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SUMMARY

In recent years, we and others have identifie a number of enhancers that, when incorporated into rAAV vec-
tors, can restrict the transgene expression to particular neuronal populations. Yet, viral tools to access and
manipulate specifi neuronal subtypes are still limited. Here, we performed systematic analysis of single-cell
genomic data to identify enhancer candidates for each of the telencephalic interneuron subtypes. We estab-
lished a set of enhancer-AAV tools that are highly specifi for distinct cortical interneuron populations and
striatal cholinergic interneurons. These enhancers, when used in the context of different effectors, can target
(fluorescen proteins), observe activity (GCaMP), andmanipulate (opto-genetics) specifi neuronal subtypes.
We also validated our enhancer-AAV tools across species. Thus, we provide the fiel with a powerful set of
tools to study neural circuits and functions and to develop precise and targeted therapy.

INTRODUCTION

Over a century ago, pioneering work by Cajal demonstrated the

amazing morphological diversity of interneurons. Recent work

by numerous groups have been able to categorize this diversity

at a molecular level using single-cell genomics.1–4 Patch

sequencing and spatial transcriptomics allow the cellular

complexity of these molecularly classified populations to be
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examined. However, these approaches are insufficient to fully

understand their function across mammalian brains. To do so re-

quires the ability to target and manipulate specific interneuron

types to explore their complexity in situ.

Work over the past two decades has provided approaches

for cell-type-specific targeting in genetically amenable species

such as mice, but the cost and time required to do so is often

daunting. In addition, the inability to effectively target cell

types in non-human primates (NHPs) and other less geneti-

cally tractable species has slowed down similar progress in

other mammals. Recombinant adeno-associated viruses

(rAAVs) can drive long-term gene expression in vivo and

have become a popular tool for gene delivery. The specificity

of rAAV-mediated gene expression can be controlled by

capsid choice and gene regulatory elements. Over the past

8 years, beginning with the use of mDLX,5 a pan-interneuron

enhancer, we and others have increasingly used cell-type-

specific enhancers in the context of AAVs as an effective

way to target different cell classes, including interneuron

subtypes, in a manner that is both economically and tempo-

rally expedient across mammalian species.6–11 While we pre-

viously reported the discovery of a parvalbumin (PV)-specific

enhancer to broadly target this population of interneurons,6

progress toward finding enhancers that allow targeting of car-

dinal and recently defined subtypes of interneurons have, until

now, proven elusive. Here, we present our efforts to broaden

the toolkit for targeting interneuron classes, particularly within

the cerebral cortex.

Depending upon the criteria, interneuron subtypes at present

are thought to range in number from approximately 30 to 120

subtypes.1–4 This diversity appears to center on four major large

cardinal classes: PV, somatostatin (SST), vasoactive intestinal

peptide (VIP), and lysosomal-associated membrane protein 5

(LAMP5). Each of these cardinal groups include multiple different

subclasses. The ability to target each of these subtypes would

provide an ideal toolset to explore interneuron function and con-

nectivity. At present, our goal is to identify enhancers that work in

the context of AAVs to target each of the major cardinal classes

and the most prominent subclasses within each of these cardinal

divisions. To this end, we present here a set of seven enhancers.

These include the two major PV subclasses, basket and chande-

lier cells; two major SST classes, non-Martinotti interneurons

and broadly across the infragranular classes; as well as the car-

dinal VIP, LAMP5, and cholinergic groups. Notably, while each of

these enhancers can deliver a fluorescent reporter specific to

these seven interneuron classes, they also work well in conjunc-

tion with a number of different payloads, including optogenetic

tools, activity reporters, and cell biological reporters (e.g.,

synapses). In addition, the identified enhancer sequences are

conserved between mice and primates and largely work across

species. Here, we present each of them in the context of rodents

and then NHPs and, in select cases, demonstrate their function-

ality in vivo. Despite these obvious advantages, the specificity

and sensitivity of these enhancers vary in accordance with their

viral titers and method of introduction. To maximize their useful-

ness to the community, we have tested each of these enhancers

across a range of titers and delivery methods and present each

with an optimized standard operating procedure (SOP). In the

context of enhancers and parallel approaches developed by

others participating in this BRAIN Initiative Armamentarium, we

believe this present toolkit represents a major step forward in

the accessibility of cortical interneurons for discovery and

experimentation.

RESULTS

Identification and testing of cell-type-specific

enhancers for cortical interneurons and striatal

cholinergic neurons

To identify potential cell-type-specific enhancers, we took

advantage of the single-cell assay for transposase-accessible

chromatin with sequencing (scATAC-seq)12 to capture the chro-

matin accessibility patterns among different cell types for both

cortical interneuron and striatal neuron populations. To enrich

for GABAergic neurons, we used Dlx5a-Cre::INTACT mice.

GFP+ nuclei from the cortex (anterior lateral motor cortex

[ALM]) and striatum were isolated by fluorescence-activated

cell sorting (FACS), and scATAC-seq data were collected

(12,403 nuclei from the cortex and 7,401 nuclei from the striatum

after quality control) (Figure 1A). Cells were first clustered based

on the similarities of chromatin accessibility and then annotated

based on the inferred activity of known marker genes for the cor-

tex (Figure 1B) and the striatum (Figure 1C), respectively. Next,

we identified top cell-type-specific enhancers using an accurate

and fast cosine similarity-based method, COSG,13 and selected

the top enhancer candidates for in vivo testing.

The sequences for the selected enhancer candidates were

cloned into a rAAV construct to drive the expression of the dTo-

mato fluorescent reporter, along with a minimal promoter. These

constructs were then packaged into rAAV vectors with the PHP.

eB capsid as an effective method to cross the blood-brain barrier

(BBB)14 and tested for their specificity for the intended target

population in vivo. The rAAVs with enhancer candidates were

delivered either by retro-orbital (RO) injection into 4-week- or

8-week-old mice, intracerebroventricular (ICV) injection into

postnatal day 0 (P0)/P1 pups, or by intracranial stereotactic

injection into 5-week- to 8-week-old adult mice or pups

(Figure 1A). Three weeks after injection, the brains were har-

vested and processed. Enhancer performance was evaluated

based on two parameters: (1) specificity for the intended target

population, which was determined by the percentage of co-

localization of dTomato-positive cells labeled by the AAV-

enhancer tool, and cell-type-specific markers of interest, labeled

using specific antibodies (when available) or in situ probes (num-

ber of dTom+marker+/number of dTom+), and (2) sensitivity

(number of dTom+marker+/number of marker+) indicating the

efficiency of a given enhancer in targeting all the cells of a given

population, in a given area, and under the conditions used.

Among all the enhancer candidates tested in vivo, seven of

them were highly specific for a specific interneuron or cholinergic

neuron subtype and were further characterized. All seven top en-

hancers show specific enrichment of ATAC-seq signals in their

target cell types (Figure 1D). We named these enhancers ‘‘Bi’’

(Broad Institute) followed by the target population and enhancer

number (for example, ‘‘BiPVe3’’ stands for ‘‘Broad Institute PV

enhancer e3").
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Enhancer-based viral targeting of PV neuron subtypes

in mice

Having previously identified both a pan-interneuron enhancer5

and a pan-PV enhancer,6 we aimed to identify enhancers spe-

cific to the two major PV subtypes, the basket cells and chande-

lier cells. We designed vectors including the top enhancer candi-

dates for basket and chandelier cells. We then generated rAAVs

expressing dTomato reporter mediated by these sequences and

injected them individually into mice for in vivo testing. Two of

these nine AAVs tested showed high specificity and efficiency

in targeting the cell types of interest (BiPVe3 for basket and

BiPVe4 for chandelier neurons).

To more precisely evaluate the two top enhancers’ activity

across the mouse central nervous system (CNS), we first

analyzed dTomato reporter expression across the whole brain.

To do this, we retro-orbitally injected rAAVs into 4-week-old

Figure 1. Strategies to identify and characterize enhancer-based AAV tools with cell-type specificit
(A) A schematic illustrating the identification and testing of cell-type-specific enhancers in rAAV constructs.

(B and C) Uniform manifold approximation and projections (UMAPs) of single-cell ATAC-seq data from mouse cortex (B) and striatum (C). Cells are colored by

annotated cell types.

(D) Chromatin accessibility pattern of the 7 top enhancers, visualized as normalized genome browser tracks representing the aggregated signals of cells from

different cell types.
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mice, collected parasagittal sections from five standard medio-

lateral coordinates, and quantified the number of dTomato-pos-

itive cells (see STAR Methods for details) posteriorly from the

cerebellum and anteriorly through the olfactory bulbs in order

to thoroughly profile the major mouse brain areas (Figures 2A

and 2B). Importantly, for all the analysis performed in this study,

dTomato signal was not amplified using antibodies (except for

Figures 5E, 6, and S8C) in order to accurately read out the

endogenous levels of reporter expression. This allowed us to

better evaluate the enhancer activity in modulating effector

gene expression across brain regions and cell types.

The BiPVe3 enhancer shows strong activity in putative basket

cells across all major cortical areas and layers (and as expected

showed none in layer 1 [L1] and top layer 2/3, which are known

not to contain this population), in hippocampus, in putative Pur-

kinje cells in the cerebellum, and in other areas such as the

midbrain or the olfactory bulb (Figures 2A and 2C). By contrast,

the BiPVe4 enhancer targets cells predominantly located in more

superficial cortical areas (in accordance with the characteristic

anatomical distribution of chandelier cells), in the pyramidal layer

of the hippocampus, and in putative fast-spiking neurons of the

striatum (which likely share genetic homology with chandelier

populations). In addition, we observed moderate labeling in

areas such as the midbrain, hypothalamus, cerebellum, and me-

dulla (Figures 2B and 2D).

Analysis using fluorescence in situ hybridization (FISH) for a

pan-GABAergic neuron marker (Gad2) showed that the vast ma-

jority of rAAV-transduced dTomato-positive cells in the cortical

regions belong to the broad class of GABAergic interneurons

(average specificity of 84.22% ± 2.67% for BiPVe3 and

78.15% ± 7.33 BiPVe4, Figure S1A and S1C).

To evaluate the cell-type specificity of the two enhancers for

PV neuron subtypes, we quantified the distribution of cells in

the primary somatosensory cortex (S1, as a model cortical re-

gion), particularly with regard to cortical laminar position

(Figures 2E and 2F). AAV-BiPVe3-dTomato labels cells across

all cortical layers (except for L1), with lower density in the upper

regions of L2/3 and bottom region of L6 (Figures 2E and S1B).

AAV-BiPVe4-dTomato, on the other hand, labels, as expected

from the chandelier population, cells mostly restricted to L2/3,

with sparse marking across other cortical layers (Figures 2F

and S1D). Both basket and chandelier cells are known to be en-

riched for the marker gene parvalbumin (Pvalb), with basket cells

showing 100% colocalization rate with this marker, while only

about 50% of the chandelier cells in the S1 region express

Pvalb.2,3,15 Indeed, in both cases, dTomato-positive cells show

high levels of colocalization with the PV marker, as shown by

the high percentage specificity in the expected cortical layers

(average specificity of 81.9% ± 10.7% in L2–L6 for BiPVe3,

73.3% ± 12.2% in L2/3 for BiPVe4, Figures 2E–2G, 2I, S1B,

and S1D).

To further validate the successful targeting of these two PV

subtypes by these two enhancers, we investigated the differen-

tial expression of markers known to be enriched in basket and

chandelier cells, such as Syt2 and Pthlh,16 respectively. We

thus performed FISH on brain sections from mice injected with

either AAV-BiPVe3-dTomato or AAV-BiPVe4-dTomato vectors

and quantified the percentage of colocalization of dTomato

with these marker mRNAs in L2/3 and L5 of S1 (Figures S1E–

S1H). BiPVe3-dTomato cells show high specificity (81.85% ±

4.86%) and good sensitivity (63.17% ± 11.67%) for the marker

Syt2 in L5 (Figures S1E and S1F, left). However, only a smaller

fraction of BiPVe3-dTomato cells colocalize with Pthlh in L2/3

(average specificity of 21.38% ± 4.71% and sensitivity of

33.19% ± 9.67%, Figure S1E and S1F, right), suggesting a spe-

cific labeling of basket cells by the enhancer BiPVe3. On the

other hand, BiPVe4-dTomato cells show good colocalization in

L2/3 with the marker gene Pthlh, known to be enriched in a sub-

set of chandelier cells (average specificity of 45.03% ± 0.91%

and sensitivity of 33.92% ± 5.62%, Figures S1G and S1H, right).

A smaller fraction of BiPVe4-dTomato cells showed expression

of Syt2 (average specificity 39.84% ± 4.37% and sensitivity

17.28% ± 7.48%, Figures S1G and S1H, left), suggesting a

possible unspecific labeling of basket cells by the enhancer

BiPVe4.

The Syt2 gene enriched in basket cells encodes for a pre-synap-

tic molecule found at synaptic terminals. We therefore performed

immunohistochemistry for Syt2 in AAV-BiPVe3-dTomato-infected

Figure 2. Enhancer-based viral targeting of PV neuron subtypes in mice
(A and B) Representative parasagittal sections showing the distribution of dTomato-positive cells resulting from expression controlled by the BiPVe3 (A) or BiPVe4

(B) enhancers within the mouse brain 3 weeks after RO AAV injection at 4 weeks of 2.0E+11 total vg/mouse. Scale bar is indicated in the figure.

(C and D) Bar graphs showing the number of dTomato-positive cells under the control of the BiPVe3 (C) or BiPVe4 (D) enhancers in the brain areas indicated. Data

from 5 sagittal sections from 5 different medio-lateral coordinates were collected to cover the majority of brain regions; each individual datapoint represents a

distinct biological replicate (n = 3 mice). Error bars represent standard error of the mean (SEM).

(E and F) Representative images showing the expression of dTomato reporter-expressing cells (in magenta) under the control of the BiPVe3 (E) or BiPVe4

(F) enhancers and parvalbumin (Pvalb)-positive cells (in green) in the primary somatosensory cortex (S1) of the mouse brain following RO AAV injection at

4 weeks. dTomato-positive cells co-expressing the PV marker (merge) are labeled in white. Cortical layers (L1–L6) and scale bars are indicated in the figure.

(G and I) Bar graphs showing the percentage of specificity of BiPVe3 (G) or BiPVe4 (I) in targeting PV-positive neurons in the indicated layers. n = 7 and 6 mice,

respectively. Error bars represent SEM. RO4w, retro-orbital injection at 4 weeks of age.

(H and J) Representative confocal stack of a biocytin-filled cell expressing BiPVe3-dTomato (H) or BiPVe4-GFP (J) in L2/3 of the S1, displaying characteristic PV

basket (H) and chandelier (J) cell morphology. Scale bar is indicated in the figure.

(K and L) Representative traces from current-clamp recordings of cells expressing BiPVe3-dTomato (K)or BiPVe4-GFP (L) in L2/3 of the S1 in response to 600 ms

(K) or 300 ms (L) square wave current injections. In both cases, rAAV-transduced cells show classical, non-accommodating, fast-spiking firing behavior.

(M and N) BiPVe3-dTomato- and BiPVe4-dTomato-expressing cells in L2/3 display characteristic electrophysiologic properties of fast-spiking PV-positive

interneurons, including a high-maximum steady-state firing frequency (SSFF), a narrow action potential (AP) half-width, and large afterhyperpolarization (AHP)

(n = 13 cells from 4 mice for BiPVe3; n = 13 cells from 2 mice for BiPVe4: 4 cells from V1, 5 cells from A1, and 4 cells from S1). Error bars represent SEM.

(O and P) Example of fast-spiking cell showing successful optogenetic in vivo activation across trials of cells transduced with rAAV-BiPVe3-ChR2 (O) and rAAV-

BiPVe4-ChR2 (P) viruses.
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mouse S1 and observed a high number of dTomato-positive syn-

aptic terminals colocalizing with Syt2 (Figure S1I). Similarly, AnkG

marked the axon initial segments (AISs) of excitatory pyramidal

neurons, which are the primary targets of chandelier cell axon ter-

minals.17 Indeed, we observed that terminals of BiPVe4-dTomato

cells formed characteristic cartridges that colocalize with AnkG in

L2/3 of the cortex (Figure S1J). These data suggest that BiPVe4

enhancer targets PV-positive chandelier cells, while BiPVe3 effi-

ciently marks PV-positive basket cells in the mouse cortex.

Previous studies using BBB-crossing AAV capsids mostly per-

formed systemic, intravenous injections by delivering AAVs into

the RO sinus of adult mice.6–8 We wanted to test whether en-

hancers showed similar specificity and selectivity when deliv-

ered with other methods and at different ages. We therefore

tested the AAV-BiPVe3-dTomato and AAV-BiPVe4-dTomato vi-

ruses by RO injections at 4 and 8 weeks of age, with ICV injec-

tions in P0/P1 pups and local intraparenchymal injections in

pups (P5) and adult mice (5 to 8 weeks old). Both BiPVe3 and

BiPVe4 enhancers had the strongest activity and specificity

when injected by RO at 4 weeks (Figures 2E–2G, 2I, S1C, and

S1D). Nonetheless, when injected by RO at 8 weeks, both

BiPVe3 and BiPVe4 performed almost equally well (Figures

S2Aii and S2Bii), as shown by the percentage of specificity and

sensitivity (Figures S2Cii and S2Dii). When injected perinatally

by ICV, BiPVe3-dTomato cells showed good specificity for PV

neurons across layers; however, L2/3 showed overall lower

numbers of dTomato cells, indicating low sensitivity for this

cortical area (Figure S2Ai and S2Cii). On the other hand, by

ICV, BiPVe4 had very poor labeling efficiency in the cortex

(Figures S2Bi and S2Di) but could drive strong reporter expres-

sion in the hippocampus (data not shown). These results may

reflect that by ICV injection, these viruses fail to efficiently reach

superficial layers. When injected intracranially in adults, BiPVe3

showed high activity in PV neurons, although it showed non-spe-

cific labeling of pyramidal neurons located in L5 (Figures S2Aiii

and S2Ciii). On the other hand, BiPVe4 maintained good speci-

ficity and showed the expected laminar distribution when in-

jected using this method, in both the cortex (Figures S2Biii and

S2Diii) and hippocampus.18 Interestingly, local injections in

pups demonstrated that BiPVe3 labels PV neurons effectively

and specifically during early development: when injected intra-

cranially in S1 at P5, BiPVe3 exhibited up to 90% specificity,

particularly in lower layers (Figures S2Aiv and S2Civ). To our

knowledge, BiPVe3 is the first tool that allows labeling of PV neu-

rons as early as the first postnatal week. By contrast, BiPVe4

showed non-specific pyramidal cell labeling when injected

locally into pups (Figures S2Biv and S2Div).

The morpho-electrophysiologic properties of cells labeled by

rAAV-BiPVe3-dTomato or rAAV-BiPVe4-dTomato using RO

injections were further characterized using whole-cell patch-

clamp recordings in acute brain slices from L2/3 of primary so-

matosensory, visual, or auditory cortices (S1, V1, and A1). Cells

labeled with BiPVe3-dTomato in S1 displayed characteristic PV

basket cell morphology, with multipolar dendritic arbors and

highly branching axonal arbors (Figure 2H).19 These cells also

displayed electrophysiological properties consistent with fast-

spiking (FS) PV basket cells, including the ability to sustain

high-frequency firing with minimal adaptation, narrow spikes

with a large afterhyperpolarization (AHP), and a low input resis-

tance (Figures 2K and 2M; Table S1). In contrast, cells labeled

with BiPVe4-dTomato displayed characteristic L2/3 PV chande-

lier cell morphology, with a dendritic arbor biased toward L1 and

a highly branching axonal arbor with cartridges of synaptic bou-

tons vertically oriented along the AISs of pyramidal cells

(Figure 2J). Cells labeled with BiPVe4-dTomato across S1, V1,

and A1 also displayed FS behavior, with large action potential

(AP) peak, narrow AP half-width, large AHP, and large dV/dt

maximum values for the first AP, characteristic of fast-spiking in-

terneurons (Figures 2L and 2N; Table S1). These findings are in

agreement with previous reports characterizing chandelier

cells.20,21

We then tested the possibility of virally opto-tagging chande-

lier cells and basket cells in vivo. We thus expressed the light-

gated ion channel channelrhodopsin tagged to an mCherry fluo-

rescent reporter (ChR2-mCherry) under the control of BiPVe3

and BiPVe4. We then intracranially injected these two rAAVs in

L2/3 of the V1 in adult mice (where both enhancers show good

PV specificity and sensitivity, with low off-target labeling) and

performed in vivo recording in supragranular layers of head-fixed

mice. We show that mCherry-positive cells have waveforms

characteristic of FS cells, as expected for both basket and chan-

delier neurons (example cells in Figures 2O and 2P), indicating

that these two PV subtypes can be opto-tagged in vivo using

both BiPVe3 and BiPVe4.

