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INTRODUCTION: Recent studies using single-cell
transcriptomic analysis have shed new light
on genetically defined cell types in the human
brain. However, a deeper understanding of multi-
modal cellular properties, such as electrical
activity and morphology, remains elusive and
is central to understanding the role of distinct
cell types in cognitive function and disease.

RATIONALE: Understanding the fundamental
properties of different cell types is important
for gaining insights into their role in neural cir-
cuits, cognition, and disease. This is challeng-
ing for cell types in the human brain because of
the limited availability of tissue, the heteroge-
neity of neurons, and the lack of genetic ap-
proaches to effectively target these spatially
distributed and in some cases, exceedingly rare
types. Rapid viral genetic labeling and patch-
clamp electrophysiology combined with RNA
sequencing (Patch-seq) facilitates the target-
ing of specific cell types in tissue from human
neurosurgeries and thus allows the character-
ization of multimodal properties of neurons in
the human cortex.

RESULTS: Patch-seq sampling facilitated tar-
geted acquisition and analysis of 778 human
neurons in cortical layers 2 to 6, across 44 out of
45 g-aminobutyric acid–producing (GABAergic)
transcriptomic types. Aggregated data from
acute and culture paradigms provide new de-
scriptions and direct comparison of the signa-
ture morphoelectric properties of the canonical
human interneuron subclasses, LAMP5/PAX6,
VIP, SST, and PVALB, and a deeper dive into fea-
tures of select GABAergic transcriptomic types.

Detailed characterization of the SST subclass
revealed specific multimodal properties of in-
dividual transcriptomic types. The SST FRZB
transcriptomic type exhibits gene expression
signatures along a continuum of PVALB and
SST subclasses, but the morphoelectric proper-
ties of this type clearly indicate strong alignment
with the PVALB subclass. For an additional tran-
scriptomic type, SST CALB1, we found multiple
discrete morphological types suggesting that
further splitting may be warranted. Double-
bouquet cells of the human neocortex belong
to two transcriptomic types within the SST
subclass with enrichment in temporal versus

frontal cortex regions. We compared the mor-
phoelectric properties of homologous mouse
and human neocortical GABAergic neuron
types and found that human types are more
excitable and have a larger spatial extent with
less neurite branching.

CONCLUSION: An impactful finding of our study
is the direct demonstration of how multimodal
Patch-seq data is vital to refinement of tran-
scriptomic cell–type taxonomies. Cellular tax-
onomies built on single-cell transcriptomes
and differential gene expression are not static
but rather represent a starting foundation to
build upon as new data modalities are obtained
and aligned at the resolution of transcriptomic
types. We also demonstrate the immense po-
tential and utility of viral genetic labeling and
Patch-seq for targeted analysis of human neo-
cortical GABAergic neuron subclasses and types
in ex vivo brain slices. This work can serve as
a roadmap for future functional studies of hu-
man brain cell types at the resolution of emerg-
ing transcriptomic cell–type taxonomies and
provides a rich open-access dataset for explor-
ing gene-function relationships for a wide
diversity of human neocortical GABAergic neu-
ron types.�
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Patch-seq analysis of human GABAergic
neurons. (A) MRIs are obtained to accu-
rately map the area of resected human
brain tissue. (B) Viral labeling combined
with Patch-seq is used to collect the
multimodal properties of human cortical
GABAergic neurons. Each sample is
mapped to a taxonomy to identify the
transcriptomic type. (C) Representative
GABAergic subclasses, their morphologies,
and action-potential firing patterns.
(D) Transcriptomic type SST FRZB is found
along a continuum of electrophysiological
and morphological features between the SST
and PVALB subclasses. (E) Morphologically
defined double-bouquet cells map to both
SST CALB1 and SST ADGRG6, each dis-
playing a distinct distribution across the
cortical layers. (F) Homology mapping of
PVALB types between mice and humans
reveals morphological and electrophysio-
logical differences, including larger spatial
extent and higher excitability of human
neurons.

