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Four Unique Interneuron Populations Reside in Neocortical
Layer 1
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Sensory perception depends on neocortical computations that contextually adjust sensory signals in different internal and environmental contexts. Neocortical layer 1 (L1) is the main target of cortical and subcortical inputs that provide “top-down” information for
context-dependent sensory processing. Although L1 is devoid of excitatory cells, it contains the distal “tuft” dendrites of pyramidal cells
(PCs) located in deeper layers. L1 also contains a poorly characterized population of GABAergic interneurons (INs), which regulate the
impact that different top-down inputs have on PCs. A poor comprehension of L1 IN subtypes and how they affect PC activity has
hampered our understanding of the mechanisms that underlie contextual modulation of sensory processing. We used novel genetic
strategies in male and female mice combined with electrophysiological and morphological methods to help resolve differences that were
unclear when using only electrophysiological and/or morphological approaches. We discovered that L1 contains four distinct populations of INs, each with a unique molecular profile, morphology, and electrophysiology, including a previously overlooked IN population
(named here “canopy cells”) representing 40% of L1 INs. In contrast to what is observed in other layers, most L1 neurons appear to be
unique to the layer, highlighting the specialized character of the signal processing that takes place in L1. This new understanding of INs
in L1, as well as the application of genetic methods based on the markers described here, will enable investigation of the cellular and
circuit mechanisms of top-down processing in L1 with unprecedented detail.
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Significance Statement
Neocortical layer 1 (L1) is the main target of corticocortical and subcortical projections that mediate top-down or contextdependent sensory perception. However, this unique layer is often referred to as “enigmatic” because its neuronal composition
has been difficult to determine. Using a combination of genetic, electrophysiological, and morphological approaches that helped
to resolve differences that were unclear when using a single approach, we were able to decipher the neuronal composition of L1. We
identified markers that distinguish L1 neurons and found that the layer contains four populations of GABAergic interneurons,
each with unique molecular profiles, morphologies, and electrophysiological properties. These findings provide a new framework
for studying the circuit mechanisms underlying the processing of top-down inputs in neocortical L1.

Introduction
Neocortical layer 1 (L1), the most superficial layer of the cerebral
cortex, is the main target of top-down information conveyed by
extensive projections from cortical and subcortical structures. This
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cortical layer is thought to mediate the integration of contextual and
cross-modal information with incoming information specific to a
given area, enabling flexible and state-dependent processing of feedforward sensory input arriving deeper in the cortical column
(Cauller, 1995; Gilbert and Li, 2013; Larkum, 2013; Garcia-Munoz
and Arbuthnott, 2015; D’Souza and Burkhalter, 2017).
An outstanding anatomical feature of L1 is its high density of
horizontal fibers (Vogt, 1991), a feature described by Cajal more
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Table 1. Interneurons of L1 in juvenile and adult rat and mouse
Reference a
Classification based on electrophysiological and morphological criteria
A

Cell types
(1) NGFCs: Horizontally extended axons confined to L1; ADP; non-adapting firing pattern; fast large AHP b
(2) Cells with descending axons: smaller, slower AHP; broader spikes; less ADP; stronger adaptation
(3) Other: 30% of L1 INs; multipolar

B

(1) NGFCs: 72/266 L1 cells; axons largely confined to L1; non-adapting firing pattern; large AHP
(2) Classical-accommodating cells (c-AC): 137/266 of L1 cells; adapting spike trains; 62% with axonal arbor confined
to L1; 38% with branches descending to deeper layers
(3) In L1/2 border, fast-spiking interneurons, mostly chandelier cells: 24/266
(4) Strongly adapting bursting cells: 19/266 cells

C, D, E

(1) NGFCs: LS; non-adapting spike trains; dense elongated axonal arbor confined to L1
(2) Single bouquet cells: adapting spike trains; cells with descending axons

F

(1) NGFCs: two types with dense and sparse axon arbor; not LS; classical non-accommodating (cNAC)
(2) Horizontal cells: descending axon collateral; cNAC firing
(3) Small axon cells with variable firing patterns
(4) Large axon cells with variable firing patterns

Classification based mainly on morphological criteria
G

(1) Cells with axon confined to L1: 50%
(2) Cells with collaterals in deeper layers: 12%; in lower half of L1
(3) Vertical L1 cells: 11%; somas in upper L1; axon mostly in L1
(4) Horizontal bipolar L1 cells: 13%
(5) Other: 17%

H

(1) Local horizontal arbor cells: NGFCs; horizontally extended axons largely confined to L1
(2) Wide arbor cells: descending axon collaterals to deeper layers; LS was observed in L1 cells but did not correlate
well with the two morphological subtypes

I

(1) Cells with axons confined to L1
(2) Cells with axon collaterals leaving L1; no electrophysiological differences were observed

Classification based mainly on electrophysiological criteria
J

K

(1) LS (LS1 and LS2): 5HT3aR non-VIP; elongated, mostly local axonal arborization
(2) “Bursting nonadapting” (bNA1 and bNA2): cells with local axons and cells with axons descending to deeper layers
(3) Irregular spiking: VIP cells with axons descending to deeper layers
(4) Fast adapting (fAD): VIP cells with axons descending to deeper layers
(1) LS: non-adapting trains; large AHP
(2) Non-LS: in lower L1; smaller AHP; adapting trains; larger/slower voltage sag than LS cells
(3) Other

a

A: Hestrin and Armstrong, 1996; B: Wozny and Williams, 2011; C: Jiang et al., 2013; D: Jiang et al., 2015; E: Zhu and Zhu, 2004; F: Muralidhar et al., 2014; G: Zhou and Hablitz, 1996b; H: Kubota et al., 2011; I: Christophe et al., 2002; J: Lee
et al., 2010; K: Cruikshank et al., 2012.
b
LS was not evaluated in this study. A later study from this group (Chu et al., 2003) showed that LS L1 INs had NGFC morphology.

than 100 years ago (Ramon and Cajal, 1995). These fibers represent axons from a variety of sources and include corticocortical
axons, axons from higher-order thalamic nuclei, and axons from
subcortical neuromodulatory populations such as cholinergic
neurons in the basal forebrain, the projections of which are enriched in L1 (Mechawar et al., 2000; Binzegger et al., 2004; RubioGarrido et al., 2009; Sherman and Guillery, 2011; Roth et al.,
2016; D’Souza and Burkhalter, 2017). L1 is the only cortical layer
that lacks excitatory cells; however, it contains the apical “tuft”
dendrites of supragranular and infragranular pyramidal cells
(PCs), the output neurons of the cortex. These dendrites are
targets of the varied long-range projections arriving in L1 and
mediate the integration of contextual information provided
by these projections with feedforward sensory input arriving
at the basal dendrites of the PCs (Cauller, 1995; Gilbert and Li,
2013; Larkum, 2013; Garcia-Munoz and Arbuthnott, 2015;
D’Souza and Burkhalter, 2017).
L1 also contains the axons of Martinotti cells, a prominent
subtype of GABAergic interneurons (INs), in supragranular and
infragranular layers that expresses the neuropeptide somatostatin (SST). Martinotti cells innervate the tuft dendrites of PCs,
gating the access of incoming information in L1 onto these dendrites (Wang et al., 2004; Murayama et al., 2009; Larkum, 2013;

Tremblay et al., 2016). The activity of SST INs changes with behavioral states (Gentet et al., 2012; Lee et al., 2013; Muñoz et al.,
2017), thereby regulating the impact of long-range axons on PCs
in a behavioral-state-dependent fashion. Last, L1 contains a resident population of GABAergic interneurons (L1 INs), the composition and properties of which have not been well characterized
to date (see Fig. 1A).
By gating the flow of information in L1, these INs control the
strength and timing of long-range inputs onto PC apical dendrites. Without IN processing, the diversity of modulations of PC
activity that distinct top-down inputs could produce would be
much more limited. Although the precise composition of L1 INs
has been difficult to establish (Table 1), there is evidence that they
are direct targets of L1 projections and are important for processing long-range inputs (Letzkus et al., 2011; Cruikshank et al.,
2012; Palmer et al., 2012; Ibrahim et al., 2016). However, without
knowing the identity of L1 INs and lacking the tools to manipulate them, it has been difficult to study the mechanisms by which
they mediate the impact of contextual input on PC activity. The
mechanisms by which inputs to L1 affect the function of the
cortical network must be different from those in other layers
given the lack of excitatory neurons and are poorly understood.
As a result, L1 is often referred to as “enigmatic” or a “crowning
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mystery” (Hubel, 1982; Marín-Padilla, 1992; Zhou and Hablitz,
1996a; Gilbert and Sigman, 2007; Palmer et al., 2012).
Previous studies of L1 INs agree that an important component
of this population is neurogliaform cells (NGFCs), INs that mediate long-lasting GABAA and GABAB inhibition of PCs and have
a late-spiking (LS) firing pattern when depolarized to near
threshold membrane potentials (Chu et al., 2003; Tamás et al.,
2003; Overstreet-Wadiche and McBain, 2015; Tremblay et al.,
2016). However, whereas most studies agree that there is one or
more additional IN subtypes, there is no agreement on the identity of these cells nor on their morphological or functional properties. Furthermore, several studies have included a substantial
proportion of unclassified cells (Table 1).
The use of genetic methods to access IN groups based on
specific molecular markers is largely responsible for advances in
understanding IN diversity in other cortical layers during the last
10 years (for review, see Tremblay et al., 2016). These IN subtypespecific markers have facilitated distinguishing the electrophysiological and morphological properties of specific cell types from
the variability within a group. We have pursued a similar strategy
to decipher the IN diversity of L1. We identified markers that
distinguish L1 INs and found that L1 contains four IN populations, each with unique molecular profiles, morphologies, and
electrophysiological properties. These findings provide a new
framework for studying the circuit mechanisms underlying the
processing of top-down inputs in neocortical L1.