Altogether, these data show that BiPVe3-dTomato and

BiPVe4-dTomato cells show anatomical, morphological, molec-

ular, and electrophysiological characteristics typical of basket

and chandelier neurons. We thus conclude that BiPVe3 and

BiPVe4 enhancers can be used as tools to efficiently target these

two PV interneuron subtypes in the mouse brain.

Enhancer-based viral targeting of SST-positive

interneuron subtypes in mice

SST-positive neurons represent an abundant, heterogeneous

class of interneurons in the mouse brain. Spatial transcriptomic

analysis, coupled with morphological, anatomical, and electro-

physiological characterizations, have revealed approximately

nine subtypes across the mouse cortex.3,4 Despite their unique

properties and flavors, SST interneurons can be broadly divided

into two main classes: non-Martinotti and Martinotti SST cells,

the latter of which extends axons that ramify in L1, while the

former projects axons locally.3,4 To gain access to the SST pop-

ulations, we identified a group of candidate enhancers that were

predicted to be active in SST-positive interneurons and cloned

them into rAAV constructs to drive the expression of the dTo-

mato fluorescent reporter for in vivo testing. Of these candidates,

BiSSTe10 and BiSSTe4 showed the highest specificity and

sensitivity in targeting the SST populations and each target

distinct SST subtypes.

We first assessed the BiSSTe10 and BiSSTe4 activity in the

mouse brain by quantifying in parasagittal sections the total

number of dTomato-positive cells across the whole brain

(Figures 3A and 3B), following RO injections in 4-week-old

mice and ICV injections in pups, respectively. BiSSTe10-

dTomato-positive cells heavily labeled all the major cortical

areas, with neurites invading cortical L4, as expected for
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non-Martinotti SST neurons (Figure 3A). In addition, BiSSTe10-

dTomato cells sparsely resided in the ventral region of the stria-

tum, olfactory bulb, hypothalamus, and the pallidum (Figures 3A

and 3C). The soma of BiSSTe4-dTomato cells, on the contrary,

mostly resided in deeper (L5) cortical layers (with a bias for

more posterior cortical areas such as the somatosensory and vi-

sual cortices, possibly due to the injection method) with axons

heavily innervating L1. Very sparse dTomato labeling was also

observed in the midbrain, olfactory bulb, and striatum (Figures

3B and 3D). Similar to our PV-subtype enhancers, BiSSTe10

and BiSSTe4 showed high levels of activity in GABAergic

neurons, as shown by the high percentage of colocalization of

dTomato-positive cells with the GABAergic marker Gad2
(average specificity of 78.26% ± 11.03% for BiSSTe10 and

69.24% ± 2.08% for BiSSTe4, Figures S3A and S3C).

To test the cell-type specificity of BiSSTe10 and BiSSTe4 in

targeting SST neurons in the cortex, we investigated the coloc-

alization of dTomato cells with the SST marker in S1. In this

cortical region, BiSSTe10 mostly labeled cells located in L4/5

and had sparse labeling in L2/3 and L6 (Figure 3E). These cells

showed a high degree of colocalization with the SST marker

(average specificity of 71.3% ± 10.2%) in L4/5 but lower speci-

ficity across other cortical layers, as expected (Figures 3E, 3G,

S3B, and S3D). This analysis further revealed a heavy innervation

of BiSSTe10-dTomato cells to L4 (Figure 3E), as expected for

non-Martinotti SST neurons, in particular the SST-Hpse subtype,

as previously described.4 Similarly, BiSSTe4 had the highest

activity in deeper cortical layers, such as L5, where it showed

good specificity for SST (average specificity of 73.9% ± 6.9%,

Figures 3F, 3I, and S3D). Moreover, as distinct from BiSSTe10

and in line with morphological characters of Martinotti SST neu-

rons, cells labeled by BiSSTe4-dTomato mostly projected their

axons to L1 (Figure 3F).

To determine the identity of the SST subtypes labeled by

BiSSTe4 and BiSSTe10, respectively, we tested using FISH the

differential enrichment of marker genes known to be expressed

in distinct SST populations, such as Hpse, Nmbr, Mme, and

Calb2.4 We quantified the percentage of colocalization of either

BiSSTe10- or BiSSTe4-dTomato with these markers in L5 or

L6 of S1 (Figures S3E–S3H). BiSSTe10-dTomato cells showed

overall good specificity and high sensitivity for Hpse in L5

(average specificity: 50.2% ± 15.74% and sensitivity:

74.91% ± 15.33%, Figures S3E and S3F, left). and moderate

colocalization with the marker Nmbr in L6 (average specificity:

32.89% ± 3.48% and sensitivity: 30.34% ± 8.12%,

Figures S3E and S3F, right). On the other hand, the BiSSTe4

enhancer showed low activity in either Mme- and Calb2-positive

neurons (average specificity for Mme in L5: 10.25% ± 2.02%,

average specificity for Calb2 in L5: 9.8% ± 0.72%,

Figures S3G and S3H), suggesting that the BiSSTe4 enhancer

only partially targets the Mme- and Calb2-positive SST popula-

tions. Importantly, Martinotti and non-Martinotti neurons repre-

sent a highly heterogeneous population of SST cells that are

distinct in their gene expression, morphology, and electrophysi-

ological characteristics. No single marker gene allows these two

broad SST classes to be distinguished. As such, while the two

enhancers we identify allow these populations to be roughly

identified, users will need to carefully employ specific markers

and morphologies to ascertain the specific SST populations

targeted.

As with our PV subtype-specific enhancers, BiSSTe10 and

BiSSTe4 also showed highly variable labeling when injected at

different ages and via different injection routes. BiSSTe10

showed optimal specificity for SST in cortical L4/5 when injected

by RO at 4 weeks (Figures 3E, 3G,and S3B), as well as at 8 weeks

(Figures S4Aii and S4Cii). However, BiSSTe10 showed low

Figure 3. Enhancer-based viral targeting of SST neuron subtypes in mice
(A and B) Representative parasagittal sections showing the distribution of dTomato-positive cells resulting from expression controlled by the BiSSTe10 (A) or

BiSSTe4 (B) enhancers within the mouse brain 3 weeks after RO AAV injection at 4 weeks of 2.0E+11 total vp/mouse (A) or ICV injections of 1.0E+10 total vp/pup

at P1, respectively. Scale bar is indicated in the figure.

(C and D) Bar graphs showing the number of dTomato-positive cells under the control of the BiSSTe10 (C) or BiSSTe4 (D) enhancers in the brain areas indicated.

Data from 5 sagittal sections from 5 different medio-lateral coordinates were collected to cover the majority of brain regions. Each individual datapoint represents

a distinct biological replicate; n = 3 mice (D). Error bars represent SEM.

(E and F) Representative images showing the expression of dTomato reporter-expressing cells (in magenta) under the control of the BiSSTe10 (E) or BiSSTe4

(F) enhancers and somatostatin (SST)-positive cells (in green) in the S1 of the mouse brain following RO AAV injection at 4 weeks or ICV injections at P1,

respectively. dTomato-positive cells co-expressing the SST marker (merge) are labeled in white. Cortical layers (L1L6) and scale bars are indicated in the figure.

(G and I) Bar graphs showing the percentage of specificity of BiSSTe10 (G) or BiSSTe4 (I) in targeting SST-positive neurons across the layers indicated. n = 7 and

4, respectively. Error bars represent SEM. RO4w, retro-orbital injection at 4 weeks of age; ICV, intracerebroventricular.

(H and J) Representative confocal stack of a biocytin-filled cell expressing BiSSTe10-dTomato (H) following RO AAV injection at 4 weeks or BiSSTe4-dTomato

following ICV injection (J) in S1, displaying characteristic morphology. Scale bar is indicated in the figure.

(K) Representative traces of voltage responses to 500 ms step-current injection in current-clamp whole-cell configuration of BiSSTe10-dTomato-positive cells in

L4/5 S1 following RO AAV injections at 4 weeks.

(L) Dot plots showing three intrinsic physiological properties of BiSSTe10-dTomato-positive cells. n = 13 cells from 2 mice. Error bars represent SEM.

(M) Schematic representation of testing the synaptic connection from BiSSTe10-positive to pyramidal (Pyr) neurons located in different cortical layers. AAV-

BiSSTe10-ChR-mCherry was injected by RO at 4 weeks, and activity was recorded in Pyr neurons in S1.

(N) Left: example traces of photostimulation-evoked postsynaptic currents recorded from Pyr neurons in the indicated layers at 0 mV under voltage-clamp

configuration. Experiments were performed in the presence of TTX and 4AP. Blue bar indicates ChR2 photostimulation (470 nm, 1 ms). Right: violin plot showing

IPSC responses of Pyr neurons from the indicated layers following light stimulation of BiSSTe10-dTomato cells. Data highlight a very selective inhibition from

BiSSTe10-mCherry-positive cells to L4 Pyr neurons. n = 30 cells (7 for L2/3, 9 for L4, 7 for L5, and 7 for L6) from 4 mice.

(O) Representative traces of a fast-adapting (non-LTS) (top) and LTS (bottom) recorded from BiSSTe4-dTomato-positive neurons in L5 of S1. LTS, low threshold

spikers. Pie chart indicates the proportion of non-LTS (7, in magenta) and LTS (4, in black) cells recorded.

(P) Dot plots representing three recorded intrinsic properties of BiSSTe4 cells. Graphs are presented as mean and SEM. n = 11 cells from 3 mice.

(Q) Example of regular-spiking cell showing successful optogenetic in vivo activation across trials of cells transduced with rAAV-BiSSTe4-ChR2.
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activity in the cortex upon ICV injections, as indicated by the low

sensitivity. Despite the low labeling efficiency, this injection route

still resulted in good high specificity for SST-positive neurons in

L4 and L5 (Figures S4Ai and S4Ci). While BiSSTe4 retained good

specificity for SST by RO injection at either 4 or 8 weeks

(Figures S4Bi, S4Bii, S4Di, and S4Dii), it showed optimal activity

when injected by ICV (Figures 3F, 3I, and S3D). Finally, intracra-

nial injections of both the BiSSTe10- and BiSSTe4-dTomato in

S1 of adult mice showed moderate specificity for SST neurons

in supragranular layers, accompanied by non-specific labeling

of putative PV-positive neurons in L2/3 and pyramidal neurons

in L5 (Figures S4Aiii and S4Ciii). Interestingly, injections of

BiSSTe10-dTomato yielded higher specificity for SST neurons

in V1 than in S1 (data not shown).

We next examined the morphology of BiSSTe10-dTomato and

BiSSTe4-dTomato cells, as well as the electrophysiological

properties of the BiSSTe10-dTomato population following RO in-

jections at 4 weeks or ICV injection in pups, respectively. Whole-

cell patch-clamp recordings were performed upon acute brain

slices in L5 of S1 and V1. Biocytin filling of BiSSTe10-dTomato

cells revealed the stereotypical SST-Hpse morphology, with pro-

cesses heavily innervating L4 (Figure 3H). BiSSTe4-dTomato

cells, on the contrary, showed extensive arborization in L5/6,

with axonal projections to superficial cortical layers (Figure 3J).

As expected, BiSSTe10-positive neurons showed characteristic

regular-spiking (RS) features, with no tendency for hyperpolar-

ization-induced rebound bursting (Figures 3K and 3L).17

BiSSTe4-tagged cells are primarily localized in the deep layers

following ICV injections. Thus, we examined the electrophysio-

logical properties of marked cells, focusing on L5. The recorded

cells exhibited mixed characteristics typical of L5 Martinotti,

including a moderate or fast-adapting firing pattern (Figure

3O).22,23 A subset of these cells displayed rebound bursting after

hyperpolarization (low threshold spikers [LTSs]), previously

associated with T-shaped and Fanning out L1-projecting sub-

types in S1 (n = 4/11). In agreement with this result, morpholog-

ical reconstructions of biocytin-filled cells confirmed that a

proportion of the recorded population sent axons to the supra-

granular layers (Figure 3J). A substantial fraction of non-LTS cells

exhibited a rapidly adapting firing pattern, characterized in some

cases by an extremely low maximum spike count in response to

increasing current injection (Figure 3O). Between these cells, a

variable AHP duration was observed following the AP, indicating

the potential presence of a non-specific neuronal population

among the tagged neurons. (Figure 3P; Table S1). A prolonged

AHP duration has been proposed as an electrophysiological

signature of the Martinotti cell subpopulation in the deep layers

of the cortex.22

Non-Martinotti, SST-Hpse neurons have been shown to selec-

tively inhibit L4 pyramidal neurons in the cortex.4 To confirm that

our BiSSTe10 enhancer indeed labels SST-Hpse neurons, at

4 weeks we retro-orbitally injected a rAAV construct expressing

channelrhodopsin, under the control of the BiSSTe10 enhancer

(AAV-BiSSTe10-ChR2-mCherry). As expected, following light

stimulation of BiSSTe10 cells, whole-cell recording of pyramidal

neurons located in different cortical layers (L2/3, L4, L5, and L6)

revealed a highly selective inhibitory postsynaptic current (IPSC)

response in pyramidal neurons of L4 (Figures 3M, 3N, and 3O),

but not in those of other layers. These results strongly demon-

strate the specificity of BiSSTe10 in targeting non-Martinotti

SST-Hpse neurons in the mouse cortex.

To further investigate the activity of BiSSTe4-targeted cells,

we created an rAAV construct carrying channelrhodopsin under

the control of this enhancer (AAV-BiSSTe4-ChR2-mCherry).

Following intracranial injection of this vector into V1, we per-

formed in vivo recordings in supragranular layers of head-fixed

mice, where the BiSSTe4 enhancer showed good specificity

for SST neurons. As expected for Martinotti SST neurons,

BiSSTe4-labeled cells showed wave properties typical of RS

cells (Figure 3Q).

Altogether, these data show that BiSSTe10 and BiSSTe4 en-

hancers efficiently label both non-Martinotti and Martinotti SST

neurons, with each enhancer targeting a cross-section of these

cell types within the cortex.

Enhancer-based viral targeting of CGE-derived

interneuron subtypes in mice

Unlike the SST- and PV-positive neurons, which entirely origi-

nate from the medial ganglionic eminence (MGE), the other two

main GABAergic cardinal classes (VIP and Lamp5 positive) arise

from the caudal ganglionic eminence (CGE).24–26 Despite their

shared developmental location, these additional interneuron

types are morphologically and functionally quite distinct from

one another: VIP neurons are known to inhibit other GABAergic

neurons, while LAMP5 neurons provide long-lasting inhibition

to pyramidal neurons.27–29 Given their important roles in cortical

function, we aimed to develop tools to target and manipulate

these two cardinal interneuron classes. We thus selected the

top enhancer candidates that showed high predicted activity in

these two populations and generated an rAAV-expressing dTo-

mato reporter under their control for in vivo testing in mice using

a combination of viral delivery routes and ages. Of these top can-

didates, BiVIPe4 and BiLAMP5e3 showed the highest efficiency

in selectively targeting VIP and LAMP5, respectively. Interest-

ingly, the BiVIPe4 enhancer was derived from a 1-kb-long

sequence that was originally chosen. We then performed

enhancer bashing and identified its core sequence, BiVIPe4.

This enhancer was 399 bp in length and was more efficient

than the original sequence in labeling VIP cells.

To address the overall activity of these two enhancers, we

read out their ability to drive the expression of the dTomato re-

porter across the mouse brain. AAV-BiVIPe4-dTomato was in-

jected by ICV at perinatal ages, as rAAVs with VIP-specific

enhancers packaged in PHP.eB capsid do not work well by

RO injection (J.T. Ting, Allen Institute, personal communication).

Three weeks post injection, we quantified the total number of

dTomato-positive cells in selected brain areas and observed

that BiVIPe4 showed an overall moderate degree of

GABAergic neuron labeling with 36.69% ± 1.16% specificity

for Gad2 ( Figure S5A); however, it was active in a sparse popu-

lation of putative VIP neurons in the cortex, with higher accumu-

lation in superficial cortical layers, as expected for this cell class.

Sparse cell labeling could be observed also in areas such as the

hippocampus, midbrain, and striatum (Figures 4A and 4C).

AAV-BiLAMP5e3-dTomato that is designed to target the

LAMP5-expressing population was instead injected by RO at
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4 weeks. BiLAMP5e3 showed high activity in the GABAergic

population with 91.10% ± 2.02% average specificity for Gad2
(Figure S5C), and presumptive LAMP5 neurons spread across

the major cortical areas, but as expected, were more concen-

trated in superficial layers. Sparse labeling could be observed

also in other areas like the hippocampus, striatum, medulla,

and thalamus (Figures 4B and 4D).

We further validated the identity of BiVIPe4-dTomato and

BiLAMP5e3-dTomato neurons by assessing their position,

morphology, and marker gene expression. We calculated the

specificity of the BiVIPe4 enhancer by quantifying the number

of dTomato cells colocalizing with the VIP marker in S1

(Figures 4E and 4G). BiVIPe4-dTomato cells’ soma appear small

in size, a typical characteristic of VIP neurons, and located

mostly in superficial cortical layers (Figure 4E). As predicted,

BiVIPe4-dTomato cells showed a high degree of colocalization

with the VIP marker across cortical layers, with the highest levels

in L2/3 (average specificity of 71.1% ± 7.4% in L2/3, Figures 4G

and S5B). Contrary to BiVIPe4-dTomato, BiLAMP5e3-dTomato

cells appeared highly ramified and presented large somas,

typical of LAMP5 interneurons. Cell-type specificity of

BiLAMP5e3 was assessed by quantifying the colocalization of

dTomato with the GFP reporter whose selective expression

was driven by the intersectional cross between LAMP5-Flp

and Gad2-Cre mice (Figure 4F). This intersectional strategy

has been demonstrated to selectively label LAMP5-positive in-

terneurons in the mouse cortex.29 BiLAMP5e3-dTomato cells

showed good specificity for LAMP5 interneurons in S1 across

all cortical layers (average specificity of 70.7% ± 2.0% in L1–

L6, Figures 4F, 4I, and S5D).

As previously mentioned, rAAVs with VIP-specific enhancers

packaged in PHP.eB capsid tend to work best when injected

by ICV perinatally. When injected by RO at either 4 weeks or

8 weeks postnatally, BiVIPe4 showed very low labeling efficiency

(as evident by the percentage of sensitivity) and low specificity

(Figures S6Ai, S6AiI, S6Ci, and S6CiI). While intracranial injections

of AAV-BiVIPe4-dTomato in pups (Figures S5E and S5F) and in

adults provided better specificity for VIP neurons, this route of in-

jection also generated a small degree of off-target labeling,

particularly in putative LAMP5 neurons in L1 and PV neurons in

L2/3 (Figures S6Aiii and S6CiiI). AAV-BiLAMP5e3-dTomato, on

the other hand, showed optimal activity and specificity when in-

jected by RO at 4 weeks (Figures 4F, 4I, and S5D) and at 8 weeks

(Figures S6Bii and S6Dii). Conversely, when introduced by ICV,

BiLAMP5e3 showed lower activity, as evident by the lower per-

centage of sensitivity (Figures S6Bi and S6Di). Finally, similarly to

BiVIPe4, intracranial injections of AAV-BiLAMP5e3-dTomato re-

sulted in good specificity for LAMP5 in superficial cortical layers,

albeit with some off-target labeling in PV cells (Figures S6Biii and

S6Diii).

