by other factors whose activity or release could be
Figure 2. Cell-autonomous changes in neuronal activity regulate the s
(A) Schematic of experimental design.

(B) Coronal sections through the primary somatosensory cortex of Htr3a-Cre m

followed by vehicle or CNO treatment immunostained for Prox1 (cyan), mCherr

counterstaining (gray).

(C) Quantification of the density of all transfected Htr3a+ interneurons (mCherry

(mCherry+, Prox1+, and CR+), and basket cells (mCherry+, Prox1+, Reln�, and C

hM3Dq-mCherry (green boxplots, n = 6mice) at P21. Prox1+: two-tailed unpaired

*p = 0.04. Prox1+ and CR+: two-tailed unpaired Student’s t test, *p = 0.01. Prox

(D) Quantification of the density of all transfected Htr3a+ interneurons (mCherry

(mCherry+, Prox1+, and CR+), and basket cells (mCherry+, Prox1+, Reln�, and

with hM4Di-mCherry (red boxplots, n = 5mice) at P21. Prox1+: two-tailed unpaire

**p = 0.006. Prox1+ and CR+: two-tailed unpaired Student’s t test, **p = 0.005. P

Data in (C) and (D) are shown as boxplots (median, middle dash), lower and up

adjacent data points indicate the average cell density in each animal. Scale bar,
influenced by pyramidal cells, either directly or indirectly. Previ-

ous work has shown that themodulation of serotonin levels influ-

ences cell death in the cerebral cortex (Stankovski et al., 2007).

Since Htr3a+ interneurons express functional serotonin recep-

tors (Lee et al., 2010), we tested whether serotonin could modu-

late the survival of these cells. We first determined whether

Htr3a+ interneurons contain functional serotonin receptors

during the period of programmed cell death. To this end, we pre-

pared acute slices of Htr3a-Cre;RCE mice (in which CGE/POH-

derived interneurons express GFP) between P7 and P10 and

performed voltage-clamp recordings from layer (L) 2/3 S1

GFP+ cells in the presence of synaptic blockers while applying

serotonin (100 mM) directly onto the soma of GFP+ cells through

a second pipette. Consistent with previous observations, the

morphologies of the recovered neurons resembled bipolar and

multipolar VIP+ interneurons located in L2/3 (Figure 6A) (Prön-

neke et al., 2015).

Interestingly, we recorded two different responses from these

populations at these stages. Cells with multipolar morphology

(putative basket cells) responded to serotonin application with a

modest outward current (Figures 6B and 6C). In contrast, bipolar

cells exhibited an inward current that, in current-clamp mode,

evoked action potentials in six out of the seven cells (Figures 6B

and 6C). Focal application of artificial cerebrospinal fluid alone

elicited no responses from these cells (Figures S5A and S5B).

To examine the effect of serotonin on neurogliaform cells, we re-

cordedGFP+cells inS1L1,where themajority ofHtr3a+ interneu-

ronsbelong to this subclassof interneuron (Poorthuis et al., 2018).

We found thatmost L1GFP+cells responded to theapplication of

serotonin with a modest outward current (8/9 cells; Figures S5C–

S5E). These experiments revealed that bipolar cells constitute

the only population of CGE/POH-derived interneurons selectively

depolarized by serotonin during programmed cell death.

We next tested whether serotonin affects the survival of

bipolar cells. To this end, we modified serotonin levels specif-

ically during Htr3a+ interneuron cell death by administrating the

selective serotonin-reuptake inhibitor fluoxetine. We injected

fluoxetine twice daily intraperitoneally between P7 and P10 in

VipCre/+;RCLtdTomato mice and studied the distribution of Htr3a+

interneurons at P21. We found that increasing cortical serotonin

levels during the period of interneuron cell death led to a signifi-

cant increase in the density of bipolar cells, with no significant

changes in any of the other populations of Htr3a+ interneurons
urvival of Htr3a+ interneurons

ice at P21 injected with hM3Dq-mCherry (left) or hM4Di-mCherry (right) virus

y (red), calretinin (yellow, top), and reelin (yellow, bottom). DAPI is shown for

+, Prox1+), neurogliaform cells (mCherry+, Prox1+, and Reln+), bipolar cells

R�) in control (gray boxplots, n = 6 mice) and CNO-treated mice injected with

Student’s t test, **p = 0.007. Prox1+ Reln+: two-tailed unpaired Student’s t test,

1+, Reln�, and CR�: two-tailed unpaired Student’s t test, *p = 0.03.

+, Prox1+), neurogliaform cells (mCherry+, Prox1+, and Reln+), bipolar cells

CR�) in control (gray boxplots, n = 4 mice) and CNO-treated mice injected

d Student’s t test, *p = 0.03. Prox1+ Reln+: two-tailed unpaired Student’s t test,

rox1+, Reln�, and CR�: two-tailed unpaired Student’s t test, ***p = 0.0001.

per quartiles (box borders), and minimum and maximum (whiskers), and the

100 mm. See also Figure S1.
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Figure 3. An increased number of pyramidal cells enhances the survival of Htr3a+ interneurons

(A) Coronal sections through the primary somatosensory cortex of control andNexCre/+;Bak�/�;Baxfl/flmice at P30 following immunohistochemistry against Prox1

(cyan), reelin (magenta), and calretinin (yellow). DAPI is shown for counterstaining (gray).

(B) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform cells (Prox1+ and Reln+), bipolar cells (Prox1+ and CR+), and basket cells

(Prox1+, Reln�, and CR�) in control (gray boxplots, n = 7 mice) andNexCre/+;Bak�/�;Baxfl/flmice (green boxplots, n = 7mice) at P30. Prox1+: two-tailed unpaired

Student’s t test, ***p = 0.0005. Prox1+ Reln+: two-tailed unpaired Student’s t test, *p = 0.01. Prox1+ and CR+: two-tailed unpaired Student’s t test, **p = 0.004.

Prox1+, Reln�, and CR�: two-tailed unpaired Student’s t test, **p = 0.002.

Data in (B) are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), and minimum andmaximum (whiskers), and the adjacent data

points indicate the average cell density in each animal. Scale bar, 100 mm. See also Figures S1 and S2.
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(Figures 6D–6F). By contrast, administration of fluoxetine beyond

the period of programmed cell death did not impact the final

number of bipolar cells present in the cortex (Figures S5F–

S5H). Altogether, these experiments suggested that the depola-

rizing effect of serotonin during the period of programmed cell

death regulates the survival of bipolar cells.

Transient expression of vesicular monoamine
transporter in pyramidal cells contributes to bipolar cell
survival
Our previous experiments demonstrated that both changes in

the activity of pyramidal cells and serotonin levels impact the
6 Cell Reports 40, 111037, July 5, 2022
survival of bipolar cells in a manner independent of glutamater-

gic transmission. Interestingly, although serotonin is exclusively

synthesized by raphe neurons in the brainstem, nearly one-third

of pyramidal cells in the infragranular layers of the mouse so-

matosensory cortex transiently express Slc6A4 and Slc18a2,

the genes encoding the serotonin and the vesicular monoamine

transporters (SERT and VMAT2, respectively) during early

postnatal development (Figures S6A and S6B). SERT trans-

ports serotonin from the synaptic cleft back into the presynap-

tic neuron, whereas VMAT2 regulates the packaging of

monoamines (including serotonin) into vesicles for subsequent

release at the synapse. We hypothesized that the transient



(legend on next page)
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expression of these genes might confer pyramidal cells the

capability to release serotonin in an activity-dependent manner,

thereby contributing to regulating the survival of bipolar cells.

To test this hypothesis, we used a conditional gene-knockdown

strategy using AAV vectors that express microRNA (miRNA)-

based short hairpin RNA against Slc18a2, which encodes

VMAT2 (Figure S6C). We first confirmed the efficacy of the de-

signed short hairpin RNAs (shRNAs) in downregulating Slc18a2

expression in vitro and in vivo (Figures S6D–S6G). We next

examined whether preventing monoamine release by pyramidal

cells would interfere with the effect that increasing the activity

of pyramidal cells during the period of programmed cell death

has on the survival of bipolar cells. To this end, we injected

AAVs encoding hM3Dq and control or Slc18a2 shRNA in the

cortex of NexCre/+ mice and then administered pups with

CNO twice daily between P7 and P10 (Figures 7A and 7B).

We found that knock down of Slc18a2 in pyramidal cells greatly

reduced (by �50%) the positive effect of pyramidal cell activa-

tion on the survival of bipolar cells, with no effect on other types

of Htr3a+ interneurons (Figures 7C and 7D). Of note, knocking

down Slc18a2 without increasing the activity of pyramidal cells

activity is not sufficient to prevent Htr3a+ interneurons from un-

dergoing programmed cell death (Figures S7A–S7C). These ex-

periments revealed that pyramidal cells contribute to the sur-

vival of bipolar cells at least in part by regulating the levels of

cortical monoamines such as serotonin during their period of

cell death.

DISCUSSION

We have found that the final number of bipolar cells in the

mouse cerebral cortex is established through the activity-

dependent modulation of programmed cell death by seroto-

nin. In contrast to other cortical interneurons, the survival of

bipolar cells does not seem to depend on local glutamatergic

transmission but rather on the depolarizing effect of serotonin

released in the developing cortex during the period of inter-

neuron programmed cell death. Unexpectedly, we found

that pyramidal cells can transiently modulate cortical

serotonin levels during this period and therefore influence

the survival of bipolar cells. Our findings reveal that long-

range serotonergic inputs play a fundamental role in sculping

the cellular composition of the cerebral cortex during early

postnatal development.
Figure 4. Bidirectional modulation of pyramidal cell activity regulates

(A) Schematic of experimental design.

