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Abstract 27 

Sensory perception depends on neocortical computations that contextually adjust senso-28 

ry signals in different internal and environmental contexts. Neocortical layer 1 (L1) is the 29 

main target of cortical and subcortical inputs that provide “top-down” information for con-30 

text-dependent sensory processing. While L1 is devoid of excitatory cells, it contains the 31 

distal “tuft” dendrites of pyramidal cells (PCs) located in deeper layers. L1 also contains 32 

a poorly characterized population of GABAergic interneurons (L1 INs), which regulate 33 

the impact that different top down inputs have on PCs. A poor comprehension of L1 IN 34 

subtypes and how they impact PC activity has hampered our understanding of the 35 

mechanisms that underlie contextual modulation of sensory processing. We utilized 36 

novel genetic strategies in male and female mice combined with electrophysiological and 37 

morphological methods to help resolve differences that were unclear when using only 38 

electrophysiological and/or morphological approaches. We discovered that L1 contains 39 

four distinct populations of INs, each with a unique molecular profile, morphology, and 40 

electrophysiology, including a previously overlooked IN population (named here “canopy 41 

cells”) representing 40% of L1 INs. In contrast to what is observed in other layers, most 42 

L1 neurons appear to be unique to the layer, highlighting the specialized character of the 43 

signal processing that takes place in L1. This new understanding of INs in L1, as well as 44 

the application of genetic methods based on the markers described here, will enable in-45 

vestigation of the cellular and circuit mechanisms of top-down processing in L1 with un-46 

precedented detail. 47 

 48 

Significance Statement 49 

Neocortical layer 1 is the main target of cortico-cortical and subcortical projections that 50 

mediate top-down or context-dependent sensory perception. However, this unique layer 51 
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is often referred to as “enigmatic” because its neuronal composition has been difficult to 52 

determine. Using a combination of genetic, electrophysiological, and morphological ap-53 

proaches that helped resolve differences that were unclear when using a single ap-54 

proach, we were able to decipher the neuronal composition of layer 1. We identified 55 

markers that distinguish layer 1 neurons and found that the layer contains four popula-56 

tions of GABAergic interneurons, each with unique molecular profiles, morphologies, and 57 

electrophysiological properties. These findings provide a new framework for studying the 58 

circuit mechanisms underlying the processing of top-down inputs in neocortical layer 1. 59 

 60 

Introduction 61 

Neocortical layer 1 (L1), the most superficial layer of the cerebral cortex, is the main tar-62 

get of top-down information conveyed by extensive projections from cortical and subcor-63 

tical structures. This cortical layer is thought to mediate the integration of contextual and 64 

cross-modal information with incoming information specific to a given area, enabling flex-65 

ible and state-dependent processing of feed-forward sensory input arriving deeper in the 66 

cortical column (Cauller, 1995; Gilbert and Li, 2013; Larkum, 2013; Garcia-Munoz and 67 

Arbuthnott, 2015; D'Souza and Burkhalter, 2017).  68 

 An outstanding anatomical feature of L1 is its high density of horizontal fibers 69 

(Vogt, 1991), a feature described by Cajal over 100 years ago (Ramón y Cajal, 1995). 70 

These fibers represent axons from a variety of sources and include cortico-cortical axons, 71 

axons from higher-order thalamic nuclei, and axons from subcortical neuromodulatory 72 

populations such as cholinergic neurons in the basal forebrain, whose projections are 73 

enriched in L1 (Mechawar et al., 2000; Binzegger et al., 2004; Rubio-Garrido et al., 74 

2009; Sherman and Guillery, 2011; Roth et al., 2016; D'Souza and Burkhalter, 2017). L1 75 

is the only cortical layer that lacks excitatory cells; however, it contains the apical “tuft” 76 
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dendrites of supragranular and infragranular pyramidal cells (PCs), the output neurons of 77 

the cortex. These dendrites are targets of the varied long-range projections arriving in L1 78 

and mediate the integration of contextual information provided by these projections with 79 

feedforward sensory input arriving at the basal dendrites of the PCs (Cauller, 1995; Gil-80 

bert and Li, 2013; Larkum, 2013; Garcia-Munoz and Arbuthnott, 2015; D'Souza and 81 

Burkhalter, 2017).  82 

 L1 also contains the axons of Martinotti cells, a prominent subtype of GABAergic 83 

interneurons (INs) in supragranular and infragranular layers that expresses the neuro-84 

peptide somatostatin (SST). Martinotti cells innervate the tuft dendrites of PCs, gating 85 

the access of incoming information in L1 onto these dendrites (Wang et al., 2004; Mu-86 

rayama et al., 2009; Larkum, 2013; Tremblay et al., 2016). The activity of SST INs 87 

changes with behavioral states (Gentet et al., 2012; Lee et al., 2013; Munoz et al., 2017), 88 

thereby regulating the impact of long-range axons on PCs in a behavioral-state depend-89 

ent fashion. Lastly, L1 contains a resident population of GABAergic interneurons (L1 90 

INs) whose composition and properties have not been well characterized to date (Fig. 91 

1A).   92 

By gating the flow of information in L1, these INs control the strength and timing 93 

of long-range inputs onto PC apical dendrites. Without IN processing, the diversity of 94 

modulations of PC activity that distinct top-down inputs could produce would be much 95 

more limited. While the precise composition of L1 INs has been difficult to establish (see 96 

Table I), there is evidence that they are direct targets of L1 projections and are important 97 

for processing long-range inputs (Letzkus et al., 2011; Cruikshank et al., 2012; Ibrahim 98 

et al., 2016; Palmer et al., 2012). However, without knowing the identity of L1 INs and 99 

lacking the tools to manipulate them, it has been difficult to study the mechanisms by 100 

which they mediate the impact of contextual input on PC activity. The mechanisms by 101 
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which inputs to L1 affect the function of the cortical network must be different than those 102 

in other layers given the lack of excitatory neurons and are poorly understood. As a re-103 

sult, L1 is often referred to as “enigmatic” or a “crowning mystery” (Hubel, 1982; Marin-104 

Padilla, 1992; Zhou and Hablitz, 1996a; Gilbert and Sigman, 2007; Palmer et al., 2012).  105 

Previous studies of L1 INs agree that an important component of this population 106 

is neurogliaform cells (NGFCs), INs that mediate long lasting GABAA and GABAB inhibi-107 

tion of PCs and have a late spiking (LS) firing pattern when depolarized to near thresh-108 

old membrane potentials (Tamás et al., 2003; Overstreet-Wadiche and McBain, 2015; 109 

Tremblay et al., 2016). However, while most studies agree there is one or more addi-110 

tional IN subtypes, there is no agreement on the identity of these cells nor on their mor-111 

phological or functional properties. Furthermore, several studies have included a sub-112 

stantial proportion of unclassified cells (see Table I). 113 

The use of genetic methods to access IN groups based on specific molecular 114 

markers is largely responsible for advances in understanding IN diversity in other cortical 115 

layers during the last ten years (reviewed in Tremblay, et al. 2016). These IN subtype-116 

specific markers have facilitated distinguishing the electrophysiological and morphologi-117 

cal properties of specific cell types from the variability within a group. We have pursued 118 

a similar strategy to decipher the IN diversity of L1. We identified markers that distin-119 

guish L1 INs and found that L1 contains four IN populations, each with unique molecular 120 

profiles, morphologies, and electrophysiological properties. These findings provide a 121 

new framework for studying the circuit mechanisms underlying the processing of top 122 

down inputs in neocortical L1. 123 

 124 

 125 

 126 
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Methods and Materials 127 

Animals. All mice were maintained in accordance with protocols approved by the Institu-128 

tional Animal Care and Use Committee at the NYU School of Medicine. Mouse strains 129 

employed in this study are as follows: NPY-hrGFP (Jax stock #006417; van den Pol et 130 

al., 2009), GAD67-GFP (Riken BRC stock #RBRC03674; Tamamaki et al., 2003), VIP-131 

EGFP (MMRRC stock #031009-UCD; The Gene Expression Nervous System Atlas 132 

(GENSAT) Project, NINDS Contract # N01NS02331 to The Rockefeller University (New 133 