To further validate the BiVIPe4 and BiLAMP5e3 enhancers, we

examined the morphological and electrophysiological properties

Figure 4. Enhancer-based viral targeting of CGE-derived cortical interneurons in mice
(A and B) Representative parasagittal sections showing the distribution of dTomato-positive cells resulting from expression controlled by the BiVIPe4 (A) or

BiLAMP5e3 (B) enhancers within the mouse brain 3 weeks after ICV injections of 1.0E+10 total vg/pup at P1 (A) or RO AAV injection at 4 weeks of 2.0E+11 total vg/

mouse (B), respectively. Scale bar is indicated in the figure.

(C and D) Bar graphs showing the number of dTomato-positive cells under the control of the BiVIPe4 (C) or BiLAMP5e3 (D) enhancers in the brain areas indicated.

Data from 5 sagittal sections from 5 different medio-lateral coordinates were collected to cover the majority of brain regions. Each individual datapoint represents

a distinct biological replicate; n = 3 mice. Error bars represent SEM.

(E and F) Representative images showing the expression of dTomato-expressing cells (in magenta) under the control of the BiVIPe4 (E) or BiLAMP5e3

(F) enhancers and vasoactive intestinal peptide (Vip)-positive cells (E) or the genetically expressed GFP reporter under the control of Lamp5-Flp and Gad2-

Cre (F) (in green) in the S1 of the mouse brain following ICV injections at P1 (E) or RO AAV injection at 4 weeks (F), respectively. dTomato-positive cells co-

expressing the marker (merge) are labeled in white. Cortical layers (L1–L6) and scale bars are indicated in the figure.

(G and I) Bar graphs showing the percentage of specificity of BiVIPe4 (G) or BiLAMP5e3 (I) in targeting VIP- or LAMP5-positive neurons in L2/3 (G) or across all

cortical layers (I). n = 5 and n = 3 mice, respectively. Error bars represent SEM.

(H and J) Representative morphological reconstructions of neurobiotin-filled BiVIPe4-mCherry-positive neuron in L2/3 (H) and a BiLAMP5e3-dTomato neuron in

L1 (J) of S1. Scale bar is indicated.

(K) Representative traces of voltage responses to 800 ms step-current injection in current-clamp whole-cell configuration of BiVIPe4-mCherry-positive cells.

Scale bar is indicated.

(L) Summary plots showing the intrinsic physiological properties of BiVIPe4-mCherry-positive cells. n = 7 cells from 2 mice for BiVIPe4. Error bars represent SEM.

(M) Schematic representation of testing the synaptic connection from BiVIPe4-positive cells to SST-positive and pyramidal (Pyr) neurons. AAV-BiVIPe4-ChR-

mCherry was injected at P0 into GIN-GFP mice, and photostimulation-evoked activity was recorded in SST and Pyr neurons in S1.

(N) Left: example traces of photostimulation-evoked postsynaptic currents recorded from an SST cell and a Pyr neuron at 0 mV under voltage-clamp config-

uration. Gray traces depict individual sweeps, and solid traces show the average of these sweeps. Blue bar indicates ChR2 photostimulation (470 nm, 3 ms).

Right: histogram showing the amplitude of postsynaptic response of SST and simultaneously recorded nearby Pyr neurons upon optogenetic stimulation of

BiVIPe4-labeled cells. n = 16 SST and Pyr cells from 4 mice. Error bars represent SEM.

(O) Imaging locomotion responses of BiVIPe4-targeted neurons in the visual cortex. Mice were injected with AAV-BiVIPe4-GCaMP6f in the visual cortex. After

operation recovery, mice were habituated to head fixation and were able to run freely on a belt treadmill. Following habituation, spontaneous activity in VIP

interneurons was acquired while the mice were presented with a gray screen. Bottom left: setup for two-photon imaging of VIP interneurons in the visual cortex of

awake-behaving mice. Bottom right: an example image plane in L2/3 showing GCaMP6f-expressing neurons.

(P) Traces of three example neurons of three neurons (orange) in relation to running speed (black). Right: mean of the locomotion modulation index (LMI; LMI =

(RL–RM)/(RL + RM)). Individual points represent the mean LMI for each mouse (n = 3 mice).

(Q) Left: representative traces of APs recorded from L1 NGFC and Canopy interneurons. The top shows APs aligned to the maximum amplitude, while the bottom

shows those aligned to their AP threshold. Right: two examples of an NGFC and a Canopy cell responding to a 1-s increasing current injection. Differences in

electrophysiological properties can be observed at subthreshold, threshold, and suprathreshold current steps.

(R) Summary plots showing three intrinsic physiological properties of BiLAMP5e3-dTomato-positive cells. n = 17 cells for NGFCs and n = 11 cells for Canopy from

5 mice. Error bars represent SEM.***p < 0.001, **** = p < 0.0001, Mann-Whitney test.
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of rAAV-transduced cells. To this end, following intracranial in-

jection of the AAV-BiVIPe4-dTomato in P0–P3 pups (Figures

S5E and S5F), we performed ex vivo whole-cell recordings

from dTomato-positive neurons in the superficial layers of S1.

Four weeks post injection, most BiVIPe4-dTomato neurons ex-

hibited a bipolar morphology, typical of cortical VIP neurons

(Figure 4H).30,31 In addition, their firing pattern, intrinsic proper-

ties, and high input resistance were consistent with them having

a VIP identity (Figures 4K and 4L).30,31 Given the known strong

functional connectivity from VIP neurons to SST cells,27,32,33

we further tested whether BiVIPe4-dTomato cells induce a

strong IPSC in SST cells.27 We intracranially injected AAV-

BiVIPe4-ChR-mCherry at P0 into the GIN-GFP mouse line, in

which a subset of SST cells express GFP (Figure 4M). To control

for injection and expression variability of ChR expression, we re-

corded from GFP-positive cells and nearby pyramidal neurons

and compared the light-evoked responses. Consistent with pre-

vious findings, BiVIPe4-ChR-mCherry cells elicited significantly

larger inhibition in SST cells than in pyramidal cells (Figure 4N).

Together, these results strongly support the specificity of the

BiVIPe4 enhancer in targeting VIP inhibitory neurons.

To further investigate the activity of BiVIPe4-targeted cells, we

created an AAV construct carrying the calcium sensor GCaMP6f

under the control of this enhancer (AAV-BiVIPe4-GCaMP6f).

Following injection of this virus into the visual cortex, animals

were allowed to recover from the surgery. Post recovery, mice

were habituated to head fixation and were able to run on a belt

treadmill (Figure 4O). We first confirmed the GCaMP6f expres-

sion specificity for VIP interneurons by FISH and observed

good specificity and sensitivity of BiVIPe4-GCaMP6f for VIP neu-

rons in L2/3 (Figures S7C and S7D). Three weeks after surgery,

spontaneous activity of BiVIPe4-targeted cells in L2/3 was re-

corded (Figure 4O). In line with previous findings,34,35 locomotion

increased the mean amplitude of the response of putative VIP

neurons (Figure 4P). To quantify the effect of locomotion, we

computed the locomotion modulation index (LMI; 0.29 ± 0.05;

see STAR Methods) for all recorded neurons. An LMI greater

than zero indicated a positive correlation of the Δf/f0 with

locomotion.

To assess the visual responses of the BiVIPe4-labeled cells,

we recorded neuronal activities while the mice were presented

with drifting sinusoidal gratings in eight directions and two

different contrasts (100% [high] and 25% [low]; Figures S7A

and S7B). Consistent with previous findings,36 we found similar

proportions of neurons responding to both low and high contrast

(low contrast: activated: 50/130 [38.5%], suppressed: 21/130

[16.2%], not modulated: 59/130 [45.4%]; high contrast: acti-

vated: 49/128 [38.5%], suppressed: 22/128 [17.2%], not modu-

lated: 57/128 [44.5%]). We computed the global orientation

selectivity index (gOSI) of the BiVIPe4-labeled neurons activated

by the visual stimuli and found that, on average, the gOSI was

similar between the two contrast conditions used (high contrast

gOSI = 0.09 + 0.01; low contrast gOSI = 0.10 + 0.01; Figures S7A

and S7B).

On the other hand, BiLAMP5e3-dTomato cells showed a

ramified morphology, with axons broadly innervating the

cortical layers they resided in (Figure 4J).29 Whole-cell record-

ings of BiLAMP5-dTomato cells following intracranial injections

in S1 revealed that this enhancer showed activity in electro-

physiologically distinct neuron types in L1, overlapping two

well-defined L1 subpopulations: early-spiker canopy (Canopy)

and late-spiker neurogliaform cells (NGFCs) (Figure 4Q). We

distinguished these two subtypes by using the most distinctive

electrophysiological properties and their firing profiles in cur-

rent-clamp configurations. NGFCs presented a near-threshold

depolarizing ramping potential, which converged in a delayed

first spike at threshold (Figure 4R). Associated with this param-

eter, we found a pronounced and prolonged AHP after the AP,

typical of this neuronal subtype.37 These parameters differed in

canopy interneurons characterized by a discrete depolarizing

hump pre-threshold and an early-onset spike at threshold, fol-

lowed by a faster and less-pronounced AHP (Figures 4Q and

4R). These two subtypes exhibited a significant difference in

AP width, threshold, and amplitude as well (Table S1)—electro-

physiological features that have been shown in previous

studies to effectively distinguish between these subtypes.37,38

In L2/3, intracranial injections unspecifically labeled some

non-LAMP5-positive cells (Figure S6B iii). In line with these

data, whole-cell slice recording revealed the presence of cells

that showed a firing pattern typical of NGFCs (late spikers

[LSs]), as well as FS and RS neurons (putative PV and SST in-

terneurons, respectively; n = 12; 2 FS, 5 RS; 5 LS) (Figures S5G

and S5H).

Our multivariate analysis strongly demonstrates that BiVIPe4

and BiLAMP5e3 enhancers can be used as efficient tools to

target VIP and LAMP5 interneurons in the mouse cortex.

Enhancer-based viral targeting of Chat neurons in mice

Cholinergic (choline acetyltransferase [Chat]) neurons are a

separate class of neurons that use acetylcholine (ACh) as their

primary neurotransmitter. In the mouse brain, they represent

an important class of cell with a crucial role in a variety of func-

tions including motor control, memory, and attention.39 Being

able to target and manipulate them would have several advan-

tages both in research and in clinics. To gain access to this pop-

ulation, we isolated GFP+ nuclei from the striatum of Dlx5a-Cre::

INTACT mice and performed single-cell ATAC-seq experiments.

Using these data, we identified several candidate enhancers for

striatal cholinergic neurons. A few of these enhancers with the

highest confidence scores were selected and cloned for further

in vivo testing in mice. One of these candidates (BiCHATe27)

showed the best labeling efficiency and expression selectivity

in Chat neurons and was further characterized.

To evaluate the activity of this enhancer in the CNS of mice, we

injected AAV-BiCHATe27-dTomato vector retro-orbitally into

4-week-old mice and assessed the cell labeling across brain

sections. The dTomato-positive neurons populated the striatal

regions (most abundantly, the caudoputamen, as expected for

cholinergic neurons), with some labeling in cortical areas as

well (Figures 5A and 5B), in numbers consistent with the ex-

pected ACh-expressing population.40 In addition, BiCHATe27

showed mild activity in other nuclei of the midbrain, thalamus,

and medulla (Figures 5A and 5B).

To test the cell-type specificity of the BiCHATe27 enhancer,

we further quantified the colocalization of BiCHATe27-dTomato

cells in the caudoputamen with the cholinergic marker CHAT
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(Figure 5C). Following RO injection of AAV-BiCHATe27-dTomato

in Chat-Cre::INTACT mice at both 4 weeks and 8 weeks , we

observed strong dTomato labeling in the mouse striatum

(Figures 5C and S8Aii). A high proportion of these BiCHATe27-

dTomato cells co-expressed CHAT, as highlighted by the high

percentage of average specificity for CHAT in both these condi-

tions (average specificity of 83.6% ± 2.4% for RO4w and

78.8% ± 1.8% for RO8w). In addition, the high percent sensitivity

showed the high efficiency of the BiCHATe27 enhancer in labeling

all CHAT-positive neurons in the whole caudoputamen by RO in-

jections at both ages (average sensitivity of 70.8% ± 21.9% for

RO4w and 71.2% ± 19.6% for RO8w) (Figures 5D, S8Aii, and

S8Bii). On the other hand, perinatal ICV injections of AAV-

BiCHATe27-dTomato, despite maintaining a strong specificity

for Chat neurons, was not the ideal method to thoroughly label

all cholinergic neurons in this brain region, as indicated by the

low percentage of sensitivity with this condition (Figures S8Ai

and S8Bi). Finally, intracranial injections in the caudoputamen

showed good colocalization of BiCHATe27-dTomato cells with

the CHAT marker (Figures S8Aiii and S8Biii), demonstrating the

reliability of the BiCHATe27 enhancer in labeling cholinergic neu-

rons in the striatal regions with high specificity and sensitivity

across multiple conditions.

To further characterize striatal cells labeled by BiCHATe27,

we performed electrophysiological recordings in acute brain

slices prepared from adult mice that received intracranial injec-

tion of AAV-BiCHATe27-dTomato, followed by 2 weeks of incu-

bation. Anatomical recovery of biocytin-filled BiCHATe27-

dTomato-expressing cells consistently revealed large aspiny

neurons that co-labeled with CHAT (Figure 5E). Striatal

BiCHATe27-dTomato-expressing cells consistently exhibited

spontaneous firing around 6 Hz at rest with relatively slow

(∼1.4 ms half-width), individual APs followed by large, slow-

AHPs. Long, negative current injections promoted an initial hy-

perpolarization followed by prominent sag in membrane poten-

tial, characteristic of the activation of an Ih conductance.

BiCHATe27-dTomato-expressing cells exhibited low maximal

firing rates with strong AP accommodation in response to de-

polarizing current steps (Figures 5F and 5G). All these physio-

logical properties reflected hallmark features of striatal cholin-

ergic interneurons that readily distinguished them from

surrounding medium spiny projection neurons and local circuit

interneurons of the striatum.41,42

Cholinergic neurons in the brain are not restricted in striatal re-

gions but can be found in other brain areas such as the basal

forebrain, the brainstem, or the thalamus. We therefore tested

whether our BiCHATe27 enhancer could be used to target

cholinergic neurons residing in these regions. Neurons in the

cholinergic basal forebrain formed monosynaptic contacts

with interneurons in the superficial layers of the auditory cortex43

that robustly responded to ACh via nicotinic ACh recep-

tors (nAChRs).43–45 We thus intracranially injected AAV-

BiCHATe27-ChR2-mCherry into the mouse basal forebrain

(Figure 5H) and first confirmed the specificity of our enhancer

in labeling Chat neurons also in this region. We quantified the

percentage of specificity of BiCHATe27-mCherry cells for

CHAT and showed that both cell soma located in the basal fore-

brain and mCherry-positive axons in the primary auditory cortex

(A1) highly colocalized with this marker (Figures S8C and S8D).

We then obtained brain slices containing A1 and recorded excit-

atory postsynaptic potentials (EPSPs) from A1 L1 interneurons in

response to photostimulation of cholinergic basal forebrain

BiCHATe27-ChR2-mCherry-positive axons (Figure 5H). These

optogenetically evoked EPSPs were recorded in the presence

of the glutamatergic receptor antagonists DNQX and AP5 and

were completely eliminated by the application of the nAChR

blockers DhβE and MLA, consistent with direct, monosynaptic

release of ACh (Figure 5I).

In conclusion, we showed that the BiCHATe27 enhancer can

be used as a highly efficient tool to effectively and specifically

target cholinergic neurons across multiple brain areas and with

multiple methods of injections.

Figure 5. Enhancer-based viral targeting of CHAT-positive neurons in mice
(A) Representative parasagittal sections showing the distribution of dTomato-positive cells resulting from expression controlled by the BiCHATe27 enhancer

within the mouse brain 3 weeks after RO injection of 2.0E+11 total vg/mouse at 4 weeks. Scale bar is indicated in the figure.

(B) Histograms showing the number of dTomato-positive cells under the control of the BiCHATe27 enhancer in the brain areas indicated. Data from 5 sagittal

sections from 5 different medio-lateral coordinates were collected to cover the majority of brain regions. Each individual datapoint represents a distinct biological

replicate; n = 3 mice. Error bars represent SEM.

(C) Representative image showing the expression of dTomato reporter (in magenta) under the control of the BiCHATe27 enhancer and the Chat-Cre-dependent

expression of GFP reporter (in green) in striatum of the mouse brain following RO AAV injection at 8 weeks. The dTomato-positive cells co-expressing the marker

(merge) are labeled in white. Right: zoomed-in image from the left panel. Scale bars are indicated in the figure.

(D) Bar graphs showing the percentage of specificity and sensitivity of the BiCHATe27 enhancer in targeting CHAT-positive neurons in the striatum. n = 3 mice.

Error bars represent SEM.

(E) Biocytin-filled reconstruction of BiCHATe27-infected cell recorded in mouse striatum. Inset: reconstructed cell body in biocytin (white), BiCHATe27-dTomato

(magenta), and CHAT immunostaining (green). Scale bar is indicated in the figure.

(F) Top: example trace of spontaneous AP firing pattern during cell-attached patch clamp of BiCHATe27-dTomato-infected cell. Bottom: intrinsic firing properties

recorded from BiCHATe27-dTomato-infected cell, electrophysiological membrane, and AP firing responses at hyperpolarized (black), threshold (red), and

maximum firing depolarization (gray) current steps.

(G) Intrinsic membrane and firing properties of BiCHATe27-infected cells recorded in mouse striatum. n = 15–16 cells across 3 mice. Error bars represent SEM.

(H) Schematic of whole-cell current-clamp recordings in L1 cortical interneurons (L1 INs) of primary auditory cortex (A1) in response to optogenetic stimulation of

BiCHATe27-ChR2-mCherry axons. (I) Left: representative (mean ± SD) excitatory postsynaptic potentials (EPSPs) from an L1 IN in response to a 5-ms blue-light

pulse delivered with a 470-nm LED (∼14 mW/mm
2, 0.1 Hz). Responses were recorded in the presence of 20 μM DNQX and 50 μM AP5, AMPAR, and NMDAR

blockers, respectively, and eliminated in the presence of nAChR blockers 10 μM DHβE and 10 μM MLA (red traces). Scale bars, 5 mV, 200 ms. Right: average

EPSP amplitude in the presence of DNQX and AP5 (n = 12 cells) and in the presence of DNQX, AP5, DhβE, and MLA (n = 6 cells), from 4 mice. Error bar represents

SEM. Filled circle corresponds to the representative cell shown in the left panel.
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Figure 6. Validation of enhancer-based viral tools in NHPs and human tissue
(A–G) Validation of BiPVe3 (A), BiPVe4 (B), BiSSTe10 (C), BiLAMP5e3 (D), BiCHATe27 (E), BiSSTe4 (F), and BiVIPe4 (G) in rhesus macaque.

(Ai–Gi) Overview images of reporter expression (magenta) colocalized with immunohistochemical (IHC) staining of target molecular markers (green). The scale bar

is indicated in the figure. nNOS, neuronal nitric oxide synthase; CR, calretinin; HPC, hippocampus.

(Aii–Gii) Percentage specificity of rAAV-transduced cells for the target cell-type-specific markers. BiPVe3, 12 sections from 1 animal; BiPVe4, 25 sections from

1 animal; BiSSTe10, 8 sections from 2 animals; BiLAMP5e3, 13 sections from 2 animals; BiCHATe27, 20 sections from 2 animals; BiSSTe4, 5 sections from 1

animal; BiVIPe4, 5 sections from 2 animals. Error bars represent SEM.