(B) Coronal sections through the primary somatosensory cortex of NexCre/+ mice

virus followed by vehicle or CNO treatment immunostained for Prox1 (cyan), ree

(C) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliafor

(Prox1+, Reln�, and CR�) in control (gray boxplots, n = 7mice) and CNO-treatedm

two-tailed unpaired Student’s t test, *p = 0.03. Prox1+ and Reln+: two-tailed u

Student’s t test, **p = 0.003. Prox1+, Reln�, and CR�: two-tailed unpaired Stud

(D) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliafor

(Prox1+, Reln�, and CR�) in control (gray boxplots, n = 6 mice) and CNO-treated

two-tailed unpaired Student’s t test, *p = 0.04. Prox1+ and Reln+: two-tailed u

Student’s t test, *p = 0.02. Prox1+, Reln�, and CR�: two-tailed unpaired Studen

Data in (C) and (D) are shown as boxplots (median, middle dash), lower and up

adjacent data points indicate the average cell density in each animal. Scale bar,
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Activity-dependent regulation of interneuron survival
Neuronal activity has been shown to play an essential role in

regulating cell maturation and survival (Denaxa et al., 2018; De

Marco Garcı́a et al., 2011; Priya et al., 2018). In contrast to the

early specification of neuronal identity by dedicated transcrip-

tional programs (Mayer et al., 2018; Mi et al., 2018), the depen-

dence of neuronal maturation and survival on activity ensures

that the neurons that remain in the adult brain are functionally in-

tegrated into appropriate neural circuits. We and others have

previously shown that in the early postnatal neocortex, MGE/

POA-derived interneurons that are inactive have a higher pro-

pensity to undergo apoptosis (Wong et al., 2018) and that the

modulation of their activity during the period of programmed

cell death regulates their survival (Denaxa et al., 2018; Priya

et al., 2018). Our current study suggests that the activity-depen-

dent modulation of programmed cell death is universal for

cortical interneurons, including the three main subclasses of

Hrt3a+ interneurons.

Previous results based on the experimental manipulation of

neocortical VIP+ interneurons during development suggested

that the survival of these cells does not depend on activity-

dependent mechanisms (Priya et al., 2018). Although it is unclear

whether these observations related to bipolar cells and/or a sub-

set of VIP+ basket cells, the results nonetheless suggested the

existence of interneurons whose survival is independent of

neuronal activity. In contrast, we found that the activity of all

Htr3a+ interneurons (including neurogliaform cells, bipolar cells,

and CGE-derived basket cells) during the period of programmed

cell death is directly linked to their survival (Figure 2). The survival

of VIP+ interneurons in the hippocampus also depends on

activity (Akgul et al., 2019). One possible explanation for these

differences is the length of themanipulation.While the chemoge-

netic approach used in our study allows for a transient manipu-

lation of neuronal activity, the expression of specific ion channels

employed by Priya and colleagues led to a permanent change in

the activity of these cells. It is conceivable that differences in the

duration of the experimental manipulation (i.e., chronic versus

acute) may impact activity-dependent biological processes,

such as neuronal maturation (De Marco Garcı́a et al., 2011), or

induce compensatory mechanisms to counter the chronic

manipulation of neuronal activity.

The activity of a neuron reflects the inputs it receives. Most

subclasses of cortical interneurons are well embedded within

nascent local circuits during the period of programmed cell
the survival of Htr3a+ interneuron

at P21 injected with hM3Dq-mCherry virus (top) or hM4Di-mCherry (bottom)

lin (magenta), and calretinin (yellow). DAPI is shown for counterstaining (gray).

m cells (Prox1+ and Reln+), bipolar cells (Prox1+ and CR+), and basket cells

ice injected with hM3Dq-mCherry (green boxplots, n = 7mice) at P21. Prox1+:

npaired Student’s t test, ***p < 0.001. Prox1+ and CR+: two-tailed unpaired

ent’s t test, ***p = 0.0004.

m cells (Prox1+ and Reln+), bipolar cells (Prox1+ and CR+), and basket cells

mice injected with hM4Di-mCherry (red box plots, n = 6 mice) at P21. Prox1+:

npaired Student’s t test, **p = 0.007. Prox1+ and CR+: two-tailed unpaired

t’s t test, *p = 0.02.

per quartiles (box borders), and minimum and maximum (whiskers), and the

100 mm. See also Figures S1 and S3.



Figure 5. The survival of bipolar cells is independent of glutamate transmission

(A) Schematic of experimental design.

(B) Coronal sections through the primary motor cortex of control and Vglut1�/�;Vglut2fl/fl mice at P21 following immunohistochemistry against Prox1 (cyan), GFP

(green), and calretinin (yellow). DAPI is shown for counterstaining (gray).

(C) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform cells and basket cells (Prox1+ and CR-), and bipolar cells (Prox1+ and CR+) in

control (gray boxplots, n = 4mice) and Vglut1�/�;Vglut2fl/flmice (green boxplots, n = 4mice) at P21. Prox1+: two-tailed unpaired Student’s t test, p = 0.10. Prox1+

and CR�: two-tailed unpaired Student’s t test, *p = 0.02. Prox1+ and CR+: two-tailed unpaired Student’s t test, p = 0.99.

Data in (C) are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), and minimum andmaximum (whiskers), and the adjacent data

points indicate the average cell density in each animal. Scale bar, 100 mm. See also Figures S1 and S4.
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death. Consequently, we hypothesized that most cortical inter-

neurons would require glutamatergic transmission from

pyramidal cells for survival and found that this was the case for

neurogliaform cells and CGE-derived basket cells. Somehow

surprisingly, we found that the survival of bipolar cells seems

largely independent of cortical glutamatergic transmission.

This is consistent with the notion that bipolar cells receive less
local glutamatergic inputs (Anastasiades et al., 2016; Che

et al., 2018; Duan et al., 2020; Vagnoni et al., 2020) than long-

range connections, which include neuromodulatory (e.g., sero-

tonergic and cholinergic) (Lee et al., 2013; Wall et al., 2016;

Zhang et al., 2014) as well as other subcortical projections

(e.g., thalamocortical) (Kastli et al., 2020). While this long-range

regulation of cell survival might be unique for bipolar cells among
Cell Reports 40, 111037, July 5, 2022 9



Figure 6. Serotonin selectively depolarizes bipolar cells and regulates their survival

(A) Typical morphology of reconstructed bipolar cells (left) and basket cells (right).

(B) Example of voltage-clamp traces of bipolar cells (top) and basket cells (bottom) in response to serotonin puffs (gray bars). The insert is an example of a current

clamp trace of a bipolar cell responding to serotonin puffs (gray bars).

(C) Quantification of cell charge of L2/3 bipolar cells (gray boxplot, n = 7 cells) and basket cells (green boxplot, n = 7 cells).

(D) Schematic of experimental design.

(E) Coronal sections through the primary somatosensory cortex of VipCre/+;RCLtdTomato mice at P21 injected with vehicle or fluoxetine treatment immunostained

for Prox1 (cyan), tdTomato (red), and reelin (yellow, left) or calretinin (yellow, right). DAPI is shown for counterstaining (gray).

(F) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform cells (Prox1+ andReln+), bipolar cells (Prox1+, CR+, and VIP+), and basket cells

(Prox1+, Reln�, and CR�) in control (gray boxplots, n = 4 mice) and fluoxetine-injected mice (green boxplots, n = 4 mice) at P21. Prox1+: two-tailed unpaired

(legend continued on next page)
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cortical interneurons, the survival of at least some types of stria-

tal interneurons also seems to be modulated by the activity of

neurons that are not embedded within the local neural network

(Sreenivasan et al., 2022).

Selective regulation of bipolar cell survival by serotonin
Gene-expression dynamics play a key role in regulating different

aspects of the functional maturation of cortical circuits. Develop-

mental changes in serotonin-receptor expression have been

previously described for pyramidal cells (Béı̈que et al., 2004;

Zhang, 2003) but not for interneurons. Previous studies have

shown that CGE-derived interneurons across all layers are

rapidly depolarized in response to selective Htr3a agonists by

the third postnatal week (Lee et al., 2010). However, our results

indicate that only bipolar cells, but not neurogliaform cells or

basket cells, are strongly depolarized by serotonin during the

period of interneuron programmed cell death (Figure 6). Consis-

tently, experimentally increasing brain serotonin levels during

this period enhances the survival of bipolar cells but does not

affect other classes of CGE/POH-derived interneurons. This

suggests a developmental switch in the expression of serotonin

receptors in CGE/POH-derived interneurons before the cell-

death period, limiting the function of serotonin in regulating cell

survival in bipolar cells.

Serotonin plays vital roles in brain development (Teissier et al.,

2017). For example, abnormally high serotonin levels during

cortical development, as found in mice lacking SERT or mono-

amine oxidase A (MAOA), disrupt the development of thalamo-

cortical projections (Cases et al., 1996; Persico et al., 2001).