Materials and Methods
Animals. All mice were maintained in accordance with protocols approved by the Institutional Animal Care and Use Committee at the NYU
School of Medicine. Mouse strains used in this study are as follows:
neuropeptide Y (NPY)-hrGFP [Jax stock #006417; van den Pol et al.,
2009), GAD67-GFP (Riken BRC stock #RBRC03674; Tamamaki et al.,
2003), vasoactive intestinal peptide (VIP)-EGFP (MMRRC stock
#031009-UCD; The Gene Expression Nervous System Atlas (GENSAT)
Project, NINDS Contract # N01NS02331 to The Rockefeller University,
VIP-ires-Cre (Jax stock #010908; Taniguchi et al., 2011), CCK-ires-Cre
(Jax stock #012706; Taniguchi et al., 2011), Rosa26LSL-tdTomato (Ai9;
Madisen et al., 2010), Rosa26FSF-LSL-tdTomato (Ai65(RCFL-tdT)-D;
Madisen et al., 2015), and Rosa26FSF-tdTomato (Ai65F)]. The
neuron-derived neurotrophic factor (NDNF)-ires-Cre and Htr3aires-Flpo driver lines were generated by the Molecular and Transgenic
(P01NS074972) and Rodent Genetic Engineering Cores at the NYU
School of Medicine, following a similar workflow as outlined previously
(Taniguchi et al., 2011). Briefly, embryonic stem (ES) cells (B4; C57BL/6)
were electroporated with vectors targeting ires-Cre-bGHpA (NDNF) or
ires-Flpo-bGHpA (Htr3a) cassettes for insertion into the 3⬘-UTR immediately following the stop codon. Properly targeted ES cell clones were
selected by long range PCR screening (Phusion; Thermo Fisher Scientific) in combination with restriction mapping and then used to generate
embryos by tetraploid complementation (Eakin and Hadjantonakis,
2006). Founder mice were bred to Flp (for NDNF-ires-Cre: ROSA26::
Flpe; Jax stock #009086) or Cre (for Htr3a-ires-Flpo: CMV-Cre; Jax stock
#006054) deleter lines to remove the respective neo cassettes before the
establishment of homozygous breeder colonies. The NDNF-ires-Cre allele was genotyped by PCR on tail genomic DNA using the following
primers: 5⬘-GCTGGAAGATGGCGATTGAAG-3⬘ (corresponds to CrepA sequence) and 5⬘-CAATGGTCAAAGCAAGGGGT-3⬘ (corresponds
to NDNF 3⬘-UTR sequence); PCR product size: 1112 bp. The Htr3a-iresFlpo allele was genotyped using the following primers: 5⬘-GGTGGGCTC
TATGGCTTCTG-3⬘ (corresponds to bGH pA-residual vector sequence)
and 5⬘-CACAGGTGAGCTGAAGAGGG-3⬘ (corresponds to Htr3a 3⬘
UTR sequence); PCR product size: 507 bp. Both lines have been submitted to Jackson Laboratories for wider distribution.
Our approach to labeling NDNF cells differs from that described in
Tasic et al. (2016) in several key respects. In that study, the investigators
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developed an NDNF-ires-dgCre line (Jax stock #028536) in which a destabilized cre/EGFP fusion gene was inserted into the 3⬘-UTR of the
NDNF gene immediately downstream of the stop codon. Although this
fusion protein was designed to be stabilized upon administration of trimethoprim (TMP), the investigators reported that there was no difference in labeling in the presence or absence of TMP. They labeled NDNF
cells by crossing the NDNF-dgCre driver with a cre-dependent reporter
line (e.g., Ai14) and reported that the resulting cumulative recombination pattern was generally consistent with the endogenous NDNF expression pattern. In contrast, our NDNF-ires-Cre line (not destabilized)
produced very broad cumulative recombination patterns when paired
with Ai14, likely as a result of widespread low-level expression of NDNF
during development, so we opted for the viral labeling strategy described
below to achieve specific labeling of adult NDNF-expressing cells.
Slice preparation. Adult transgenic mice of either gender [postnatal day
21 (P21) to P53; mean age ⫾ SEM ⫽ P30.3 ⫾ 0.3] were killed using
pentobarbital sodium and phenytoin sodium. Once unresponsive, mice
were perfused with ice-cold sucrose-ACSF containing the following (in
mM): 87 NaCl, 75 sucrose, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 10
glucose, 1.0 CaCl2, 2.0 MgCl2, 0 or 2.0 Na-pyruvate, and 0 or 0.4 Naascorbate saturated with 95% O2/5% CO2. The mice were then decapitated and the brains extracted. The brain was glued to a stage, placed into
a chamber filled with bubbled ice-cold sucrose ACSF, and sliced into 300
m-thick coronal sections using a Leica VT1200S vibratome. The slices
were incubated at 35°C for 30 min in ACSF containing the following (in
mM): 125 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, 2.0
CaCl2, and 1.0 MgCl2. Slices were then stored in ACSF for at least 30 min
at room temperature before recording.
Electrophysiology recordings. During recording sessions, slices were
held in a chamber atop an air table and visualized using an upright
microscope (Olympus BX51WI) either via infrared differential interference contrast or fluorescence illumination. Slices were perfused with
ACSF saturated with 95% O2/5% CO2 during all recordings and the
recording chamber bath was kept at 29 –32°C. For some experiments, the
bath solution contained the NMDA receptor blocker D-AP5 (25 M;
Abcam), the AMPA receptor blocker CNQX (10 M; Tocris Bioscience),
the GABAA receptor blocker GABAzine (10 M; Abcam), and/or the
GABAB receptor blocker CGP-35348 (60 M; Tocris Bioscience).
All cells were recorded in the barrel field of the primary somatosensory
cortex. The boundary between L1 and L2 was visualized using infrared
differential interference contrast as the sharp increase in soma density
100 –150 m from the pia. The molecular identity of L1 interneurons was
visualized using fluorescence illumination for GFP or tdTomato (see
section on transgenic mice). All recordings were performed in currentclamp conditions using the whole-cell configuration in brain slices and
the liquid junction potential was not corrected. Pipettes with resistances
of 2– 6 M⍀ were made (Sutter Instrument) using borosilicate glass and
were filled with potassium gluconate intracellular solution containing
the following (in mM): 130 K-gluconate, 10 KCl, 10 HEPES, 0.2 EGTA, 4
Mg-ATP, and 0.3 Na-GTP, and typically 0.3– 0.5% biocytin, adjusted to
a pH of 7.3 with KOH. Before gaining whole-cell access, a gigaseal was
obtained and the pipette capacitance was compensated. Access resistances were monitored throughout recordings and were completely
compensated. The intrinsic properties of cells with access resistances
⬎35 M⍀ were not analyzed. All data were collected using a Multiclamp
700B amplifier (Molecular Devices), a Digidata 1322A digitizer (Molecular Devices), and Clampex version 10.3 software (Molecular Devices);
data were sampled at 20 kHz and low-pass filtered at 10 kHz. In paired
recordings, the somas of patched cells were ⬍100 m from each other.
Electrophysiology analysis. All intrinsic properties were measured in
current-clamp conditions and calculated from 1-s-long current injections unless noted otherwise. The resting membrane potential (in millivolts) was measured with 0 pA current injection soon after gaining
whole-cell access; all other properties were measured at a holding potential of ⬃⫺70 mV. The input resistance (in megaohms) was calculated
using Ohm’s law from averaged traces of 150 ms long negative current
injections of typically ⫺20 pA. The amplitude of voltage sags (%)
were measured using hyperpolarizations to ⫺100 mV and calculated as
100 ⫻ (Vsag minimum ⫺ Vsteady-state)/(Vsag minimum ⫺ Vholding). The time to
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voltage sag minimum (in milliseconds) was calculated as the time from
negative current injection onset to sag minimum. The depolarizing
hump amplitude (in millivolts) was calculated as the difference in potential between the threshold of the first spike observed using small increments of positive current injections (1–10 pA) and the potential 300 ms
after the start of the current injection. LS cells have a delayed spike, so the
depolarizing hump analysis for these cells was calculated as the difference
in the maximum potential in the first 300 ms and the potential at 300 ms
after the start of the current injection. The action potential (AP) threshold was calculated as the potential when the change in voltage over time
was 20 mV/ms using the first observed spike and small increments of
positive current injection (1–20 pA). 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 difference in time between the ascending and descending phases of a
spike at the voltage midpoint between spike peak and spike threshold.
The maximum spike slope (in millivolts/millisecond) was calculated
as the maximum change in potential over time for the first observed
spike. The adaption index was calculated as the ratio of the number of
spikes in the last 500 ms over the number of spikes in the first 500 ms of
a positive current injection that elicited ⬃20 –30 Hz firing. The time to
first spike (in milliseconds) was calculated as the difference in time between
the peak of the first AP and the start of the positive current injection. The
afterdepolarization amplitude (ADP, in millivolts) was calculated as
the difference in potential from the ADP peak to the afterhyperpolarization (AHP) minimum after the first spike; if there was no local ADP
maximum, then ADP amplitude was calculated as the difference in potential 3 ms after the AHP from the AHP minimum. A single spike for
some VIP cells could not be isolated, so the last spike in a burst near
rheobase was used.
Synaptic strengths and probability of connection were analyzed using
paired recordings in slice between either two L1 interneurons or a L1
interneuron and a L2 pyramidal cell. All cells were recorded in current
clamp using K-gluconate intracellular solution (see above). IPSPs were
recorded at a holding potential of ⬃-55 mV; firing patterns were recorded at holding potentials of ⬃-70 mV using 10 –25 pA current injection steps. L1 interneurons were identified by their molecular markers
and firing patterns as described above; L2 pyramidal cells were identified
by their large soma and the firing patterns elicited by 1 s current injection
steps of 25–100 pA. IPSP strengths were measured using the average of
15– 80 trials and calculated as the difference in potential from baseline to
IPSP peak. In each 20 s trial, a single spike was generated by a 1 ms current
injection in the L1 IN. When testing the connectivity between NDNF
cells (NGFCs and canopy cells), a spike was generated in one L1 IN and
then in the second L1 IN 3.2 s later; therefore, the connectivity in both
directions could be tested within every trial. In experiments to determine
the GABAB-receptor mediated component of IPSPs, the paired recording
protocol was repeated after CGP-35348 (60 M) was washed into the
bath solution for 5 min.
Morphological analysis. Recorded cells were labeled using an intracellular solution containing 0.3– 0.5% biocytin; in some cases, cells were
labeled juxtacellularly using HEPES-buffered ACSF containing the following (in mM): 150 NaCl, 2.5 KCl, 1.25 NaH2PO4, 10 HEPES, 2 CaCl2,
and 1.0 MgSO4, adjusted to pH 7.2 with NaOH and ⬃3% biocytin. After
labeling, slices were moved to cold 4% PFA for 3–12 h and then stored in
30% sucrose with 0.1 M PB. Slices were thoroughly washed with 0.1 M PB
and then moved to CUBIC #1 tissue clearing solution (Susaki et al., 2014,
2015) for 2 d. After washing again, slices were treated with a 1:500 dilution of streptavidin conjugated to a fluorophore and 0.1 M PB. After
another round of washing, slices were treated with CUBIC #2 solution for
⬎15 min and mounted on glass slides in CUBIC #2 solution (24/30
reconstructions came from slices that were CUBIC treated; 6/30 were not
treated with either CUBIC solution and were instead mounted in
Vectashield medium with DAPI (Vector Laboratories). Because
␣-bungarotoxin (␣-btx) staining requires resectioning recorded slices
into 20-m-thick sections, cells could either be used for reconstructions
or ␣-btx staining, but not both. Cell morphologies were imaged using a
confocal microscope (Zeiss) and a 63⫻ oil-immersion objective; the molecular identity was also confirmed via confocal microscopy. The mor-
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phology of recorded cells was reconstructed using Neurolucida. Putative
boutons were identified as swellings along the axon of well labeled cells
and bound to reconstructed axon; the lengths of all reconstructed axonal
segments are known and could be used to calculate the average interbouton interval. Axonal density was calculated using Amira software
(Thermo Fisher Scientific) and custom-written MATLAB software (The
MathWorks). Axons were binned into cubes (25 m ⫻ 25 m ⫻ 25 m)
and the total length of axon within each cube was counted. Then the
density of axon in cubes was added vertically to produce the horizontal
distribution of axonal density (in square micrometers); the average of
these values for NGFCs and canopy cells was then plotted with SEM.
Histology. Immunofluorescence and FISH were performed essentially
as described previously (Lee et al., 2010). In brief, brain tissue was dissected from experimental animals following transcardial perfusion with
4% paraformaldehyde/PBS, with overnight postperfusion fixation in the
same solution (except for immunofluorescence using the anti-VIP antibody, for which no postperfusion fixation was performed due to fixation
sensitivity), after which brains were equilibrated in 30% sucrose/PBS
before being frozen in blocks of embedding medium (optimal cutting
temperature compound; Tissue-Tek) on crushed dry ice. Coronal brain
tissue sections (20 m) were prepared using a cryostat (Leica CM3050S),
collected on slides (Colorfrost Plus; Thermo Fisher Scientific), and dried
overnight at room temperature before storage at ⫺80°C. DNA templates
to generate digoxigenin or fluorescein-labeled antisense in situ hybridization probes for GAD67, NDNF, VIP, and Chrna7 were prepared by
PCR using the respective probe sequences described by the Allen Brain
Institute (http://mouse.brain-map.org), with a T7 promoter containing
sequence (5⬘-TCACATTAATACGACTCACTATAGG-3⬘) added to the
3⬘ (reverse) primer. The rabbit anti-VIP antibody (Immunostar 20077)
was used. Fluorescent labeling of ␣7-nicotinic acetylcholine receptors
(␣7-nAChRs) was performed by incubating tissue sections in Alexa Fluor
647 conjugated ␣-btx (Thermo Fisher Scientific; B35450, diluted to 1
g/ml in PBS) for 1 h at room temperature following overnight permeabilization and blocking in PBS/0.1% Triton X-100/1% normal donkey
serum. Fluorescent images were acquired using a Zeiss AxioImager.A1
microscope using MetaMorph software or by confocal microscopy, with
channel levels and contrast adjustments performed in Adobe Photoshop.
For GABA staining, mice were first transcardially perfused with icecold PBS and then with 4% PFA in 0.1 M PB. After 1 h of postfixation in
the same fixative solution, the brain was stored in PBS at 4°C. Coronal
brain sections 70 m thick were made in cold PBS using a vibratome
(Leica); slices were then immunostained or stored in PBS with 0.05%
sodium azide, sealed with Parafilm, and kept at 4°C. When ready for
immunostaining, sections were washed with PBS and then treated with
1% Triton X-100 in PBS (PBT) for 1 h at room temperature. Sections
were treated with a blocking solution (10% normal goat serum, 1% bovine serum albumin, 0.2% gelatin, 0.5% Triton X-100, dissolved in PBS)
for 1 h at room temperature and then incubated with a 1:500 solution of
rabbit anti-GABA antibodies (Sigma-Aldrich A2052) in blocking solution for 2 d at 4°C. Sections were then washed with 0.2% PBT for at least
1.5 h before being treated with goat anti-rabbit IgG conjugated to Alexa
Fluor 488 (Life Technologies A11008; diluted 1:1000 in blocking solution) overnight at 4°C. Sections were again washed with 0.2% PBT for
⬃15 min and then PBS for ⬃15 min before being mounted on glass slides
and imaged at 20⫻ with confocal microscopy.
For some histology experiments, no immunostaining was necessary.
In these instances, mice were perfused with ice-cold PBS and then 4%
PFA; brains were extracted and stored overnight in 4% PFA at 4°C and
then kept in PBS at 4°C until sectioning. Sections (50 –90 m thick) were
made in cold-PBS or PB and then dried and mounted in Vectashield
medium with or without DAPI (Vector Laboratories). For cell counting,
sections were prepared in this manner or in a similar manner to sections
used for electrophysiology recordings (see above) and then mounted on
glass slides, imaged at 20⫻ with confocal microscopy, and uploaded to
Neurolucida. Labeled cell bodies were marked according to their identity
and the proportions of overlapping markers were calculated.
Viral injections. Mice were anesthetized with 2% isoflurane (Isothesia;
Henry Schein Animal Health) vaporized in pure oxygen (air flow of 1.0
L/min). Once unresponsive, the mice were head fixed in a stereotactic