York, NY)), VIP-ires-Cre (Jax stock #010908; Taniguchi et al., 2011), CCK-ires-Cre (Jax 134 

stock #012706; Taniguchi et al., 2011), Rosa26LSL-tdTomato (Ai9; Madisen et al., 135 

2010), Rosa26FSF-LSL-tdTomato (Ai65(RCFL-tdT)-D; Madisen et al., 2015), and Ro-136 

sa26FSF-tdTomato (Ai65F). The NDNF-ires-Cre and Htr3a-ires-Flpo driver lines were 137 

generated by the Molecular and Transgenic (P01NS074972) and Rodent Genetic Engi-138 

neering Cores at the NYU School of Medicine, following a similar workflow as outlined 139 

previously (Taniguchi et al., 2011). Briefly, ES cells (B4; C57Bl/6) were electroporated 140 

with vectors targeting ires-Cre-bGHpA (NDNF) or ires-Flpo-bGHpA (Htr3a) cassettes for 141 

insertion into the 3’UTR immediately following the stop codon. Properly targeted ES cell 142 

clones were selected by long range PCR screening (Phusion; Thermo Scientific) in 143 

combination with restriction mapping, and then used to generate embryos by tetraploid 144 

complementation (Eakin and Hadjantonakis, 2006). Founder mice were bred to Flp (for 145 

NDNF-ires-Cre: ROSA26::Flpe; Jax stock #009086) or Cre (for Htr3a-ires-Flpo: CMV-146 

Cre; Jax stock #006054) deleter lines to remove the respective neo cassettes prior to the 147 

establishment of homozygous breeder colonies. The NDNF-ires-Cre allele was geno-148 

typed by PCR on tail genomic DNA using the following primers: 5’- 149 

GCTGGAAGATGGCGATTGAAG -3’ (corresponds to Cre-pA sequence) and 5’- 150 

CAATGGTCAAAGCAAGGGGT -3’ (corresponds to NDNF 3’ UTR sequence); PCR 151 
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product size: 1112 bp. The Htr3a-ires-Flpo allele was genotyped using the following pri-152 

mers: 5’- GGTGGGCTCTATGGCTTCTG -3’ (corresponds to bGH pA-residual vector 153 

sequence) and 5’- CACAGGTGAGCTGAAGAGGG -3’ (corresponds to Htr3a 3’ UTR 154 

sequence); PCR product size: 507 bp. Both lines have been submitted to Jackson La-155 

boratories for wider distribution.  156 

Our approach to labeling NDNF cells differs from that described in Tasic et al. 157 

(2016) in several key respects. In that study, the authors developed an NDNF-ires-dgCre 158 

line (Jax stock #028536), wherein a destabilized cre/EGFP fusion gene was inserted into 159 

the 3’UTR of the NDNF gene immediately downstream of the stop codon. While this fu-160 

sion protein was designed to be stabilized upon administration of trimethoprim (TMP), 161 

the authors report that there was no difference in labeling in the presence or absence of 162 

TMP. In their study, the authors labeled NDNF cells by crossing the NDNF-dgCre driver 163 

with a cre-dependent reporter line (e.g., Ai14), and reported that the resulting cumulative 164 

recombination pattern was generally consistent with the endogenous NDNF expression 165 

pattern. In contrast, our NDNF-ires-Cre line (not destabilized) produced very broad cu-166 

mulative recombination patterns when paired with Ai14, likely as a result of widespread 167 

low level expression of NDNF during development, and thus we opted for the viral label-168 

ing strategy described below to achieve specific labeling of adult NDNF expressing cells. 169 

 170 

Slice Preparation. Adult transgenic mice of either gender (P21-P53; mean age±SEM = 171 

P30.3±0.3) were euthanized using pentobarbital sodium and phenytoin sodium. Once 172 

unresponsive, mice were perfused with ice cold sucrose-ACSF containing 87mM NaCl, 173 

75mM sucrose, 2.5mM KCl, 26mM NaHCO3, 1.25mM NaH2PO4, 10mM glucose, 1.0mM 174 

CaCl2, 2.0mM MgCl2, 0mM or 2.0mM Na-pyruvate, and 0mM or 0.4mM Na-ascorbate 175 

saturated with 95% O2/5% CO2. The mice were then decapitated and the brain extract-176 
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ed. The brain was glued to a stage, placed into a chamber filled with bubbled ice-cold 177 

sucrose ACSF, and sliced into 300μm-thick coronal sections using a Leica VT1200S vi-178 

bratome. The slices were incubated at 35°C for 30min in ACSF containing 125mM NaCl, 179 

2.5mM KCl, 26mM NaHCO3, 1.25mM NaH2PO4, 10mM glucose, 2.0mM CaCl2, and 180 

1.0mM MgCl2. Slices were then stored in ACSF for at least 30min at room temperature 181 

before recording.  182 

 183 

Electrophysiology Recordings. During recording sessions, slices were held in a 184 

chamber atop an air table and visualized using an upright microscope (Olympus 185 

BX51WI) either via infrared differential interference contrast or fluorescence illumination. 186 

Slices were perfused with ACSF saturated with 95% O2/5% CO2 during all recordings 187 

and the recording chamber bath was kept at 29-32°C. For some experiments, the bath 188 

solution contained the NMDA receptor blocker D-AP5 (25μM; Abcam), the AMPA recep-189 

tor blocker CNQX (10μM; Tocris), the GABAA receptor blocker GABAzine (10μM; 190 

Abcam), and/or the GABAB receptor blocker CGP-35348 (60μM; Tocris). 191 

 All cells were recorded in the barrel field of the primary somatosensory cortex. 192 

The boundary between L1 and L2 was visualized using infrared differential interference 193 

contrast as the sharp increase in soma density 100-150μm from the pia. The molecular 194 

identity of L1 interneurons was visualized using fluorescence illumination for GFP or 195 

tdTomato (see section on transgenic mice). All recordings were performed in current 196 

clamp using the whole cell configuration in brain slices and the liquid junction potential 197 

was not corrected. Pipettes with resistances of 2-6MΩ were made (Sutter Instrument 198 

Co.) using borosilicate glass and were filled with potassium gluconate intracellular solu-199 

tion containing 130mM K-gluconate, 10mM KCl, 10mM HEPES, 0.2mM EGTA, 4mM 200 

Mg-ATP, 0.3mM Na-GTP, and typically 0.3-0.5% biocytin, adjusted to a pH of 7.3 with 201 
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KOH. Prior to gaining whole-cell access, a gigaseal was obtained and the pipette capaci-202 

tance was compensated. Access resistances were monitored throughout recordings and 203 

were completely compensated. The intrinsic properties of cells with access resistances 204 

>35MΩ were not analyzed. All data were collected using a Multiclamp 700B amplifier 205 

(Molecular Devices), a Digidata 1322A digitizer (Molecular Devices), and Clampex 10.3 206 

software (Molecular Devices); data were sampled at 20kHz and low pass filtered at 207 

10kHz. In paired recordings, the somas of patched cells were <100 μm from each other. 208 

 209 

Electrophysiology Analysis. All intrinsic properties were measured in current clamp 210 

and calculated from 1sec long current injections, unless noted otherwise. The resting 211 

membrane potential (mV) was measured with 0pA current injection soon after gaining 212 

whole cell access; all other properties were measured at a holding potential of ~-70mV. 213 

The input resistance (MΩ) was calculated using Ohm’s law from averaged traces of 214 

150ms long negative current injections of typically -20pA. The amplitude of voltage sags 215 

(%) were measured using hyperpolarizations to -100mV and calculated as 100 x (Vsag 216 

minimum - Vsteady state)/(Vsag minimum – Vholding). The time to voltage sag minimum (ms) was cal-217 

culated as the time from negative current injection onset to sag minimum. The depolariz-218 

ing hump amplitude (mV) was calculated as the difference in potential between the 219 

threshold of the first spike observed using small increments of positive current injections 220 

(1-10pA) and the potential 300ms after the start of the current injection. Late-spiking 221 

cells have a delayed spike, so the depolarizing hump analysis for these cells was calcu-222 

lated as the difference in the maximum potential in the first 300ms and the potential at 223 