Only the serotonergic neurons in the raphe nuclei produce and

reuptake serotonin in the adult brain. However, in the developing

cortex, transient expression of the serotonin transporter enables

thalamocortical axons and pyramidal cells to reuptake serotonin

(Narboux-Nême et al., 2008), and disruption of this process dis-

rupts sensory cortex architecture (Chen et al., 2015). Our results

indicate that serotonin also regulates the survival of bipolar cells

during early postnatal development and that this process is

modulated by the activity of pyramidal cells independently of

glutamatergic transmission. One mechanism through which py-

ramidal cells may influence the survival of bipolar cells is by

acting as a sink of serotonin, as previously suggested for the

regulation of other processes during cortical development

(Chen et al., 2015; Soiza-Reilly et al., 2019). However, a promi-

nent fraction of pyramidal cells co-express VMAT2 and SERT, al-

lowing them to recapture serotonin from the extracellular space

and load it into synaptic vesicles and release it following their

activation (LeBrand et al., 1998; Soiza-Reilly et al., 2019). Since

pyramidal cells do not express the transporters for other mono-

amines such as dopamine and norepinephrine during early

mouse postnatal development (LeBrand et al., 1998), these cells

may likely release serotonin under certain conditions circum-

stances. This hypothesis is consistent with the observation

that increasing the activity of pyramidal cells enhances the sur-
Student’s t test, p = 0.61. Prox1+ and Reln+: two-tailed unpaired Student’s t tes

*p = 0.01. Prox1+, CR�, and Reln�: two-tailed unpaired Student’s t test, p = 0.2

Data in (C) and (F) are shown as boxplots (median, middle dash), lower and up

adjacent data points indicate the charge of each cell (C) and average cell densit
vival of bipolar cells while disrupting glutamatergic transmission

has no effect. Altogether, our results suggest that pyramidal cells

can transiently modulate the activity of bipolar cells via the regu-

lation of serotonin levels, thereby contributing to the final number

of bipolar cells in the developing cortex. This mechanism may

enable the integration of long-range and local inputs in establish-

ing the appropriate ratio of this critical type of cortical

interneuron.

Functional implications
A comparison of the neuronal composition of the cerebral cortex

in rodents and primates has highlighted an evolutionary increase

in the relative proportion of certain classes of interneurons. Spe-

cifically, the CGE seems to generate a more significant propor-

tion of interneurons in primates than in rodents (Hladnik et al.,

2014), which leads to a notable increase in the number of cortical

VIP+/CR+ interneurons (D�zaja et al., 2014; Krienen et al., 2020).

This suggests that bipolar cells may have acquired amore prom-

inent position in cortical circuits and the evolutionary expansion

of the superficial layers of the neocortex.

Bipolar cells play critical roles in cortical processing due to

their ability to regulate the function of other cortical interneurons

(Ayzenshtat et al., 2016; Fu et al., 2014; Garcı́a-Junco-Clemente

et al., 2017; Keller et al., 2020; Lee et al., 2013; Pakan et al., 2016;

Pfeffer et al., 2013; Pi et al., 2013). Their dysfunction in mice

causes deficits in sensory processing that are reminiscent of al-

terations found in ASD (Batista-Brito et al., 2017; Goff and Gold-

berg, 2019; Mossner et al., 2020). Remarkably, elevated seroto-

nin blood levels have been reported in approximately 1 in 4

individuals with ASD, with differences being particularly promi-

nent in children (Gabriele et al., 2014). Rare mutations in

SLC6A4 have also been identified in some individuals with

ASD (Neale et al., 2012). Furthermore, selective serotonin-reup-

take inhibitors (SSRIs) such as fluoxetine are commonly

prescribed to treat depression and anxiety disorders, including

during pregnancy (Olfson and Marcus, 2009). SSRIs can readily

cross the placenta and are present in breast milk (Kim et al.,

2006; Rampono et al., 2009), and several studies have sug-

gested that they may contribute to adverse neonatal outcomes

(Glover and Clinton, 2016; Grieb and Ragan, 2019; Millard

et al., 2017). Thus, although it is presently unclear whether

cortical interneurons undergo programmed cell death in hu-

mans, our findings suggest that elevated serotonin levels—due

to genetic or pharmacological insults—could potentially disrupt

cortical architecture in newborns by modifying the density of

bipolar cells, a population of interneurons that seems to have

greatly expanded during evolution.

Limitations of the study
Our study implicates pyramidal cells in regulating the survival of

Htr3a+ interneurons. Our experiments suggest that while the

survival of neurogliaform cells and basket cells depends on

glutamate neurotransmission, the survival of bipolar cells
t, p = 0.98. Prox1+, mCherry+, and CR+: two-tailed unpaired Student’s t test:

3.

per quartiles (box borders), and minimum and maximum (whiskers), and the

y in each animal (F). Scale bar, 100 mm. See also Figures S1 and S5.
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Figure 7. The survival of bipolar cells depends on monoamine transmission from pyramidal cells

(A) Schematic of experimental design.

(B) mCerulean (top) and mCherry (bottom) expression at P21 following AAV injections at P0.

(C) Coronal sections through the primary somatosensory cortex ofNexCre/+mice at P21 injected with hM3Dq-mCherry and shLacZ-mCerulean (left) or shSlc18a2-

mCerrulean (right) virus followed by CNO treatment immunostained for Prox1 (cyan) and calretinin (yellow).

(D) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform cells and basket cells (Prox1+ and CR-), and bipolar cells (Prox1+ and CR+) in

shLacZ-mCerulean (gray boxplots, n = 4 mice) and shSlc18a2-mCerruleanmice (green boxplots, n = 4mice) at P21. Prox1+: two-tailed unpaired Student’s t test,

p = 0.53. Prox1+ and CR�: two-tailed unpaired Student’s t test, p = 0.85. Prox1+ and CR+: two-tailed unpaired Student’s t test, *p = 0.03.

Data in (C) are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), and minimum andmaximum (whiskers), and the adjacent data

points indicate the average cell density in each animal. Scale bar, 100 mm. See also Figures S1, S6, and S7.
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depends on the levels of serotonin during the period of pro-

grammed cell death. We have shown that a population of infra-

granular pyramidal cells express both VMAT2 and SERT during

early postnatal development, which would allow these cells to

reuptake and load serotonin into synaptic vesicles. However,

we have not demonstrated that these pyramidal cells are indeed

capable of releasing serotonin. Further electrophysiological

studies would be required to demonstrate that pyramidal cells

release serotonin when stimulated. Moreover, preventing sero-

tonin release via knock down of VMAT2 only partially reduces

the effect of activating pyramidal cells on the survival of bipolar

cells. This partial reduction highlights two possible limitations

in this study: (1) the relative inefficiency of the shRNA approach

to completely deplete Slc18a2 expression, and (2) the existence

of other mechanisms mediating the role of pyramidal cells in the

survival of bipolar cell survival besides glutamate and serotonin.

A further limitation of our study relates to identifying the specific

serotonin receptors involved in regulating bipolar cell survival.

Most CGE/POH-derived interneurons express a combination

of ionotropic and metabotropic serotonin receptors, and so

further experiments would be required to identify the specific se-

rotonin receptors involved in this process.
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Antibodies

Rabbit anti-calretinin (diluted 1:1000) Swant Cat: CR7699/3H; RRID: AB 10000321

Chicken anti-GFP (diluted 1:3000) Aves Labs Cat: GFP-1020; RRID: AB_10000240

Goat anti-Prox1 (diluted 1:300) R&D systems Cat: AF2727; RRID: AB_2170716

Mouse anti-Reelin (CR-50, diluted 1:300) MBL International Cat: D223-3; RRID: AB_843523

Goat anti mCherry (diluted in 1:125) Antibodies-online Cat: ABIN1440057; RRID: AB_2333093

Rat anti-RFP (diluted 1:500) ChromoTek Cat: 5f8-100; RRID: AB_2336064

Alexa Fluor 647 Streptavidin (diluted 1:500) Jackson ImmunoResearch Labs Cat: 016-600-084; RRID: AB_2341101

Donkey anti-goat IgG (HL) Alexa Fluor

488 (diluted 1:500)

Molecular Probes Cat: A-11055; RRID: AB_2534102

Anti-chicken IgG (H + L) Alexa Fluor

488 (diluted 1:500)

Jackson ImmunoResearch Labs Cat: 703-545-155; RRID: AB_2340375

Donkey anti-rat IgG (H + L) Cy3

(diluted 1:500)

Jackson ImmunoResearch Labs Cat: 712-165-150; RRID: AB_2340666

Donkey anti-mouse IgG (H + L) Alexa

Fluor 647 (diluted 1:500)

Molecular Probes Cat: A-31571; RRID: AB_162542

Donkey anti-rabbit IgG (H + L) AlexaFluor

647 (diluted 1:500)

Molecular Probes Cat: A-31573; RRID: AB_2536183

Rabbit anti-calretinin (diluted 1:1000) Swant Cat: CR7699/3H; RRID: AB_10000321

Chicken anti-GFP (diluted 1:3000) Aves Labs Cat: GFP-1020; RRID: AB_10000240

Goat anti-Prox1 (diluted 1:300) R&D systems Cat: AF2727; RRID: AB_2170716

Bacterial and virus strains

AAV-hSyn-DIO-hM3Dq-mCherry (AAV8) Krashes et al., (2011),

Addgene

Cat: 44361

AAV-hSyn-DIO-hM4Di-mCherry (AAV8) Krashes et al., (2011),

Addgene

Cat: 44362

AAV-hSyn-GFP-Cre (AAV8) UNC Vector Core N/A

AAV-EF1a-DIO-shSlc18A2-mCerulean (AAV8) This paper N/A

AAV-EF1a-DIO-shLacZ-mCerulean (AAV8) This paper N/A

pCAG-DiO-mCerulean-WPRE This paper N/A

pAAV-EF1a-DiO-mCherry A gift from Karl Deisseroth,

Addgene

Cat: 20299

Chemicals, peptides, and recombinant proteins

Clozapine-N-Oxide Tocris Cat:4936-10MG

Fluoxetine hydrochloride Sigma-Aldrich Cat: F132-10MG

Serotonin hydrochloride Sigma-Aldrich Cat: H9523-25MG

CNQX Tocris Cat: 0190

DL-2-Amino-5-Phosphonovaleric acid (AP-V) Sigma-Aldrich Cat: A5282-50MG

Picrotoxin (PTX) Tocris Cat: 1128

Bovine serum albumin (BSA) Sigma-Aldrich Cat: A8806

Normal donkey serum Sigma-Aldrich Cat: S30-100ML

4’,6-Diamidine-2’-phenylindole

dihydrochloride (DAPI)