Action potential

Current injection

Species di�erences in a 
homologous PVALB type 

SST ADGRG6 SST CALB1

L1
L2

L3

L5

L4

Transcriptomic identity 
of double bouquet cells 

PVALB SSTFRZB

Alignment of SST FRZB neurons 
with PVALB subclass 

L1

L3

L4

L5

L6

LAMP5/PAX6 PVALBSSTVIP

GABAergic subclass mapping

L2

A B C 

D E F 

PVALBSST
VIPLAMP5/

PAX6

Inhibitory neurons
(GABAergic)

Viral labeling and Patch-seq   
multimodal data collection

MRI delineating region 
of neurosurgical 
resected brain tissue

Lee et al., Science 382, 177 (2023) 13 October 2023 1 of 1

D
ow

nloaded from
 https://w

w
w

.science.org at V
rije U

niversiteit A
m

sterdam
 on January 26, 2024

mailto:edl@alleninstitute.org
mailto:jonathant@alleninstitute.org
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adf6484&domain=pdf&date_stamp=2023-10-13


RESEARCH ARTICLE
�

BICCN

Signature morphoelectric properties of diverse
GABAergic interneurons in the human neocortex
Brian R. Lee1†, Rachel Dalley1†, Jeremy A. Miller1, Thomas Chartrand1,2, Jennie Close1,
Rusty Mann1, Alice Mukora1, Lindsay Ng1, Lauren Alfiler1, Katherine Baker1, Darren Bertagnolli1,
Krissy Brouner1, Tamara Casper1, Eva Csajbok3, Nicholas Donadio1, Stan L.W. Driessens4,
Tom Egdorf1, Rachel Enstrom1, Anna A. Galakhova4, Amanda Gary1, Emily Gelfand1, Jeff Goldy1,
Kristen Hadley1, Tim S. Heistek4, Dijon Hill1, Wen-Hsien Hou5, Nelson Johansen1, Nik Jorstad1,
Lisa Kim1,2, Agnes Katalin Kocsis3, Lauren Kruse1, Michael Kunst1, Gabriela León1, Brian Long1,
Matthew Mallory1, Michelle Maxwell1, Medea McGraw1, Delissa McMillen1, Erica J. Melief6,
Gabor Molnar3, Marty T. Mortrud1, Dakota Newman1, Julie Nyhus1, Ximena Opitz-Araya1,
Attila Ozsvár5, Trangthanh Pham1, Alice Pom1, Lydia Potekhina1, Ram Rajanbabu1, Augustin Ruiz1,
Susan M. Sunkin1, Ildikó Szöts3, Naz Taskin1, Bargavi Thyagarajan1, Michael Tieu1, Jessica Trinh1,
Sara Vargas1, David Vumbaco1, Femke Waleboer4, Sarah Walling-Bell1, Natalie Weed1,
Grace Williams1, Julia Wilson1, Shenqin Yao1, Thomas Zhou1, Pál Barzó7, Trygve Bakken1,
Charles Cobbs8, Nick Dee1, Richard G. Ellenbogen9, Luke Esposito1, Manuel Ferreira9,
Nathan W. Gouwens1, Benjamin Grannan9, Ryder P. Gwinn8, Jason S. Hauptman9, Rebecca Hodge1,
Tim Jarsky1, C. Dirk Keene6, Andrew L. Ko9, Anders Rosendal Korshoej10, Boaz P. Levi1,
Kaare Meier10,11, Jeffrey G. Ojemann9, Anoop Patel9, Jacob Ruzevick9, Daniel L. Silbergeld9,
Kimberly Smith1, Jens Christian Sørensen10,12, Jack Waters1,13, Hongkui Zeng1, Jim Berg1,2,
Marco Capogna5, Natalia A. Goriounova4, Brian Kalmbach1,13, Christiaan P.J. de Kock4,
Huib D. Mansvelder4, Staci A. Sorensen1, Gabor Tamas3, Ed S. Lein1,9*, Jonathan T. Ting1,13*