300ms after the start of the current injection. The action potential (AP) threshold was 224 

calculated as the potential when the change in voltage over time was 20mV/ms using 225 

the first observed spike and small increments of positive current injection (1-20pA). The 226 
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AP amplitude (mV) was calculated as the difference in potential from the spike peak to 227 

the spike threshold. The AP half-width (ms) was calculated as the difference in time be-228 

tween the ascending and descending phases of a spike at the voltage midpoint between 229 

spike peak and spike threshold. The maximum spike slope (mV/ms) was calculated as 230 

the maximum change in potential over time for the first observed spike. The adaption 231 

index was calculated as the ratio of the number of spikes in the last 500ms over the 232 

number of spikes in the first 500ms of a positive current injection that elicited ~20-30Hz 233 

firing. The time to first spike (ms) was calculated as the difference in time between the 234 

peak of the first action potential and the start of the positive current injection. The af-235 

terdepolarization amplitude (ADP, mV) was calculated as the difference in potential from 236 

the ADP peak to the AHP minimum after the first spike; if there was no local ADP maxi-237 

mum, ADP amplitude was calculated as the difference in potential 3ms after the AHP 238 

from the AHP minimum. A single spike for some VIP cells could not be isolated, so the 239 

last spike in a burst near rheobase was used.  240 

 Synaptic strengths and probability of connection were analyzed using paired re-241 

cordings in slice between either two L1 interneurons or a L1 interneuron and a L2 py-242 

ramidal cell. All cells were recorded in current clamp using K-gluconate intracellular solu-243 

tion (see above). IPSPs were recorded at a holding potential of ~-55mV; firing patterns 244 

were recorded at holding potentials of ~-70mV using 10-25pA current injection steps. L1 245 

interneurons were identified by their molecular markers and firing patterns as described 246 

above; L2 pyramidal cells were identified by their large soma and the firing patterns elic-247 

ited by 1sec current injection steps of 25-100pA. IPSP strengths were measured using 248 

the average of 15-80 trials and calculated as the difference in potential from baseline to 249 

IPSP peak. In each 20sec trial, a single spike was generated by a 1ms current injection 250 

in the L1 IN. When testing the connectivity between NDNF cells (NGFCs and canopy 251 
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cells) a spike was generated in one L1 IN and then in the second L1 IN 3.2sec later; thus 252 

the connectivity in both directions could be tested within every trial. In experiments to 253 

determine the GABAB-receptor mediated component of IPSPs, the paired recording pro-254 

tocol was repeated after CGP-35348 (60μM) was washed into the bath solution for 5min. 255 

 256 

Morphological Analysis. Recorded cells were labeled using an intracellular solution 257 

containing 0.3-0.5% biocytin; in some cases, cells were labeled juxtacellularly using 258 

HEPES-buffered ACSF (150mM NaCl, 2.5mM KCl, 1.25mM NaH2PO4, 10mM HEPES, 259 

2mM CaCl2, 1.0mM MgSO4, adjusted to pH 7.2 with NaOH) and ~3% biocytin. After la-260 

beling, slices were moved to cold 4% PFA for 3-12h and then stored in 30% sucrose 261 

with 0.1M PB. Slices were thoroughly washed with 0.1M PB and then moved to CUBIC 262 

#1 tissue clearing solution (Susaki et al., 2014; Susaki et al., 2015) for 2 days. After 263 

washing again, slices were treated with a 1:500 dilution of streptavidin conjugated to a 264 

fluorophore and 0.1M PB. After another round of washing, slices were treated with 265 

CUBIC #2 solution for >15min and mounted on glass slides in CUBIC #2 solution (24/30 266 

reconstructions came from slices that were CUBIC treated; 6/30 were not treated with 267 

either CUBIC solution and were instead mounted in Vectashield medium with DAPI, 268 

Vector Laboratories). Because α-bungarotoxin (α-btx) staining requires re-sectioning 269 

recorded slices into 20μm thick sections, cells could either be used for reconstructions or 270 

α-btx staining, but not both. Cell morphologies were imaged using a confocal microscope 271 

(Zeiss) and 63X oil immersion objective; the molecular identity was also confirmed via 272 

confocal microscopy. The morphology of recorded cells was reconstructed using Neuro-273 

lucida. Putative boutons were identified as swellings along the axon of well-labeled cells 274 

and bound to reconstructed axon; the length of all reconstructed axonal segments are 275 

known and could be used to calculate the average inter-bouton interval. Axonal density 276 
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was calculated using Amira software (Thermo Scientific) and custom written Matlab 277 

software (MathWorks). Axon was binned into cubes (25μm x 25μm x 25μm), and the to-278 

tal length of axon within each cube was counted. Then the density of axon in cubes was 279 

added vertically to produce the horizontal distribution of axonal density (μm-2); the aver-280 

age of these values for NGFCs and canopy cells was then plotted with SEM. 281 

 282 

Histology. Immunofluorescence and fluorescent in situ hybridization were performed 283 

essentially as described previously (Lee et al., 2010). In brief, brain tissue was dissected 284 

from experimental animals following transcardial perfusion with 4% paraformalde-285 

hyde/PBS, with overnight post-perfusion fixation in the same solution (except for immu-286 

nofluorescence using the anti-VIP antibody, where no post-perfusion fixation was per-287 

formed due to fixation sensitivity), after which brains were equilibrated in 30% su-288 

crose/PBS prior to being frozen in blocks of embedding medium (O.C.T. compound; Tis-289 

sue-Tek) on crushed dry ice. Coronal brain tissue sections (20μM) were prepared using 290 

a cryostat (Leica CM3050S), collected on slides (Colorfrost Plus; Fisher) and dried over-291 

night at room temperature prior to storage at -80°C. DNA templates to generate digoxig-292 

enin or fluorescein labeled antisense in situ hybridization probes for GAD67, NDNF, VIP 293 

and Chrna7 were prepared by PCR using the respective probe sequences described by 294 

the Allen Brain Institute (mouse.brain-map.org), with a T7 promoter containing sequence 295 

(5’- TCACATTAATACGACTCACTATAGG -3’) added to the 3’ (reverse) primer. Antibod-296 

ies: Rabbit anti-VIP (Immunostar 20077); fluorescent labeling of α7-nAChR was per-297 

formed by incubating tissue sections in Alexa Fluor 647 conjugated α-bungarotoxin 298 

(ThermoFisher Scientific; B35450, diluted to 1μg/mL in PBS) for 1 hour at room tempera-299 

ture following overnight permeabilization and blocking in PBS/0.1% Triton X-100/1% 300 

normal donkey serum. Fluorescent images were acquired using a Zeiss AxioImager.A1 301 
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microscope using Metamorph software, or by confocal microscopy, with channel levels 302 

and contrast adjustments performed in Photoshop (Adobe).  303 

 For GABA staining, mice were first transcardially perfused with ice-cold phos-304 

phate-buffered saline (PBS), then with 4% paraformaldehyde (PFA) in 0.1M phosphate-305 

buffer (PB). After 1h post-fixation in the same fixative solution, the brain was stored in 306 

PBS at 4°C. Coronal brain sections 70μm thick were made in cold-PBS using a vi-307 

bratome (Leica); slices were then immunostained or stored in PBS with 0.05% sodium 308 

azide, sealed with parafilm, and kept at 4°C. When ready for immunostaining, sections 309 

were washed with PBS and then treated with 1% Triton X-100 in PBS (PBT) for 1h at 310 

room temperature. Sections were treated with a blocking solution (10% normal goat se-311 

rum, 1% bovine serum albumin, 0.2% gelatin, 0.5% Triton X-100, dissolved in PBS) for 312 

1h at room temperature, then incubated with a 1:500 solution of rabbit anti-GABA anti-313 

bodies (Sigma A2052) in blocking solution for two days at 4°C. Sections were then 314 

washed with 0.2% PBT for at least 1.5h before being treated with goat anti-rabbit IgG 315 

conjugated to Alexa Fluor 488 (Life Technologies A11008; diluted 1:1000 in blocking so-316 

lution) overnight at 4°C. Sections were again washed with 0.2% PBT for ~15min and 317 

then PBS for ~15min before being mounted on glass slides and imaged at 20X with con-318 

focal microscopy.  319 

 For some histology experiments, no immunostaining was necessary. In these 320 

instances, mice were perfused with ice-cold PBS and then 4% PFA; brains were extract-321 

ed and stored overnight in 4% PFA at 4°C, then kept in PBS at 4°C until sectioning. Sec-322 

tions (50-90μm thick) were made in cold-PBS or PB, then dried, and mounted in Vec-323 

tashield medium with or without DAPI (Vector Laboratories). For cell counting, sections 324 

were prepared in this manner or in a similar manner to sections used for electrophysiol-325 

ogy recordings (see above methods), then mounted on glass slides, imaged at 20X with 326 
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confocal microscopy, and uploaded to Neurolucida. Labeled cell bodies were marked 327 

according to their identity and the proportions of overlapping markers were calculated. 328 