Sigma-Aldrich Cat: D9542

Fast Green Roche Cat: 06402712001

Isoflurane 100% inhalation vapor liquid Piramal Critical Care Limited N/A

Paraformaldehyde Sigma-Aldrich Cat: 441244

(Continued on next page)
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Pentobarbital sodium (Euthatal) Merial Animal Health Ltd N/A

Triton X-100 Sigma-Aldrich Cat: T8787-100ML

0.9% NaCl Sigma-Aldrich Cat: S76530

Dulbecco’s Modified Eagle Medium Gibco Cat: 21969-035

Penicillin/Streptomycin Gibco Cat: 15140-122

Critical commercial assays

ACDBio Multiplex Fluorescent Kit v2 ACDBio Cat: 323110

Experimental Models: Cell lines

HEK293FT ThermoScientific Cat: R70007

Experimental Models: Organisms/strains

Mice: NexCre/+ Gift from K.A. Nave MGI: 2668659

Mice: Bak�/�;Baxfl/fl The Jackson Laboratory JAX: 006329; RRID: IMSR_JAX:006329

Mice: Htr3a-Cre Gensat Cat: 037089-UCD

RRID: MMRRC 037089-UCD

Mice: VipCre/+ The Jackson Laboratory Cat: 010908; RRID: IMSR JAX:010908

Mice: RCLtdT/+ The Jackson Laboratory JAX: 007909; RRID: IMSR_JAX:007909

Mice: CD1 Charles River Crl: CD1(ICR)

Mice: Slc17a7-/- (Vglut1-/-) Fremeau et al., 2004 MGI: 3617803

Mice: Slc17a6fl/fl (Vglut2fl/fl) Hnasko et al. (2010) MGI: 4879093

Mice: Fucci2fl/fl Mort et al. (2014) MGI: 5645798

Oligonucleotides

FW primer for shSlc18a2 CTAGGCAAGCTGATCCTGTTCAT

CGCCTGACCCACGATGAACAGG

ATCAGCTTGCTTTTTG

RV primer for shSlc18a2 AATTCAAAAAGCAAGCTGATCCT

GTTCATCGTGGGTCAGGCGATG

AACAGGATCAGCTTGC

RNAScope� Probe-Mm-Slc18a2 ACDBio Cat: 425331

RNAScope� Probe-MmSlc6A4 ACDBio Cat: 315851

Software and algorithms

FIJI (ImageJ) National Institute of Health https://fiji.sc/; https://imagej.nih.

gov/ij/index.html; RRID: SCR_003070

MATLAB MathWorks https://www.mathworks.com/products/

matlab.html; RRID: SCR_001622

LAS AF Leica Microsystems https://www.leica-microsystems.com/;

RRID: SCR_013673

Stereo Investigator MBF Biosciences https://www.mbfbioscience.com/

stereo-investigator; RRID: SCR_018948

Other

P-2000 micropipette puller Sutter Instrument https://www.leicabiosystems.com/

histology-equipment/microtomes/

ZEISS Apotome 2 ZEISS https://www.zeiss.com/microscopy

Leica TCS-SP8 confocal Leica https://www.leica-microsystems.com/

LightCycler� 96 Roche Life Science N/A

Optima-L100 XP Beckman-Coulter N/A
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Lead contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the lead contact, Oscar Marı́n

(oscar.marin@kcl.ac.uk).
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Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Themouse linesNexCre/+ (Neurod6tm1(cre)Kan) (Goebbels et al., 2006),Htr3a-Cre (Tg(Htr3a-Cre)NO152Gsat/Mmucd) (Chittajallu et al.,

2013), VipCre/+ (Jackson Laboratory #010908), RCLtdT (Gt(ROSA)26Sortm9(CAG-tdTomato)Hze) (Madisen et al., 2015), Bak�/�,Baxfl/fl

(Bak1tm1Thsn andBaxtm2Sjk) (Takeuchi et al., 2005),VgatCre/+ (Slc32a1tm2(Cre)Lowl) (Vong et al., 2011),Vglut1�/�;Vglut2fl/fl (Slc17a7tm1Edw

andSlc17a6tm1.1Thna) (Fremeau et al., 2004; Hnasko et al., 2010) and Fucci2fl/fl (Mort et al., 2014) were used in this study. Animalswere

housed in groups of up to five littermates and maintained under standard, temperature-controlled laboratory conditions. Mice

were kept on a 12:12 light/dark cycle and received water and food ad libitum. Approximately the same number of male and

female mice were used in our experiments and analyses. Mice were analyzed at P21 or P30, as indicated in the corresponding figure

legends, except for the electrophysiological recordings, which were performed between P7 and P10. All animal procedures were

approved by the ethical committee (King’s College London) and conducted following European regulations and Home Office

personal and project licenses under the UK Animals (Scientific Procedures) 1986 Act. We have previously shown that the loss of

one Bak allele does not impact programmed cell death (Wong et al., 2018). Based on this and keeping with the 3Rs principles, we

chose to useBak+/�;Baxfl/flmice instead ofBak+/+;Baxfl/flmice as controls to reduce the total number ofmice used in our experiments.

METHODS DETAILS

Generation of DNA constructs
To generate the AAV-EF1a-DIO-shSlc18A2-mCerulean, the plasmid pAAV-EF1a-DiO-mCherry (Addgene 20299) was used as a

starting point. Addgene 20299 was first digested with AscI and PacI to remove the mCherry and generate a 5921 bp backbone.

The mCerulean was generated by digesting pCAG-DiO-mCerulean-WPRE with AscI and PacI. The fragments were purified using

a QIAquick gel extraction kit (Qiagen, Cat: 28704) and ligated with the backbone to generate the final construct.

To test the efficacy of the shRNA constructs in vitro, we cultured HEK293T cells in Dulbecco’s Modified Eagle’s medium

supplemented with 10% fetal bovine serum, 2 mM glutamine, penicillin (50 units/mL) and streptomycin (50 g/mL). Cell cultures

were incubated at 37�C in a humidified atmosphere containing 5% CO2. 24 h after plating, cells were transfected using

FuGENE� HD transfection reagent (Promega E2311) at a 1:3 DNA-FuGENE ratio, following the manufacturer’s instructions. Sev-

enty-two hours after transfection, cells were processed for mRNA quantification. Total RNA was extracted using TRIzol reagent

(Thermo Scientific ref. 15596018) and Direct-Zol RNA Miniprep kit (Zymo Research R2052). To ensure the complete elimination of

DNA contaminants, DNase was included in the column treatment. Retrotranscription to cDNA was performed using a RevertAid H

Minus First Strand cDNA Synthesis kit (Thermo Scientific ref. K1632). qPCR was carried out in triplicates on a LightCycler 480 Instru-

ment (Roche) using 0.005 ng of initial RNA and SYBR Green PCR Master Mix (Roche). 18S was used as a reference for Slc18a2 and

Cerulean expression level analyses. Primers were designed using OligoPerfect Designer (Thermo Scientific) and validated using En-

sembl BLAST (ensemble.org). Sequences were as follows: Slc18a2 (FW: ACAGCCTCCACTTCCGAAAG, RV: GTGGTAGCCT

TGGGTGACTC), Cerulean (FW: AGGACGACGGCAACTACAAG, RV: TTGCCGTCCTCCTTGAAGTC), 18S (FW: GTAACCCGTT

GAACCCCATTCGT, RV: GTGTGTACAAAGGGCAGGGACTTAA). Primers were purchased from Sigma-Aldrich and used at 0.5 mM.

AAV production
As described before, AAVs were produced using Polyethylenimine (PEI) transfection of HEK293FT cells (Favuzzi et al., 2019). In brief,

DNA and PEI weremixed in the ratio of 1:4 in uncomplemented DMEMand left at room temp for 25min to form the DNA-PEI complex.