Schuman, Machold et al. • Four Unique Interneuron Populations in Neocortical Layer 1

J. Neurosci., January 2, 2019 • 39(1):125–139 • 129

of INs with cell bodies in L1 (L1 INs). In
addition, the dendrites of several L2/3 IN
subtypes (including L2/3 VIP cells and L2
chandelier cells) have a considerable portion of their dendritic arborization in L1
(Woodruff et al., 2009, 2011; Taniguchi et
al., 2013; Miyamae et al., 2017), where
they can receive long-range inputs (Fig.
1A). The goal of this study was to elucidate
the diversity of L1 INs.
We first sought to find molecular
markers that could help to determine the
diversity of L1 neurons. INs expressing
SST or the Ca 2⫹-binding protein parvalbumin (PV), two prominent IN groups in
L2–L6, are rarely seen in L1 (Lee et al.,
2010; Tremblay et al., 2016). Essentially,
all L1 INs belong to a third group of neocortical INs characterized by the expression of GFP in a mouse line expressing this
reporter under control of the promoter
for the ionotropic serotonin receptor
5HT3a (Lee et al., 2010). Located in all
cortical layers, 5HT3aR INs consist of two
subgroups based on whether they express
the neuropeptide VIP (Lee et al., 2010;
Rudy et al., 2011; Tremblay et al., 2016).
VIP INs are the major population of L2/3
INs, accounting for 35% of the INs in
these layers (Tremblay et al., 2016), but
are infrequent in L1 (Lee et al., 2010).
Therefore, most L1 INs are non-VIP
5HT3aR cells, a heterogeneous interneuFigure 1. Enrichment of LS L1 labeled INs in NPY-hrGFP mice. A, Schematic of the circuit components of L1. Cell bodies are
shown in black, axons in red, and dendrites in blue. Red arrow on the right shows long-range inputs arriving at L1. B1, Recording ron population with a poorly characterof a L1 LS NPY IN (green) in response to hyperpolarizing, just subthreshold, near-threshold, and suprathreshold current injections ized diversity (Lee et al., 2010).
To find markers that could help the
(current steps are shown in black at the bottom). Note the long delay to first spike during the threshold depolarization. This delay
is absent in non-LS cells, which have onset spike(s) at threshold. Scale bars, 20 mV or 400 pA, 200 ms. B2, Pie chart showing the segregation of L1 INs, we mined data from
number of LS cells recorded in NPY⫹ L1 INs in green; non-LS cells in gray. B3, Pie chart showing the number of LS cells recorded in our own studies, as well as from the Allen
non-NPY L1 INs in green; non-LS cells in gray. Pyr, pyramidal cell; ChC, chandelier cell; CR, calretinin; CCK, cholecystokinin.
Institute in situ hybridization (ISH) gene
expression databases (Lein et al., 2007).
For example, based on the observation
frame, where body temperature was maintained at ⬃37°C (DC Temperthat expression of the c-Kit gene is highly enriched in L1 neurons,
ature Control System; FHC) for the duration of the surgery. A small hole
we recorded from neurons expressing this gene in a mouse line
was drilled in the skull (Volvere Vmax; NSK) above the barrel field (1.2–
expressing GFP under control of the c-Kit promoter (c-Kit1.5 mm posterior; 3.0 –3.5 mm lateral). A glass injection pipette (opening
eGFP; Jax stock #025122; kind gift from Dr. Michael Kotlikoff,
diameter 30 – 45 m) was then inserted ⬃0.5 mm into the brain and 200
Cornell University). c-Kit eGFP expression in this mouse line did
nl of virus (AAV1.CAG.Flex.tdTomato.WPRE.bGH; Allen Institute 864;
not overlap with Satb2, a marker of pyramidal cells, or with PV,
1:1 dilution with PBS) was injected at 40 nl/min (Micro4; World PreciSST, or VIP (Kruglikov et al., 2014). In addition, based on the
sion Instruments); this procedure was repeated for both sides of the
brain. Mice were allowed to recover for at least 3 d after surgery and
observation that some L1 neurons express the neuropeptide CCK
recordings were typically performed 3–7 d after virus injections.
(Lee et al., 2010), we examined the 5HT3aR/CCK population by
Experimental design and statistical analysis. All electrophysiology data
using intersectional genetics. We crossed CCK-Cre (CCK-ires-Cre;
were analyzed using Clampfit 10.3 and 10.7 (Molecular Devices), Excel
Jax stock #012706) with a newly generated 5HT3aR-Flpo driver
(Microsoft), and custom-written MATLAB software (MathWorks). All
line (see Materials and Methods) and a Cre⫹Flp-dependent tdmorphological properties were analyzed using Neurolucida Explorer
Tomato reporter mouse line (Ai65; Madisen et al., 2015). How(MBF Bioscience) or Amira (Thermo Fisher Scientific) and customever, neither of these gene-targeting strategies proved useful in
written MATLAB software. All statistical analysis was performed using
segregating L1 IN subtypes because electrophysiological recordMATLAB.
ings of labeled L1 cells using the c-Kit eGFP or 5HT3aR/CCK
Results
mouse lines yielded firing pattern diversities comparable to those
Four molecular IN populations in L1
seen in blind L1 cell recordings (data not shown).
In addition to the axonal projections carrying contextual inforOur first success was with a transgenic mouse line expressing
mation and the distal tuft dendrites of pyramidal cells, L1 conGFP under control of the NPY gene promoter (NPY-hrGFP; Jax
tains several sources of GABAergic influence. These include the
stock #006417). NGFCs in the hippocampus and the neocortex
axons of L2/3 and L5/6 Martinotti cells and a diverse population
are known to express NPY (Kubota et al., 2011; Overstreet-
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Wadiche and McBain, 2015), but it is unclear whether it is also expressed by L1
NGFCs (Gonchar et al., 2007; Kubota et
al., 2011). The NPY-hrGFP mouse line
has been used to record from NGFCs in
other cortical layers, but not in L1 (Chittajallu et al., 2013; Neske et al., 2015). We
found that ⬎90% of the GFP-positive
cells in L1 (n ⫽ 153/165 recorded NPY⫹
cells; Fig. 1B) had the LS firing pattern
characteristic of NGFCs. Conversely, LS
cells were rarely observed among GFPnegative INs (n ⫽ 25/183 recorded NPYcells; Fig. 1B). These data suggested that
NPY expression as reported by this mouse
line was a good marker to target L1 NGFCs, with a similar specificity and efficiency as the extensively used PV, SST,
and GAD67 driver lines (Taniguchi et al.,
2011; Muñoz et al., 2014).
Observation of the firing patterns of
non-LS neurons suggested heterogeneity
within this group. We therefore sought to Figure 2. Molecular markers distinguish four IN populations in L1. A, FISH for NDNF (red) with DAPI staining (blue). B, FISH for
NDNF (red) and GAD67 (green) with DAPI staining (blue). C, FISH for NDNF (red) and VIP (green). D, FISH for NDNF (red) and ␣7
find markers that could distinguish sub- nAChR (green). E, Immunohistochemistry for VIP (green) with strongly ␣7 nAChR-expressing cells labeled with fluorophoretypes among non-LS neurons. We fo- conjugated ␣-btx (red). F, NDNF cells labeled by AAV-flex-tdTomato injection in an NDNF-Cre;NPY-hrGFP mouse showing NPY
cused on NDNF, a marker identified as (yellow) and non-NPY (red) NDNF populations. ␣7 cells (white) were labeled with fluorophore-conjugated ␣-btx. G, Model for L1
being largely restricted to L1 INs in the interneuron populations. Scale bars, 100 m.
adult (Boyle et al., 2011). Using ISH, we
confirmed that cortical NDNF expression
vestigated whether the molecular groups we defined in L1 consist
is highly enriched in L1 INs (Fig. 2), having no overlap with
of cells with specific electrophysiological and morphological
the other major IN classes (PV, SST, and VIP). We then genproperties. We performed whole-cell current clamp recordings
erated an NDNF-ires-Cre knock-in driver line (3⬘-UTR) and lain coronal slices of barrel cortex to characterize the intrinsic elecbeled NDNF-expressing INs via injection of a td-Tomato Cre
trophysiological properties of each L1 population (mice aged
reporter virus (AAV1.CAG.Flex.tdTomato.WPRE.bGH; Allen
P21–P53; mean age ⫾ SEM ⫽ P30.3 ⫾ 0.3). All recorded cells
Institute 864) in the cortex. This approach is distinct from that
were filled with biocytin for post hoc morphological reconused by Tasic et al. (2016), where an NDNF-dgCre (destabilized
struction and analysis. In addition, the set of morphologies
cre) line was crossed with the td-Tomato reporter line Ai14 to
was supplemented by INs labeled juxtacellularly using higher
label NDNF cells (see Materials and Methods for details). We
concentrations of biocytin (see Materials and Methods).
found that ⬃70% of L1 INs were labeled using our strategy
(mean ⫾ SEM ⫽ 66.8 ⫾ 1.3%, n ⫽ 4 mice). By incorporating the
The four molecularly defined L1 IN populations have
NPY-hrGFP reporter into this approach, we found that the NPY
characteristic electrophysiological properties
population comprised a subset of L1 INs within the NDNF popCurrent-clamp recording from L1 neurons in barrel cortex was used
ulation such that NDNF cells could be divided into NPY-positive
to characterize the firing properties of L1 INs. The same intracellular
and NPY-negative groups (Fig. 2F ). NDNF/NPY INs account for
recording solution and holding potential (⫺70 mV) was used for all
⬃40% of the NDNF population (mean ⫾ SEM ⫽ 40.8 ⫾ 0.7%,
cells. The dataset used for this analysis consisted of 108 neurons.
n ⫽ 4 mice and thus ⬃30% of L1) and the NDNF/non-NPY
Most of the neurons were recorded in virally injected NDNF-Cre;
population for 60% (and thus ⬃40% of L1). The remaining INs
NPY-hrGFP mice (see Materials and Methods; Fig. 2F). These mice
enable the online distinction between NDNF and non-NDNF popin L1 (⬃30%) did not express NDNF. After exploring several
ulations, as well as between the two NDNF-expressing groups. In
potential markers, we found that the non-NDNF population
addition, some of the cells used in this dataset were recorded in
could be divided in two groups: Approximately 30% of nonNPY-hrGFP mice, Htr3a-flpo;Ai65F mice, VIP-Cre;Ai9 mice, or
NDNF INs (and thus 10% of L1) were VIP cells, a marker that did
VIP-GFP mice (see Materials and Methods).
not overlap with NDNF (Fig. 2C), whereas the remaining 70% of
the non-NDNF population was composed of neurons found to
We distinguished four distinct firing patterns and found
strongly express ␣7 nAChRs, as determined by ISH, immunohisthat these correlated well with the molecularly defined groups
tochemistry, and labeling with fluorophore-conjugated ␣-btx
(see Table 2 for a summary of the electrophysiological and
(Fig. 2D,E). Remarkably, although sparse, cells strongly labeled for
morphological properties of each L1 molecular group). Most
␣7 nAChRs (hereafter called ␣7 cells) were almost exclusively reNDNF/NPY cells (92% in the present dataset) had a LS firing
stricted to L1 (Fig. 2). Therefore, the molecular analysis defined four
pattern near threshold and non-adapting or even accelerating
distinct L1 IN populations: NDNF/NPY, NDNF/non-NPY, ␣7, and
repetitive firing; the other three populations showed non-LS
VIP (Fig. 2G).
“regular firing” patterns with an onset spike at the start of the
PV, SST, and VIP are useful IN markers because they identify
threshold depolarization and repetitive firing with various deIN groups that have common electrophysiological and morphogrees of spike frequency adaptation during suprathreshold
logical properties (Tremblay et al., 2016). Therefore, we next instep depolarizations depending on subtype (Fig. 3, Table 3).
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Table 2. Summary of molecular, electrophysiological, and morphological properties of L1 interneurons
Cell type

Molecular profile

Electrophysiological properties

Morphological properties

Neurogliaform cells
(NGFCs)
Canopy cells

NDNF⫹NPY⫹

Late spiking (LS): non-adapting spike trains

Dense elongated axonal arbor confined to L1

NDNF⫹NPY-

Elongated axonal arbor largely confined to the upper half
of L1; axonal arbor less dense than in NGFCs

␣7 cells

NDNF- ␣7 nAChR⫹

VIP cells

NDNF- VIP⫹

Non-LS: onset spike(s) at the start of threshold depolarizations; spike trains
with moderate spike frequency adaptation; lack near threshold active
depolarizing hump as in ␣7 cells
Non-LS: onset spike(s) at the start of threshold depolarizations; spike trains
with moderate spike frequency adaptation; prominent near threshold
active depolarizing hump; large Ih-mediated hyperpolarizing sag
Non-LS: fast-adapting; onset spike(s) at the start of threshold depolarizations;
spike trains with strong spike frequency adaptation; high input
resistance