Human cortex transcriptomic studies have revealed a hierarchical organization of g-aminobutyric
acid–producing (GABAergic) neurons from subclasses to a high diversity of more granular types.
Rapid GABAergic neuron viral genetic labeling plus Patch-seq (patch-clamp electrophysiology plus
single-cell RNA sequencing) sampling in human brain slices was used to reliably target and analyze
GABAergic neuron subclasses and individual transcriptomic types. This characterization elucidated
transitions between PVALB and SST subclasses, revealed morphological heterogeneity within an
abundant transcriptomic type, identified multiple spatially distinct types of the primate-specialized
double bouquet cells (DBCs), and shed light on cellular differences between homologous mouse
and human neocortical GABAergic neuron types. These results highlight the importance of multimodal
phenotypic characterization for refinement of emerging transcriptomic cell type taxonomies and for
understanding conserved and specialized cellular properties of human brain cell types.

R
ecent work on the human brain has shed
light on transcriptomic cell type diver-
sity, including the identification of pre-
viously undescribed cell types and finer
distinctions than previously recognized

(1�11). However, a deeper understanding of the
phenotypic properties of transcriptomic types
is necessary to provide mechanistic insights
into their role in cognitive function and disease.
Although it is hypothesized in transcriptomic
type classification that differentially expressed
genes within each transcriptomic type underlie
distinct morphological and functional prop-
erties, direct measurements are lagging well
behind the pace of transcriptomic characteri-
zation. Additionally, there exists unresolved
ambiguity across, and diversity within, tran-
scriptomic types that remain underexplored
for many different brain regions and species.

The Patch-seq method (patch-clamp electro-
physiology plus single-cell RNA sequencing)
provides the most direct means to determine

the fundamental morphoelectric properties of
neuronal transcriptomic types, evaluate dis-
tinctness between types, and explore gene-
function relationships (12�14). Recently, this
approach has been used successfully to char-
acterize the most abundant glutamatergic
pyramidal neuron types in the human supra-
granular cortex (15). This work provided a deep
functional context regarding the expanded di-
versity of human glutamatergic pyramidal
neuron types relative to those of the mouse
supragranular cortex, as well as the elucida-
tion of the transcriptomic identity of human
cortical cell types with selective vulnerability
in disease. Additionally, gradients in gene ex-
pression were largely mirrored by gradients in
other measured morphoelectric features, con-
sistent with other recent Patch-seq studies of
mouse cortical neuron types (16, 17). The Patch-
seq technique has also been used to measure the
multimodal cellular properties of cortical layer 5
extratelencephalic-projecting (L5 ET) neurons

in the human cortex and to apply homology
mapping based on analysis of single-cell tran-
scriptomes for comparing the cellular features
of this subcortically projecting cortical neuron
type across mammalian species (18).

g-aminobutyric acid�producing (GABAergic)
neurons are crucial for modulating and tuning
neuronal circuits (19) and their dysfunction is
at the forefront of a variety of human brain dis-
orders (20�22), yet a comprehensive character-
ization of human cortical GABAergic neuron
types has proven technically far more challeng-
ing. This stands in contrast to decades of im-
pressive advances in the mouse model, where
development and refinement of a multitude of
viral and transgenic targeting and in vivo per-
turbation strategies have facilitated rapid pro-
gress (23). GABAergic neurons in the cortex
historically have been subdivided into four
major subclasses based on the neurochemical
markers they express: parvalbumin (PVALB),
somatostatin (SST), vasoactive intestinal pep-
tide (VIP), and LAMP5/PAX6 [synonymous with
5-hydroxytryptamine receptor 3A (HTR3A)�
expressing, but lacking VIP] (23, 24). Single-
cell transcriptomics studies of the mouse and
human cortex revealed previously unrecog-
nized diversity of neuron types within each of
these four canonical interneuron subclasses
(1, 25, 26). Mouse Patch-seq studies of cortical
GABAergic neurons have shown discrete mor-
phological and electrophysiological proper-
ties between the subclasses, yet a continuum
within each subclass (16, 17).