The transfection solution was added to each plate and incubated for 72 h at 37�C in 5%CO2. The transfected cells were then scraped

off the plates and pelleted. The cell pellet was lysed in buffer containing 50 mN Tris-Cl, 150 mM NaCl and 2 mM MgCl2 and 0.5%

sodium deoxycholate and incubated with 100 U/mL Benzonase (Sigma-Aldrich, Cat# E1014 25KU) for 1 h to dissociate particles

frommembranes. Any remaining contaminants and empty or incomplete viral particles were removed with a discontinuous iodixanol

(OptiPrepTM) (Sigma-Aldrich, Cat# D1556) gradient ultracentrifugation using four layers of different iodixanol concentrations of 15,

25, 40 and 58% (Zolotukhin et al., 1999). The viral suspension was loaded on the iodixanol gradient in Quick-seal polyallomer tubes

(Beckman-Coulter, Cat# 342414) and spun in a VTi-50 rotor at 50,000 rpm for 75min at 12�C in anOptima L-100 XPBeckman Coulter

ultracentrifuge. The recovered virus fraction was purified by first passing through a 100-kDa molecular weight cut off (MWCO) cen-

trifugal filter (Sartorius Vivaspin, Cat# VS2041) and then through an Amicon Ultra 2 mL Centrifugal filter (Merck Millipore, Cat#

UFC210024). Storage buffer (350 mM NaCl and 5% Sorbitol in PBS) was added to the purified virus and stored in 5 mL aliquots at
Cell Reports 40, 111037, July 5, 2022 e3
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�80�C. The AAV titer was determined by quantitative polymerase chain reaction (qPCR) using primers for the WPRE sequence

present in the construct. The following primers were used: WPRE Forward primer: 50GGCACTGACAATTCCGTGGT-30. WPRE

Reverse primer: 50-CGCTGGATTGAGGGCCGAAG-30. The extracted viral DNA and a serial dilution of the transfer plasmid DNA

containing the WPRE sequence were transferred to a 96-wells plate and measured using a LightCycler� 96 instrument (Roche

Life Science). AAVs produced had a titer of 2.10 x 1013 viral genomes/mL.

Intracranial injections
pAAV8-hSyn-DiO-hM3D(Gq)-mCherry and pAAV-hSyn-DiO-hM4D(Gi)-mCherry were gifts from Bryan Roth (Addgene plasmids

#44361 and #44362) (Krashes et al., 2011). P0 and P1 mice were anesthetized with isoflurane and mounted in a stereotaxic frame.

Pups were injected with 600 nL of pAAV8-hSyn-DiO-hM3D(Gq)-mCherry and pAAV-hSyn-DiO-hM4D(Gi)-mCherry diluted in PBS or

with pAAV8-EF1a-DiO-shSlc18A2-mCerulean or pAAV8-EF1a-DIO-shLacZ-mCerulean and colored with 0.5% Fast Green (Sigma-

Aldrich). Injections were targeted for the somatosensory cortex with an injection rate of 10 nL/s. Injections of hSyn-GFP-Cre were

targeted to the motor cortex with 600 nL of viruses at a speed of 3 nL/s. We estimate that over 40% of neurons are typically infected

in these experiments using this method.

Electrophysiology
Mice were anesthetized with an overdose of sodium pentobarbital before decapitation. Coronal slices (300 mm) were cut using a

VT1200S vibratome (Leica) in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 87 NaCl, 11 glucose, 75 sucrose,

2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 26 NaHCO3, oxygenated with 95% O2/5% CO2 and incubated for 1 h at 32�C and

subsequently at RT. Slices were transferred to the recording setup 15min before recording and incubated at 32�Cwhile being contin-

uously oxygenatedwith 95%O2/5%CO2 in recording ACSF containing: 124NaCl, 1.25 NaH2PO4, 3 KCl, 26 NaHCO3, 10Glucose, 2

CaCl2, 1 MgCl2. Pipettes (3–5 MU) were made from borosilicate glass capillaries using a PC-10 pipette puller (Narishige) and filled

with intracellular solution containing (in mM): 130 potassium-gluconate, 5 KCl, 10 HEPES, 2.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10

sodium-phosphocreatine, 0.6 EGTA (pH 7.2–7.3, 285–295 mOsm) supplemented with 0.2% neurobiotin for patch-clamp recordings

or Serotonin Hydrochloride (100 mM) dissolved in recording ACSF for focal application. Focal application was achieved by positioning

the ’puffer’ pipette approximately 10 mm from the recorded soma and applying 0.8 mbar air pressure for 1 s using a PDES-02DX

pneumatic drug ejection system (NPI). Traces were recorded using a Multiclamp 700B amplifier (Molecular Devices), sampled at

20 kHz and filtered at 3 kHz. Cells were recorded in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 5 mM) and

(2R)-amino-5-phosphonovaleric acid (APV, 100 mM) and Picrotoxin (PTX, 100 mM) at a holding potential of �60 mV. Traces were

analyzed using Clampfit 10.2. Serotonin Hydrochloride was purchased from Sigma Aldrich. Neurobiotin was purchased from Vector

Laboratories. All other drugs were purchased from Tocris Bioscience.

Drugs
For DREADDs experiments, Clozapine-N-Oxide (CNO, Tocris) was dissolved in 5% dimethyl sulfoxide (Sigma-Aldrich) and then

diluted with 0.9% saline to 1 mg/mL. Pups were injected with vehicle (0.05% DMSO) or CNO (1 g/10 mL) subcutaneously for

4 days, twice daily. Fluoxetine hydrochloride (Sigma-Aldrich) was dissolved in 0.9% saline to 1mg/kg. Pups were injected with either

vehicle or Fluoxetine intraperitoneally for 4 days, twice daily.

Histology
Mice were anaesthetized with an overdose of sodium pentobarbital and transcardially perfused with saline, followed by 4% parafor-

maldehyde (PFA). Brains were post-fixed for 2 h at 4�C. Brains were sectioned on a sliding microtome or a vibratome at 60 mm. All

primary and secondary antibodies were diluted in PBS containing 0.25% Triton X-100 and 2% BSA. The following antibodies were

used rabbit anti-Calretinin (1:1000, Swant), chicken anti-GFP (1:3000, Aves Lab), goat anti-Prox1 (1:300, R&D systems), mouse anti-

reelin (CR-50, 1:300,MBL international) and rat anti-RFP (1:500, ChromoTek).We used Alexa Fluor-conjugated secondary antibodies

(Jackson ImmunoResearch Labs and Molecular Probes).

Single-molecule fluorescent in situ hybridization histochemistry
Single-molecule fluorescent in situ hybridization (smFISH) was conducted in combination with immunohistochemistry. Mice were

perfused, and brains were fixed overnight in 4% PFA. Brains were immersed in 15% sucrose PBS and followed by 30% sucrose

PBS for cryoprotection. Brains were sectioned using a sliding microtome as previously described at 30 mm, and sections were pro-

cessed according to the ACDBioMultiplexed Fluorescent v2 kit protocol (ACDBio, Cat 323100). Briefly, tissue was pre-treated with a

series of H202, antigen retrieval and protease IV steps before incubation with probes for 2h at 40�C. Slc18a2 and Slc6a4 probes were

purchased from ACDBio. Following this, three amplification steps were conducted to detect the probes. Sections were then stained

for mCherry or mCerullean. Corresponding secondary antibodies from molecular probes were then used. When required, samples

were counterstained with DAPI. All samples were mounted using Mowiol.
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Image acquisition and image analysis
Images used for analysis were obtained on the SP8 confocal microscope (Leica) using the LAS AF software. Samples from the same

experimental litter were imaged and analyzed in parallel, using similar laser powers, photo-multiplied gain, and detection filter set-

tings. Cortical layers were identified based on their distinct histological characteristic. L1 was identified as a sparsely populated cell

layer. The higher density of L4 distinguished the border between L2/3 and L4. L5 was identified as the layer deep to L4 and above L6,

containing less densely packed nuclei. Cell density within cortical layers was quantifiedmanually in a rectangular area, 551.5 mmwide

at the pia surface within the somatosensory cortex. Cells were counted without using pseudocolor. A minimum of four sections were

quantified for each mouse. The RNAscope signal was quantified using the Fiji plugin Particle Analyzer to validate the efficacy of

shSlc18a2. In all experiments, the quantification of CGE interneurons is limited to Prox1+ cells (Figure S1). Cells that do not express

Prox1 are not considered CGE/POH-derived interneurons in our quantification, even though a small fraction of them probably are.

The expression of Prox1 and Reln defined neurogliaform cells. Bipolar cells were defined by the expression of Prox1 and CR or

Prox1, VIP, and CR, depending on the experiment. CGE basket cells were defined by the expression of Prox1 and the absence of

CR and Reln, regardless of the expression of VIP. Approximately half of all CGE basket cells express VIP, but none of them expresses

Reln or CR.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results were plotted and tested for statistical significance using Prism 9 (Table S1). The samples were tested for normality using the

Shapiro-Wilk normality test. Paired comparisons were analyzed using a two-tailed unpaired Student’s t-test (normally distributed)

and Mann-Whitney test (for not normally distributed). Multiple comparisons with a single variable were analyzed using one-way

ANOVA with post hoc Dunnett (comparing the mean of each column with the mean of a control column) or Tukey’s multiple compar-

isons. Statistical significance was considered at p values% 0.05. The number of animals for each experiment, type of statistical test

used, and exact p values are described in each figure legend and table S1.
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Figure S1. Validation of immunofluorescent strategy related to Figure 1-7 

(A) Validation of immunofluorescent strategy. Quantification of percentage of all Htr3a+ interneurons (Prox1+), 
neurogliaform cells (Prox1+ and Reln+), bipolar cells (Prox1+ and CR+) and CGE-derived basket cells (Prox1+, 
Reln- and CR-) in wild type mice (n = 5 mice) at P21. Chi-squared test, p = 0.16. 
(B) Coronal sections through the primary somatosensory cortex of wild type mice at P21 (left) with higher 
magnifications on the right for neurogliaform/single bouquet cells (yellow box), bipolar cells (green box) and 
basket cells (grey box) immunostained for Prox1 (cyan), mCherry (red) and calretinin (yellow). DAPI is shown 
for counterstaining (grey). 
Scale bars, 100 µm (left), 20 µm (right). 