(Aiii–Eiii) Biocytin-filled cell reconstructions of rAAV-transduced cells. Inset: reconstructed cell body in biocytin (white) and reporter expression (magenta).

(legend continued on next page)
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Enhancer-based viral targeting of GABAergic and

cholinergic neurons in NHPs and human tissue

Although our cell-type-specific enhancers were selected based

on mouse genomic data, species conservation was considered

when choosing the sequences. To evaluate whether these

enhancer-based viral tools can be used across species, we

tested them in NHPs and human brain slices. Specifically,

AAVs carrying enhancer-dTomato or enhancer-ChR2-mCherry

expression cassettes were delivered intracranially into the rhe-

sus macaque cortex, hippocampus, or striatum (Figures 6A–

6G). Six to 8 weeks following AAV delivery, NHP brains were

extracted for ex vivo acute brain slice electrophysiological inter-

rogation, and tissue was subsequently drop fixed and processed

for combined anatomical recovery of recorded cells and immu-

nohistochemistry (IHC) for appropriate markers. The dTomato-

expressing cells infected with BiPVe3 or BiPVe4 AAVs typically

co-expressed the PV marker in cortex and hippocampus,

respectively, and displayed prototypical FS profiles with short-

duration APs that minimally accommodated or broadened at

sustained high maximal firing rates (Figures 6A and 6B;

Table 1). Notably, NHP hippocampal BiPVe4-dTomato-express-

ing cells were frequently observed to display axonal cartridge

structures similar to rodent cortical chandelier cells (Figures

6Bi and Biii). Hippocampal BiSSTe10-dTomato-expressing cells

typically displayed horizontally oriented soma and dendrites

within stratum oriens and showed high colocalization with the

SST marker (Figure 6C). BiSSTe10-labeled hippocampal cells

had wider, accommodating APs and lower maximal sustained

firing frequencies than BiPVe3- and BiPVe4-labeled subsets

(Figures 6C; Table 1).

BiLAMP5e3 in the hippocampus showed high activity in a

sparse population of cells with NGFC morphology, co-express-

ing the marker nNos, and also exhibiting regular firing properties

with broader accommodating APs (Figures 6D; Table 1). Consis-

tent with prior observations in macaque neocortex,46 the puta-

tive NGFCs labeled by BiLAMP5e3 showed limited LS behavior

relative to their rodent counterparts (delay to first spike at

threshold 145 ± 43 ms, n = 14 cells, Figure 4Q; Table S1 for ro-

dent counterpart). However, NHP BiLAMP5e3-labeled cells

often entered a persistent firing mode characteristic of both ro-

dent and human NGFCs (10/14 cells; Figures 6Div and 4R for ro-

dent counterpart).47

NHP striatal labeling with BiCHATe27 revealed a sparse pop-

ulation of large cells that frequently co-labeled with CHAT

(Figure 6E). As in rodent, and as typical of striatal cholinergic in-

terneurons (also called TANs for tonically active neurons), these

cells exhibited tonic AP firing at rest with relatively wide half-

widths and significant accommodation and broadening upon

depolarization-induced sustained firing (Figure 6Div; Table 1).

In the hippocampus, BiSSTe4-ChR2-mCherry-labeled cells typi-

cally co-expressed SST and provided strong light-driven

GABAergic inhibitory input to local pyramidal cells (Figures 6F

and S9A). In contrast, BiVIPe4-ChR2-mCherry-labeled hippo-

campal cells showed good colocalization with the marker calre-

tinin (CR) and provided limited GABAergic input to local pyrami-

dal cells, as expected for disinhibitory interneuron-selective VIP

interneurons (Figures 6G and S9B). In sum, our combined IHC

and electrophysiological profiling of cells labeled by our AAV-

enhancer tools in NHPs strongly supports maintained selectivity

for the intended neuronal subpopulations of the enhancer tested,

(Aiv–Eiv) Intrinsic firing properties recorded from rAAV-transduced cells. Left: electrophysiological membrane and AP firing responses at hyperpolarized (black),

threshold (red), and maximum firing depolarization (gray) current steps. Right: spike shape and accommodation of rAAV-transduced cells depicting initial (black),

intermediate (gray), and final (red) spikes during maximum firing trains. Inset in (Div) shows persistent firing of BiLAMP5e3 cells after the end of depolarizing pulse.

(H) Validation of BiVIPe4 enhancer activity in human tissue. Representative images of human tissue sections transduced with AAV-BiVIPe4-ChR2-mCherry, co-

stained with CR. The scale bar is indicated in the figure.

Table 1. Electrophysiological intrinsic membrane and firing properties of targeted macaque cells

BiPVe3 BiPVEe4 BiSSTe10 BiCHATe27 BiLAMP5e3

Target cell PV basket PV chandelier Non-Martinotti SST Chat LAMP5 IN

n 8–17 17–19 23–32 14–17 11–14

RMP (mV) − 63.25 ± 2.55 − 59.09 ± 0.93 N/A − 48.07 ± 1.43 − 66.4 ± 4.45

sAP (Hz) N/A N/A N/A 3.47 ± 0.34 4.06 ± 1.10

tau 11.51 ± 2.59 15.59 ± 2.01 20.41 ± 1.54 57.67 ± 10.50 16.86 ± 1.31

Rin (MΩ) 114.76 ± 12.06 98.03 ± 15.67 143.22 ± 12.56 120.20 ± 13.16 145.64 ± 19.25

Sag ratio 0.57 ± 0.04 0.79 ± 0.03 0.59 ± 0.03 0.50 ± 0.03 0.72 ± 0.03

AP threshold (mV) − 44.08 ± 1.01 − 44.47 ± 1.08 − 49.40 ± 1.33 − 37.03 ± 0.97 − 41.45 ± 1.05

AP half-width (ms) 0.41 ± 0.02 0.43 ± 0.05 0.73 ± 0.06 2.69 ± 0.25 0.72 ± 0.03

Max firing (Hz) 177.33 ± 14.55 235.94 ± 21.57 124.23 ± 10.81 16.20 ± 2.86 91.71 ± 3.76

AHP amp (mV) − 19.51 ± 1.09 − 16.91 ± 1.07 N/A − 16.27 ± 0.98 − 8.38 ± 3.37

ISI accommodation ratio 1.37 ± 0.05 1.37 ± 0.08 1.75 ± 0.11 5.52 ± 0.91 2.42 ± 0.157

n, number of cells; RMP, resting-membrane potential (mV); sAP, spontaneous action potential frequency (Hz); tau, membrane time constant; Rin, input

resistance (MΩ); Sag ratio, hyperpolarization sag; AP threshold, action potential threshold (mV); AP half-width, action potential half-width (ms); Max

firing, maximum firing frequency (Hz); AHP amp, afterhyperpolarization amplitude (mV); ISI accommodation ratio, inter-spike interval accommoda-

tion ratio.
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providing a watershed opportunity for functional cell-type-spe-

cific microcircuit interrogation across evolution.

To further expand the usage of our enhancer-based viral tools,

we tested the VIP enhancer BiVIPe4 in human brain tissue. Sur-

gically resected human tissue collected from the temporal lobe

of two patients was sectioned and incubated with rAAVs carrying

the BiVIPe4-ChR2-mCherry expression cassette. Six days after

transduction, we evaluated the specificity of BiVIPe4 in human

tissues using CR as a marker for human VIP interneurons. We

observed that cells expressing mCherry co-express CR

(Figure 6H), suggesting that the BiVIPe4 enhancer remains se-

lective for VIP cells in human tissue.

DISCUSSION

The cerebral cortex contains a wide range of inhibitory inter-

neuron subtypes that are central to the gating of information in

this structure. While previous efforts have been aimed at under-

standing this diversity at the level of subtypes, the ability to target

and manipulate distinct populations provides the clearest path to

understanding their contributions to computation. In the absence

of specific drivers for individual subtypes, the inability to target

them limits our understanding of the functional contributions of

each separate interneuron class. Historically, targeting such pop-

ulations has been achieved by Cre- and Flp-based transgenic an-

imals. However, these genetic lines require lengthy breeding pro-

cesses and are not available in many species. Here, by identifying

enhancers that allow for the selective targeting of all major inter-

neuron types, we provide a versatile toolset for researchers to

explore the function of different interneuron subtypes. We use

these enhancers in the context of recombinant AAVs, which are

easy to package, have low immunogenicity, and can easily be

used to deliver transgene in many species, including rodents

and primates. Thus, this approach is both cost effective and effi-

cient. In recent years, we and others have established a number

of enhancers that, when incorporated into rAAV vectors, can

restrict the transgene expression to certain neuronal cell

types.5–11 We have previously published the Dlx enhancer, a

pan-interneuron enhancer, and the E2 enhancer, a pan PV-

enhancer.5,6 In this study, we expanded our efforts, aiming to

identify enhancers for all interneuron cardinal types. We pre-

sented a toolkit to target all major interneuron cardinal types in

the cerebral cortex. These enhancer-rAAV tools allow the target-

ing of two major PV subtypes, two major SST subtypes, as well as

VIP, LAMP5 and cholinergic neurons. Importantly, while we made

considerable efforts to identify the target population for each

enhancer, it is only through the collective use of these tools by

the field as a whole that the precise specificity of each of these en-

hancers will be confirmed. For instance, while we refer to the

BiSSTe4 enhancer as specific to Martinotti cells, future work

may indicate its specificity is in fact better described as an infra-

granular SST enhancer. It is also important to note that there has

been a significant amount of effort by the community to develop

enhancer-based cell-targeting tools in recent years.5–11 In this

study, we characterized the enhancer-rAAVs by assessing co-

expression of cell-type-specific marker genes, as well as the

morphological and physiological properties of labeled cells.

Nonetheless, each group uses somewhat different methods to

characterize the enhancer tools they develop. While others may

use different metrics and methods, such as single-nucleus

RNA-seq, to evaluate their tools, each method has its strengths

and limitations. Thus, a parallel evaluation of tools developed

by different groups would be beneficial to the community.

To demonstrate the versatility of the cell-type-specific en-

hancers we identified, we paired these enhancer elements with

different payloads. We demonstrated that these tools provide

the means to label specific interneuron types (fluorescent re-

porter), observe their neuronal activity (GCaMP), and manipulate

specific GABAergic and cholinergic neuron populations (optoge-

netic effector). For example, in vivo optogenetic activation of

cells labeled by our AAV-enhancer tools can be used to study

the recruitment of specific GABAergic interneurons for cortical

function. The inhibitory effect of the activation of each inter-

neuron subtype differs across them (Figure S10A) and varies

across cortical layers. Analysis of the population activity shows

that activation of LAMP5 cells results in a strong inhibition of cells

in both shallow and deep layers, while activation of basket cells

has a stronger effect on cells in deep cortical layers (Figure

S10B). This is consistent with previous results on the anatomical

projections of each interneuron subtype.

Beyond these examples, the practical use of these enhancers

is potentially much broader. They can be paired with any payload

to express various effectors in specific cell populations. For

example, these enhancers can be used to express the helper

proteins of monosynaptic rabies for circuit tracing or in conjunc-

tion with Cre- or Flip-based genetic lines for intersectional label-

ing. Moreover, these enhancers can also be used to deliver ther-

apeutic proteins for gene therapy.

A further advantage of enhancers is that when chosen judi-

ciously with regards to cross-species conservation, a single

enhancer can be used in a variety of species. Although we

used mouse interneuron single-cell chromatin (i.e., ATAC-seq)

data to identify cell-type-specific enhancers, by selecting those

whose sequence and accessibility are conserved, we find that

they are often reliable for targeting similar cell types in other spe-

cies, including humans and NHPs. Indeed, by testing their activ-

ity in NHPs and human brain slices, these enhancer elements

often showed conserved targeting patterns in primate tissues.

As such, our toolkit can be used to access specific cell types

across species in vivo and ex vivo. This expands the applicability

of our interneuron enhancer-rAAV tools and provides the poten-

tial for them to be used in a therapeutic context for modulating

inhibition and signaling.

In addition to cross-species uses, the same enhancer can

often be used to target homologous cell types in different CNS

structures. With regards to interneurons, the cerebral cortex

and hippocampus represent two such regions. Indeed, the inter-

neurons in these areas share the same developmental origins,

and a single-cell transcriptomic study suggests that most

interneuron cell types have shared gene expression patterns be-

tween these two regions.1 Therefore, it is likely that these

enhancer elements are regulated by shared gene regulatory net-

works in the cortex and hippocampus. As a consequence, these

vectors can be used to label corresponding cell types across

both hippocampus and cortex in both mice and NHPs. Indeed,

in testing specific enhancers in regions other than the cortex,
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we find that they label homologous or analogous cell types. A

recent publication, for instance, uses the BiPVe4 enhancer and

carefully performed IHC and electrophysiological validations to

analyze chandelier cell types in the hippocampus in detail.18 In

the future, such efforts by investigators in the field will be an

essential component for validating the use of both our enhancers

and others looking for similar regulatory elements. Similarly, we

also observe that homologous cell types in different areas such

as the striatum and the basal forebrain can be efficiently targeted

by the BiCHATe27 enhancer (Figures 5C and S8).

One technical point of note, when characterizing the speci-

ficity of the enhancer-rAAVs, we analyzed the native fluorescent

(dTomato) signal. Many studies tend to visualize reporter expres-

sion by immunostaining. We compared the signal from native

dTomato fluorescence and that amplified by anti-dTomato anti-

body. We found that immunostaining improved the signal inten-

sity and showed better visualization of neuronal processes (data

not shown). However, upon quantification, the total number of

dTomato-positive cells in the brain region of interest does not

show significant differences regardless of whether native or anti-

body-enhanced staining is used (Figure S10C).

Most of the enhancer discovery studies tend to focus on one

delivery method. In our study, we realized that the specificity of

enhancer-rAAVs can be affected by many factors, including viral

load, injection age, and injection route. Here, we presented a

systematic characterization of our enhancer-rAAV tools. We

evaluated their performance under each of the four conditions:

RO injection in 4-week-old mice, RO injection in 8-week-old

mice, ICV injection in P0/P1 mice, and stereotactic injection in

adult mice or pups. We showed that delivery conditions can

dramatically alter the specificity and sensitivity of enhancer-

rAAV vectors. For example, of the two SST enhancers, the

non-Martinotti SST-targeting enhancer (BiSSTe10) performed

best when delivered systemically in 4-week-old mice (Figure

3E). On the other hand, the Martinotti SST-targeting enhancer

(BiSSTe4) worked most optimally when delivered by ICV in P0/

P1 mice (Figure 3F). However, in the conditions tested, both en-

hancers performed poorly when injected by intracranial stereo-

taxic injections into the cortex (Figure 4). In this regard, we found

that intracranial stereotactic injection is most sensitive to viral

load, since with this injection method, the multiplicity of infection

will be very high, especially near the site of injection. We have

found that the specificity of enhancers for the expected target

cell types tend to decrease as we increase the viral load (data

not shown). We thus recommend that users carefully scale viral

vectors and test multiple injection conditions to evaluate the la-

beling specificity and efficacy before performing experiments.

A further area where enhancers can improve access to the

study of specific interneurons is with regard to development. In

this regard, PV interneurons are critical for the maturation of sen-

sory circuits48,49 and are known to be dysfunctional in various

neurodevelopmental disorders.50 However, studying these neu-

rons during early development has been challenging because of

the late expression of endogenous parvalbumin. As a result, the

field has resorted to complex intersectional genetic strategies51

or alternative transgenic lines with partial specificity or sensi-

tivity.52 To our knowledge, the BiPVe3 enhancer represents the

first method that allows the targeting of PV basket cells with

high specificity (as high as 90.26% ± 5.65% in L4) and sensitivity

(81.55% ± 15.61% across L2–L6) even at early postnatal ages

when other tools fail to do so (Figures S2Aiv and S2Civ).

To facilitate best practices, we provide a SOP (Table 2) to

allow users to choose the best delivery route based on their

needs. Even so, we recommend users test a series of different

viral loads to optimize their approach depending on the

enhancer, the titer, and the payload being delivered. With re-

gards to the latter, the relationship between expression level

and selectivity varies widely for different payloads. While the

delivery of functional components such as fluorescent proteins,

opsins, and activity reporters can tolerate a slight degree of off-

target expression, catalytic proteins such as recombinases

often fail to have the desired specificity with even relatively mi-

nor levels of off-target expression. For example, we have not

been able to drive specific expression of wild-type Cre with

the cell-type-specific enhancers we have previously identified,

possibly due to the fact that Cre-dependent recombination is

extremely sensitive to off-target expression.5 However, there

have been reposts in which cell-type-specific enhancers are

used to drive the expression of Cre variants with lower affinity

to their binding sites.11 Notably, the analyses presented in

this study were conducted only in the brain regions of interest

(cortex or striatum). Many cell types can be found across

different brain regions. For instance, cholinergic neurons exist

in both striatum and basal forebrain. However, when we deliv-

ered BiCHATe27 vectors by RO injection, we observed robust

labeling with high specificity for cholinergic neurons in the stria-

tum but more moderate labeling in the basal forebrain

(Figures 5A and 5B). Yet, direct injection of the same vector

into the basal forebrain resulted in highly specific labeling of

cholinergic neurons (Figures S8C and S9D). Thus, our enhancer

tools have the potential to function across brain regions. How-

ever, the optimal injection routes may vary and need to be

determined on a case-by-case basis.

In this study, all the enhancer-rAAV constructs were tested with

PHP.eB capsid. Each capsid has its own tropism bias. We have

found that PHP.eB AAVs transduce PV cells more efficiently

than other interneuron cell types. When we delivered PHP.eB

AAVs carrying a GFP driven by a ubiquitous promoter (RO injec-

tion, 2E+11 viral genome/mouse), among all the interneuron cell

types, we observed the strongest signal in PV cells and very min-

imal signal in VIP cells (data not shown). This is consistent with

studies using single-cell transcriptomic and spatial transcriptomic

methods to characterize AAV tropisms.53,54 This also partially ex-

plains why the VIP enhancer (BiVIPe4) does not work well by RO

injection, but it efficiently marks them following ICV injections.

Thus, AAV tropism is another factor one needs to consider

when using enhancer-based tools, as capsid choice can poten-

tially alter the specificity of these enhancer constructs and the ef-

ficiency of neuronal labeling.

Of interest, the VIP enhancer we described here (BiVIPe4) is

derived from a 1-kb sequence that was originally chosen. The

packaging limit of AAVs is only about 4.7 kb.55 Thus, identifying

smaller enhancers will allow more space to accommodate larger

payloads. In fact, the actual functional element of an enhancer is

often short and contains binding sites for transcription factors.

There have been reports using the enhancer bashing method
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to identify the core enhancer elements to be used with rAAV.8,9

We thus performed bashing experiments of the original VIP

enhancer and identified a 399-bp core sequence, BiVIPe4. This

enhancer is located in the first intron of the gene Grpr, which is

specifically expressed in VIP interneurons in the cortex. The

gene,Grpr, is located on the minus strand, and we thus designed

BiVIPe4 to be on the minus strand. Interestingly, when we in-

verted the orientation of the BiVIPe4 sequence on the rAAV vec-

tor, the vector lost specificity for VIP cells completely (data not

shown), suggesting that the orientation of an enhancer can be

critical for its function. Thus, when designing enhancers, both

size and orientation should be taken into consideration.