 329 

Viral Injections. Mice were anesthetized with 2% isoflurane (Isothesia; Henry Schein 330 

Animal Health) vaporized in pure oxygen (air flow of 1.0L/min). Once unresponsive, the 331 

mice were head fixed in a stereotactic frame, where body temperature was maintained 332 

at ~37°C (DC Temperature Control System; FHC) for the duration of the surgery. A 333 

small hole was drilled in the skull (Volvere Vmax; NSK) above the barrel field (1.2-334 

1.5mm posterior; 3.0-3.5mm lateral). Then a glass injection pipette (opening diameter 335 

30-45μm) was inserted ~0.5mm into the brain and 200nL of virus 336 

(AAV1.CAG.Flex.tdTomato.WPRE.bGH; Allen Institute 864; 1:1 dilution with PBS) was 337 

injected at 40nL/min (Micro4; World Precision Instruments); this procedure was repeated 338 

for both sides of the brain. Mice were allowed to recover for at least 3 days post-surgery 339 

and recordings were typically performed 3-7 days after virus injections. 340 

 341 

Experimental design and statistical analysis. All electrophysiology data was analyzed 342 

using Clampfit 10.3 and 10.7 (Molecular Devices), Excel (Microsoft), and custom written 343 

Matlab software (MathWorks). All morphological properties were analyzed using Neuro-344 

lucida Explorer (MBF Bioscience) or Amira software (Thermo Scientific) and custom writ-345 

ten Matlab software. All statistical analysis was performed using Matlab. 346 

 347 

Results 348 

Four molecular IN populations in L1.  In addition to the axonal projections carrying 349 

contextual information and the distal tuft dendrites of pyramidal cells, L1 contains several 350 

sources of GABAergic influence. These include the axons of L2/3 and L5/6 Martinotti 351 
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cells and a diverse population of INs with cell bodies in L1 (L1 INs). In addition, the den-352 

drites of several L2/3 IN subtypes (including L2/3 VIP cells and L2 chandelier cells) have 353 

a considerable portion of their dendritic arborization in L1 (Woodruff et al., 2009; Wood-354 

ruff et al., 2011; Taniguchi et al., 2013; Miyamae et al., 2017), where they can receive 355 

long range inputs (Fig. 1A). The goal of this study was to elucidate the diversity of L1 INs.  356 

We first sought to find molecular markers that could help dissect the diversity of 357 

L1 neurons. INs expressing SST or the Ca2+ binding protein parvalbumin (PV), two 358 

prominent IN groups in L2-6, are rarely seen in L1 (Lee et al., 2010; Tremblay et al., 359 

2016).  Essentially all L1 INs belong to a third group of neocortical INs characterized by 360 

the expression of GFP in a mouse line expressing this reporter under control of the pro-361 

moter for the ionotropic serotonin receptor 5HT3a (Lee et al., 2010). Located in all corti-362 

cal layers, 5HT3aR INs consist of two subgroups based on whether they express the 363 

neuropeptide VIP (Lee et al., 2010; Rudy et al., 2011; Tremblay et al., 2016). VIP INs 364 

are the major population of L2/3 INs, accounting for 35% of the INs in these layers 365 

(Tremblay et al., 2016), but are infrequent in L1 (Lee et al., 2010). Thus, most L1 INs are 366 

non-VIP 5HT3aR cells, a heterogeneous interneuron population with a poorly character-367 

ized diversity (Lee et al., 2010).  368 

 To find markers that could help segregate L1 INs, we mined data from our own 369 

studies as well as from the Allen Institute in situ hybridization (ISH) gene expression da-370 

tabases (mouse.brain-map.org; Lein et al., 2007).  For example, based on the observa-371 

tion that expression of the c-Kit gene is highly enriched in L1 neurons, we recorded from 372 

neurons expressing this gene in a mouse line expressing GFP under control of the c-Kit 373 

promoter (c-Kit-eGFP; Jax stock #025122; kind gift from Dr. Michael Kotlikoff, Cornell 374 

University). c-Kit eGFP expression in this mouse line did not overlap with Satb2, a mark-375 

er of pyramidal cells, or with PV, SST, or VIP (Kruglikov et al., 2014).  In addition, based 376 
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on the observation that some L1 neurons express the neuropeptide CCK (Lee et al., 377 

2010), we examined the 5HT3aR/CCK population by utilizing intersectional genetics. We 378 

crossed CCK-Cre (CCK-ires-Cre; Jax stock #012706) with a newly generated 5HT3aR-379 

Flpo driver line (see Methods) and a Cre+Flp dependent tdTomato reporter mouse line 380 

(Ai65; Madisen et al., 2015). However, neither of these genetic targeting strategies 381 

proved useful to segregate L1 IN subtypes, as electrophysiological recordings of labeled 382 

L1 cells using the c-Kit eGFP or 5HT3aR/CCK mouse lines yielded firing pattern diversi-383 

ties comparable to those seen in blind L1 cell recordings (data not shown).  384 

 Our first success was with a transgenic mouse line expressing GFP under control 385 

of the neuropeptide Y (NPY) gene promoter (NPY-hrGFP; Jax stock #006417). NGFCs 386 

in the hippocampus and the neocortex are known to express NPY (Kubota et al., 2011; 387 

Overstreet-Wadiche and McBain, 2015), but it is unclear whether it is expressed by L1 388 

NGFCs (Gonchar et al., 2007; Kubota et al., 2011). The NPY-hrGFP mouse line has 389 

been used to record from NGFCs in other cortical layers but not in L1 (Chittajallu et al., 390 

2013; Neske et al., 2015). We found that >90% of the GFP-positive cells in L1 391 

(n=153/165 recorded NPY+ cells; Fig. 1B) had the late-spiking (LS) firing pattern charac-392 

teristic of NGFCs. On the other hand, LS cells were rarely observed among GFP-393 

negative INs (n=25/183 recorded NPY- cells; Fig. 1B). These data suggested that NPY 394 

expression as reported by this mouse line was a good marker to target L1 NGFCs, with 395 

a similar specificity and efficiency as the extensively used PV, SST and GAD67 driver 396 

lines (Taniguchi et al., 2011; Muñoz, 2014).  397 

 Observation of the firing patterns of non-LS neurons suggested heterogeneity 398 

within this group. We therefore sought to find markers that could distinguish subtypes 399 

among non-LS neurons. We focused on neuron-derived neurotrophic factor (NDNF), a 400 

marker identified as being largely restricted to L1 INs in the adult (Boyle et al., 2011). 401 
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Using ISH, we confirmed that cortical NDNF expression is highly enriched in L1 INs (Fig. 402 

2), having no overlap with the other major IN classes (PV, SST, and VIP). We then gen-403 

erated an NDNF-ires-Cre knock-in driver line (3’UTR) and labeled NDNF-expressing INs 404 

via injection of a td-Tomato Cre reporter virus (AAV1.CAG.Flex.tdTomato.WPRE.bGH; 405 

Allen Institute 864) in the cortex. This approach is distinct from that employed by Tasic et 406 

al. (2016) where an NDNF-dgCre (destabilized cre) line was crossed with the td-Tomato 407 

reporter line Ai14 to label NDNF cells (see Methods for details). We found that ~70% of 408 

L1 INs were labeled using our strategy (mean±SEM = 66.8±1.3%, n=4 mice). By incor-409 

porating the NPY-hrGFP reporter into this approach, we found that the NPY population 410 

comprised a subset of L1 INs within the NDNF population, such that NDNF cells could 411 

be divided into NPY-positive and NPY-negative groups (Fig. 2F). NDNF/NPY INs ac-412 

count for ~40% of the NDNF population (mean±SEM = 40.8±0.7%, n=4 mice; and hence 413 