Figure 3. Electrophysiological properties of the four L1 IN populations. A, Recording of a representative NDNF/NPY (green),
NDNF/non-NPY (orange), ␣7 (purple), and VIP (blue) L1 IN in response to hyperpolarizing, just subthreshold, near-threshold, and
suprathreshold current injections. Shown in black at bottom are the current steps. Scale bars, 20 mV or 400 pA and 200 ms. Insets
show a magnification of the area near the first spike for the NDNF/non-NPY and ␣7 INs, showing the active depolarizing hump near
threshold for ␣7 INs; scale bars: 15 mV and 40 ms. B, ␣7 nAChR expression in the non-NDNF L1 IN the firing pattern of which is
shown in A. C, 3D plot of the time to first spike at threshold, initial depolarizing hump amplitude (see Materials and Methods), and
input resistance for 99 L1 INs. Thecolorofeachdatapointindicatesmolecularidentity.DatapointswithawhitefillindicateNPY-negative
cells for which no other molecular information is available. For these cells, the color of the circle around the data point indicates the
molecular type typically associated with the observed firing pattern. Two black data points indicate non-NDNF cells with firing patterns
typicalofNDNF/non-NPYcells.NDNF/NPY,n⫽21;NDNF/non-NPY,n⫽24; ␣7,n⫽20;VIP,n⫽19;cellslackingmolecularinformation,
n ⫽ 13. ␣7 INs were identified based on the observation that non-NDNF INs are either VIP or strongly ␣7 nAChR expressing. This was
confirmedbyposthoclabelingwithfluorophore-conjugated ␣-btxforfourofthenon-NDNFcellsinthedataset,includingthecellillustrated
in A. Three additional non-NDNF cells were also confirmed as ␣7 nAChR-expressing, but only partial electrophysiological data were
collectedfromthesecellsandtheywerethereforenotincludedinthisanalysis.D,DendrogramofunsupervisedclusteranalysisusingWard’s
method showing four distinct electrophysiological cell groups. We used 11 electrophysiological parameters: resting membrane potential,
inputresistance,sagamplitude,timetosagminimum,amplitudeofdepolarizinghumpnearthreshold,spikeamplitude,spikehalf-width,
maximumspikeslope,adaptationindex,timetofirstspike,andADPamplitude.Analysisisbasedon82ofthecellsshowninCforwhichall
these parameters were available (NDNF/NPY, n ⫽ 17; NDNF/non-NPY, n ⫽ 20; ␣7, n ⫽ 17; VIP, n ⫽ 15; cells lacking molecular
information, n ⫽ 13). The color of data points represents the same molecular information as in C, but black circles indicate NPY-negative
cells and two non-NDNF cells with firing patterns typical of NDNF/non-NPY cells; asterisks indicate morphologically identified cells. Shown
in gray on the pie charts are the percentage of adjacent dendrogram branches with the indicated firing pattern.

Somas in lower half of L1; axon collaterals descending
to L5A; largest soma size of all L1 cells; multipolar
dendrite
Somas in lower half of L1; axon collaterals descending
to L6, branching in L5A; smallest soma size of all L1
cells; bipolar dendrite

VIP cells in L1 have very high input resistances and adapt the most (input resistance: 351.1 M⍀ ⫾ 21.1 compared
with 141.9 ⫾ 6.6 and 141.6 ⫾ 10.8 for
the NDNF/non-NPY and ␣7 populations, respectively; adaptation index:
0.44 ⫾ 0.05 compared with 0.83 ⫾ 0.02
and 0.60 ⫾ 0.03 for the NDNF/nonNPY and ␣7 populations respectively;
for statistics, see Table 3), resembling
the “fast-adapting” VIP INs previously
described in layers 1–3 (Lee et al., 2010;
Miyoshi et al., 2010; Prönneke et al.,
2015). NDNF/non-NPY and ␣7 cells
could be easily distinguished by the
presence of an active depolarizing hump
at near-threshold membrane potentials
in ␣7 cells but not in NDNF/non-NPY
cells (Fig. 3). This active depolarization
resembles the Ca 2⫹ spike observed in
thalamic relay neurons (Llinás and Jahnsen,
1982; Jahnsen and Llinás, 1984; McCormick and Huguenard, 1992) and is likely
mediated by a similar Ca 2⫹ conductance
because it is blocked by the T-channel
blocker TTA-P2 (3 M; data not shown).
In NDNF/non-NPY cells, threshold spikes
arose directly from the passive depolarization of the membrane, whereas in ␣7 cells,
threshold spikes arose from the depolarizing hump (Fig. 3). ␣7 cells have a firing
frequency adaptation between the NDNF/
non-NPY and VIP cells and show a larger
Ih-mediated hyperpolarizing sag, resembling the non-LS cells described by Cruikshank et al. (2012) (Table 3).
We performed unsupervised cluster
analysis (using Ward’s method) on a subset (n ⫽ 82) of cells for which a full electrophysiological analysis was performed
to independently classify the recorded
neurons. We used 11 electrophysiological
parameters: resting membrane potential,
input resistance, sag amplitude, time to
sag minimum, amplitude of the nearthreshold depolarizing hump, spike amplitude, spike half-width, maximum spike
slope, adaptation index, time to first
spike, and ADP amplitude. Unsupervised
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Table 3. Intrinsic electrophysiological properties of L1 IN subtypes
NDNF/NPY
NDNF/non-NPY ␣7

VIP

Electrophysiological
property

NGFC
(n ⱖ 22)

CANOPY
(n ⱖ 31)

(n ⱖ 19)

(n ⱖ 19)

Resting Vm (mV)
Input resistance (M⍀)
Sag amplitude (%)
Time to sag min (ms)
Depolar hump amp (mV)
AP threshold (mV)
AP amplitude (mV)
AP half-width (ms)
Max spike slope (mV/ms)
Adaptation index
Time to first spike (ms)
ADP amplitude (mV)

⫺67.2 ⫾ 0.8
172.9 ⫾ 10.3
8.0 ⫾ 0.6
23.3 ⫾ 2.7
1.8 ⫾ 0.4
⫺32.3 ⫾ 0.4
68.0 ⫾ 1.0
0.73 ⫾ 0.03
426.0 ⫾ 17.6
1.01 ⫾ 0.02
750.1 ⫾ 28.6
0.64 ⫾ 0.04

⫺63.9 ⫾ 0.6
141.9 ⫾ 6.6
15.4 ⫾ 1.3
22.5 ⫾ 1.9
7.9 ⫾ 0.5
⫺36.4 ⫾ 0.4
74.3 ⫾ 1.0
0.45 ⫾ 0.01
500.5 ⫾ 13.9
0.83 ⫾ 0.02
31.2 ⫾ 3.1
1.74 ⫾ 0.24

⫺60.1 ⫾ 0.9
141.6 ⫾ 10.8
21.5 ⫾ 1.6
36.6 ⫾ 4.6
17.3 ⫾ 0.5
⫺35.9 ⫾ 0.5
82.3 ⫾ 1.1
0.42 ⫾ 0.02
610.0 ⫾ 20.2
0.60 ⫾ 0.03
46.4 ⫾ 4.5
4.07 ⫾ 0.65

⫺60.2 ⫾ 1.4
351.1 ⫾ 21.1
11.3 ⫾ 1.3
72.7 ⫾ 8.8
14.3 ⫾ 0.6
⫺39.3 ⫾ 0.7
95.0 ⫾ 1.4
0.44 ⫾ 0.01
805.3 ⫾ 39.0
0.44 ⫾ 0.05
116.1 ⫾ 10.5
5.74 ⫾ 0.75

Values are shown as mean ⫾ SEM. All cells were part of our database of 108 L1 INs. For some cells, complete
analysis of their properties was not available, so n values are the minimum number of cells used to calculate
any given parameter. See Materials and Methods for a description of how each parameter was computed.
Cells were grouped by their firing pattern and named according to the molecular profile typically associated
with that firing pattern (see Table 2). The Kruskal–Wallis test was used to determine the significance of
differences in each electrophysiological parameter and subsequent pairwise comparisons were performed
using Dunn’s test with a Šidák correction. The results of Kruskal–Wallis tests for each parameter are as
follows: resting Vm , p ⫽ 4.6e-7; input R, p ⫽ 8.0e-11; sag amplitude, p ⫽ 1.3e-7; time to sag min, p ⫽
5.2e-9; depolarizing hump amplitude, p ⫽ 1.1e-18; AP threshold, p ⫽ 4.7e-11; AP amplitude, p ⫽ 4.1e-16;
AP half-width, p ⫽ 1.4e-11; max spike slope, p ⫽ 3.1e-13; adaptation index, p ⫽ 1.8e-15; time to first spike,
p ⫽ 2.1e-18; ADP amplitude, p ⫽ 8.2e-11. The results of each statistically significant pairwise comparison
are as follows: resting Vm , NGFC-canopy ( p ⫽ 0.033), NGFC-␣7 ( p ⫽ 2.5e-6), NGFC-VIP ( p ⫽ 5.0e-5),
canopy-␣7 ( p ⫽ 0.046); input R, NGFC-VIP ( p ⫽ 5.6e-5), canopy-VIP ( p ⫽ 1.1e-9), ␣7-VIP ( p ⫽ 5.5e-9);
sag amplitude, NGFC-canopy ( p ⫽ 6.7e-4), NGFC-␣7 ( p ⫽ 1.1e-7), ␣7-VIP ( p ⫽ 1.2e-3); time to sag min,
NGFC-␣7 ( p ⫽ 0.040), NGFC-VIP ( p ⫽ 2.5e-6), canopy-␣7 ( p ⫽ 7.5e-3), canopy-VIP ( p ⫽ 4.0e-8); depolarizing hump amplitude, NGFC-canopy ( p ⫽ 1.2e-3), NGFC-␣7 ( p ⫽ 0.0), NGFC-VIP ( p ⫽ 1.7e-10),
canopy-␣7 ( p ⫽ 2.6e-7), canopy-VIP ( p ⫽ 2.8e-3); AP threshold, NGFC-canopy ( p ⫽ 5.4e-6), NGFC-␣7
( p ⫽ 1.4e-3), NGFC-VIP ( p ⫽ 1.9e-11), canopy-VIP ( p ⫽ 0.041), ␣7-VIP ( p ⫽ 0.013); AP amplitude,
NGFC-␣7 ( p ⫽ 1.4e-6), NGFC-VIP ( p ⫽ 4.0e-15), canopy-␣7 ( p ⫽ 0.014), canopy-VIP ( p ⫽ 6.3e-9),
␣7-VIP ( p ⫽ 0.041); AP half-width, NGFC-canopy ( p ⫽ 5.1e-8), NGFC-␣7 ( p ⫽ 1.1e-9), NGFC-VIP ( p ⫽
1.7e-7); max spike slope, NGFC-␣7 ( p ⫽ 1.3e-5), NGFC-VIP ( p ⫽ 2.3e-12), canopy-␣7 ( p ⫽ 0.022),
canopy-VIP ( p ⫽ 1.7e-7); adaptation index, NGFC-canopy ( p ⫽ 8.8e-3), NGFC-␣7 ( p ⫽ 2.0e-9), NGFC-VIP
( p ⫽ 2.3e-13), canopy-␣7 ( p ⫽ 1.6e-3), canopy-VIP ( p ⫽ 4.9e-6); time to first spike, NGFC-canopy ( p ⫽
0.0), NGFC-␣7 ( p ⫽ 1.6e-9), NGFC-VIP ( p ⫽ 0.015), canopy-VIP ( p ⫽ 2.9e-6), ␣7-VIP ( p ⫽ 0.013); ADP
amplitude, NGFC-canopy ( p ⫽ 0.044), NGFC-␣7 ( p ⫽ 3.3e-6), NGFC-VIP ( p ⫽ 6.2e-10), canopy-␣7 ( p ⫽
0.032), canopy-VIP ( p ⫽ 1.0e-4).