 

 

Figure S2. Cell-autonomous changes in neuronal activity beyond the normal period of cell death do not 
affect the survival of Htr3a+ interneurons related to Figure 3 

(A) Schematic of experimental design. 
(B) Coronal sections through the primary somatosensory cortex of Htr3a-Cre mice at P21 injected with hM3Dq-
mCherry (left) followed by vehicle or CNO treatment immunostained for Prox1 (cyan), mCherry (red), calretinin 
(yellow, left) and reelin (yellow, right). DAPI is shown for counterstaining (grey). 
(C) Quantification of the density of all transfected Htr3a+ interneurons (mCherry+, Prox1+), neurogliaform cells 
(mCherry+, Prox1+ and Reln+), bipolar cells (mCherry+, Prox1+ and CR+), and basket cells (mCherry+, Prox1+, 
Reln- and CR-) in control (grey box plots, n = 4 mice) and CNO treated mice injected with hM3Dq-mCherry 
(green box plots, n = 4 mice) at P21. Prox1+; two-tailed unpaired Student’s t-test, p = 0.12. Prox1+ Reln+; two-
tailed unpaired Student’s t-test, p = 0.67. Prox1+ and CR+; two-tailed unpaired Student’s t-test, p = 0.55. Prox1+, 
Reln- and CR-; two-tailed unpaired Student’s t-test, p = 0.54. 
Data in panels C are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), and 
minimum and maximum (whiskers) and the adjacent data points indicate the average cell density in each animal. 
Scale bar, 100 µm. 



 

 



 

Figure S3. Non-cell autonomous changes in neuronal activity beyond the normal period of cell death do 
not affect the survival of Htr3a+ interneuron related to Figure 4 

(A) Schematic of experimental design. 
(B) Coronal sections through the primary somatosensory cortex of NexCre/+ mice at P21 injected with hM3Dq-
mCherry virus (top) or hM4Di-mCherry (bottom) virus followed by vehicle (left) or CNO (right) treatment 
immunostained for Prox1 (cyan), reelin (magenta) and calretinin (yellow). DAPI is shown for counterstaining 
(grey). 
(C) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform cells (Prox1+ and Reln+), 
bipolar cells (Prox1+ and CR+), and basket cells (Prox1+, Reln- and CR-) in control (grey box plots, n = 3 mice) 
and CNO treated mice injected with hM3Dq-mCherry (green box plots, n = 4 mice) at P21. Prox1+; two-tailed 
unpaired Student’s t-test, p = 0.55. Prox1+ Reln+; two-tailed unpaired Student’s t-test, p = 0.09. Prox1+ and CR+; 
two-tailed unpaired Student’s t-test, p = 0.82. Prox1+, Reln- and CR-; two-tailed unpaired Student’s t-test, p = 
0.47. 
(D) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform cells (Prox1+ and Reln+), 
bipolar cells (Prox1+ and CR+), and basket cells (Prox1+, Reln- and CR-) in control (grey box plots, n = 3 mice) 
and CNO treated mice injected with hM4Di-mCherry (red box plots, n = 3 mice) at P21. Prox1+; two-tailed 
unpaired Student’s t-test, p = 0.20. Prox1+ Reln+; two-tailed unpaired Student’s t-test, p = 0.85. Prox1+ and CR+; 
two-tailed unpaired Student’s t-test, p = 0.12. Prox1+, Reln- and CR-; two-tailed unpaired Student’s t-test, p = 
0.10. 
Data in panels C and D are shown as bar graphs + SEM, and the adjacent data points indicate the average cell 
density in each animal. 
Scale bar, 100 µm. 
 
 



 

 

Figure S4. Removal of Vglut1 is not sufficient to alter the survival of Htr3a+ interneurons related to Figure 
5 

(A) Coronal sections through the primary motor cortex of Vglut1+/+;Vglut2+/+ mice ipsilaterally injected with Cre-
expressing virus (left) and of the contralateral cortex of Vglut1-/-;Vglut2fl/fl mice injected with Cre-expressing virus 
(right) at P21 following immunohistochemistry against Prox1 (cyan) and calretinin (yellow). DAPI is shown for 
counterstaining (grey). 
(B) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform and basket cells (Prox1+ and 
CR-) and bipolar cells (Prox1+ and CR+) in Vglut1+/+;Vglut2+/+ injected with Cre-expressing virus (light grey box 
plots, n = 4 mice) and Vglut1-/-;Vglut2fl/fl mice injected with Cre-expressing virus at the contralateral (dark grey 
box plots, n = 4 mice) at P21. Prox1+; two-tailed unpaired Student’s t-test, p = 0.41. Prox1+ CR-; two-tailed 
unpaired Student’s t-test, p = 0.63. Prox1+ and CR+; two-tailed unpaired Student’s t-test, p = 0.29.  
Data in panel B are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), and 
minimum and maximum (whiskers) and the adjacent data points indicate the average cell density in each animal. 
Scale bar, 100 µm. 



 

 

 

Figure S5. Neurogliaform cells do not depolarize in response to serotonin, and changes in serotonin levels 
beyond the normal period of cell death do not affect the survival of bipolar cells related to Figure 6 

(A) Example of voltage-clamp traces of L2/3 GFP+ cells in response to aCSF puffs (grey bars).  
(B) Quantification of cell charge of L2/3 GFP+ (green box plot, n = 4 cells). 
(C) Typical morphology of reconstructed neurogliaform cell. 
(D) Example of voltage-clamp traces of neurogliaform in response to serotonin puffs (grey bars).  
(E) Quantification of cell charge of L1 neurogliaform cell (green box plot, n = 9 cells). 
(F) Schematic of experimental design. 
(G) Coronal sections through the primary somatosensory cortex of VipCre/+;RCLtdTomato mice at P21 injected vehicle 
or fluoxetine treatment immunostained for Prox1 (cyan), tdTomato (red) and reelin (yellow, left) or calretinin 
(yellow, right). DAPI is shown for counterstaining (grey). 



 

(H) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform (Prox1+ and Reln+), bipolar 
cells (Prox1+, VIP+ and CR+) and basket cells (Prox1+ Reln- and CR-) in control (grey bars, n = 3 mice) and 
fluoxetine injected mice (green box bars, n = 3 mice) at P21. Prox1+; two-tailed unpaired Student’s t-test, p = 
0.21. Prox1+ and Reln+; two-tailed unpaired Student’s t-test, p = 0.30.  Prox1+, VIP+ and CR+: two-tailed 
unpaired Student’s t-test: p = 0.43. Prox1+, CR- and Reln-; two-tailed unpaired Student’s t-test, p = 0.97. 
Data in panels B and E are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), 
and minimum and maximum (whiskers), and the adjacent data points indicate the cell charge for each cell. Data 
in panel H are shown as bar graphs + SEM, and the adjacent data points indicate the average cell density in each 
animal. 
Scale bar, 100 µm. 



 

 

Figure S6. Validation of shSlc18a2-mCerullean construct related to Figure 7 

(A) Coronal sections through the infragranular layers of the neocortex of NexCre/+; Fucci2 mice at P9 
immunostained for mCherry (red), and RNAscope for Slc18a2 (magenta) and Slc6A4 (cyan). White arrowheads 



 

are examples of pyramidal cells expressing both Slc18a2 and Slc6a4, magenta arrowheads for Slc18a2 only and 
cyan arrowheads for Slc6a4 only. 
(B) Quantification of mCherry+ cells expressing Slc18a2 (magenta bar, n = 5 mice), Slc6A4 (cyan bar, n = 5 
mice), both Slc18a2 and Slc6a4 (checkered bar, n = 5 mice) or none of these genes (white bar, n = 5 mice).  
(C) Schematic of plasmid design. 
(D) Quantification of Slc18a2 relative expression in vitro using qPCR with control (shLacZ, grey bar, n = 3 
biological replicates) and sh18a2 constructs 1 to 5 (green bars, n = 3 biological replicates). shSlc18a2-1: one-way 
ANOVA with Dunnett’s multiple comparison, **p = 0.0015; shSlc18a2-2: one-way ANOVA with Dunnett’s 
multiple comparison, p = 0.99; shSlc18a2-3: one-way ANOVA with Dunnett’s multiple comparison, p = 0.08; 
shSlc18a2-4: one-way ANOVA with Dunnett’s multiple comparison, p = 0.32; shSlc18a2-5: one-way ANOVA 
with Dunnett’s multiple comparison, p = 0.21. shSlc18a2-1 was selected for in vivo experiments. 
(E) Schematic of experimental design. 
(F) Coronal sections through the primary somatosensory cortex of NexCre/+ mice at P9 injected with hM3Dq-
mCherry and shLacZ-mCerulean (left) or shSlc18a2-mCerrulean (right) virus followed by CNO treatment 
immunostained for mCerulean (green), and RNAscope for Slc18a2 (magenta). DAPI is shown for counterstaining 
(grey). The insert below is a higher magnification of L5 of the RNAscope for Slc18a2 (magenta) and DAPI 
counterstain. 
(G) Quantification of the relative expression of Slc18a2 of L5 and 6 with control (shLacZ, grey box plot, n =14 
images) and sh18a2 constructs (green box plot, n =12 images). Mann Whitney test, ***p < 0.0001. 
Data in panels B and D are shown as bar graphs ± SEM. The adjacent data points indicate the average cell density 
in each animal (B) and average expression from each biological replicate. Data in panel G are shown as boxplots 
(median, middle dash), lower and upper quartiles (box borders), and minimum and maximum (whiskers). The 
adjacent data points indicate the number of images. 
Scale bars, 20 µm (A) and 100 µm (F). 