~30% of L1) and the NDNF/non-NPY population for 60% (and hence ~40% of L1). The 414 

remaining INs in L1 (~30%) did not express NDNF. After exploring several potential 415 

markers, we found that the non-NDNF population could be divided in two groups: About 416 

30% of non-NDNF INs (and hence 10% of L1) are VIP cells, a marker that did not over-417 

lap with NDNF (Fig. 2C), while the remaining 70% of the non-NDNF population was 418 

comprised by neurons found to strongly express α7 nicotinic acetylcholine receptors 419 

(nAChRs), as determined by ISH, IHC, and labeling with fluorophore-conjugated alpha-420 

bungarotoxin ( -btx; Fig. 2D-E). Remarkably, while sparse, cells strongly labeled for α7 421 

nAChR cells (hereafter called α7 cells) are almost exclusively restricted to L1 (Fig. 2). 422 

Thus, the molecular analysis defined four distinct L1 IN populations: NDNF/NPY, 423 

NDNF/non-NPY, α7, and VIP (Fig. 2G).  424 

 PV, SST and VIP are useful IN markers because they identify IN groups that 425 

have common electrophysiological and morphological properties (Tremblay et al., 2016). 426 
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Therefore, we next investigated whether the molecular groups we defined in L1 consist 427 

of cells with specific electrophysiological and morphological properties. We performed 428 

whole-cell current clamp recordings in coronal slices of barrel cortex to characterize the 429 

intrinsic electrophysiological properties of each L1 population (mice aged P21-53; mean 430 

age ± SEM = P30.3±0.3). All recorded cells were filled with biocytin for post-hoc mor-431 

phological reconstruction and analysis. In addition, the set of morphologies was supple-432 

mented by INs labeled juxtacellularly using higher concentrations of biocytin (see Meth-433 

ods). 434 

 435 

The four molecularly-defined L1 IN populations each have characteristic electro-436 

physiological properties. Current clamp recording from L1 neurons in barrel cortex 437 

was used to characterize the firing properties of L1 INs. The same intracellular recording 438 

solution and holding potential (-70mV) was used for all cells. The dataset used for this 439 

analysis consisted of 108 neurons. Most of the neurons were recorded in virally injected 440 

NDNF-Cre;NPY-hrGFP mice (see Methods; Fig. 2F). These mice enable the on-line dis-441 

tinction between NDNF and non-NDNF populations as well as between the two NDNF-442 

expressing groups. In addition, some of the cells used in this dataset were recorded in 443 

NPY-hrGFP mice, Htr3a-flpo;Ai65F mice, VIP-Cre;Ai9 mice, or VIP-GFP mice (see 444 

Methods).  445 

We distinguished four distinct firing patterns and found that these correlated well 446 

with the molecularly defined groups (see Table II for a summary of the electrophysiologi-447 

cal and morphological properties of each L1 molecular group). Most NDNF/NPY cells 448 

(92% in the present dataset) have a LS firing pattern near threshold and non-adapting or 449 

even accelerating repetitive firing; the other three populations show non-LS “regular fir-450 

ing” patterns with an onset spike at the start of the threshold depolarization and repeti-451 
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tive firing with various degrees of spike frequency adaptation during suprathreshold step 452 

depolarizations depending on subtype (Fig. 3; Table III). VIP cells in L1 have very high 453 

input resistances and adapt the most (input resistance: 351.1 MΩ ± 21.1 compared to 454 

141.9 ± 6.6 and 141.6 ± 10.8 for the NDNF/non-NPY and α7 populations, respectively; 455 

adaptation index: 0.44 ± 0.05 compared to 0.83 ± 0.02 and 0.60 ± 0.03 for the 456 

NDNF/non-NPY and α7 populations respectively; for statistics, see Table III), resembling 457 

the “fast-adapting” VIP INs previously described in layers 1-3 (Lee et al., 2010; Miyoshi 458 

et al., 2010; Prönneke et al., 2015). NDNF/non-NPY and α7 cells could be easily distin-459 

guished by the presence of an active depolarizing hump at near-threshold membrane 460 

potentials in α7 cells but not in NDNF/non-NPY cells (Fig. 3). This active depolarization 461 

resembles the Ca2+ spike observed in thalamic relay neurons (Llinás and Jahnsen, 1982; 462 

Jahnsen and Llinás, 1984; McCormick and Huguenard, 1992) and is likely mediated by a 463 

similar Ca2+ conductance since it is blocked by the T-channel blocker TTA-P2 (3μM; data 464 

not shown). In NDNF/non-NPY cells, threshold spikes arose directly from the passive 465 

depolarization of the membrane, while in α7 cells threshold spikes arose from the depo-466 

larizing hump (Fig. 3). α7 cells have a firing frequency adaptation between the 467 

NDNF/non-NPY and VIP cells, and show a larger Ih-mediated hyperpolarizing sag, re-468 

sembling the non-LS cells described by Cruikshank, et al. (Cruikshank et al., 2012) (Ta-469 

ble III).  470 

 We performed unsupervised cluster analysis (using Ward’s method) on a subset 471 

(n=82) of cells for which a full electrophysiological analysis was performed to inde-472 

pendently classify the recorded neurons. We used 11 electrophysiological parameters: 473 

resting membrane potential, input resistance, sag amplitude, time to sag minimum, am-474 

plitude of the near-threshold depolarizing hump, spike amplitude, spike half-width, max-475 

imum spike slope, adaptation index, time to first spike, and ADP amplitude. Unsuper-476 
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vised cluster analysis confirmed the presence of four electrophysiological cell groups 477 

that closely matched the molecularly defined groups (Fig. 3D). The experimental ob-478 

server could distinguish cell types with a high degree of certainty using a few key proper-479 

ties that distinguished among cells: the long delay to first spike and lack of adaptation at 480 

threshold of NDNF/NPY cells, the active depolarizing hump at threshold for the α7 cells, 481 

the presence of onset spikes at threshold without an active depolarizing hump for the 482 

NDNF/non-NPY cells, and a high input resistance and strong adaptation for the VIP 483 

cells. However, the cluster analysis suggests that more subtle differences in many elec-484 

trophysiological parameters also correlate with cell type.    485 

 486 

L1 IN populations have characteristic morphologies. Previous studies have distin-487 

guished two types of morphologies among L1 INs: neurons with an axonal arborization 488 

largely confined to L1, and neurons that have one or more axonal collaterals descending 489 

to deeper layers (Table I). Whether these morphological differences correlate with differ-490 

ences in intrinsic electrophysiological properties or whether they reflect variations within 491 

similar functional groups is not clear, as studies have given different weights to these 492 

differences (see Table I).  In some studies this morphological difference is central to their 493 

classification (Hestrin and Armstrong, 1996; Zhou and Hablitz, 1996b; Christophe et al., 494 

2002; Kubota et al., 2011; Jiang et al., 2013; Jiang et al., 2015), while others have given 495 

it less weight (Lee et al., 2010; Wozny and Williams, 2011).  496 

 We found that neurons in each molecularly-defined L1 group had a characteristic 497 

morphology (Fig. 4, 5). Neurons in the two NDNF groups, NDNF/NPY and NDNF/non-498 

NPY, had axonal arborizations largely confined to L1. Conversely, the two non-NDNF 499 

populations showed the characteristic axonal collaterals vertically descending to deeper 500 

cortical layers previously reported among some L1 INs. Although some NDNF-501 
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expressing cells, and in particular in the NDNF/non-NPY group, had few descending ax-502 

onal branches, these were mostly short and branched less than those of the non-NDNF 503 

populations (see Fig. 5).   504 

 NDNF/NPY cells (hereafter called neurogliaform cells, NGFCs) had a neuroglia-505 

form cell morphology, with short dendrites and a wider dense axonal arbor, which as 506 

previously described, differs from NGFCs in other layers by often extending horizontally 507 

across several columns (Hestrin and Armstrong, 1996; Zhou and Hablitz, 1996b; Kubota 508 

et al., 2011; Jiang et al., 2013; Jiang et al., 2015; Tremblay et al., 2016). The NDNF/non-509 