cluster analysis confirmed the presence of four electrophysiological cell groups that closely matched the molecularly defined
groups (Fig. 3D). The experimental observer could distinguish
cell types with a high degree of certainty using a few key properties that distinguished among cells: the long delay to first spike
and lack of adaptation at threshold of NDNF/NPY cells, the active
depolarizing hump at threshold for the ␣7 cells, the presence of
onset spikes at threshold without an active depolarizing hump for
the NDNF/non-NPY cells, and a high input resistance and strong
adaptation for the VIP cells. However, the cluster analysis suggests that more subtle differences in many electrophysiological
parameters also correlate with cell type.
L1 IN populations have characteristic morphologies
Previous studies have distinguished two types of morphologies
among L1 INs: neurons with an axonal arborization largely confined to L1 and neurons that have one or more axonal collaterals
descending to deeper layers (Table 1). Whether these morphological differences correlate with differences in intrinsic electrophysiological properties or whether they reflect variations within
similar functional groups is not clear because studies have given
different weights to these differences (Table 1). In some studies,
this morphological difference is central to their classification
(Hestrin and Armstrong, 1996; Zhou and Hablitz, 1996b; Christophe et al., 2002; Kubota et al., 2011; Jiang et al., 2013, 2015;
Muralidhar et al., 2014), whereas others have given it less weight
(Lee et al., 2010; Wozny and Williams, 2011).
We found that neurons in each molecularly defined L1 group
had a characteristic morphology (Figs. 4, 5). Neurons in the two
NDNF groups, NDNF/NPY and NDNF/non-NPY, had axonal
arborizations largely confined to L1. Conversely, the two nonNDNF populations showed the characteristic axonal collaterals
vertically descending to deeper cortical layers previously reported
among some L1 INs. Although some NDNF-expressing cells, and
in particular in the NDNF/non-NPY group, had few descending