We present a collection of enhancers to target all major sub-

classes of cortical interneurons, as well as cholinergic popula-

tions, including large striatal interneurons. While the selectivity

and specificity of each enhancer are unique and the optimal injec-

tion methods for using these enhancers differ in mode and timing

of injection, each of these enhancers provides access to various

populations with considerable selectivity. These enhancers add

to the growing repertoire that we and other groups in this BRAIN

Initiative consortium have identified for use in AAVs. This provides

a broadened toolset for the targeting of specific cell types across

mammalian species from rodents to primates.
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Mouse Monoclonal Anti-Ankyrin-G Antibody NeuroMab Cat#75-146

Rabbit Polyclonal Anti-Vgat Antibody Thermofisher PA5-27569
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Anti-IgG Donkey Antibody (Alexa Fluor® 647) Jackson ImmunoResearch 706-605-148

Donkey anti-Goat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 546

Thermofisher A-11056

Rabbit Polyclonal Anti-Somatostatin Antibody BMA Biomedicals (Formally

Peninsula)

T-4103.0050

Rabbit Polyclonal Anti-Vasoactive Intestinal

Peptide Antibody

ImmunoStar 20077

Guinea Pig Polyclonal Anti-RFP Antibody Synaptic System 390004

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 647

Invitrogen A21245

Anti-Guinea Pig IgG (H + L), highly cross-adsorbed,

CF™555 antibody produced in donkey

Sigma Aldrich SAB4600297

Anti-Choline Acetyltransferase Antibody Sigma Aldrich AB143

Anti-mCherry [16D7] Antibody Kerafast EST202

Donkey anti-Goat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 488

ThermoFisher Scientific A-11055

Anti-Somatostatin 28 antibody [EPR3359(2)] Abcam ab111912

Anti-Parvalbumin antibody Abcam ab11427

Rabbit Polyclonal Calretinin antibody Abcam ab702

Monoclonal Anti-Parvalbumin antibody

produced in mouse

Sigma P3088-100UL

Anti-Nitric Oxide Synthase I Antibody Sigma AB5380

Anti-Choline Acetyltransferase Antibody Sigma AB144P

Mouse monoclonal anti-Calretinin Antibody Swant CR6B3

Rat anti RFP Monoclonal antibody Chromotek 5f8

Donkey anti-Mouse IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 488

ThermoFisher Scientific A-21202

Donkey anti-Rat IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 594

ThermoFisher Scientific A-21209

Bacterial and virus strains

NEB Stable Competent E. coli New England Biolabs C3040

Chemicals, peptides, and recombinant proteins

HCR™ RNA-FISH Probe (v3.0) Mouse SST Molecular Instruments N/A

HCR™ RNA-FISH Probe (v3.0) Mouse Pvalb Molecular Instruments N/A

HCR™ RNA-FISH Probe (v3.0) Mouse VIP Molecular Instruments N/A

HCR™ RNA-FISH Probe (v3.0) Mouse Gad2 Molecular Instruments N/A

HCR™ RNA-FISH Amplifier (v3.0) B1-488 Molecular Instruments N/A

HCR™ RNA-FISH Amplifier (v3.0) B1-647 Molecular Instruments N/A

HCR™ RNA-FISH Amplifier (v3.0) B2-488 Molecular Instruments N/A

(Continued on next page)

ll
NeuroResource

e1 Neuron 113, 1525–1547.e1–e15, May 21, 2025



Continued
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HCR™ RNA-FISH Amplifier (v3.0) B3-647 Molecular Instruments N/A

HCR™ RNA-FISH Amplifier (v3.0) B4-647 Molecular Instruments N/A

HCR™ RNA-FISH Amplifier (v3.0) B5-647 Molecular Instruments N/A

RNAScope® Probe - Hpse - C2 ACD Biomedicals Cat#412251-C2

RNAScope® Probe - Nmbr-C2 ACD Biomedicals Cat#406461-C2

RNAScope® Probe - Pthlh-C2 ACD Biomedicals Cat#456521-C2

RNAScope® Probe - Pthlh-C3 ACD Biomedicals Cat#456521-C3

RNAScope® Probe - Unc5b-C2 ACD Biomedicals Cat#482481-C2

RNAScope® Probe - Mme ACD Biomedicals Cat#415421

RNAScope® Probe - Calb2-C2 ACD Biomedicals Cat#313641-C2

RNAScope® Probe - Calb2-C3 ACD Biomedicals Cat#313641-C3

RNAScope® Probe - Syt2-C3 ACD Biomedicals Cat#493691-C3

RNAScope® Probe - dTom ACD Biomedicals Cat# 317041

RNAScope® Probe - dTom - C2 ACD Biomedicals Cat# 317041-C2

RNAScope® Probe - VIP ACD Biomedicals Cat#415961

Opal 520 Reagent Pack Akoya Biosciences FP1487001KT

Opal 590 Reagent Pack Akoya Biosciences FP1488001KT

Opal 690 Reagent Pack Akoya Biosciences FP1497001KT

NEB Q5 High-Fidelity DNA Polymerase New England Biolabs M0492

NEBuilder HiFi DNA Assembly Mix New England Biolabs E2621

Transporter 5 Transfection Reagent Polysciences 26008

Fluoromount-G Sigma 00-4958-02

Prolong Gold Antifade Mounting Medium Molecular Probes P369300

ProLong™ Diamond Antifade Mountant ThermoFisher Scientific P36965

Streptavidin, Alexa Fluor™ 488 Conjugate ThermoFisher Scientific S32354

Streptavidin, Alexa Fluor™ 594 Conjugate ThermoFisher Scientific S32356

Neurobiotin Vector Labs SP-1120

Critical commercial assays

Chromium Single Cell ATAC Library & Gel Bead Kit v.1.0 10X Genomics PN-1000111

Chromium Chip E Single Cell kit 10X Genomics PN-1000156

Chromium i7 Multiplex Kit N, Set A 10X Genomics PN-1000084

Nova-Seq S2 100 cycle kit Illumina 20028316

HCR RNA-FISH (v3.0) Molecular Instruments N/A

RNAscope™ Multiplex Fluorescent v2 Assay ACD Biomedicals 323100

Deposited data

Single-cell ATAC-seq data from cortex This paper GEO: GSE277242

Single-cell ATAC-seq data from striatum This paper GEO: GSE272181

Experimental models: Cell lines

AAVpro® 293T Cells TakaraBio 632273

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX:000664

Mouse: STOCK Tg(dlx5a-cre)1Mekk/J The Jackson Laboratory JAX:008199

Mouse: B6; 129-Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat/J The Jackson Laboratory JAX:021039

Mouse: B6.129S-Chattm1(cre)Lowl/MwarJ The Jackson Laboratory JAX: 031661

Mouse: B6.129P2-Pvalbtm1(cre)Arbr/J The Jackson Laboratory JAX: 017320

Mouse: STOCK Ssttm2.1(cre)Zjh/J The Jackson Laboratory JAX: 013044

Mouse: B6J.Cg-Gad2tm2(cre)Zjh/MwarJ The Jackson Laboratory JAX: 028867

Mouse: B6.Cg-Lamp5em1(flpo*)Nga /TasicJ The Jackson Laboratory JAX: 037340
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Mouse:STOCK Gt(ROSA)26Sortm1(CAG-EGFP)Fsh/Mmjax Fishell lab RRID:MMRRC_032036-JAX

Mouse: STOCK Viptm1(cre)Zjh/J The Jackson Laboratory JAX: 010908

Mouse: FVB-Tg(GadGFP)45704Swn/J The Jackson Laboratory JAX: 003718

Oligonucleotides

Primers and Taqman probe for AAV titering

F: ACTGACAATTCCGTGGTGTT

R: GCAGAATCCAGGTGGCAA

Probe: ATCATCGTCCTTTCCTTGGCTGCT

This paper N/A

Recombinant DNA

pAAV_BiPVe3_dTomato_nlsdTomato This paper Addgene: 213940

pAAV_BiPVe3_ChR2_mCherry This paper Addgene: 213941

pAAV_BiPVe3_Gq_dTomato This paper Addgene: 213942

pAAV_BiPVe3_GCaMP6f This paper Addgene: 213943

pAAV_BiPVe4_dTomato_nlsdTomato This paper Addgene: 213936

pAAV_BiPVe4_ChR2_mCherry This paper Addgene: 213937

pAAV_BiPVe4_Gq_dTomato This paper Addgene: 213938

pAAV_BiPVe4_GCaMP6f This paper Addgene: 213939

pAAV_BiPVe4_eGFP This paper Addgene: 221463

pAAV_BiSSTe10_dTomato_nlsdTomato This paper Addgene: 213814

pAAV_BiSSTe10_ChR2_mCherry This paper Addgene: 213815

pAAV_BiSSTe10_C1V1_eYFP This paper Addgene: 213816

pAAV_BiSSTe10_Gq_dTomato This paper Addgene: 213817

pAAV_BiSSTe10_GCaMP6f This paper Addgene: 213818

pAAV_BiSSTe4_dTomato_nlsdTomato This paper Addgene: 213944

pAAV_BiSSTe4_ChR2_mCherry This paper Addgene: 213945

pAAV_BiSSTe4_Gq_dTomato This paper Addgene: 213946

pAAV_BiSSTe4_GCaMP6f This paper Addgene: 213947

pAAV_BiVIPe4_dTomato_nlsdTomato This paper Addgene: 213855

pAAV_BiVIPe4_ChR2_mCherry This paper Addgene: 213856

pAAV_BiVIPe4_Gq_dTomato This paper Addgene: 213858

pAAV_BiVIPe4_GCaMP6f This paper Addgene: 213859

pAAV_BiLAMP5e3_dTomato_nlsdTomato This paper Addgene: 218792

pAAV_BiLAMP5e3_ChR2_mCherry This paper Addgene: 213915

pAAV_BiLAMP5e3_Gq_dTomato This paper Addgene: 213916

pAAV_BiLAMP5e3_GCaMP6f This paper Addgene: 213917

pAAV_BiLAMP5e3_jGCaMP8m This paper Addgene: 213918

pAAV_BiCHATe27_dTomato_nlsdTomato This paper Addgene: 213829

pAAV_BiCHATe27_ChR2_mCherry This paper Addgene: 213830

pAAV_BiCHATe27_C1V1_eYFP This paper Addgene: 213831

pAAV_BiCHATe27_Gq_dTomato This paper Addgene: 213832

pAAV_BiCHATe27_GCaMP6f This paper Addgene: 213833

pAAV-S5E2-dTom-nlsdTom Vormstein-Schneider et al.6 Addgene: 135630

pAAV-S5E2-ChR2-mCherry Vormstein-Schneider et al.6 Addgene: 135634

pAAV-S5E2-GCaMP6f Vormstein-Schneider et al.6 Addgene: 135632

pAAV-S5E2-Gq-P2A-dTomato Vormstein-Schneider et al.6 Addgene: 135635

Software and algorithms

ImageJ/Fiji Schindelin et al.56 https://imagej.net/software/fiji/

GraphPad Prism GraphPad N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse breeding and husbandry

All procedures were carried out in accordance with Institutional Animal Care and Use Committee protocols 0156-03-17-2 at the

Broad Institute of MIT and Harvard.

See key resources table for a detailed list of genetic lines used.

Animals were provided food and water ad libitum and were maintained on a regular 12-h day/night cycle at no more than five adult

animals per cage. Macroenvironmental temperature and humidity were kept within the ranges of 17.8–26.1◦C and 30–70%, respec-

tively. These parameters were monitored closely and controlled within rodent colony rooms.

METHOD DETAILS

Single-cell ATAC-seq library construction and data processing

The scATAC-seq data for cortex interneuron was collected as described in our previous study.57 Data were collected from three

brains of postnatal day 28 Dlx5a-cre::INTACT mice (GEO: GSE165031 and GSE277242). For striatum scATAC-seq, two brains

from postnatal day 30 Dlx5a-creINTACT mice were harvested, sectioned coronally on a mouse brain slicer (Zivic Instruments),

and the basal ganglia region was dissected in ice-cold artificial cerebrospinal fluid (ACSF). Tissue was then transferred to a Dounce

homogenizer containing lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2, 0.01% Tween 20, and 0.01% IGEPAL CA-630,

0.001% digitonin). Tissue was homogenized with 10 strokes of pestle A and 10 strokes of pestle B, and incubated for 5 min on

ice before being filtered through a 30-μm filter and centrifuged at 500g for 10 min at 4◦C. The pellet was resuspended in 1% bovine

serum albumin for sorting GFP+ nuclei on a Sony SH800S cell sorter. Nuclei were sorted into diluted nuclei buffer (10x Genomics). A

total of 15,168 GFP+ nuclei were used for scATAC-seq library construction. The scATAC-seq library was prepared using the 10x Ge-

nomics platform with the Chromium Single Cell ATAC Library & Gel Bead Kit v.1.0 (PN-1000111), Chromium Chip E Single Cell kit

(PN-1000156) and Chromium i7 Multiplex Kit N, Set A (PN-1000084) as per manufacturer’s instructions. Libraries were sequenced

using a Nova-Seq S2 100 cycle kit (Illumina).

Reads from scATAC-seq libraries (FASTQ files) were aligned to the mouse mm10 (GENCODE vM23/Ensembl98) reference genome

provided by 10x Genomics and the fragment file was produced with the Cell Ranger ATAC pipeline v2.1.0 (10x Genomics) with default

parameters (cellranger-atac count). The initial set of peaks were then identified from the fragment files output by Cell Ranger ATAC

using MACS2 v2.2.7.1 with the following parameters: ‘–nomodel –shift − 100 –extsize 200 -f BED -g 1.87e9’. For the cortex inter-

neuron scATAC-seq data, the peak x cell matrix was generated from the peak set and the fragment file by the R package Signac58

v1.7.0 in R v4.1.3, and Signac was used for the data preprocessing. Cells were retained based on the following thresholds: peak_

region_fragments <100,000, peak_region_fragments >3,000, >30% of reads in peaks, nucleosome_signal <4, and TSS enrichment

score >2. The TF-IDF algorithm was used for the normalization, the LSI algorithm was used for the dimensionality reduction, and the

UMAP algorithm was used to generate the 2D-visualization. Cells were then annotated based on the inferred activities of known

marker genes. For the striatum scATAC-seq data, processing and analysis were conducted using a novel single-cell ATAC-seq anal-

ysis toolkit, which will be described in detail in a forthcoming publication.

Nomination of cell-type-specific enhancers

We initially selected enhancer candidates using methods modified from what we have previously described.6 We selected and tested

40 enhancer candidates using this method and two of them (BiSSTe10 and BiCHATe27) were effective. We subsequently improved

the selection methods computationally and the rest of the enhancers were selected using this improved method. The details of this

computational pipeline will be described in a separate publication (Dai et al., in preparation). Briefly, the COSG package v0.9.0 was

used with default parameters except for setting mu to 100. With the ranked top enhancer candidates lists output by COSG, we manu-

ally checked the peak distributions in the bigwig files corresponding to each cell type and selected the genomic regions surrounding

the peak summits. Additionally, the sequence conservation among NHPs (calculated via phastCons with mm10.60way.phastCons.

bw, downloaded from http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/)59,60 was taken into consideration for

the prioritization of enhancer candidates. Using this method, we selected and tested 29 enhancer candidates and 5 of them (BiPVe3,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Ranger ATAC pipeline v2.1 10X Genomics https://github.com/10X

Genomics/cellranger-atac

COSG v0.9.0 Dai et al.13 https://github.com/genecell/COSGR

pCLAMP Molecular Devices/MathWorks https://www.autom8.com/mdcaxon-

instruments-overview/pclamp-software/

AI Automated Cell Quantification This paper Tibbling Technologies
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BiPVe4, BiSSTe4, BiVIPe4, and BiLAMP5e3) were the most effective. Of note, the enhancer BiVIPe4 was initially hand-picked in the

intron of a VIP-specific gene, Grpr, before the new computational pipeline was developed. We subsequently verified that this

enhancer can also be identified with the new COSG-based method.

rAAV plasmids cloning

All enhancer sequences were either synthesized as gene fragments (GenScript) or amplified from mouse (C56BL6/J) genomic DNA

using NEB Q5 High-Fidelity DNA Polymerase (NEB M0492). The enhancer fragments were inserted into backbone plasmids with

different payloads using NEBuilder HiFi DNA Assembly Mix (NEB E2621). Specifically, the following plasmids were used as backbone

for cloning: pAAV-S5E2-dTom-nlsdTom (Addgene plasmid #135630), pAAV-S5E2-ChR2-mCherry (Addgene plasmid #135634),

pAAV-S5E2-GCaMP6f (Addgene plasmid #135632) and pAAV-S5E2-Gq-P2A-dTomato (Addgene plasmid #135635). All plasmids

were grown in NEB Stable Competent E. coli (NEB C3040) at 37◦C and were verified by whole plasmid sequencing (Primordium

Labs). Plasmids related to this study and their sequences are available from Addgene (see ‘‘key resources table’’ for detailed infor-

mation). AAV viral preps associated with some of the plasmids are available from Addgene (https://www.addgene.org/Gordon_

Fishell/) and UCI Center for Neural Circuit Mapping (https://cncm.som.uci.edu/enhancer-aavs/).

Enhancer sequence information is as follows.

rAAV production and titering

AAVs with PHP.eB capsid were produced in AAVpro 293T cells (Takara 630073) following previously published protocol.61 Triple

transfection was performed with Transporter 5 Transfection Reagent (Polysciences 26008). AAVs were harvested 72 h post-trans-

fection and purified on iodixanol gradient. AAV titers were determined by ddPCR assay (BioRad AutoDG Droplet Digital PCR System)

using primers and probe targeting the WPRE sequence, which is common to all constructs (see ‘‘key resources table’’ for the se-

quences). A control virus with known titer was included in each titering assay to ensure consistency.

Intracranial, systemic (retro-orbital) and intracerebroventricular injections in mice

Mouse systemic

Procedure was performed using an all-in-one anesthesia induction chamber and nose cone with 1–3% isoflurane in oxygen flowing at

0.5 L/min. Anesthesia depth was validated with bilateral toe pinch prior to starting the procedure. Retro-orbital injections were per-

formed in 4 weeks-old (P28-P35) or 8 weeks-old animals (P50-P65), both in males and females. 2.0E+11 viral genomes were injected

using a BD Biosciences 0.3 mL insulin syringe (ref. 32470) in the retro-orbital sinus, for a final injected volume of 80uL per animal.

Mouse intracranial

Meloxicam was injected subcutaneously before the surgery at 5 mg/kg of body weight, and Buprenorphine SR was also injected as a

pre-operative analgesic. Anesthesia was induced using an all-in-one anesthesia induction chamber with 1–3% isoflurane in oxygen

flowing at 0.5 L/min. Once full depth of anesthesia was reached, the mouse was moved onto a Stoelting Digital Mouse Animal

StereoTaxic Frame (ref. 106739) to perform the surgery, with a nose-cone for continuous anesthesia maintenance with 1–3% isoflur-

ane in oxygen flowing at 0.5 L/min. Stereotactically-guided intracranial injections in adult mice (P60-70, both males and females) were

performed using a Nanoinject III at 1 nL/s, mainly in the primary somatosensory cortex (coordinates relative to bregma: − 1.00 mm

antero-posterior, +/− 2.5 mm medio-lateral, − 0.25 and − 0.4 dorsoventral). Virus was diluted using PBS1x to a final titer of

2–4.00E+12 vp/ml and a final volume of 100/200 nL was injected in each location. Post-operative monitoring was performed for

5 days post-injection, and mice were given meloxicam subcutaneously for 2 days post-procedure at 5 mg/kg of body weight. For

injection in P5 pups, we used cryoanesthesia and we injected 150 nL of virus at 2 nL/s bilaterally in S1 (AP: +1.5, ML: +/− 1.4 and

DV: − 0.3 from Lambda).

Neonatal mouse intracerebroventricular

Mouse pups (P0-1) were anesthetized on ice for 2–5 min avoiding direct contact with ice to avoid freeze damage to the skin of the pup.