NPY cells (hereafter called canopy cells as explained below) resemble NGFCs in having 510 

an elongated horizontal axonal arbor largely confined to L1, however they show several 511 

significant morphological differences with NGFCs. The dendritic arbor of the canopy 512 

cells is wider than that of NGFCs (Fig. 6A; p=0.0023; Mann-Whitney U test) and branch-513 

es less (Fig. 6B; p=0.0072, respectively; Mann-Whitney U test). The axon of the canopy 514 

cells extends further from the soma (Fig. 6D; p=0.021; Mann-Whitney U test) and is less 515 

tortuous than the axon of NGFCs (Fig. 6E; p=0.0024; Mann-Whitney U test). Further-516 

more, peak axonal density is ~65% larger (Fig. 6G; p=0.0152; Mann-Whitney U test) and 517 

inter-bouton distance is smaller (Fig. 6F; p=0.0016; Mann-Whitney U test) for NGFCs 518 

resulting in a two-fold difference in bouton density for the two cell types. This is particu-519 

larly interesting because a high bouton density is a feature of NGFCs (Olah et al., 2009; 520 

Overstreet-Wadiche and McBain, 2015).  521 

 Interestingly, we also found that the axonal arbor of the two NDNF populations 522 

has a different distribution within L1: while the axon of NGFCs tends to occupy the whole 523 

layer, the axon of the canopy cells is strongly biased towards the upper half of L1, and is 524 

rarely found in L2 (Fig. 4C-D; L1a: p=3.3e-4; L1b: p=5.8e-4; Mann-Whitney U test). The 525 

extended axon of the NDNF/non-NPY cells makes a layer of inhibitory axons in the top 526 
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surface of layer 1, we therefore propose naming these neurons canopy cells.  527 

 L1 VIP cells resemble the bipolar VIP INs in L2/3, with a descending axon that 528 

projects through the cortical column (Lee et al., 2010; Prönneke et al., 2015). However, 529 

their bipolar dendrite has a more horizontal orientation (see inset in Fig. 4A). The de-530 

scending axonal collaterals of L1 VIP cells branch in L5A, a cortical sublayer that often 531 

receives projections from similar sources as L1, and then continue into L5B, often reach-532 

ing layer 6 (Fig. 4; see also Fig. 5). α7 cells have multipolar dendrites unlike the bipolar 533 

dendritic arbor of VIP cells (see inset in Fig. 4A,B1; p=0.0047; Mann-Whitney U test). 534 

Like VIP cells, α7 cells have one or more vertically descending axonal collaterals that go 535 

deep into the column. They usually branch in L5A, but often terminate there, in contrast 536 

to VIP cells (Fig. 4A, 5). The two non-NDNF populations also differ significantly in the 537 

size of their somata (Fig. 4B2; p=0.0012; Mann-Whitney U test).  538 

The two NDNF populations have similar morphologies but they have very distinct 539 

electrophysiological properties. Conversely, canopy cells and 7 neurons resemble each 540 

other electrophysiologically (Fig. 3), but are distinguishable morphologically. Thus, the 541 

morphology and the electrophysiology together allow conclusive segregation of cell 542 

types in L1. In addition, we find that the four IN populations differ in their distribution 543 

within the layer (Fig. 7). The combined molecular, electrophysiological, and morphologi-544 

cal analysis strongly indicates that L1 INs consist of four distinct neuronal populations. 545 

Table II summarizes the molecular, electrophysiological, and morphological differences 546 

among the four neuronal populations described in this study. 547 

 548 

NGFC and canopy cells differ in connectivity. The two NDNF populations, NGFCs 549 

and canopy cells, also differ in their connectivity to L2 PCs and each other, supporting 550 

the notion that they represent distinct IN subtypes (Fig. 8, 9). The probability of detecting 551 
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connections (usually called ‘connection probability’) between NGFCs and L2 PCs was 552 

very high (Fig 8C; 72%, n=13/18 connections tested), similar to what has been reported 553 

for NGFCs in L2/3 (Szabadics et al., 2007), as well as for those in L1 in some studies 554 

(Lee et al., 2015). On the other hand, the probability of detecting connections between 555 

canopy cells and L2 PCs was significantly lower (Fig 8C; 18%, n=8/45 connections test-556 

ed; p=7.2e-5; Fisher’s exact test). This low connection probability is unlikely due to cut 557 

PC dendrites given the high probability of connection we observed with NGFCs and that 558 

the axonal arbor of both NDNF cell types is in the same plane. Furthermore, the unitary 559 

synaptic strength of NGFCs to L2 PCs was much greater than that of the connections 560 

made by canopy cells (Fig. 8B,D; p=7.6e-4; Mann-Whitney U test). There were also sig-561 

nificant differences in the synapses that the two NDNF INs made with each other. 562 

NGFCs and canopy cells were reciprocally connected and the probability of detecting 563 

connections was high in both directions (Fig. 9A). However, the unitary strength of con-564 

nections made by NGFCs onto canopy cells was significantly greater than the connec-565 

tions made by canopy cells onto NGFCs (Fig. 9B; p=0.012; Mann-Whitney U test). Can-566 

opy cells have a larger proportion of their axon in the superficial half of L1 compared with 567 

NGFCs (Fig. 4C,D, 5).  Inputs from canopy cells on PCs may thus be more subject to 568 

dendritic filtering and this may contribute at least in part to the apparent difference in 569 

synaptic strength recorded at the PC soma. 570 

NGFCs have unique synaptic properties that distinguish them from other GA-571 

BAergic interneurons. It has been suggested that NGFCs release GABA to the extracel-572 

lular space via volume transmission (Olah et al., 2009), allowing GABA to bind receptors 573 

along the entire dendritic arbor of PCs and other INs. Indeed, this phenomenon may ex-574 

plain their high connection probability to most cell types (Szabadics et al., 2007).  575 

NGFCs stand out among GABAergic INs for their ability to produce GABAB responses in 576 
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connected postsynaptic targets (Hestrin and Armstrong, 1996; Wozny and Williams, 577 

2011; Cruikshank et al., 2012; Jiang et al., 2013). GABAB receptors display high affinity 578 

for GABA, slow G protein-coupled mediated signaling, and a predominantly extrasynap-579 

tic localization (Gonzalez-Burgos, 2010). The concerted firing of several INs or high fre-580 

quency firing of a single interneuron are thought to release enough GABA to activate ex-581 

trasynaptic receptors (Mody et al., 1994; Thomson et al., 1996; Kim et al., 1997; Thom-582 

son and Destexhe, 1999; Scanziani, 2000). For example, a single FS IN in auditory cor-583 

tex can produce GABAB responses on connected PCs when stimulated at 80 Hz (Os-584 

wald et al., 2009). Likewise, repetitive firing of SST INs has been shown to produce 585 

GABAB responses as well (Urban-Ciecko et al., 2015). However, NGFCs are the only 586 

INs that have been shown so far to elicit robust unitary GABAB responses in response to 587 

a single action potential (Tamás et al., 2003; Price et al., 2005; Price et al., 2008; Wozny 588 

and Williams, 2011). Consistent with observations in other studies, we find robust unitary 589 

GABAB responses in L1 NGFC connections with L2 PCs, representing a significant pro-590 

portion of the PSP elicited by NGFC stimulation (Fig. 8B,E; p=0.031; Wilcoxon signed-591 

rank test). Conversely, the PSP from canopy cells contains no significant GABAB com-592 

ponent (Fig. 8B,E; NS, not significant at p<0.05, Wilcoxon signed-rank test). 593 

Discussion 594 

In this study, we describe evidence based on a combined molecular, electrophysiological 595 

and morphological analysis for the presence of four interneuron populations in L1 of the 596 

mouse barrel cortex: Neurogliaform cells (NGFCs), canopy cells, 7 cells and VIP cells. 597 

The molecularly-defined groups correlated with electrophysiological and morphological 598 

groups, providing confidence for the proposed classification. Two of the four L1 IN popu-599 

lations, the canopy and 7 cells, are almost exclusively present in L1. NGFCs and VIP 600 

INs are present in other layers, but have unique properties in L1 of potential physiologi-601 
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cal significance. L1 NGFCs have an extended axonal arbor that spans more than one 602 

column. Called “elongated neurogliaform cells” by some investigators, they can inhibit 603 

PCs in neighboring columns (Jiang et al., 2013; Jiang et al., 2015), as compared to the 604 

small spherical morphology of NGFCs in other layers. On the other hand, although L1 605 