Figure 4. Morphology of the four L1 IN populations. A, Representative reconstructions of each of the four L1 IN populations. Soma is shown in black, axon in red, dendrites in blue, and L1 borders
in gray. Inset shows the magnified somatodendritic profile of the ␣7 and VIP cells showing that the ␣7 cell is multipolar and the VIP cell is bipolar. B1, Bar plot showing a greater number of primary
dendrites for ␣7 cells compared with VIP cells ( p ⫽ 0.0047, Mann–Whitney U test). B2, Bar plot showing larger soma size of ␣7 cells compared with VIP cells ( p ⫽ 0.0012, Mann–Whitney U test).
C1, Bar plot showing greater proportion of the axon in L1a of canopy cells compared with NGFCs ( p ⫽ 0.00033, Mann–Whitney U test). C2, Bar plot showing smaller proportion of axon in L1b of
canopy cells compared with NGFCs ( p ⫽ 0.00058, Mann–Whitney U test). Note that NGFCs have approximately the same proportion of their axon in L1a and L1b. D, Normalized distribution of axon
for NGFCs (green) and canopy cells (orange) across L1a (pia to L1 midline), L1b (L1 midline to L1/2 border), and L2. Line indicates mean and shaded area indicates SEM. All bar plots show the mean
value with SEM indicated by black bar; open circles show individual values. All morphological analysis was performed on reconstructed cells; n ⫽ 8 for NGFCs, n ⫽ 9 for canopy cells, n ⫽ 7 for ␣7
cells, and n ⫽ 6 for VIP cells. ** p ⬍ 0.01. *** p ⬍ 0.001.
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of NGFCs (Fig. 6E; p ⫽ 0.0024; Mann–
Whitney U test). Furthermore, peak axonal density is ⬃65% larger (Fig. 6G; p ⫽
0.0152; Mann–Whitney U test) and the
interbouton distance is smaller (Fig. 6F;
p ⫽ 0.0016; Mann–Whitney U test) for
NGFCs, resulting in a twofold difference
in bouton density for the two cell types.
This is particularly interesting because a
high bouton density is a feature of NGFCs
(Oláh et al., 2009; Overstreet-Wadiche
and McBain, 2015).
Interestingly, we also found that the
axonal arbor of the two NDNF populations had a different distribution within
L1: whereas the axon of NGFCs tends to
occupy the whole layer, the axon of the
canopy cells is strongly biased toward the
upper half of L1, and is rarely found in L2
(Fig. 4C,D; L1a: p ⫽ 3.3e-4; L1b: p ⫽
5.8e-4; Mann–Whitney U test). The extended axon of the NDNF/non-NPY cells
makes a layer of inhibitory axons in the
top surface of layer 1, so we propose naming these neurons “canopy cells.”
L1 VIP cells resemble the bipolar VIP
INs in L2/3, with a descending axon that
projects through the cortical column (Lee
et al., 2010; Prönneke et al., 2015). However, their bipolar dendrite has a more
horizontal orientation (Fig. 4A, inset).
The descending axonal collaterals of L1
VIP cells branch in L5A, a cortical sublayer that often receives projections from
similar sources as L1 and then continue
into L5B, often reaching layer 6 (Figs. 4,
5). ␣7 cells have multipolar dendrites unlike the bipolar dendritic arbor of VIP
cells (Fig. 4 A, B1, inset; p ⫽ 0.0047; Mann–Whitney U test). Like VIP cells, ␣7 cells
have one or more vertically descending
Figure 5. Morphology of all reconstructed L1 INs used in this study. Shown are reconstructed L1 NGFCs (n ⫽ 8), canopy cells axonal collaterals that go deep into the
(n ⫽ 9), ␣7 cells (n ⫽ 7), and VIP cells (n ⫽ 6). Somas are shown in black, axon in red, dendrites in blue, and gray lines indicate column. They usually branch in L5A, but
often terminate there, in contrast to VIP
boundaries of L1 or L5a when noted. Scale bar, 200 m for all cells.
cells (Figs. 4A, 5). The two non-NDNF
populations also differ significantly in the
axonal branches, these were mostly short and branched less than
size of their somata (Fig. 4B2; p ⫽ 0.0012; Mann–Whitney U
those of the non-NDNF populations (Fig. 5).
test).
NDNF/NPY cells (hereafter called NGFCs) had a NGFC morThe two NDNF populations have similar morphologies but very
phology with short dendrites and a wider dense axonal arbor,
distinct electrophysiological properties. Conversely, canopy cells and ␣7
neurons resemble each other electrophysiologically (Fig. 3) but are diswhich differs from NGFCs in other layers by often extending
tinguishable morphologically. Therefore, morphology and electrophyshorizontally across several columns, as described previously
iology together allow conclusive segregation of cell types in L1. In
(Hestrin and Armstrong, 1996; Zhou and Hablitz, 1996b; Kubota
et al., 2011; Jiang et al., 2013, 2015; Tremblay et al., 2016). The
addition, we find that the four IN populations differ in their distribution
NDNF/non-NPY cells (hereafter called canopy cells, as explained
within the layer (Fig. 7). The combined molecular, electrophysiological,
and morphological analysis strongly indicates that L1 INs consist of four
below) resemble NGFCs in having an elongated horizontal axdistinct neuronal populations. Table 2 summarizes the molecular, eleconal arbor largely confined to L1; however, they show several
trophysiological, and morphological differences among the four neurosignificant morphological differences from NGFCs. The dennal populations described in this study.
dritic arbor of the canopy cells is wider than that of NGFCs (Fig.
6A; p ⫽ 0.0023; Mann–Whitney U test) and branches less (Fig.
6B; p ⫽ 0.0072, respectively; Mann–Whitney U test). The axon of
NGFC and canopy cells differ in connectivity
the canopy cells extends further from the soma (Fig. 6D; p ⫽
The two NDNF populations, NGFCs and canopy cells, also differ
0.021; Mann–Whitney U test) and is less tortuous than the axon
in their connectivity to L2 PCs and each other, supporting the
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notion that they represent distinct IN subtypes (Figs. 8, 9). The probability of
detecting connections (usually called
“connection probability”) between NGFCs and L2 PCs was very high (Fig. 8C;
72%, n ⫽ 13/18 connections tested), similar to what has been reported for NGFCs
in L2/3 (Szabadics et al., 2007), as well as
for those in L1 in some studies (Lee et al.,
2015). Conversely, the probability of detecting connections between canopy cells
and L2 PCs was significantly lower (Fig.
8C; 18%, n ⫽ 8/45 connections tested; p ⫽
7.2e-5; Fisher’s exact test). This low connection probability is unlikely due to cut Figure 6. Morphological differences between canopy cells and NGFCs. A, Bar plot showing larger dendritic extent as max
PC dendrites given the high probability of Euclidean distance from the soma for canopy cells compared with NGFCs ( p ⫽ 0.0023, Mann–Whitney U test). B, Bar plot showing
more dendritic branch nodes for NGFCs compared with canopy cells ( p ⫽ 0.0072, Mann–Whitney U test). C, Bar plot showing no
connection that we observed with NGFCs significant difference (NS) in total dendritic length for NGFCs and canopy cells ( p ⫽ 0.3704, Mann–Whitney U test). D, Bar plot
and that the axonal arbor of both NDNF showing larger axonal extent as max Euclidean distance from the soma for canopy cells compared with NGFCs ( p ⫽ 0.0206,
cell types is in the same plane. Further- Mann–Whitney U test). E, Bar plot showing greater tortuosity for NGFC axons compared with canopy cell axons ( p ⫽ 0.0024,
more, the unitary synaptic strength of Mann–Whitney U test); minimal possible value for tortuosity is 1. F, Bar plot showing lower interbouton distance (larger bouton
NGFCs to L2 PCs was much greater than density) for NGFC axons compared with canopy cell axons ( p ⫽ 0.0016, Mann–Whitney U test). G, Plot showing the average
that of the connections made by canopy horizontal distribution of axonal density for NGFCs (green) and canopy cells (orange) centered on peak axonal density (vertical bars
cells (Fig. 8 B, D; p ⫽ 7.6e-4; Mann–Whit- indicate SEM). NGFCs have a greater axonal density at their peak compared with canopy cells ( p ⫽ 0.0152, Mann–Whitney U test).
ney U test). There were also significant All bar plots show the mean value with SEM indicated by black bar; open circles show individual values (n ⫽ 8 for NGFCs, n ⫽ 9 for
differences in the synapses that the two canopy cells). All morphological analysis was performed on reconstructed cells. * p ⬍ 0.05. ** p ⬍ 0.01.
NDNF INs made with each other. NGFCs
and canopy cells were reciprocally connected and the probability
of detecting connections was high in both directions (Fig. 9A).
However, the unitary strength of connections made by NGFCs
onto canopy cells was significantly greater than the connections
made by canopy cells onto NGFCs (Fig. 9B; p ⫽ 0.012; Mann–
Whitney U test). Canopy cells have a larger proportion of their
axon in the superficial half of L1 compared with NGFCs (Figs.
4C,D, 5). Inputs from canopy cells on PCs may thus be more
subject to dendritic filtering and this may contribute at least in
part to the apparent difference in synaptic strength recorded at
the PC soma.
NGFCs have unique synaptic properties that distinguish them
from other GABAergic interneurons. It has been suggested that
NGFCs release GABA to the extracellular space via volume transmission (Oláh et al., 2009), allowing GABA to bind receptors
along the entire dendritic arbor of PCs and other INs. Indeed, this
phenomenon may explain their high connection probability to