Virus was diluted using PBS1x to 1E+10 total viral particles in 2–3 μL of final volume. Intracerebroventricular injections (either

unilateral or bilateral) were performed using a Nanoinject III at 25 nL/s in the ventricle (coordinates relative to lambda: +1.5 mm

Enhancer Genome Coordinate (mm10) Enhancer length

BiPVe3 chr1:61587715-61588378 664bp

BiPVe4 chr13:25392743-25393267 525bp

BiSSTe10 chr5:100729860-100730617 758bp

BiSSTe4 chr10:72204954-72205598 645bp

BiVIPe4 chrX:163532959–163533357 (minus strand) 399bp

BiLAMP5e3 chr13:96264516-96265144 629bp

BiCHATe27 chr14:32379481-32380317 837bp
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antero-posterior, +/− 0.8 mm medio-lateral, and − 1.5 mm dorsoventral). Post-surgery, pups recovered on a heating pad for 10 min,

monitored for color respiration, movement and posture. Once all the pups were injected and regained homeostasis, they are returned

to the dam together to encourage re-acceptance by the dam.

Immunohistochemistry

All antibodies used in this study are commercially available and have been validated by the manufacturer (see key resources

table for detailed list). Injected mice were trans-cardially perfused with 4% paraformaldehyde (PFA) 3 weeks post-injection.

The brains were placed in 4% PFA for 2 h or overnight, washed 3 times with PBS1X, incubated at 4◦C with 30% sucrose

for two days and then sectioned at 40 μm using a LEICA VT1000S Microtome. Floating sections were permeabilized with

0.3% Triton X-100, 5% normal donkey serum, and 1xPBS for 30 min. The sections were then incubated overnight in 0.1% Triton

X-100 and 5% donkey serum with the combination of primary antibodies at 4◦C, with gentle rocking. The sections were then

washed four times with 1xPBS, incubated with fluorophore-conjugated secondary antibodies at 1:1,000 dilution (Invitrogen,

USA), counterstained with DAPI (Sigma, USA) and mounted on glass slides using Fluoromount-G (Sigma, USA). Sections not

stained were stored in antifreeze buffer (30% glycerol, 30% ethylene glycol, 2% sodium azide in 1xPBS) and kept for long

term storage at − 20◦C.

Whole slice images were acquired using a Zeiss Axioscan 7 Slide scanner, with a 20× objective. Tiled images and snapshots were

acquired using a Zeiss Axio Imager 2 using a 20× objective. High resolution images of BiPVe3 and BiPVe4-positive synaptic terminals

were acquired using a Zeiss LSM 900 Confocal Microscope with a 63× objective.

Image analysis

For the analysis of virally labeled dTom-positive cells across brain areas, sections from five different medio-lateral coordinates based

on the Allen Brain Atlas were collected (sections #1,5,10,15 and 20) and dTom-positive cells quantified in all brain areas reported in

the reference atlas. The sections with the highest number of dTom-positive cells in a given brain region were used (as it would be the

most representative of that region) and data for selected brain areas were reported in the bar-graphs. For example, coordinate 5 was

used to report dTom-positive cells in the hippocampus because it is the only coordinate where the hippocampus is best represented

and visible.

Sagittal sections, as well as whole slice coronal sections, were all quantified through Tibbling Technologies. A small set of images

was quantified manually using Fiji image processing package (ImageJ), using the Cell Counter plugin.

For automated image analysis (by Tibbling Technologies), we deployed an advanced customized AI-based framework, which in-

cludes a high-performing deep neural network (DNN) for neuron classification and segmentation. This DNN was initially trained on a

large corpus of neuron samples and subsequently fine-tuned on the shortlisted data collected for this study. The AI framework is

optimized based on multiple loss functions including the Structural Similarity Index Measure (SSIM), which is a combination of three

different kinds of measurements: brightness (b), contrast (c), and structural (st) comparison. The SSIM between two images x and y
can be expressed mathematically as:

SIM(x; y) =
(

2μxμy+C1

μ2
x+μ2

y+C1

)(
2σxσy+C2

σ2
x+σ2

y+C2

)(
σxy+C3

σxσy+C3

)

SSIM(x; y) = b(x; y) ⋅ c(x; y)⋅st(x; y)

where brightness (b) is computed through the mean (μ) of the intensity of a given image, contrast comparison (c) uses the standard

deviation (σ) and the structural comparison (st) is computed based on the covariance of x and y. In SSIM, the brightness, contrast, and

structure components are relatively independent, which is particularly effective for identifying neurons based on their structures and

intensity. Intensity plays a crucial role in segmentation as it allows for the differentiation of neurons from the background and other

noisy structures, ensuring accurate and precise identification of cells. The complete loss function is as follows:

L = Lcls + Lmask + LSSIM

where Lcls, Lmask , and LSSIM are the pixel classification, mask prediction and structural similarity losses, respectively. Lcls is calculated

as log loss for two class labels (neuron vs. background). Lmask is computed as average cross-entropy loss for per-pixel binary clas-

sification. LSSIM is the structural similarity between the predicted and ground truth images, since higher SSIM means large similarity,

(1-SSIM) is employed for the loss, LSSIM. It ensures that the overall structural integrity of the segmented image is preserved.

During inference, we ensure the reliability of our predictions by incorporating a confidence score derived from the model’s final

output layer. For a given input image (I), the confidence score is obtained from the softmax output (p̂) of the classification head

for the predicted segmentation mask (M̂):

Confidence Score = max(p̂ (M̂i))
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We set a minimum confidence threshold (Tc) of 0.6. If the confidence score meets or exceeds Tc, the prediction (P) is considered

reliable.

P =
{
True if Confidence Score ≥ Tc
False otherwise

Furthermore, we deployed an automated image registration mapper to the Allen Mouse Brain atlas, which precisely aligned each

sample with the corresponding atlas template section. This process is entirely automated, utilizing advanced image registration tech-

niques to ensure accurate and consistent mapping to the brain atlas. The automated pipeline includes corresponding atlas section

matching through feature-based alignment, AI-based spatial transformation of the atlas sample, and simultaneous warping of atlas

labels to precisely map the full brain atlas. By integrating multi-scale feature extraction and optimization algorithms, our deployed

method achieves high accuracy and robustness in aligning diverse brain regions. The neural density in a given brain region is quan-

tified by dividing the number of cells by the area of the brain region.

We validate our end-to-end image analysis pipeline both qualitatively and quantitatively. Qualitative validation involves visually in-

specting the registered images for anatomical accuracy. For quantitative validation, we perform a rigorous comparison of the auto-

mated neuron segmentation outputs, including cell counts, against manually obtained ground-truth data of enhancer images from

the diverse regions of the brain sections. This comparison ensures comprehensive validation across different anatomical areas.

Our approach achieves optimal correspondence in both cell counts and DICE score metric with the ground-truth, demonstrating

the high precision and reliability of our approach.

Images quantified using FIJI were normalized according to the area of the ROI (region of interest). Area-normalized (either AI-quan-

tified or manually quantified) cell counts for both the reporter- and marker-positive cells were used to calculate the percentage spec-

ificity and sensitivity of enhancers using the following formulas:

Specificity :
# colocalized cells [expressing both reporter and marker]

# cells expressing reporter [driven by enhancer]

Sensitivity :
# colocalized cells [expressing both reporter and marker]

# marker cells [cell population of interest]

where specificity indicates the selectivity of the enhancer in targeting a given cell type and sensitivity indicates the efficiency of the

enhancer in marking all cells of the population of interest in a given area and under the conditions used.

In situ hybridization and quantification

HCR-FISH

Mice brains were harvested after perfusion with 4% PFA in PBS1X and post-fixed in 4% PFA for 2 h on ice or at 4◦C. Brains were then

washed with 1XPBS three times and cut in cold PBS1X using a vibratome (Leica VT1200S), in 40 μm thick sections. Brain sections

were mounted onto positively charged microscope slides (Superfrost Plus Microscope Slides White Tab, # 1255015) and dried

completely before placing them at − 80◦C for long-term storage before performing FISH.

HCR RNA-fluorescent in situ hybridization (HCR RNA-FISH) assay was carried out following the manufacturer’s instructions

(Molecular Instruments, see key resources table for detailed list of probes and amplifiers used) with a few modifications. In particular,

slides were incubated in 100% EtOH for 5 min only one time, the pre-hybridization step was increased to 30 min and proteinase K

solution was not added to maintain the endogenous dTomato signal. Whole slice images were acquired using a Zeiss Axioscan 7

Slide scanner, with a 20× objective. Tiled images and snapshots were acquired using a Zeiss Axio Imager 2 using a 20× objective.

We then performed automated image analysis as previously described.

RNAscope

Mouse brains were collected according to the ACDBio Multiplex Fluorescent v2 Kit protocol (ACDBio #323100) for fixed frozen tissue.

20um brain sections were cut using a Leica Cryostat 3050M. Tissue was pre-treated with a series of dehydration, H2O2 treatment,

and protease III steps before incubation with the probe for 2 h at 40◦C. Protease III incubation was performed at room temperature to

better preserve protein. For the complete list of probes and reagents used, see key resources table. Three amplification steps were

carried out prior to developing the signal with Opal Dyes (Akoya Biosciences). Samples were counterstained with DAPI and mounted

using Prolong Gold Antifade Mounting Medium (Molecular Probes).

ROI images were acquired using a Zeiss LSM 800 Confocal Microscope with a 40× objective. Z-stacks (with 0.45 μm steps in

between) covering 2.3–2.4 μm were 2D projected and quantification was manually performed with the Fiji image processing pack-

age (ImageJ), using the Cell Counter plugin on 2D projected images. Importantly, dTomato viral DNA signal can be found in nu-

clear aggregates and unspecifically picked up by the dTomato probe. For this reason, only cells showing fluorescent mRNA sig-

nals also outside the nucleus were counted as dTomato-positive. Specificity and sensitivity were then calculated as previously

described.
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Electrophysiological and morphological characterization of BiPVe3 enhancer

Electrophysiology recordings

Local stereotaxic injections were performed in mice 3 weeks of age in primary somatosensory (S1) cortex at the following coordi-

nates: 1.0 mm posterior, 2.5 mm lateral, and 0.5 mm ventral relative to bregma. 200 nL of 2e12 vg/mL titer virus (AAV.BiPVe3-

dTom) was injected at a rate of 1 nL/min using a Nanoject III (Drummond Scientific).

4 weeks following viral injection, mice were anesthetized with isoflurane and the brain was transferred to ice-cold artificial ce-

rebrospinal fluid (ACSF) containing (in mM) 87 NaCl, 75 sucrose; 2.5 KCl, 1.0 CaCl2, 2.0 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, and

10 glucose, equilibrated with 95% O2 and 5% CO2, and sliced at a thickness of 300 μm using a Leica VT-1200S vibratome. Slices

were allowed to recover in ACSF for 30 min at 32◦C. Prior to recording, slices were transferred to a chamber under an Olympus

BX61 microscope and continuously perfused at a rate of 3 mL/min and temperature of 32◦C with recording solution containing (in

mM): 125 NaCl, 2.5 KCl, 2.0 CaCl, 1.0 MgSO, 26 NaHCO, 1.25 NaH2PO, and 10 glucose. dTom+ cells in Layer 2/3 primary so-

matosensory cortex (S1) were identified under epifluorescence. For whole cell recordings of intrinsic properties, 3–5 MOhm bo-

rosilicate glass pipettes were filled with intracellular solution containing (in mM): 130 K-gluconate, 6.3 KCl, 0.5 EGTA, 1.0 MgCl2,

10 HEPES, 4.0 Mg-ATP, and 0.3 Na-GTP, 0.5% biocytin; pH was adjusted to 7.30 with KOH and osmolarity to 290 mOsm. Signals

were sampled at 100 kHz with a MultiClamp 700B amplifier (Molecular Devices), filtered at 10 kHz, digitized using a DigiData

1550A, and acquired using pClamp10 software. Recordings were discarded if the cell had a resting membrane potential greater

than − 50 mV, or if access resistance was >30 MΩ and/or increased by >20% during the recording. We did not correct for liquid

junction potential.

Electrophysiology data analysis

Analysis of intrinsic properties was performed using custom MATLAB (MathWorks) code with quality control using a manual confir-

mation in Clampfit (pCLAMP). Resting membrane potential (Vm) was calculated as the average value of a 600 ms window with no

direct current injection. Input resistance (Rm) was calculated using the average response to a − 100 pA hyperpolarizing current in-

jection using Ohm’s law (Rm = ΔV/I). Quantification of single spike properties was performed using the first AP during the rheobase

current injection. AP threshold was calculated as the value at which the derivative of the voltage (dV/dt) first reached 20 mV/ms. Spike

height was calculated as the absolute maximum voltage value of a given AP. Spike amplitude was calculated as the difference be-

tween spike height and AP threshold. AP rise time was calculated as the time from the AP threshold to the absolute maximum voltage

of the AP. AP half-width was defined as the width of the AP (in ms) at half-maximal amplitude. Afterhyperpolarization (AHP) amplitude

was calculated as the difference between the minimum voltage value of the AHP and the AP threshold voltage. Rheobase was

defined as the minimum current injection that elicited an AP using a 600 ms sweep at 25 pA intervals. The maximal instantaneous

firing was calculated using the smallest inter-spike interval elicited during the current step protocol. Maximal steady-state firing

was defined as the maximal mean firing frequency (FF) with a minimum requirement for a spike being the presence of a measurable

AP threshold and the voltage overshooting 0 mV.

Single cell morphological reconstruction

After whole cell recordings, slices were transferred to cold 4% PFA overnight and then stored in 30% sucrose with 0.1 M phosphate

buffer (PB). CUBIC clearing was performed as previously described.62 Briefly, slices were subjected to a freeze-thaw cycle then

washed with 0.1 M PB and placed in CUBIC #1 solution (25% urea, 25% Quadrol, 15% Triton X-100 in ddH2-O) for 3 days. Slices

were then washed again in 0.1 M PB, incubated in blocking buffer (5% NGS and 0.3% Triton X-100 in 0.1 M PB) for 1 h at RT,

then incubated in 1:500 dilution of streptavidin conjugated to Alexa 647 (ThermoFisher) in blocking buffer overnight at 4C. Slices

were washed again in blocking buffer and then incubated in CUBIC #2 solution (25% urea, 50% sucrose, 10% triethanolamine in

ddH2O) overnight at RT then mounted on glass slides in CUBIC #2 solution. Filled cells were imaged using a confocal microscope

(Zeiss) with a 40× oil-immersion objective.

Electrophysiological characterization of BiPVe4 enhancer

Electrophysiology recordings and data analysis

Male and female C57BL6/J mice were injected with AAV-BiPVe4-GFP by retro-orbital injection of 2.0E+11 viral particles in 80uL per

animal. Mice were anesthetized with 1.8–2% isoflurane. Titrated virus was injected into the retro-orbital sinus of the left eye with a

31G× 5/16 TW needle on a 3/10 mL insulin syringe. Mice were kept on a heating pad for the duration of the procedure until recovery

and then returned to their home cage.

GFP-positive cells were targeted for somatic whole-cell recording in layer 2/3 region of the primary somatosensory, auditory and

visual cortex by combining gradient-contrast video-microscopy with epifluorescent illumination on custom-built or commercial

(Olympus) upright microscopes. Electrophysiological recordings were acquired using Multiclamp 700B amplifiers (Molecular De-

vices). Signals were filtered at 10 kHz and sampled at 50 kHz with the Digidata 1440B digitizer (Molecular Devices). For whole cell

recordings, borosilicate patch pipettes were filled with an intracellular solution containing (in mM) 124 potassium gluconate,

2 KCl, 9 HEPES, 4 MgCl2, 4 NaATP, 3 L-Ascorbic Acid and 0.5 NaGTP. Pipette capacitance was neutralized in all recordings and

electrode series resistance compensated using bridge balance in current clamp. Liquid junction potentials were uncorrected. Re-

cordings had a series resistance <20 MΩ. Action potential trains were initiated by somatic current injection (300 ms) normalized

to the cellular capacitance in each recording measured immediately in voltage clamp after breakthrough66. For quantification of in-

dividual AP parameters, the 1st AP in a spike train at was analyzed at 12 pA/pF for all cells. Passive properties were determined by
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averaging the responses of several 100 ms long, − 20pA steps during each recording. Data analysis was carried out using a custom

written Python software.

Electrophysiological, morphological and optogenetic characterization of BiSSTe10 enhancer

Electrophysiology, optogenetic recordings and data analysis

After 3 weeks post-RO injection of the AAV-BiSSTe10-dTomato, animals were anesthetized with isoflurane followed by decapitation.

The brain was quickly removed and immersed in ice-cold oxygenated sucrose cutting solution containing (in mM) 87 NaCl, 75 Su-

crose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 Glucose, 1 CaCl2, 2 MgCl2 (pH = 7.4). 300 μm thick coronal slices were cut using a

Leica VT 1200S vibratome through the primary visual cortex. Slices recovered in a holding chamber with ACSF containing (in mM) 124

NaCl, 20 Glucose, 3 KCl, 1.2 NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 MgCl2 (pH = 7.4) at 34◦C for 30 min and at room temperature for at

least 45 min prior to recording. For recording, slices were transferred to the recording chamber where dTomato-positive cells were

identified under an upright differential interference contrast microscope (BX51WI) using a 40× objective (water immersion lens, 0.9

numerical aperture). During recording slices were continuously perfused with oxygenated acsf (95%O2/5% CO2) at a flow rate of

1 mL/min at room temperature.

For whole cell patch clamp recording, 5–7 MΩ pipettes were pulled from thick-walled borosilicate glass capillaries on a P-1000

Flaming Micropipette Puller (Sutter Instrument). The pipettes were filled with internal solution of the following composition: 130

K-Gluconate, 10 KCl, 10 HEPES, 0.2 EGTA, 4 MgATP, 0.3 NaGTP, 5 Phosphocreatine and 0.4% biocytin (pH = 7.3)

Recordings were performed using a Multiclamp 700B amplifier and digitized using Digidata 1440A using a sampling rate of 20KHz.

Series resistance was continuously monitored during the recording and cells were discarded if the series resistance was >40MOhms

or if it changed by > 20% during the recording. For measurement of intrinsic properties, cells were held at − 70mV. No liquid junction

potential correction was made. Intrinsic cellular properties of visually identified dTomato-positive cells were measured in current

clamp mode. Resting Membrane Potential (RMP) of the cell was recorded as mean membrane potential from a 1 min long recording

in I = 0 mode. Input Resistance (IR) was computed using Ohm’s law (V = I/R) by finding the slope of the IV curve obtained using current

injection from − 10 to 10pA in steps of 5pA. Highest firing frequency was computed as the maximum firing frequency of a cell for any

input current from − 100 to 400pA. Rheobase was defined as the minimum input current to evoke firing from a cell. Action potential

kinetics were computed from the first spike produced by the cell when a series of increasing input currents were injected. Spike

threshold was defined as the membrane potential where dv/dt > 5 mV/ms before spike initiation. Action potential half-width is defined

as the width of an action potential at half of the peak value from spike threshold. Spike Frequency Adaptation (SFA) Is calculated as

ISIfirst/ISIlast. Fast hyperpolarization (fAHP) is calculated as the difference between spike threshold and minimum voltage after the

spike within 10ms. mAHP is defined as difference between spike threshold and minimum voltage after the spike, from 10 to 20ms. All

analysis was done using clampfit and Easy electrophysiology. Statistical analysis was done in GraphPad prism 10. >

After recording with pipette solution containing 0.3–0.5% biocytin, the slices were fixed in 4% PFA overnight, then stored till further

processing. After thorough washing with PBS1X, the slices were incubated in a blocking solution (10% normal donkey serum, 0.3%

Triton X-100 in PBS1X) for 4 h at room temperature. After thorough wash with PBS1X, slices were incubated with the same blocking

solution supplemented with Alexa 488-conjugated streptavidin overnight at 4C. The following day, sections were washed 3 times

with PBS1x and mounted. Images were then acquired using a confocal microscope (Zeiss LSM 800) with a 40× objective (Plan-

Apochromat 20x/0.8 M27).