VIP cells resemble bipolar VIP cells in L2/6, their bipolar dendrite is oriented horizontally 606 

(Fig. 4), while the dendritic trees of bipolar VIP INs in other layers are narrow and orient-607 

ed vertically, crossing several layers in either direction (Lee et al., 2013; Prönneke et al., 608 

2015). They are able to sample inputs in several layers, but are restricted horizontally, 609 

and thus capable of producing topographically organized disinhibition (Zhang et al., 610 

2014). Thus, L1 appears to have several specialized IN populations that participate in its 611 

unique circuitry.  612 

 While further studies may reveal additional diversity within the groups described 613 

here, the evidence suggests that we have identified the major interneuron populations 614 

within L1. Comparative histological analysis indicates that the same populations are pre-615 

sent in L1 across different cortical areas (data not shown), and thus our findings likely 616 

reflect general principles of L1 organization throughout the neocortex. Consistent with 617 

this idea, a recent comparative analysis of IN single cell transcriptomes reported broad 618 

conservation of molecularly defined IN subtypes across visual and premotor (ALM) corti-619 

ces (Tasic et al., 2017, bioRxiv). This study expanded upon earlier work (Tasic et al., 620 

2016) that delineated two primary NDNF populations – NDNF/Car4 and NDNF/Cxcl14 – 621 

that may correspond to our L1 NGFC and canopy cell types, respectively. However, 622 

closer examination of this data indicated that a substantial fraction of cells clustered 623 

within the NDNF/Cxcl14 category were actually non-NDNF expressing, and likely includ-624 

ed the 7 cells reported here. This heterogeneity within the original NDNF/Cxcl14 cluster 625 

has now been reanalyzed at much higher resolution in the more recent study (Tasic et 626 
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al., 2017, bioRxiv), which outlines four Lamp5 clusters (Egln3 and Pax6 subcategories) 627 

putatively spanning our canopy and 7 types, and a fifth (Lamp5/Pdlim5) that likely cor-628 

responds to our L1 NGFC type. An important caveat to this interpretation is that it is not 629 

yet clear how the genome-wide transcriptomic variations that drive cell type clustering 630 

correspond to specific cell properties (e.g., axonal morphology) that confer cell type 631 

identity at a functional level. 632 

Some L2/3 INs also have significant dendritic processes in L1. Chandelier cells 633 

(ChCs) are enriched in L2 and contain a dendritic arborization mostly in L1, often reach-634 

ing the cortical surface (Woodruff et al., 2011; Miyamae et al., 2017). The ascending 635 

dendrite of L2/3 bipolar VIP INs extends throughout L1 (Lee et al., 2013; Prönneke et al., 636 

2015) and VIP-CCK cells, concentrated at the L1-2 border, also have a significant pro-637 

portion of their dendrites in L1 (He et al., 2016). Therefore, these neurons can also be 638 

targets of L1 inputs and should be considered part of the L1 circuitry (Fig. 1A). Together 639 

with the four IN populations in L1, these cells can gate information flow to the tuft den-640 

drites of PCs and provide “context” to the “content” of the sensory input arriving at their 641 

basal dendrites (Larkum, 2013). Our elucidation of the IN subtypes residing in L1 pro-642 

vides a new framework to study the mechanisms by which top-down information is inte-643 

grated. 644 

 645 

Relationship to previous efforts to elucidate L1 IN diversity.  The discovery of mo-646 

lecular markers that correlate with IN morphological and electrophysiological properties 647 

has greatly facilitated the resolution of L1 IN subtypes. L1 INs can be divided into two 648 

major electrophysiological groups: cells that fire at threshold following a delay and show 649 

little spike frequency adaptation (late spiking, LS) as in NGFCs, and cells that have on-650 

set spike(s) and adapting spike trains (non-late-spiking; non-LS) as in the canopy, 7, 651 
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and VIP cells. While most studies of L1 INs (Table I) agree on the presence of these two 652 

types of firing patterns, the challenge has been dissecting the adapting populations, re-653 

sulting in a lack of agreement among different studies and a confusing picture. The ex-654 

pression of NDNF, NPY, 7 nAChRs, and VIP facilitated the discovery of differences 655 

that helped distinguish the three non-late-spiking subtypes. Similarly, most studies that 656 

used morphology to dissect L1 INs agree on the presence of cells that have an axonal 657 

arborization largely confined to L1 (as in NGFCs and canopy cells) and cells that have 658 

vertically descending axon collaterals that project deep into the column (as in the 7 and 659 

VIP cells), a feature noticed in the earliest studies of the anatomy of L1 cells (Hestrin 660 

and Armstrong, 1996; Zhou and Hablitz, 1996b) as well as studies by Ramón y Cajal 661 

and Schaffer (cited in Ramón y Cajal et al., 1988). NPY expression and the presence or 662 

absence of delayed spiking facilitated the discovery of subtler morphological differences 663 

between the two cell types with axon confined to L1. Likewise, the expression of VIP or 664 

7 nAChRs and the differences in firing pattern between these cells facilitated the dis-665 

covery of dendritic and axonal differences between the two cell types with descending 666 

axonal collaterals. 667 

Using morphological criteria, Jiang et al., (Zhu and Zhu, 2004; Jiang et al., 2013; 668 

Jiang et al., 2015) classified L1 neurons into elongated neurogliaform cells and single-669 

bouquet cells (SBCs), which were characterized by having vertically descending axon 670 

collaterals. SBCs received their name because they resembled, in the view of the au-671 

thors, double bouquet cells, which have a descending “horse tail” axonal bundle and 672 

have been described in human and primate neocortex (Yanez et al., 2005). Jiang et al., 673 

(2013; 2015) distinguished two types of firing patterns: late-spiking with no firing fre-674 

quency adaptation and non-late-spiking adapting. The majority of the elongated neurog-675 

liaform cells (~90%) were late-spiking non-adapting while the majority (~95%) of the 676 



 

28 
 

SBCs were non-late-spiking adapting. SBCs likely include both the VIP and 7 cells 677 

since both have vertically descending axon collaterals and non-late-spiking adapting fir-678 

ing patterns. Furthermore, it is likely that their SBC group also includes canopy cells, 679 

which we sometimes observe have short vertically descending collaterals (Fig. 5). Some 680 

canopy cells might have also been included in the elongated neurogliaform cell group 681 

and might be responsible for the 10% that had a non-late-spiking adapting firing pattern.  682 

Similarly, a study by Hestrin and Armstrong (1996) described two types of L1 INs: 683 

NGFCs with horizontally extended axons confined to L1 with a non-adapting firing pat-684 

tern and cells with descending axons and stronger adaptation. The authors suggested 685 

this population might be VIP INs, but it also likely includes other adapting cell types, 686 

such as the 7 and canopy cells. Furthermore, it is possible that canopy cells were also 687 

among the 30% of L1 INs that were left uncharacterized in this study.  688 

A large study by Wozny and Williams (2011) utilized a combined morphological 689 

and electrophysiological characterization of L1 INs in the rat somatosensory cortex. This 690 

study described two major populations: non-adapting NGFCs and classical-691 

accommodating (c-AC) cells, together accounting for ~80% of L1 cells. The c-AC popu-692 

lation of Wozny and Williams (2011), the largest population in their study (52% of L1) 693 

likely included canopy and 7 cells, both of which have adapting or “classical accommo-694 

dating” firing patterns (Gupta et al., 2000). In support of this hypothesis, Wozny and Wil-695 

liams report that 62% of the c-AC cells had an axonal arbor confined to L1 (as in canopy 696 

cells) while 38% had collaterals descending to deeper layers (as in 7 cells). Further-697 

more, the c-AC cell illustrated in their supplementary Fig. 2B resembles our 7 cells (as 698 

well as a cell illustrated on the cover of the issue containing the paper). On the other 699 

hand, a c-AC cell shown in a follow up paper by this group strongly resembles our cano-700 

py cells (see Fig. 1B in Brombas et al., 2014). Wozny and Williams also described two 701 
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minor populations of L1 INs: strongly adapting bursting cells (13%), which likely corre-702 

spond to VIP neurons, and fast-spiking interneurons that were mostly chandelier cells, 703 

accounting for 9% of L1 INs. In the mouse, chandelier cells are highly enriched in the 704 

upper part of L2, near the border with L1 (Woodruff et al., 2009; Woodruff et al., 2011; 705 