most cell types (Szabadics et al., 2007). NGFCs stand out among
GABAergic INs for their ability to produce GABAB responses in
Figure 7. Distribution of L1 IN subtype somas within L1. Shown is a plot of the normalized
connected postsynaptic targets (Hestrin and Armstrong, 1996;
distances of soma position from pia (0%) to the L1/2 border (100%) of recorded L1 INs, demWozny and Williams, 2011; Cruikshank et al., 2012; Jiang et al.,
onstrating the sublaminar distribution of L1 IN subtypes. Included are all the cells in our data2013). GABAB receptors display high affinity for GABA, slow
base of recorded L1 interneurons used in Figure 3 for which soma position information was
G-protein-coupled mediated signaling, and a predominantly exavailable. Diamonds indicate mean soma position for each L1 IN population; bars indicate SEM.
trasynaptic localization (Gonzalez-Burgos, 2010). The concerted
The Kruskal–Wallis test was used to determine the significance of soma position differences
firing of several INs or high-frequency firing of a single interneu( p ⫽ 1.0e-5) and subsequent pairwise comparisons were performed using Dunn’s test with a
ron are thought to release enough GABA to activate extrasynaptic
Šidák correction; results are as follows: canopy cells and NGFCs, p ⫽ 0.24; canopy cells and ␣7
receptors (Mody et al., 1994; Thomson et al., 1996; Kim et al.,
cells, p ⫽ 0.0027; canopy cells and VIP cells, p ⫽ 1.0e-5; NGFCs and ␣7 cells, p ⫽ 0.61; NGFCs
1997; Thomson and Destexhe, 1999; Scanziani, 2000). For examand VIP cells, p ⫽ 0.039; ␣7 cells and VIP cells, p ⫽ 0.75. NS, Not significant at p ⬍ 0.05. NGFCs,
n ⫽ 20; canopy cells, n ⫽ 24; ␣7 cells, n ⫽ 19; VIP cells, n ⫽ 18. * p ⬍ 0.05. ** p ⬍ 0.01.
ple, a single FS IN in auditory cortex can produce GABAB re*** p ⬍ 0.0001.
sponses on connected PCs when stimulated at 80 Hz (Oswald et
al., 2009). Likewise, repetitive firing of SST INs has been shown
sponses in L1 NGFC connections with L2 PCs, representing a
to produce GABAB responses as well (Urban-Ciecko et al.,
significant proportion of the PSP elicited by NGFC stimula2015). However, NGFCs are the only INs that have been
tion (Fig. 8 B, E; p ⫽ 0.031; Wilcoxon signed-rank test). Conshown so far to elicit robust unitary GABAB responses in response to a single AP (Tamás et al., 2003; Price et al., 2005,
versely, the PSP from canopy cells contains no significant
2008; Wozny and Williams, 2011). Consistent with observaGABAB component (Fig. 8 B, E; NS, not significant at p ⬍ 0.05,
Wilcoxon signed-rank test).
tions in other studies, we find robust unitary GABAB re-
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Discussion
In this study, we describe evidence based
on a combined molecular, electrophysiological, and morphological analysis for the
presence of four interneuron populations
in L1 of the mouse barrel cortex: NGFCs,
canopy cells, ␣7 cells, and VIP cells. The
molecularly defined groups correlated
with electrophysiological and morphological groups, providing confidence for
the proposed classification. Two of the
four L1 IN populations, the canopy and
␣7 cells, are almost exclusively present
in L1. NGFCs and VIP INs are present in
other layers, but have unique properties in
L1 of potential physiological significance.
L1 NGFCs have an extended axonal arbor
that spans more than one column. Called
“elongated NGFCs” by some investigators, they can inhibit PCs in neighboring
columns (Jiang et al., 2013, 2015) compared with the small spherical morphology of NGFCs in other layers. Conversely,
although L1 VIP cells resemble bipolar
VIP cells in L2-6, their bipolar dendrite is
Figure 8. Differential connectivity of NGFCs and canopy cells with L2 PCs. A, Schematic of paired recording experiments; a L2 PC oriented horizontally (Fig. 4), whereas the
and either a L1 NGFC or a L1 canopy cell were simultaneously patched. B, Example of the IPSP generated on a L2 PC by a single AP dendritic trees of bipolar VIP INs in other
in an NGFC (top traces) or a canopy cell (bottom traces). Shown are the IPSPs obtained before (black traces) and after (gray traces) layers are narrow and oriented vertically,
bath application of the GABAB receptor blocker CGP-35348 (60 M), showing a prominent GABAB component elicited by NGFCs, but crossing several layers in either direction
not canopy cells. Shown are averages of at least 20 sweeps. Scale bars, 0.6 mV and 100 ms. Postsynaptic PCs were held in current (Lee et al., 2013; Prönneke et al., 2015).
clamp at ⬃⫺55 mV. IPSPs shown were low-pass filtered at 1 kHz to remove high-frequency noise. C, Pie charts showing
They are able to sample inputs in several
probability of connection between NGFCs (top) or canopy cells (bottom) and L2 PCs; NGFCs were more likely than canopy cells to
elicit an IPSP in L2 PCs ( p ⫽ 7.2e-5; Fisher’s exact test; NGFCs, n ⫽ 13/18 tested connections; canopy cells, n ⫽ 8/45 tested layers, but are restricted horizontally and
connections). D, Bar plot showing mean IPSP amplitude in L2 PCs elicited by an AP in NGFCs or canopy cells; black bar indicates SEM. thus are capable of producing topographNGFCs elicited significantly larger IPSPs in L2 PCs compared with the IPSPs elicited by canopy cells ( p ⫽ 0.00076, Mann–Whitney ically organized disinhibition (Zhang et
U test). E, Plot showing area under the curve of IPSPs elicited by NGFCs (left, green) and canopy cells (right, orange) before and after al., 2014). Therefore, L1 appears to have
CGP-35348 application; lines connect the responses of individual PCs. Only IPSPs elicited by NGFCs had a significant GABAB several specialized IN populations that
component ( p ⫽ 0.031, Wilcoxon signed-rank test). NS, Not significant at p ⬍ 0.05. * p ⬍ 0.05. *** p ⬍ 0.001.
participate in its unique circuitry.
Although further studies may reveal
additional diversity within the groups described here, the evidence suggests that we have identified the major interneuron
populations within L1. Comparative histological analysis indicates that the same populations are present in L1 across different
cortical areas (data not shown), so our findings likely reflect general principles of L1 organization throughout the neocortex.
Consistent with this idea, a recent comparative analysis of IN
single-cell transcriptomes reported broad conservation of molecularly defined IN subtypes across visual and premotor (ALM)
cortices (Tasic et al., 2018). This study expanded upon earlier
work (Tasic et al., 2016) that delineated two primary NDNF populations, NDNF/Car4 and NDNF/Cxcl14, that may correspond
to our L1 NGFC and canopy cell types, respectively. However,
closer examination of these data indicated that a substantial fracFigure 9. Differential interconnectivity between NGFC and canopy cells. A, Schematic of the
tion of cells clustered within the NDNF/Cxcl14 category were
connectivity between NGFCs and canopy cells and the probability of connection in each direcactually non-NDNF expressing and likely included the ␣7 cells
tion. Dendrites are shown in black and axons in gray. B, Bar plot showing the mean IPSP in
canopy cells elicited by an AP in NGFCs (orange) and the mean IPSP in NGFCs elicited by an AP in
reported here. This heterogeneity within the original NDNF/
canopy cells (green); black bar indicates SEM. The IPSPs in canopy cells were significantly
Cxcl14 cluster has now been reanalyzed at much higher resolugreater than the IPSPs in NGFCs ( p ⫽ 0.012, Mann–Whitney U test). C, Example IPSP in a
tion in a more recent study (Tasic et al., 2018), which outlines
canopy cell elicited by an AP in a connected NGFC (orange trace) and an example IPSP in an NGFC
four Lamp5 clusters (Egln3 and Pax6 subcategories) putatively
elicited by an AP in a connected canopy cell (green trace); these responses are from a reciprocally
spanning our canopy and ␣7 types and a fifth (Lamp5/Pdlim5)
connected pair. Scale bars, 1 mV and 25 ms. IPSPs shown were low-pass filtered at 1 kHz to
that
likely corresponds to our L1 NGFC type. An important caremove high-frequency noise. All cells were held in current clamp at ⬃⫺55 mV. NGFC to
veat to this interpretation is that it is not yet clear how the
canopy cell pairs, n ⫽ 9/9 tested connections; canopy cell to NGFC pairs, n ⫽ 6/8 tested
genome-wide transcriptomic variations that drive cell-type clusconnections. * p ⬍ 0.05.
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tering correspond to specific cell properties (e.g., axonal morphology) that confer cell-type identity at a functional level.
Some L2/3 INs also have significant dendritic processes in L1.
Chandelier cells are enriched in L2 and contain a dendritic arborization mostly in L1, often reaching the cortical surface (Woodruff et
al., 2011; Miyamae et al., 2017). The ascending dendrite of L2/3
bipolar VIP INs extends throughout L1 (Lee et al., 2013; Prönneke et
al., 2015) and VIP-CCK cells, concentrated at the L1–2 border, also
have a significant proportion of their dendrites in L1 (He et al.,
2016). Therefore, these neurons can also be targets of L1 inputs and
should be considered part of the L1 circuitry (Fig. 1A). Together with
the four IN populations in L1, these cells can gate information flow
to the tuft dendrites of PCs and provide “context” to the “content” of