 

 

Figure S7. Knockdown of Slc18a2 alone is not sufficient to prevent the cell death of Htr3a+ interneurons 
related to Figure 7 

(A) Schematic of experimental design. 
(B) Coronal sections through the primary somatosensory cortex of NexCre/+ mice at P21 injected with hM3Dq-
mCherry and shSlc18a2-mCerrulean virus followed by vehicle (left) or CNO (right) treatment immunostained for 
Prox1 (cyan), and calretinin (yellow).  
(C) Quantification of the density of all Htr3a+ interneurons (Prox1+), neurogliaform and basket cells (Prox1+ and 
CR-) and bipolar cells (Prox1+ and CR+) in shSlc18a2-mCerrulean mice followed by vehicle (grey box plots, n 
= 4 mice) or CNO treatment (green box plots, n = 4 mice) at P21. All mice were injected with the hM3Dq-mCherry 
virus. Prox1+; two-tailed unpaired Student’s t-test, *p = 0.027. Prox1+ CR-; Mann-Whitney, *p = 0.029. Prox1+ 
and CR+; two-tailed unpaired Student’s t-test, **p = 0.0023.  
Data in panel C are shown as boxplots (median, middle dash), lower and upper quartiles (box borders), and 
minimum and maximum (whiskers) and the adjacent data points indicate the average cell density in each animal. 
Scale bar, 100 µm.  
 



FIGURE 1 Measurement Values N Statistical P value
Prox1+: Control Htr3a-Cre: 
128.93891 ± 9.7075; 
Htr3aCreBaxBak: 170.999 ± 7.6148

[brains] Control Htr3a-Cre, n 
= 5, Htr3aCreBaxBak, n = 4

2-tailed unpaired 
Student's t-test p  = 0.0138 (*)

Prox1+ Re+: Control Htr3a-Cre: 
30.018342 ± 2.4084662; 
Htr3aCreBaxBak: 39.798868 ± 
2.812634

[brains] Control Htr3a-Cre, n 
= 5, Htr3aCreBaxBak, n = 4

2-tailed unpaired 
Student's t-test p  = 0.0327 (*)

Prox1+ CR+: Control Htr3a-Cre: 
33.222357 ± 2.5819982; 
Htr3aCreBaxBak:44.76981 ± 
3.1535676

[brains] Control Htr3a-Cre, n 
= 5, Htr3aCreBaxBak, n = 4

2-tailed unpaired 
Student's t-test p  = 0.0309 (*)

Prox1+ CR-Re-: Control Htr3a-Cre: 
65.698208 ± 6.7524041; 
Htr3aCreBaxBak: 86.430708 ± 
3.031828

[brains] Control Htr3a-Cre, n 
= 5, Htr3aCreBaxBak, n = 4

2-tailed unpaired 
Student's t-test p  = 0.0327 (*)

FIGURE 2 Measurement Values N Statistical P value
Prox1+: hM3Dq-CNO: 63.134157 
±2.855373; hM3Dq+CNO: 77.079124 
± 2.998725

[brains] n = 6 for both groups 2-tailed unpaired 
Student's t-test p  = 0.007 (**)

Prox1+ Re+: hM3Dq-CNO: 
18.0878276 ± 1.22917991; 
hM3Dq+CNO: 25.807598± 
2.9800354

[brains] n = 6 for both groups 2-tailed unpaired 
Student's t-test p  = 0.0377 (*)

Prox1+ CR+: hM3Dq-CNO: 
23.053624 ±1.6097517; 
hM3Dq+CNO: 31.14537 ± 1.8146412 [brains] n = 6 for both groups 2-tailed unpaired 

Student's t-test p  = 0.0121 (*)

Prox1+ CR-Re-: hM3Dq-CNO: 
27.4930811 ± 3.02664295; 
hM3Dq+CNO: 37.6835104 ± 
2.75023481

[brains] n = 6 for both groups 2-tailed unpaired 
Student's t-test p  = 0.0319 (*)

Prox1+: hM4Di-CNO: 68.915974 
±5.2489537; hM4Di+CNO: 
55.0325501 ± 1.96627922

[brains] hM4Di -CNO, n = 4, 
hM4Di+CNO n = 5

2-tailed unpaired 
Student's t-test p  = 0.0259 (*)

Prox1+ Re+: hM4Di-CNO: 
24.9941011 ±1.1484826; 
hM4Di+CNO: 17.5705351 ± 
1.39640632

[brains] hM4Di -CNO, n = 4, 
hM4Di+CNO n = 5

2-tailed unpaired 
Student's t-test

p  = 0.0055 
(**)

Prox1+ CR+:  hM4Di-CNO: 
30.0366435 ± 2.11197677; 
hM4Di+CNO: 21.4524183 ± 
1.13356151

[brains] hM4Di -CNO, n = 4, 
hM4Di+CNO n = 5

2-tailed unpaired 
Student's t-test

p  = 0.0047 
(**)

Prox1+ CR-Re-: hM4Di-CNO: 
20.8646658 ± 0.74526041; 
hM4Di+CNO: 12.2050725 ± 
0.83210095

[brains] hM4Di -CNO, n = 4, 
hM4Di+CNO n = 5

2-tailed unpaired 
Student's t-test

p  = 0.0001 
(***)

FIGURE 3 Measurement Values N Statistical P value
Prox1+: Control Nex-
Cre:125.955086 ±4.9773057; 
NexCreBaxBak: 171.70553 
±8.352957

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.0005 
(***)

Prox1+ Re+: Control Nex-Cre: 
29.690536 ± 1.9780853; 
NexCreBaxBak: 38.699654 ± 
2.2600626

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test p  = 0.0113 (*)

Prox1+ CR+: Control Nex-Cre: 
29.707267 ± 1.3975519; 
NexCreBaxBak: 42.090428 ± 
3.091244

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.0036 
(**)

Prox1+ CR-Re-: Control Nex-Cre: 
66.553056 ± 3.38164542; 
NexCreBaxBak: 90.979209 ± 
4.2374106

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test p  = 0.002 (**)

FIGURE 4 Measurement Values N Statistical P value
Prox1+: hM3Dq-CNO: 140.22185 
±6.1886976; hM3Dq+CNO: 
168.24575 ±9.2067176

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test p  = 0.0266 (*)

Prox1+ Re+: hM3Dq-CNO: 
30.5171011 ± 1.28699855; 
hM3Dq+CNO: 40.5280454 ± 
1.0966376

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test

p  < 0.0001 
(***)

Prox1+ CR+:  hM3Dq-CNO: 
41,618613 ± 1.9027866; 
hM3Dq+CNO: 51.031663 ±  
1.7405535

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.0033 
(**)

Prox1+ CR-Re-: hM3Dq-CNO: 
42.1597898 ± 2.2139241; 
hM3Dq+CNO: 60.3700123 ± 
3.03048226

[brains] n = 7 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.0004 
(***)

Table S1. Summary of data and statistical analyses, related to Figures 1-7 and Figures S1-S7

Figure 1B CGE interneuron cell 
densities (mean ± SEM)

CGE interneuron cell 
densities (mean ± SEM)Figure 2B

Figure 2C CGE interneuron cell 
densities (mean ± SEM)

Figure 3B CGE interneuron cell 
densities (mean ± SEM)

Figure 4C CGE interneuron cell 
densities (mean ± SEM)



Prox1+: hM4Di-CNO: 175.759708 ± 
6.2889318; hM4Di+CNO:153.962902 
± 6.37779553 [brains] n = 6 for both groups 2-tailed unpaired 

Student's t-test p  = 0.0352 (*)

Prox1+ Re+: hM4Di-CNO: 
34.9688292 ± 1.89106344; 
hM4Di+CNO: 26.9684615 ± 
1.43152338

[brains] hM4Di -CNO, n = 5, 
hM4Di+CNO n = 6

2-tailed unpaired 
Student's t-test

p  = 0.0074 
(**)

Prox1+ CR+: hM4Di-CNO: 
50.7213356 ± 1.6083140; 
hM4Di+CNO: 40.5899939 ± 
3.37004675

[brains] n = 6 for both groups 2-tailed unpaired 
Student's t-test p  = 0.0218 (*)

Prox1+ CR-Re-: hM4Di-CNO: 
76.786516 ± 4.023283; hM4Di+CNO: 
58.709725 ± 5.5024846 [brains] n = 6 for both groups 2-tailed unpaired 

Student's t-test p  = 0.0242 (*)

FIGURE 5 Measurement Values N Statistical P value
Prox1+: Control: 108.282796 ± 
7.10449118; VG1/VG2 KO: 
90.2908768 ± 5.94786571

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.1002 
(NS)

Prox1+ CR-: Control: 72.6899503 ± 
5.35347727; VG1/VG2 KO: 
54.7620478 ± 2.43474891

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test p  = 0.026 (*)

Prox1+ CR+: Control: 35.5928459 ± 
3.05633804; VG1/VG2 KO: 
35.528829 ± 3.99582597

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.9903 
(NS)

FIGURE 6 Measurement Values N Statistical P value
L2/3 Bipolar cells: 76704.81 ± 
29550.95 [cells] n = 7 