By comparison, similar studies of the hu-
man cortex have proven challenging owing to
the limited availability of adult human brain
tissue and lack of genetic approaches to effec-
tively target these spatially distributed, and in
some cases, exceedingly rare types. Prior single-
neuron electrophysiology studies of human cor-
tical GABAergic neurons are relatively few and
have relied mainly on firing patterns, such as
fast spiking (FS) versus non-FS, limited marker
genes, or gene panels to achieve approximate
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alignment to subclasses described in rodents
(3, 27�33). The previous lack of a comprehen-
sive human cortical cell�type taxonomy as a
reference for these studies likely hindered ef-
forts at classification, and the degree of conser-
vation between human and mouse neocortical
GABAergic cell�type diversity and marker-gene
expression has only partially been delineated.
Here we combined rapid viral genetic labeling
with Patch-seq in cortical slices derived from
human neurosurgical resections. Mapping of
recorded neurons to transcriptomically defined
types in our human cortical taxonomy facili-
tated a detailed functional annotation of hu-
man neocortical GABAergic subclasses and
select abundant transcriptomic types.

Results

We performed Patch-seq experiments to char-
acterize the electrophysiological, morphological,
and transcriptomic profiles of GABAergic neu-
rons in human neocortical brain slices using a
well-established Patch-seq platform (13�15). To
expand our sampling capability, both tempo-
rally and to facilitate preferential targeting
with viral genetic labeling, we implemented
a human ex vivo brain slice culture paradigm
(34). Brain slices were transduced with an
adeno-associated virus (AAV) vector CN1390
that has been shown to fluorescently label hu-
man cortical GABAergic neurons across all four
canonical GABAergic subclasses (35), which
enabled direct visualization and targeting for
Patch-seq experiments (Fig. 1A) (2, 35).

We obtained human samples from neuro-
surgically resected neocortical tissues and
processed them with standardized protocols
across three experimental sites in the U.S., the
Netherlands, and Hungary (14, 15, 18, 36);
most samples originated from the temporal
and frontal lobes (data S1). Human Patch-seq
neurons were mapped to a middle temporal
gyrus (MTG) single-nucleus transcriptomics-
based reference taxonomy (1) and assigned to
a transcriptomic subclass and type by using a
�tree-mapping� classifier (materials and meth-
ods) (16).

Morphological, electrophysiological, and
transcriptomic features in the
slice culture paradigm

With the use of Patch-seq recordings, we exam-
ined the acute and culture brain slice para-
digms with three different data modalities:
transcriptome, morphology, and electrophys-
iology. Patch-seq neurons from culture prep-
arations recorded at 2 to 16 days in culture
(DIC) had significantly (P < 0.0001) higher
genes detected as compared with the acute par-
adigm (Fig. 1B). This elevation was prevalent
and remained consistent across all days sam-
pled in culture (fig. S1A). Recent work has
shown that Patch-seq samples may exhibit ele-
vated microglial marker genes (37); therefore,

we sought to determine if the increased number
of genes observed in the culture paradigm was
specific to microglial markers. We performed
standard Seurat V4 clustering on Patch-seq neu-
rons from the culture paradigm (38). These neu-
rons clustered into two domains, with or without
microglial gene expression signatures, indicating
that more variation was explained by microglial-
than by cell type�associated genes (fig. S1B). This
microglial signature (data S2) was also observed
in a subset of neurons collected with the acute
paradigm, although the effect was less pro-
nounced (fig. S1, B and C). Microglial gene sig-
natures did not impact the ability to accurately
map transcriptomic types, as neurons of the
same subclass defined from tree mapping co-
localized when visualizing the transcriptome
through a uniform manifold approximation
projection (UMAP) (39), either when integrat-
ing by paradigm and microglial signature (fig.
S1D) or when restricting the analysis only to
marker genes (fig. S1E). Upon examination of
key differentially expressed genes responsible
for GABAergic subclass discrimination, aver-
age gene expression was strongly correlated
(P < 0.0001), demonstrating alignment between
acute and culture paradigms (Fig. 1C). Collect-
ively, when examining the normalized marker
sum (NMS) score, a method to quantify the
expression of mapping-related marker genes
(14, 40), we found no difference between the
acute and culture paradigms (Fig. 1D). These
results suggest that the key markers used to
map cell types are not perturbed in the culture
paradigm or in the presence of microglial sig-
natures, thereby allowing accurate mapping of
transcriptomic types.