the sensory input arriving at their basal dendrites (Larkum, 2013).
Our elucidation of the IN subtypes residing in L1 provides a new
framework to study the mechanisms by which top-down information is integrated.
Relationship to previous efforts to elucidate L1 IN diversity
The discovery of molecular markers that correlate with IN morphological and electrophysiological properties has greatly facilitated the resolution of L1 IN subtypes. L1 INs can be divided into
two major electrophysiological groups: cells that fire at threshold
following a delay and show little spike frequency adaptation (LS),
as in NGFCs, and cells that have onset spike(s) and adapting spike
trains (non-LS), as in the canopy, ␣7, and VIP cells. Although
most studies of L1 INs (Table 1) agree on the presence of these
two types of firing patterns, the challenge has been dissecting the
adapting populations, resulting in a lack of agreement among
different studies and a confusing picture. The expression of
NDNF, NPY, ␣7 nAChRs, and VIP facilitated the discovery of
differences that helped distinguish the three non-LS subtypes.
Similarly, most studies that used morphology to determine L1
INs agree on the presence of cells that have an axonal arborization
largely confined to L1 (as in NGFCs and canopy cells) and cells
that have vertically descending axon collaterals that project deep
into the column (as in the ␣7 and VIP cells), a feature noticed in
the earliest studies of the anatomy of L1 cells (Hestrin and Armstrong, 1996; Zhou and Hablitz, 1996b), as well as studies by
Ramon y Cajal and Schaffer (cited in Ramon and Cajal et al.,
1988). NPY expression and the presence or absence of delayed
spiking facilitated the discovery of subtler morphological differences between the two cell types with axon confined to L1. Likewise, the expression of VIP or ␣7 nAChRs and the differences in
firing pattern between these cells facilitated the discovery of dendritic and axonal differences between the two cell types with descending axonal collaterals.
Using morphological criteria, Jiang and colleagues (Zhu and
Zhu, 2004; Jiang et al., 2013; Jiang et al., 2015) classified L1 neurons into elongated NGFCs and single-bouquet cells (SBCs),
which were characterized by having vertically descending axon
collaterals. SBCs received their name because they resembled, in
the view of the investigators, double bouquet cells, which have a
descending “horsetail” axonal bundle and have been described in
human and primate neocortex (Yáñez et al., 2005). Jiang et al.
(2013, 2015), distinguished two types of firing patterns: LS with
no firing frequency adaptation and non-LS adapting. The majority of the elongated NGFCs (⬃90%) were LS non-adapting,
whereas the majority (⬃95%) of the SBCs were non-LS adapting.
SBCs likely include both the VIP and ␣7 cells because both have
vertically descending axon collaterals and non-LS adapting firing
patterns. Furthermore, it is likely that their SBC group also includes canopy cells, which we sometimes observe have short ver-
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tically descending collaterals (Fig. 5). Some canopy cells might
have also been included in the elongated NGFC group and might
be responsible for the 10% that had a non-LS adapting firing
pattern. Similarly, a study by Hestrin and Armstrong (1996) described two types of L1 INs: NGFCs with horizontally extended
axons confined to L1 with a non-adapting firing pattern and cells
with descending axons and stronger adaptation. The investigators
suggested that this population might be VIP INs, but it also likely
includes other adapting cell types, such as the ␣7 and canopy cells.
Furthermore, it is possible that canopy cells were also among the
30% of L1 INs that were left uncharacterized in this study.
A large study by Wozny and Williams (2011) used a combined
morphological and electrophysiological characterization of L1
INs in the rat somatosensory cortex. That study described
two major populations: non-adapting NGFCs and classicalaccommodating (c-AC) cells, together accounting for ⬃80% of
L1 cells. The c-AC population of Wozny and Williams (2011), the
largest population in their study (52% of L1), likely included
canopy and ␣7 cells, both of which have adapting or “classical
accommodating” firing patterns (Gupta et al., 2000). In support
of this hypothesis, Wozny and Williams (2011) report that 62%
of the c-AC cells had an axonal arbor confined to L1 (as in canopy
cells), whereas 38% had collaterals descending to deeper layers
(as in ␣7 cells). Furthermore, the c-AC cell illustrated in their
supplementary Figure 2 B resembles our ␣7 cells (as well as a cell
illustrated on the cover of the issue containing the paper). Conversely, a c-AC cell shown in a follow-up paper by this group
strongly resembles our canopy cells (Fig. 1 B in Brombas et al.,
2014). Wozny and Williams (2011) also described two minor
populations of L1 INs: strongly adapting bursting cells (13%),
which likely correspond to VIP neurons, and fast-spiking interneurons that were mostly chandelier cells, accounting for 9%
of L1 INs. In the mouse, chandelier cells are highly enriched in the
upper part of L2, near the border with L1 (Woodruff et al., 2009;
Woodruff et al., 2011; Taniguchi et al., 2013), but are rarely seen
in L1 proper (of the 409 cells that we recorded in L1, we only
observed two fast-spiking cells; data not shown). However, it is
possible that some somas of chandelier cells are actually present
in L1 in the rat neocortex. Interestingly, in a later study by this
group, Brombas et al. (2014) found that NGFCs and c-AC cells
differ in cholinergic neuromodulation, with NGFCs, but not
c-AC cells, displaying powerful muscarinic receptor mediated
inhibition. If, as we suggest, canopy cells are a major component
of the c-AC cells, then NGFCs and canopy cells may also differ in
their response to ACh.
Cruikshank et al., 2012 used electrophysiology to characterize
L1 INs in the mouse prefrontal cortex. They classified L1 INs into
three groups: LS, non-LS, and “other.” The “other” group consisted of non-LS neurons that differed in a number of properties
from non-LS cells and were therefore grouped separately.
Non-LS cells likely correspond mostly to our ␣7 neurons.
Non-LS cells resembled ␣7 neurons in their adaptation, voltage
sag, onset spiking, and soma position toward the bottom half of
L1. It is possible that canopy cells were mostly in the “other”
group of Cruikshank et al. (2012).
Sublaminar structure of layer 1
Although L1 is a thin cortical layer, previous anatomical studies
have suggested that it might consist of specialized sublayers
(Jones and Powell, 1970; Vogt, 1991; Cruikshank et al., 2012;
Roth et al., 2016). Our analysis of the laminar organization of L1
INs supports this view. The sublaminar organization of L1 INs is
particularly clear when considering the location of their axons
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(Figs. 4, 5). Although the axons of NGFCs are distributed
throughout the layer, the axons of the canopy cells are concentrated in the upper half (Figs. 4C1,C2,D, 5). Recent studies suggest that the axons of Martinotti cells also exhibit sublaminar
specificity within L1. Muñoz et al. (2017) recently described two
types of Martinotti cells in L5 that differed in the morphology of
their ascending axon, specifically its distribution within L1. The
ascending axon of “fanning-out” Martinotti cells branches extensively in L2/3 and the lower part of L1, whereas the axon of
“T-shape” Martinotti cells ascends with little branching toward
the pia and branches horizontally in the upper half of L1 (Muñoz
et al., 2017). Similarly, although some long-range excitatory projections occupy the full extent of L1, many of them tend to be
concentrated in either the upper or lower half of the layer. For
instance, the projections of paralaminar and midline thalamic
nuclei to medial prefrontal cortex are concentrated in the upper
half of L1, whereas corticocortical axons tend to be concentrated
in the lower half (see Fig. 5 in Cruikshank et al., 2012). These data
suggest that excitatory and inhibitory axons in L1 target specific
subtypes of pyramidal cells that have tuft dendrites distributed in
different parts of the layer (see supplemental Fig. S3 in Narayanan
et al., 2015) and/or target different compartments (distal vs proximal) of the pyramidal cell tuft dendrite.
Our results demonstrate that L1 contains four unique interneuron populations, each with a distinct molecular, morphological, and
electrophysiological profile. Differences in connectivity and axonal
localization among L1 INs strongly indicate that a division of
labor exists for how they process contextual input. With axons
that span horizontally across multiple cortical columns and axons that descend deep into the cortical column, the INs of L1 are
privileged and may powerfully regulate the influence of contextual information on processing in nearby columns and lamina.
Elucidating the distinct roles of each of these L1 circuit components and how they contribute to the integration of contextual
information with feedforward sensory input will be critical to
understanding sensory perception.
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