L2/3 Basket cells: -229518 ± 
51407.16 [cells] n = 7 

Prox1+: Vehicle: 140.167528 ± 
5.97875389; Fluoxetine: 146.833266 
± 10.612415

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.6093 
(NS)

Prox1+ Re+: Vehicle: 145.348521 ± 
5.79093263; Fluoxetine: 151.235858 
± 18.8224061

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.9834 
(NS)

Prox1+ VIP+ CR+: Vehicle: 
36.6817236 ± 1.65394208; 
Fluoxetine: 49.087944 ± 3.12794821 [brains] n = 4 for both groups 2-tailed unpaired 

Student's t-test p  = 0.0127 (*)

Prox1+ CR-Re-: Vehicle: 55.493346 
± 8.7814519; Fluoxetine: 41.861755 
± 5.0760216

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.2276 
(NS)

FIGURE 7 Measurement Values N Statistical P value
Prox1+: shLacZ: 117.845708 ± 
7.74735528; shVmat2: 111.997696 ± 
8.354898

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.5347 
(NS)

Prox1+ CR-: shLacZ: 72.9697875 ± 
7.84245371; shVmat2: 71.6411254 ± 
6.92400581

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.8547 
(NS)

Prox1+ CR+: shLacZ: 44.8759186 ± 
1.32738498; shVmat2: 39.2727969 ± 
1.52053381

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test p  = 0.0343 (*)

FIGURE S1 Measurement Values N Statistical P value

Figure S1A Proportion of cells (%)

Expected results: NGF/SBC: 30%; 
BP: 27%; BC: 43%; Observed 
results: NGF/SBC: 23%; BP: 25%; 
BC 52%

[brains] Control Htr3a-Cre, n 
= 5, Htr3aCreBaxBak, n = 4 Chi-quare p  = 0.16 (NS)

FIGURE S2 Measurement Values N Statistical P value
Prox1+: hM3Dq-CNO: 66.284849 ± 
1.5028887; hM3Dq+CNO: 60.064579 
±3.047367

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.1169 
(NS)

Prox1+ Re+: hM3Dq-CNO: 
26.8957068 ± 3.53002062; 
hM3Dq+CNO: 25.1264708 ± 
4.90953428

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.6692 
(NS)

Prox1+ CR+: hM3Dq-CNO: 
26.3253613 ± 2.43294121; 
hM3Dq+CNO: 23.5634017 ± 
3.39731554

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.5532 
(NS)

Prox1+ CR-Re-: hM3Dq-CNO: 
19.42593 ± 2.509301; hM3Dq+CNO: 
18.053787 ± 0.9675375 [brains] n = 4 for both groups 2-tailed unpaired 

Student's t-test
p  = 0.5436 
(NS)

FIGURE S3 Measurement Values N Statistical P value
Prox1+: hM3Dq-CNO: 113.063459 
±4.09645928; hM3Dq+CNO: 
118.699518 ± 6.80751163

[brains] hM3Dq -CNO, n = 3, 
hM3Dq+CNO n = 4

2-tailed unpaired 
Student's t-test

p  = 0.5480 
(NS)

Figure 6D CGE interneuron cell 
densities (mean ± SEM)

Figure 7C CGE interneuron cell 
densities (mean ± SEM)

Figure 6C Charge (mean ± SEM)

Figure S2C CGE interneuron cell 
densities (mean ± SEM)

Figure 4D CGE interneuron cell 
densities (mean ± SEM)

Figure 5D CGE interneuron cell 
densities (mean ± SEM)



Prox1+ Re+: hM3Dq-CNO: 
23.5569756 ± 1.62279407; 
hM3Dq+CNO: 19.612295 ± 
1.10857406

[brains] hM3Dq -CNO, n = 3, 
hM3Dq+CNO n = 4

2-tailed unpaired 
Student's t-test

p  = 0.0910 
(NS)

Prox1+ CR+: hM3Dq-CNO: 
41.360781 ± 2.99063331; 
hM3Dq+CNO: 40.424176 ±  
2.46681341

[brains] hM3Dq -CNO, n = 3, 
hM3Dq+CNO n = 4

2-tailed unpaired 
Student's t-test

p  = 0.8172 
(NS)

Prox1+ CR-Re-: hM3Dq-CNO: 
64.6671703 ± 7.73374349; 
hM3Dq+CNO: 73.0327285 ± 
7.24395448

[brains] hM3Dq -CNO, n = 3, 
hM3Dq+CNO n = 4

2-tailed unpaired 
Student's t-test

p  = 0.4712 
(NS)

Prox1+: hM4Di-CNO: 127.116395 ± 
1.37724603; hM4Di+CNO: 
123.338106 ± 2.02843504

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.1982 
(NS)

Prox1+ Re+: hM4Di-CNO: 
31.0610279 ± 3.09209328; 
hM4Di+CNO: 30.3948183 ± 
1.20604652

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.8507 
(NS)

Prox1+ CR+: hM4Di-CNO: 
33.2822563 ± 0.71278089; 
hM4Di+CNO: 31.0766782 ± 
0.1240153

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.1240 
(NS)

Prox1+ CR-Re-: hM4Di-CNO: 
76.1695 ± 3.079432; hM4Di+CNO: 
69.42585 ± 1.046768

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.1068 
(NS)

Figure S4 Measurement Values N Statistical P value
Prox1+: Vglut1+/+;Vglut2+/+ : 
108.282796 ± 7.10449118  Vglut1-/-
;Vglut2+/+ : 115.77086 ± 4.7356754 

[brains] n = 4 for all groups 2-tailed unpaired 
Student's t-test

p = 0.4142 
(NS)

Prox1+ CR-: Vglut1+/+;Vglut2+/+: 
72.6899503 ± 5.35347727; Vglut1-/-
;Vglut2+/+: 75.899582 ± 3.3346367

[brains] n = 4 for all groups 2-tailed unpaired 
Student's t-test

p = 0.6290 
(NS)

Prox1+ CR+: Vglut1+/+;Vglut2+/+: 
35.5928459 ± 3.05633804; Vglut1-/-
;Vglut+/+: 39.871273 ± 2.0342391

[brains] n = 4 for all groups 2-tailed unpaired 
Student's t-test

p = 0.2881 
(NS)

FIGURE S5 Measurement Values N Statistical P value
Figure S5A Charge (mean ± SEM) GFP+ cells: 971.4932 ± 4764.166 [cells] n = 6
Figure S5B Charge (mean ± SEM) L1 NGF: 62304.41 ± 36233.81 [cells] n = 9

Prox1+: Vehicle: 114.782539 ± 
6.54602903; Fluoxetine: 126.079933 
±3.68675634

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.2071 
(NS)

Prox1+ Re+: Vehicle: 24.3711865 
±0.40454126; Fluoxetine: 
26.0408337 ±1.32701948

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.2951 
(NS)

Prox1+ VIP+ CR+: Vehicle: 
49.0143131 ± 0.79261738; 
Fluoxetine: 50.1843306 ± 
4.20798866

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.4295 
(NS)

Prox1+ CR-Re-: Vehicle: 36.062905 
± 4.33895612; Fluoxetine: 
36.3178117 ± 4.38526967

[brains] n = 3 for both groups 2-tailed unpaired 
Student's t-test

p  = 0.9694 
(NS)

FIGURE S6 Measurement Values N Statistical P value

Figure S6B % of mCherry+ cells (mean ± 
SEM)

Slc18a+ only cells: 28.42467 ± 
2.9634; Slc6A4+ only cells: 13.81044 
± 1.4421; Slc18a+ and Slc6A4+ cells: 
29.11470 ± 2.46729; Slc18a0- and 
Slc6A4- cells: 27.65019 ± 2.7433

[brains] n = 5 for all groups

Figure S6D Slc18a2 relative expression  
(mean ± SEM)

shslc18a2-1: 026333 ± 0.03179797; 
shslc18a2-2: 1.003333 ± 
0.16676664; shslc18a2-3: 0.6066667 
±  0.08819171; shslc18a2-4: 
0.7366667 ± 0.09333333; shslc18a2-
5: 06933333 ±  0.14678026

[experiments] n = 3 for all 
groups 1-way Anova

p  = 0.0015 
(**) shLacZ vs 
shSlc18a2-1

Figure S6G Slc18a2 relative expression  
(mean ± SEM)

shLacZ: 100 ± 15.3447603, 
shslc18a2: 22.4988438 ± 6.0643048

[images] shLacZ = 14,  
shslc18a1 = 12 Mann Whitney p  < 0.0001 

(***)

FIGURE S7 Measurement Values N Statistical P value
Prox1+: -CNO: 83.01319 ± 
2.18582;+CNO: 111.997696 ± 
8.354898

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test p = 0.027 (*)

Prox1+ CR- : -CNO: 52.97631 ± 
1.30069; +CNO: 71.6411254 ± 
6.92400581

[brains] n = 4 for both groups Mann Whitney p  = 0.0286 (*)

Prox1+ CR+ : -CNO: 30.03689 ± 
0.9959; +CNO: 39.2727969 ± 
1.52053381

[brains] n = 4 for both groups 2-tailed unpaired 
Student's t-test

p = 0.0023 
(**)

Figure S5H CGE interneuron cell 
densities (mean ± SEM)

Figure S3C CGE interneuron cell 
densities (mean ± SEM)

Figure S3D CGE interneuron cell 
densities (mean ± SEM)

Figure S4B CGE interneuron cell 
densities (mean ± SEM)

Figure S7C CGE interneuron cell 
densities (mean ± SEM)
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