Whole-cell patch-clamp recordings were obtained from unlabeled putative pyramidal neurons across layers. IPSC recordings

were performed at a holding potential of 0 mV. For optogenetic stimulation, 470 nm light was transmitted from a collimated LED

(Mightex) attached to the epifluorescence port of the upright microscope. 1 ms pulses of light were directed to the slice in the

recording chamber via a mirror coupled to the 60× objective (N.A. = 1.0). Flashes were delivered every 15 s over a total of 15 trials.

The LED output was driven by a transistor-transistor logic output from the Clampex software.

Electrophysiological characterization of BiSSTe4 enhancer

Slice preparation

Following ICV injection of AAV-BiSSTe4-dTomato, after 3 weeks of incubation, acute coronal slices (320 μm) containing primary sen-

sory cortex barrel field (S1-BF) were prepared from adult C57BL6J mice, from postnatal days 20–25. Mice were deeply anesthetized

with acute isoflurane exposition and slices prepared using a vibratome (Leica VT1200S) by slicing with the following cutting solution:

220 Sucrose, 11 Glucose, 2.5 KCl,1.25 NaH2PO4, 25 NaHCO3, 7 MgSO4, 0.5 CaCl2. Subsequently, the slices have been placed in

ACSF solution at 34◦C containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 20 Glucose for 15–

20 min. After the period of incubation, slices were kept at room temperature for a period of 6 h.

Electrophysiology recordings

Whole-cell patch-clamp recordings were performed close to physiological temperature (35◦C) using a Multiclamp 700B amplifier

(Molecular Devices) and fire-polished thick-walled glass patch electrodes 3.5–5 MOhm tip resistance. Patch pipettes were filled

with the following intracellular solution (in mM): 135 K-gluconate, 5 KCl, 10 HEPES, 0.01 EGTA, 4 NaATP, 0.3 NaGTP (295 mOsm,

pH adjusted to 7.3 using KOH). To fill the cells for the reconstructions we included in the intracellular solution 1.5% neurobiotin

(Vector Laboratories). Recordings were not corrected for liquid junction potential. Series resistance was compensated online by

balancing the bridge and compensating pipette capacitance. For all experiments data were discarded if series resistance, measured
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with a − 10 mV pulse in voltage clamp configuration, was >35 МΩ. All recordings were low-pass filtered at 10 kHz and digitized at

100 kHz using a Digidata 1440A digitizer-Molecular Devices and acquired with pClamp 10 software.

All the intrinsic properties were measured in current-clamp conditions and calculated from 1-s-long current injections at resting

membrane potential with a delta of 5pA. The resting membrane potential was calculated 5 min after break-in and Input resistance,

calculated in MOhms, from 1 s long negative current injections of − 10pA by using Ohm’s law. The action potential threshold was

considered as the potential at which dV/dt reached 10 mV/ms. The adaptation index was determined by using this formula:

1/(Freq-first/Freq-last)], with Freq-first and Freq-last representing the frequencies of the first two and the last two spikes at the

maximum number of action potential detected. The number of spikes was automatically detected using a threshold at − 10mV.

The AHP duration was calculated as the time between AHP descending and ascending phase measured 1ms after the action poten-

tial descending phase and the most depolarized membrane potential following the AHP for a maximum of 200 ms.

Single cell morphological reconstruction

After performing electrophysiological recordings, brain slices were fixed in 4% PFA in 0.1M PB and kept overnight at 4◦C and then

washed with 1X PBS (4 times, 30 min). Slices were then incubated in streptavidin Alexa Fluor 647 conjugated (1:300; ThermoFisher

Scientific) in 1X PBS 0.5% Triton overnight. Slices were subsequently washed with 1X PBS (4 times, 30 min) at RT. After washing the

brain slices were processed for CUBIC (Clear, Unobstructed Brain/Body Imaging Cocktails and Computational analysis) clearing.43

Slices were immersed in CUBIC L solution reagent 8 h at 37◦C. After incubation, slices were washed with 1X PBS (3 times for 15 min)

at RT to ensure complete removal of CUBIC reagent 1. Subsequently the slices have been immersed for 15 min in cubic R solution,

washed briefly in PBS and mounted on a APTS covered coverslip (150 microns). Despite a complete clarification, we observed tissue

swelling after 15 min exposure to CUBIC R solution. Thus, we mounted the slices for the acquisition with a spacer of 500 microns in

the cubic mounting solution. Z-stacked images of filled neurons were acquired with a Zeiss LSM 800 Confocal Microscope using a

20× objective.

Electrophysiological, optogenetic and morphological characterization of BiVIPe4 enhancer

Preparation of brain slices and ex vivo electrophysiology and photo-stimulation

Viral injection of AAV-BiVIPe4-ChR2-mCherry was performed on mice postnatal days 0–3 (P0-3). P0-3 GIN-GFP pups (FVB-Tg

(GadGFP)45704Swn/J) were briefly anesthetized on ice. A small volume of virus (30 nL) was unilaterally injected in the right somato-

sensory cortex (1.5 mm anterior and 1.5 mm lateral from lambda, depth of 0.1–0.4 mm) using Nanoject (Drummond).

Four to six weeks after virus injection, mice were anesthetized with isoflurane (5% isoflurane (vol/vol) in 100% oxygen), perfused

intracardially with an ice-cold sucrose solution (in mM, 75 sucrose, 87 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, 0.5

CaCl2, and 2 MgSO4, saturated with 95% O2 and 5% CO2) and decapitated. Coronal slices of 300 μm were made using a vibratome

(Leica Biosystems) and were stored in the same solution at 35◦C for 30 min and at RT for an additional 30–45 min before recording.

Whole-cell patch clamp recordings were performed in oxygenated artificial cerebrospinal fluid (ACSF, in mM: 125 NaCl, 2.5 KCl,

26 NaHCO3, 1.25 NaH2PO4, 10 glucose, 2 CaCl2 and 1 MgCl2 equilibrated with 95% O2 and 5% CO2). Recordings were performed at

30◦C–33◦C. Electrodes (3–7 MΩ) were pulled from borosilicate glass capillary (1.5 mm OD). Membrane potentials were not corrected

for the liquid junction potential. During patching, cell-attached seal resistances were >1 GΩ. Once whole-cell configuration was

achieved, uncompensated series resistance was usually 5–30 MΩ and only cells with stable series resistance (<20% change

throughout the recording) were used for analysis. Electrophysiological signals were collected with a Multiclamp 700B amplifier

(Molecular Devices), low-pass filtered at 10 kHz, digitized at 20 kHz, and analyzed with pClamp10 (Molecular Devices).

To characterize the intrinsic membrane properties of mCherry expressing cells, a series of hyperpolarizing and depolarizing current

steps (800 ms duration, 1 pA increments) were injected at 0.1 Hz under current-clamp configuration. All intrinsic properties were

measured by holding cells at − 70mV. The pipette intracellular solution was as follows (in mM): 130 potassium gluconate, 6.3 KCl,

0.5 EGTA, 10 HEPES, 5 sodium phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP and 0.3% neurobiotin, pH 7.4 with KOH, 280–290 mOsm.

Inhibitory postsynaptic currents (IPSCs) were recorded from GFP positive cells under voltage-clamp configuration (holding cells at

0mV) using a cesium-based internal solution (in mM: 130 cesium gluconate, 6.3 KCl, 0.5 EGTA, 10 HEPES, 5 sodium phosphocre-

atine, 4 Mg-ATP, 0.3 Na-GTP adjusted to pH 7.2 with CsOH; 295 mOsm). For optogenetic stimulation, collimated light (590nm, 3 ms

duration, 4.7 mW, CoolLED pE-300ultra system) was delivered at 10 s interval into the brain tissue through a 40× water-immersion

objective.

Electrophysiological analysis

To characterize the intrinsic membrane properties of neurons, the following parameters were measured. The resting membrane po-

tential (Vrest in mV) was measured with 0 pA current injection a few minutes after entering whole-cell configuration. All other properties

were measured holding the cell at − 70 mV. Input resistance (in MΩ) was calculated using Ohm’s law from averaged traces of 100 ms

long negative current injections of − 20 pA. Action potential (AP) threshold was calculated as the potential when voltage change over

time was 10 mV/ms using the first observed spike. AP peak (in mV) was calculated as the time difference in potential from the spike

peak to spike threshold. AP/spike half-width (in ms) was calculated as the difference in time between the ascending and descending

phases of a putative spike at the voltage midpoint between the peak of spike and spike threshold. The adaptation ratio was calculated

as the ratio of the last spike interval to the first spike interval under a positive current injection that elicited approximately 20 Hz firing.

Afterhyperpolarization (AHP) amplitude was calculated as the difference between AP threshold and the most negative membrane
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potential after the AP, measured on the response to the smallest current step evoking an AP (Rheobase). To detect optogenetic stim-

ulation-evoked IPSCs, 20 recorded sweeps were averaged, and the peak amplitude was measured.

Single cell morphological reconstruction

After performing electrophysiological recordings, brain slices were fixed in 4% PFA in 0.1M PB and kept overnight at 4◦C and then

kept in 20% sucrose. The brain slices were processed for CUBIC clearing.43 Slices were first washed with 0.1M PB (3 times for

10 min) at RT, followed by immersion in CUBIC reagent 1 for 2 days at 4◦C. After 2 days of incubation, slices were washed with

0.1M PB (4 times for 30 min) at RT to ensure complete removal of CUBIC reagent 1. Slices were then incubated in fluorophore-con-

jugated streptavidin (1:500; ThermoFisher Scientific) in 0.1M PB (0.5% Triton X-100) overnight at 4◦C. Slices were subsequently

washed with 0.1M PB (4 times, 30 min) at RT and mounted with CUBIC reagent 1. Filled neurons were imaged with a Nikon A1R

confocal microscope. Z-stacked images (each stack 1 μm) were acquired with a 40× oil-immersion objective.

Immunohistochemistry

Brain sections (50 μm thickness) were collected in 0.1 M PBS. Sections were rinsed in PBS (3 times for 10 min) and incubated in a

blocking solution (10% normal serum, 1% BSA and 0.2% Triton X-100 in PBS) for 1 h at room temperature. Brain sections were then

incubated with primary antibodies (rabbit primary antibody for VIP, 1:200 dilution, ImmunoStar; guinea pig primary antibody for RFP,

1:500 dilution, Synaptic System) in diluted blocking solution (1:10 dilution in PBS) for 48 h at 4◦C. Brain sections were washed in PBS

(3 times for 15 min) followed by 1 h of secondary antibody incubation at RT. Alexa Fluor 647 conjugated secondary antibodies

(anti-rabbit IgG, 1:200 dilution, Invitrogen) and CF555 conjugated secondary antibodies (anti-guinea pig IgG, 1:200 dilution, Sigma)

were used to visualize fluorescence signals. After 1 h of incubation with secondary antibodies, sections were washed in PBS (3 times

for 15 min), mounted on slides and coverslipped with an antifade mounting medium containing DAPI (Thermo Fisher Scientific). Tis-

sues were imaged (Zeiss, Axio Scan). Labeled neurons were automatically detected, manually confirmed, and subsequently quan-

tified (Zeiss, Vision 4D Arivis Pro software). Confocal images were acquired (Nikon, A1R) for representative images.

Two-photon calcium imaging of BiVIPe4 targeting cells in mice

Surgeries

8-12 weeks old mice (C57BL/6J wild type from Charles River) were anesthetized with isoflurane (5% for induction, and 1–1.5% main-

tenance during surgery) and mounted on a stereotaxic frame (David Kopf Instruments, CA). Eye cream was applied to protect the eye

(GenTeal, Alcon laboratories inc, Tx). After disinfecting the scalp, an incision was made, and the bone surface was cleaned. A circular

3 mm diameter biopsy was applied to remove the skull above the visual cortex in the left hemisphere (edges of biopsy are 1 mm from

the midline and 0.5 mm anterior of lambda). AAV carrying BiVIPe4-gCaMP6f expression cassette were injected using glass pipette

with 30 μm diameter tip mounted using Nanoject III (Drummond Instruments Ltd.) at a speed of 1 nL/s with a total volume of 100 nL per

site (2 sites; 1 mm apart diagonally). After each injection, pipettes were left in situ for an additional 10 min to prevent backflow. The

craniotomy was then sealed with a 3 mm glass coverslip that was glued to another 5 mm glass coverslip (Warner instruments) which

in turn was glued to the skull with vetbond (Fisher scientific UK). A custom-built head-post was implanted over the exposed skull with

ductile glue and cemented with C&B metabond (Parkell). Mice were monitored for a week after surgery and were injected with anal-

gesia for three days (Carprofen; 0.1 mg/kg of body weight).

Two-photon calcium imaging

Data was acquired using a Brucker 2-photon microscope with a frame rate of 30 Hz with a 16×Nikon objective. Calcium imaging data

were then preprocessed with Suite2p for motion correction and region of interest (ROI, i.e., neuron). Raw traces extracted from sui-

te2p were further processed in python with custom scripts. To calculate Δf/f0 for each trace, a fluorescence baseline was determined

by median filtering the trace with a window of 60s (1800 samples); the Δf/f0 was then computed by subtracting the baseline from the

original trance and then dividing by the baseline.

Locomotion analysis

Three weeks after surgery, mice were head-fixed and run freely on a belt treadmill (Labmaker) with a built-in encoder for speed and

direction. The encoder information was then converted to analog voltage and was sent to PyControl Breakout Board (Labmaker). The

speed arbitrary unit was then converted to cm/s and smoothed post hoc.

Spontaneous activity (i.e., in darkness) was recorded for 2 min at the beginning of the recording session. Periods with running

speed greater than 0.1 cm/s and a duration longer than 1 s were considered locomotion periods. Equal duration prior to the loco-

motion period was defined as stationary period. The mean change in fluorescence activity (Δf/f0) in the respective period was

used in all locomotion analysis (Figure 3Q, 4P). The Locomotion modulation index (LMI) was computed to assess the responses

of the neurons to locomotion.

Visual stimulation

Following the spontaneous activity period, drifting sinusoidal gratings at a spatial frequency of 0.04 cpd were presented to the mice. A

total of 8 directions separated by 45◦ were presented for 2 s with 10 s inter trial interval. Each condition consisted of 10 trials. Each

neuron was recorded under low (25%) and high (100%) contrast conditions.

For analysis, a paired t test comparing the mean amplitude of Δf/f0 in the stimulation period to the mean amplitude 2 s prior to the

visual stimulus was performed to determine if the neuron is responsive to each condition. For most of the neurons, we found no dif-

ference between the responses in trials with locomotion compared to stationary (likely due to the low number of locomotion trials),

hence we pooled the two conditions in our analysis. To determine if the neuron is activated or suppressed, we compared the mean
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Δf/f0 during the stimulation of the preferred direction (i.e., highest mean response compared to other directions) relative to baseline

(i.e., before stimulation). Neurons that increased their activity were considered activated, while neurons that decreased their activity

were considered suppressed.

For orientation selectivity, we computed the global orientation selectivity index (gOSI), which considers responses to all

orientations:

gOSI =
⃒
⃒
⃒
⃒

∑
R(θ)e2iθ
∑

R(θ)

⃒
⃒
⃒
⃒

where i is the imaginary unit and θ is the angle of the moving directions. R(θ) is the response at direction θ.

RNAscope

RNA scope was performed on fixed frozen tissue. To prepare the sections, brains previously injected with the enhancer-driven

GcaMP6f cassettes were perfused and stored overnight in 4% PFA at 4 C. Fixed tissue was then immersed in a graded series con-

taining 10%, 20%, and 30% sucrose solution and then froze in OCT at − 80◦C. Brains were sectioned using a sliding microtome into

30 μm slices and mounted in Superfrost Plus Microscope Slides. RNAscope in situ hybridization assay was performed according to

the manufacturer’s protocol using the RNAscope Multiplex Fluorescent Reagent Kit v2. Briefly, slides were baked in a HybEZ Oven at

60◦C for 45 min, followed by post-fixation in 4% PFA for 15 min. Slides were dehydrated through 50%, 70%, 95%, 100%, and 100%

ethanol for 5 min each at RT. Slides were treated with Hydrogen peroxide for 10 min at RT. Then, slides were incubated in 1x Target

Retrieval Reagent for 5 min at >98◦C and dehydrated in 100% alcohol. Protease III was added to each section and incubated for

20 min at 40◦C in the HybEZ oven. Pretreated sections were incubated with VIP-C1 probe (RNAscope Probe- Mm-Vip) for 2h at

40◦C. After hybridization, 3 amplification steps were performed, incubating the slides for 30 min at 40◦C each. Followed by incubation

with HRP-C1 solution for 15 min at 40◦C. After washing, slides were incubated with Opal 570 fluorophore for 30 min, followed by HRP

blocking for 20 min at 40◦C.

Following the in situ hybridization, sections were immunostained to amplify the expression of BiVIPe4-GcaMP6f virally labeled

cells. Sections were incubated for 1 h in 10% Normal Goat Serum (NGS) in TBS-0.1%BSA at RT. Then, slides were incubated

with primary antibody chicken anti-GFP (1:2000) In TBS- 0.1%BSA for 2 h at RT. Slides were washed twice with TBST and incubated

with the secondary antibody Alexa Fluor 488 goat anti-chicken (1:500) for 1 h at RT. Slides were then washed with TBST twice and

incubated with DAPI for 30s. Finally, slides were mounted using Prolong Gold Antifade mounting medium. Images were acquired

using a Leica Sp8 confocal microscope with a 40× objective.

Electrophysiological characterization of BiLAMP5e3 enhancer

Slice preparation

Following 3–4 weeks from intracranial injection, acute coronal slices (320 μm) containing primary sensory cortex barrel field (S1-BF)

were prepared from adult C57BL6J mice, from postnatal days 45–75. Mice were deeply anesthetized with acute isoflurane exposition

and perfused transcardially with ice-cold cutting solution containing the following (in mM): 220 Sucrose, 11 Glucose, 2.5 KCl,1.25

NaH2PO4, 25 NaHCO3, 7 MgSO4, 0.5 CaCl2. After perfusion the brain was quickly removed, and slices prepared using a vibratome

(Leica VT1200S). Slices to ACSF solution at 34◦C containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25

NaHCO3, 20 Glucose for 15–20 min. After the period of incubation, slices were kept at room temperature for a period of 6 h.

Electrophysiology recordings

Whole-cell patch-clamp recordings were performed close to physiological temperature (35◦C) using a Multiclamp 700B amplifier

(Molecular Devices) and fire-polished thick-walled glass patch electrodes 3.5–5 MOhm tip resistance. Patch pipettes were filled

with the following intracellular solution (in mM): 135 K-gluconate, 5 KCl, 10 HEPES, 0.01 EGTA, 4 NaATP, 0.3 NaGTP (295 mOsm,

pH adjusted to 7.3 using KOH). Recordings were not corrected for liquid junction potential. Series resistance was compensated on-

line by balancing the bridge and compensating pipette capacitance. For all experiments data were discarded if series resistance,

measured with a − 10 mV pulse in voltage clamp configuration, was >35 МΩ. All recordings were low-pass filtered at 10 kHz and

digitized at 100 kHz using a Digidata 1440A digitizer-Molecular Devices and acquired with pClamp 10 software.