To further examine differences between Patch-
seq in acute and cultured slices, we performed
an in-depth investigation into the most abun-
dant type, L2-4 PVALB WFDC2 (hereafter called
PVALB WFDC2). For this transcriptomic type,
the acute and culture datasets exhibited overlap
in transcriptomic UMAP space (Fig. 1E). We also
evaluated 50 morphological features of cortical
depth�matched PVALB WFDC2 neurons (Fig.
1F) from culture (n = 9) and acute paradigms
(n = 10) and didn�t find any difference among
the two conditions (fig. S2A). Additionally, di-
mensionality reduction of the morphological
features showed that PVALB WFDC2 neurons
from the culture and acute paradigms occu-
pied similar space in the PVALB-rich portion of
morphological UMAP, demonstrating consist-
ency in the morphometric features between
the two paradigms (Fig. 1H).

Analysis of electrophysiological responses
from PVALB WFDC2 neurons revealed that
43 of 84 features differed across the two par-
adigms (fig. S2B). Overlaid voltage traces of a
single action potential (AP) and response to
hyperpolarizing current are shown in Fig. 1, J
and K, respectively. AP width and sag are two
of the key features that were different between

the two groups (Fig. 1L); however, multiple
other cardinal intrinsic membrane properties,
such as interspike interval or input resistance,
were not. When projecting all 84 electrophys-
iological features through the UMAP, PVALB
WFDC2 neurons from both paradigms occu-
pied a similar space (Fig. 1I). The features that
were different between the two paradigms
were observed at the earliest time point (2 DIC)
and did not change with additional days in cul-
ture (fig. S2C). With the increase in gene ex-
pression and differences in electrophysiological
features in the culture paradigm, we sought to
determine if the genes responsible for physio-
logy were preserved or altered. We examined
114 voltage-gated ion-channel genes and found
only seven that were different in culture ver-
sus acute paradigm (fig S2D).

Comparison of features across human
GABAergic subclasses

To achieve a more comprehensive multimodal
analysis, we combined the data from acute
and culture paradigms and characterized the
transcriptomic, intrinsic physiological, and/or
morphological properties of 778 neurons from
the four canonical GABAergic subclasses in hu-
man cortex. We described neurons in cortical
layers 2 to 6 (L2-6) across 44 transcriptomic
types (fig. S3). When visualized in Seurat-aligned
transcriptomic space through UMAP, the Patch-
seq dataset overlapped with single-nucleus RNA
sequencing (snRNA-seq) human MTG dataset
(1), demonstrating the feasibility, consistency,
and accuracy of mapping quality (Fig. 2A).
PVALB, SST, VIP, and LAMP5/PAX6 interneu-
rons were separable when visualized by elec-
trophysiological (Fig. 2B) and morphological
(Fig. 2C) features in UMAP space, with PVALB
neurons occupying the most distinct subre-
gions in both UMAPs. Proximity in the UMAPs
suggest that quantitative features from all three
modalities can be used to distinguish GABAergic
subclasses.

Dendrites and axons of a subset of neurons
(n = 140) with sufficient labeling were imaged
at high resolution and digitally reconstructed
(Fig. 2D and fig. S4). Neurons from the LAMP5/
PAX6 subclass were dominated by classic neu-
rogliaform morphologies, and although found
in all cortical layers, here we report predom-
inately on neurons in L2 and L3 [see (36) for
an in-depth L1 investigation]. LAMP5/PAX6
neurons were distinguished by their stellate
dendrites, numerous primary dendrites, and
extensive axon branching. They also had the
shortest soma�to�branch tip Euclidean dis-
tance for both axon and dendrite (Fig. 2E). The
morphological dataset for the VIP subclass,
also dominated by neurons in L2 and L3, dis-
played more diverse morphologies, many with
bipolar dendrites and descending axon, with
either a wide or narrow profile. To improve
sampling of the VIP subclass, we additionally
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