All the intrinsic properties were measured in current-clamp conditions and calculated from 1-s-long current injections at resting

membrane potential with a delta of 5pA. The resting membrane potential was calculated 5 min after break-in and Input resistance,

calculated in MOhms, from 1 s long negative current injections of − 10pA by using Ohm’s law. The amplitude of voltage of Sag current

(%) was measured using hyperpolarization induced by − 100 pA and calculated as 100 × (Vsag minimum − Vsteady-state)/(Vsag

minimum − Vholding) as reported in Schuman et al. 2018. The depolarizing hump and depolarizing ramp ratio were calculated on

the current step just before the action potential threshold. This ratio was defined as the measured amplitude (in millivolts) relative

to the difference between the resting membrane potential and the step potential. The depolarizing hump was determined as the

average amplitude between 40 and 90 ms while the depolarizing ramp was calculated as the average amplitude between 940

and 990 ms both measured from the 1 s depolarizing step. Spike were detected increasing the current steps of 5pA. The action po-

tential threshold was considered as the potential at which dV/dt reached 10 mV/ms. The AP amplitude (in millivolts) was calculated as

the difference in potential from the spike peak to the spike threshold. The AP half-width (in milliseconds) was calculated as the time

interval between rise and decay phase measured at 50% of amplitude. The adaptation index was determined by dividing the number
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of spikes in the last 500 ms by the number of spikes in the first 500 ms of the 1 s step during a positive current injection that induced a

firing rate of 20–25 Hz. The time to the first spike (in milliseconds) was determined by measuring the time difference between the onset

of the positive current injection and the peak of the first action potential. The afterhyperpolarization (AHP) was calculated as the dif-

ference in potential between the threshold of the spike and the minimum potential measured after the spike. The AHP half-width as

the time between AHP descending and ascending phase measured 1ms after the action potential descending phase and the most

depolarized membrane potential following the AHP for a maximum of 200 ms.

Optogenetic characterization of BiCHATe27 enhancer in mice

Surgeries

Mice (P55-P60) were anesthetized with isoflurane 5% in O2 and moved to a stereotactic surgery rig, keeping isoflurane levels at

1.5%–2% and maintained throughout the procedure. At the start of the surgery, Buprenex (0.01 mg/mL; dosage 0.05 mL/10 g)

and Meloxicam (0.2 mg/mL; dosage 0.1 mL/10 g) were administered via subcutaneous injections. A small incision was made in

the skin to expose the skull. The skull was leveled, and burr holes were made in two using a dental drill (MH170, Foredom Electric

Co.) at the corresponding coordinates to target the left cholinergic basal forebrain (site 1: AP = − 0.2 mm; ML = 2.5 mm; DV =

− 4 mm; site 2: AP = − 0.8 mm; ML = 2.5 mm; DV = − 3.25 mm). Next, AAV-BiCHATe27-ChR2-mCherry was injected in both sites

(1.3E+12–300 nL per injection site at a speed of 12 nL/min). All injections were performed using glass capillaries pulled with a micro-

pipette puller (P-97, Sutter Instrument) and using a motorized programmable injector (Nanoject III, 3-000-207, Drummond Scienti-

fic Co.).

In vitro whole-cell recordings

3-4 weeks after surgery, mice (P76-88) were anesthetized with isoflurane 5% in O2 and Fatal Plus administered intraperitoneally

(18 mg/mL; dosage 0.1 mL/10 g). Following anesthesia, mice were perfused with ice-cold slicing artificial cerebrospinal fluid

(ACSF) containing (in mM): 160 sucrose, 28 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 7.25 glucose, 20 HEPES, 3 Na-pyruvate, 3 Na-ascor-

bate, 7.5 MgCl2, 1 CaCl2. Following perfusion, mice were decapitated, the brain quickly removed and thalamocortical slices (300 μm)

obtained at an angle of 15◦ from horizontal view35 were collected in ice-cold slicing ACSF on a vibrating microtome (Leica Microsys-

tems; VT1200S). Slices were placed in a chamber for 30–35 min at 35◦C in recovery ACSF, containing (in mM): 92 NaCl, 28.5

NaHCO3, 2.5 KCl, 1.2 NaH2PO4, 25 glucose, 20 HEPES, 3 Na-pyruvate, 5 Na-ascorbate, 4 MgCl2, 2 CaCl2. After recovery, slices

were transferred to a chamber with recording ACSF, containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose,

1 MgCl2, 2 CaCl2
24 and maintained for at least 1 h at room temperature. Slices were moved to the recording chamber and maintained

under continuous superfusion with recording ACSF at near-physiological temperature (31◦–33◦C) throughout all recordings. All so-

lutions were continuously bubbled with CO2-O2 (95%–5%). Patch recording pipettes (3–5 MΩ) were obtained from borosilicate glass

capillaries pulled with a micropipette puller (P-97, Sutter Instrument) and filled with current-clamp internal solution containing (in mM):

5 KCl, 127.5 K-gluconate, 10 HEPES, 2 MgCl2, 0.6 EGTA, 2 Mg-ATP, 0.3 Na-GTP, 5 Na2-phosphocreatine, pH 7.3 with KOH.

Whole-cell current clamp recordings were obtained from layer 1 (L1) interneurons in the auditory cortex, identified under IR-DIC.

Excitatory postsynaptic potentials (EPSPs) were obtained in L1 interneurons upon light stimulation to evoke ACh release from cholin-

ergic basal forebrain axons in the auditory cortex. Light-evoked responses to a wide-field 470 nm LED pulse (CoolLED, pE-100; 5 ms,

0.1Hz,∼14 mW/mm2) were recorded in current-clamp configuration in the presence of 20 μM DNQX (Sigma) and 50 μM AP5 (Tocris).

The cholinergic nature of these inputs was confirmed by application of 10 μM Dihydro-β-erythroidine hydrobromide (DhβE, Tocris)

and 10 μM Methyllycaconitine (MLA, Sigma). Data were acquired from cells with initial series resistance below 20 MΩ (60% compen-

sation), collected at a sampling rate of 10 kHz with a Multiclamp 700B amplifier (Molecular Devices), low-pass filtered at 3 kHz and

digitized with a digital-to-analog converter board (National Instruments, NI-USB-6343). Custom-designed MATLAB software was

used for data acquisition and analysis. Experiments were carried out in a motorized upright microscope (Scientifica, SliceScope

Pro 1000) coupled to a CCD camera (Hamamatsu Photonics, Orca Flash 4).

Immunohistochemistry and image acquisition

Mice were anesthetized with isoflurane 5% in O2 and Fatal Plus administered intraperitoneally (18 mg/mL; dosage 0.1 mL/10 g) and

subsequently perfused with 4% PFA in 0.1 M PB. Brains were incubated in PBS with azide overnight. The following day, brains were

washed 3 times in PBS1X and sliced into coronal sections (50 μm) using a vibrating microtome (Leica Microsystems; VT1000S).

Floating slices were maintained in PBS with azide at 4◦C. Slices spanning the A1 region and the cholinergic basal forebrain were

immunostained (primary antibodies: anti-ChAT (Sigma) and anti-mCherry (Kerafast Inc.), both at 1:100; secondary antibodies:

anti-goat-488 and anti-rabbit-647 (Fisher) both at 1:500), treated with 60 nM DAPI and mounted. Images were acquired on a confocal

microscope at or 63X (Leica Microsystems, SP8).

In vivo optogenetic characterization of BiPVe3, BiPVe4, BiSSTe4 and BiLAMP5 enhancers in mice

Mice

All animal handling and maintenance was performed according to the regulations of the Institutional Animal Care and Use Com-

mittee of Albert Einstein College of Medicine (Protocol # 00001393). Both adult male and female C56BL/6 mice above P50 were

used in this study. Animals were kept under a 12h light/dark cycle (lights on 7a.m.) and were maintained under standard

conditions.
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Viral injections

Mouse V1 injections: Mice were anesthetized with isoflurane (5% by volume for induction and between 1 and 2% for maintenance),

placed on a stereotaxic frame, and kept warm with a closed loop heating pad. For pain management, animals were given meloxicam

at 2.5 mg/kg and local lidocaine on the scalp. After a single midline incision of the skin, we minimized brain damage by performing burr

holes, keeping a thin layer of the bone intact where the glass micropipettes could penetrate. Local injection in adult mice were performed

by stereotactically guided injections in the primary visual cortex with the following coordinates − 3.2 mm posterior, +/− 2.7 mm lateral,

0.25/0.50 mm ventral relative to bregma with 500 nL of the following AAVs: BiPVe4-ChR2-mCherry, BiPVe3-Chr2-mCherry, BiSSTe4-

ChR2-mCherry and BiLAPM5e3-ChR2-mCherry. Postoperative monitoring was performed for five days post injection. Injections were

performed using an RWD R-480 Nanoliter Microinjection Pump system at a rate of 2 nL/s through glass micropipettes that were pulled

and then ground to bevel with 40μm diameter with a Narishige diamond wheel. Mice were left to build expression for a minimum of

4 weeks before being recorded. Finally, for electrophysiological recordings, a tungsten ground wire attached to a gold pin was inserted

into the cerebellum and a headpost was added. Everything was cemented onto the skull with Optibond or Super-Bond and dental

cement. Habituation and head restraint animals were briefly habituated to handling for several days prior to surgery. Animals were al-

lowed to recover for 2 days before continuing habituation to handling. After a minimum of a week post injections, animals were gradually

exposed to the head fixation apparatus (https://doi.org/10.25378/janelia.24691311) that consists of a low-friction rodent-driven belt

treadmill. Head fixation times were gradually increased over the course of 1 week until animals were comfortable with multi-hour

head fixation sessions. We ensured that the treadmill was oriented horizontally without slope with appropriately adjusted distance be-

tween the head fixation level and treadmill and that the set up was thoroughly cleaned to minimize odors from other animals.

Electrophysiological recordings in mice

AAV-transduced mice were administered dexamethasone 4 mg/kg 1h prior craniotomy. A∼3mm craniotomy was made over the injec-

tion site (V1). A 64 channel linear silicon probe (H3 probe, Cambridge Neurotech) physically coupled to a tapered optical fiber was slowly

(1μm/s, over∼20 min) inserted into V1. The craniotomy was kept moisturized during the recording by placing a small volume of silicone oil

on the surface of the brain. Between recording days, the craniotomy was protected with Kwik-cast silicone elastomer (World Precision

Instruments). Mice were recorded once per day for 3–4 days. Recordings were split into blocks of spontaneous activity and visually

evoked activity. Blue light was provided by a fiber coupled LED (MF470F4, Thorlabs). Signals to control LED light intensity weregenerated

using custom written MATLAB code and delivered via NI-DAQ card (NI-PCIe-6323) to the LED control box (LEDD1B, Thorlabs). No pho-

toelectric artifacts were detected in our recordings. Data was acquired using an Intan RHD2000 interface board at 20kHz.

Data analysis

We calculate percent inhibited by calculating the difference in mean firing rate 1 s before laser onset and 1 s after laser onset divided

by the sum of the mean firing rates. If the percent inhibited is 100, it represents a complete inhibition of the cells; If 0, the cell is not

inhibited.

Electrophysiological, optogenetic, morphological, and IHC characterization of enhancers in rhesus macaque and

mouse striatum

Surgery and tissue collection in mice

All experiments were conducted in accordance with animal protocols approved by the National Institutes of Health. Tissue was ob-

tained from three 2–4 month old mice (WT, C57BL/6J) injected with 200ul of AAV-BiCHATe27 in the left/right striatum (AP: 0.98 mm,

ML: +/− 1.25 mm, DV: 4.63/3.36 mm) 2 weeks prior to tissue harvest. Mice were anesthetized with isoflurane and the brain dissected

out in ice-cold saline solution containing (in mM): 90 sucrose, 80 NaCl 3.5 KCl, 24 NaHCO3, 1.25 NaH2PO4, 10 glucose, and satu-

rated with 95% O2 and 5% CO2 (osmolarity 310–320 Osm). Coronal slices containing striatum (300 μm) were cut using a VT-1000S

vibratome (Leica Microsystems, Bannockburn, IL) and incubated in the above solution at 35C for recovery (30 min) then kept at room

temperature until use. Slices were transferred to an upright microscope and perfused with heated (30C) extracellular solution con-

taining (in mM): 130 NaCl, 24 NaHCO3, 10 glucose, 3.5 KCl, 1.25 NaH2PO4, and saturated with 95% O2 and 5% CO2 (osmolarity

300 Osm).

Animals (rhesus macaque)

All experiments were performed in accordance with the ILAR Guide for the Care and Use of Laboratory Animals and were conducted

under an Animal Study Protocol approved by the ACUC at the National Institute of Mental Health. All procedures adhered to the appli-

cable Federal and local laws, regulations, and standards, including the Animal Welfare Act and Regulations and Public Health Service

policy (PHS2002). Tissue was obtained from 8 adult rhesus macaques (3 female), aged 5–19.5 years, as part of the NIH Comparative

Brain Physiology Consortium.

Surgery and tissue collection for rhesus macaque

Viral injections targeted the hippocampus, posterior striatum, and motor cortex using stereotaxic coordinates derived from MRI and

delivered using a needle guide for enhanced accuracy.63 Surgeries were performed under aseptic conditions in a fully equipped oper-

ating suite. Within the hippocampus, 10–20 μL of virus was injected at each of 2 locations spaced approximately 2 mm apart in the

antero-posterior plane, caudal to the level of the uncus. Within the posterior striatum and motor cortex, 10 μL of virus was injected at

each of 4–5 locations spaced approximately 2 mm apart.

AAV.PHP.eB-BiSSTe4-ChR2-mCherry and AAV.PHP.eB-BiVIPe4-ChR2-mCherry viruses were injected into the right/left hippo-

campus of one female macaque (age 16.9 years). AAV.PHP.eB-BiCHATe27-dTomato virus was injected into the left posterior
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striatum of two female macaques (ages 7.4, 16.9 years). AAV.PHP.eB-BiSSTe10-dTomato virus was injected into the right hippo-

campus of three male macaques (ages 9.7, 10, 8.7 years). AAV.PHP.eB-BiSSTe4-dTomato virus was injected into the right hippo-

campus of one female macaque (age 15.9 years), while AAV.PHP.eB-BiPVe4-dTomato and AAV.PHP.eB-BiPVe3-dTomato were

injected into the left/right motor cortex of one male macaque (age 5.1 years).

For brain extraction, 5–8 weeks after virus injection, animals were sedated with ketamine/midazolam (ketamine 5–15 mg/kg, mid-

azolam 0.05–0.3 mg/kg) and maintained on isoflurane. A deep level of anesthesia was verified by an absence of response to toe-pinch

and absence of response to corneal reflex. Prior to brain removal and blocking the animals were transcardially perfused with ice-cold

sucrose-substituted artificial cerebrospinal fluid (aCSF) containing in mM: 90 Sucrose, 80 NaCl, 3.5 KCl, 1.25 NaH2PO4, 24 NaHCO3,

10 Glucose, 0.5 CaCl, 4.5 MgCl2 saturated with carbogen (95% O2, 5% CO2), with osmolarity 310–320 Osm.

Characterization of intrinsic membrane and firing properties in mice and macaques

Borosilicate glass pipettes were pulled to 3–5 MOhm resistance and filled with standard internal K-Gluconate solution containing in

mM: 150 K Gluconate, 0.5 EGTA, 3 MgCl2, 10 HEPES, 2 ATP Mg, 0.3 GTP Na2, and 0.3% biocytin (pH corrected to 7.2 with KOH,

285–290 Osm). A Multiclamp 700B amplifier (Molecular Devices) was used for physiology recordings, signals were digitized at 20 kHz

(Digidata 1440A, filtered at 3 kHz). Signals were recorded using pClamp 10.7 (Molecular Devices). Intrinsic membrane and firing prop-

erties were measured in Clampfit software (Molecular Devices).

Intrinsic membrane and firing properties were measured as follows: resting membrane potential (RMP) was measured in cell

attached voltage clamp during depolarizing 100ms voltage ramps from (+100 to − 200 mV) every 5 s or in whole-cell current clamp

when I = 0. Spontaneous action potential frequency (sAP freq.) was measured in cell-attached patch clamp by taking the frequency of

action potentials recorded in a 10-30s sweep. Membrane time constant (tau) was measured by calculating the mean of 20 repeated

400ms hyperpolarizing current pulses of − 20pA and fitting the voltage response with an exponential function. Input resistance (Rin)

was determined by taking the slope of a linear regression of the change in voltage in response to 20 increasing current pulses (2s long

from − 50pA with a 5pA increments). The sag ratio measures the amount of hyperpolarization sag, an indication of hyperpolarization-

activated cationic current (Ih). Sag ratio is determined during 800ms negative current pulses by measuring the maximum hyperpo-

larization voltage deflection (Vpeak) from baseline (Vrest) at the onset of the current pulse, and the steady state voltage deflection

(Vss) in the last 200 ms of the current pulse. Sag ratio is calculated as Vrest – Vss/Vrest – Vpeak during current steps where Vpeak =

− 80mV. Action potential threshold (AP threshold) was measured as the voltage (mV) at which the slope is 10 mV/ms during a depo-

larizing current injection. Action potential half-width (AP Halfwidth) is the length of time (ms) an action potential reaches half of the

maximum voltage amplitude. Maximum firing frequency is the maximum action potential frequency a cell can be driven to within

1s depolarizing current pulses. After-hyperpolarization pulse amplitude (AHP amp.) is measured as the peak hyperpolarization

voltage deflection from AP threshold at the offset of a depolarizing pulse. ISI accommodation ratio (or inter-spike interval accommo-

dation ratio) is the initial divided by the final inter-spike interval (ms) during the maximum firing frequency action potential train. Finally,

half-width accommodation ratio is the half-width measured from the last action potential during the maximum firing frequency train

divided by the half-width from the first action potential. All electrophysiological properties and measurements were taken in Clampfit

analysis software.

Immunohistochemistry in mice and macaques

Following electrophysiological recording and biocytin filling of recorded cells, macaque slices were drop-fixed in 4% paraformalde-

hyde (PFA) for at least 24 h (at 4◦C) prior to transferring to 30% sucrose in 1XPB solution until slices dropped and were re-sectioned at

50 μm using a freezing microtome. Re-sectioned floating slices were washed in 1XPB at room temperature (RT) prior to blocking for

2–4 h at RT in 1XPB +10% donkey serum +0.5% Triton X-100. Slices were then incubated at 4◦C for 16–64 h in a primary solution

containing diluted antibodies and 1XPB +1% donkey serum +0.1% Triton X-100 (carrier solution). Slices were then washed at RT in

carrier solution before incubating for 2 h at RT in secondary solution containing diluted secondary antibodies and carrier solution.

Finally, slices were washed in 1XPB at RT prior to mounting onto gelatin-coated slides in Mowiol. Mouse slices underwent the

same IHC protocol as macaque but replaced 1XPB with 1X PBS. Antibody concentrations were as follows: guinea pig anti-RFP

(1:1000, Synaptic Systems), rabbit anti-somatostatin (1:1000, Abcam), rabbit anti-parvalbumin (1:1000, Abcam), rabbit anti-calretinin

(1:1000, Abcam), mouse anti-parvalbumin (1:1000, Sigma), Rabbit anti-nNos, (Sigma, 1:500) and goat anti-ChAT (1:500, Sigma). Bio-

cytin filled cells were stained with Alexa Fluor 488 Streptavidin (1:500, ThermoFisher) for cell reconstructions. Images were captured

using Zeiss LSM900 confocal or Olympus VS200 Slideview. Cell counts were performed in ImageJ/Fiji.

Characterization of BiVIPe4 enhancer in human tissue

Surgical human tissue was collected from the temporal lobe of two patients (47M and 41F) undergoing temporal lobectomies for ep-

ilepsy resection. The specimen was processed into 300um sections and maintained on ex vivo air-interface culture inserts following

published protocol.64 The rAAV/PHP.eB-BiVIPe4-ChR2-mCherry viral vector was introduced on the day of tissue collection by

directly dropping 5ul viral vector (2E+12 vg/ml) onto the slice and fixed after 6 days of ex vivo culture. Primary antibody used

were chicken anti-GFP 1:500 (AVES Lab), mouse anti-Calretinin 1:500 (Swant), and rat anti-RFP 1:500 (Chromotek), followed by sec-

ondary antibodies goat anti-chicken 488 (1:1000), donkey anti-mouse 488 (1:1000), and donkey anti-rat 594 (1:1000). The tissue was

mounted with ProLong Diamond Antifade Mountant (Thermo Fisher). Imaging was performed on a Leica SP8 confocal.
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