Taniguchi et al., 2013), but are rarely seen in L1 proper (of the 409 cells we have rec-706 

orded in L1, we have only observed 2 fast-spiking cells; data not shown). However, it is 707 

possible that some somas of chandelier cells are actually present in L1 in the rat neocor-708 

tex. Interestingly, in a later study by this group, Brombas et al. (2014) found that NGFCs 709 

and c-AC cells differ in cholinergic neuromodulation, with NGFCs, but not c-AC cells, 710 

displaying powerful muscarinic receptor mediated inhibition. If, as we suggest, canopy 711 

cells are a major component of the c-AC cells, then NGFCs and canopy cells may also 712 

differ in their response to ACh.   713 

Cruikshank et al., 2012 used electrophysiology to characterize L1 INs in the 714 

mouse prefrontal cortex. They classified L1 INs into three groups: Late-spiking (LS), 715 

non-late-spiking (NLS), and “other.” The “other” group consisted of non-late-spiking neu-716 

rons that differed in a number of properties from NLS cells and were therefore grouped 717 

separately. NLS cells likely correspond mostly to our 7 neurons. NLS cells resembled 718 

7 neurons in their adaptation, voltage sag, onset spiking, and soma position towards 719 

the bottom half of L1. It is possible that canopy cells were mostly in the “other” group of 720 

Cruikshank et al. (2012). 721 

 722 

Sublaminar structure of layer 1.  Although L1 is a thin cortical layer, previous anatomi-723 

cal studies have suggested that it might consist of specialized sublayers (Jones and 724 

Powell, 1970; Vogt, 1991; Cruikshank et al., 2012; Roth et al., 2016). Our analysis of the 725 

laminar organization of L1 INs supports this view. The sublaminar organization of L1 INs 726 



 

30 
 

is particularly clear when considering the location of their axons (see Fig. 4, 5). While the 727 

axons of NGFCs are distributed throughout the layer, the axons of the canopy cells are 728 

concentrated in the upper half (Figs. 4C1,C2,D, 5). Recent studies suggest that the ax-729 

ons of Martinotti cells also exhibit sublaminar specificity within L1. Muñoz et al., (2017) 730 

recently described two types of Martinotti cells in L5 that differed in the morphology of 731 

their ascending axon, and specifically its distribution within L1. The ascending axon of 732 

“fanning-out” Martinotti cells branches extensively in L2/3 and the lower part of L1, while 733 

the axon of “T-shape” Martinotti cells ascends with little branching towards the pia and 734 

branches horizontally in the upper half of L1 (Muñoz et al., 2017). Similarly, while some 735 

long-range excitatory projections occupy the full extent of L1, many of them tend to be 736 

concentrated in either the upper or lower half of the layer. For instance, the projections 737 

of paralaminar and midline thalamic nuclei to medial prefrontal cortex are concentrated 738 

in the upper half of L1, while cortico-cortical axons tend to be concentrated in the lower 739 

half (see Fig. 5 in Cruikshank et al., 2012). These data suggest that excitatory and inhibi-740 

tory axons in L1 target specific subtypes of pyramidal cells that have tuft dendrites dis-741 

tributed in different parts of the layer (see Supplementary Fig. S3 in Narayanan et al., 742 

2015) and/or target different compartments (distal vs. proximal) of the pyramidal cell tuft 743 

dendrite.  744 

Our results demonstrate that L1 contains four unique interneuron populations, 745 

each with a distinct molecular, morphological, and electrophysiological profile. Differ-746 

ences in connectivity and axonal localization among L1 INs strongly indicate that a divi-747 

sion of labor exists for how they process contextual input. With axons that span horizon-748 

tally across multiple cortical columns and axons that descend deep into the cortical col-749 

umn, the INs of L1 are privileged and may powerfully regulate the influence of contextual 750 

information on processing in nearby columns and lamina. Elucidating the distinct roles of 751 
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each of these L1 circuit components and how they contribute to the integration of con-752 

textual information with feedforward sensory input will be critical to understanding senso-753 

ry perception.   754 
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Figure 1. Enrichment of late-spiking L1 labeled INs in NPY-hrGFP mice. A, Schematic 997 

of the circuit components of neocortical layer 1 (L1). Cell bodies in black, axons in red, 998 

and dendrites in blue. Red arrow on the right shows long-range inputs arriving at L1. B1, 999 

Recording of a L1 late-spiking (LS) NPY IN (green) in response to hyperpolarizing, just 1000 

sub-threshold, near-threshold, and suprathreshold current injections (current steps are 1001 

shown in black at the bottom). Note the long delay to first spike during the threshold de-1002 

polarization. This delay is absent in non-late-spiking cells (non-LS), which have onset 1003 

spike(s) at threshold. Scale bars:  20mV or 400pA, 200ms. B2, Pie chart showing the 1004 

number of LS cells recorded in NPY+ L1 INs in green; non-LS cells in gray. B3, Pie chart 1005 

showing the number of LS cells recorded in non-NPY L1 INs in green; non-LS cells in 1006 

gray. Abbreviations: IN (interneuron); Pyr (pyramidal cell); ChC (chandelier cell); SST 1007 

(somatostatin); VIP (vasoactive intestinal peptide); CR (calretinin); CCK (cholecystokin-1008 

in). 1009 

 1010 

Figure 2.  Molecular markers distinguish four IN populations in L1. A, Fluorescent in situ 1011 

hybridization (ISH) for NDNF (red) with DAPI staining (blue). B, Fluorescent ISH for 1012 

NDNF (red) and GAD67 (green) with DAPI staining (blue). C, Fluorescent ISH for NDNF 1013 

(red) and VIP (green). D, Fluorescent ISH for NDNF (red) and α7 nAChR (green). E, 1014 

Immunohistochemistry for VIP (green) with strongly α7 nAChR-expressing cells labeled 1015 

with fluorophore-conjugated α-bungarotoxin (α-btx; red). F, NDNF cells labeled by AAV-1016 

flex-tdTomato injection in an NDNF-Cre;NPY-hrGFP mouse showing NPY (yellow) and 1017 

non-NPY (red) NDNF populations. α7 cells (white) were labeled with fluorophore-1018 

conjugated α-btx. G, Model for L1 interneuron populations. Scale bars: 100 M.  1019 

 1020 
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Figure 3. Electrophysiological properties of the four L1 IN populations. A, Recording of a 1021 

representative NDNF/NPY (green), NDNF/non-NPY (orange), α7 (purple), and VIP 1022 

(blue) L1 IN in response to hyperpolarizing, just sub-threshold, near-threshold, and su-1023 

prathreshold current injections. Shown in black at bottom are the current steps. Scale 1024 

bars: 20mV or 400pA and 200ms. Insets show a magnification of the area near the first 1025 

spike for the NDNF/non-NPY and α7 INs, showing the active depolarizing hump near 1026 

threshold for α7 INs; scale bars: 15mV and 40ms. B. α7 nAChR expression in the non-1027 

NDNF L1 IN whose firing pattern is shown in A. C, 3-D plot of the time to first spike at 1028 

threshold, initial depolarizing hump amplitude (see methods), and input resistance for 99 1029 

L1 INs. The color of each data point indicates molecular identity. Data points with a white 1030 

fill indicate NPY negative cells for which no other molecular information is available. For 1031 

these cells, the color of the circle around the data point indicates the molecular type typi-1032 

cally associated with the observed firing pattern. Two black data points indicate non-1033 

NDNF cells with firing patterns typical of NDNF/non-NPY cells. NDNF/NPY, n=21; 1034 

NDNF/non-NPY, n=24; α7, n=20; VIP, n=19; cells lacking molecular information, n=13. 1035 

α7 INs were identified based on the observation that non-NDNF INs are either VIP or 1036 

strongly α7 nAChR expressing. This was confirmed by post-hoc labeling with fluoro-1037 

phore-conjugated α-btx for four of the non-NDNF cells in the dataset, including the cell 1038 

illustrated in A. Three additional non-NDNF cells were also confirmed as α7 nAChR-1039 

expressing, but only partial electrophysiological data was collected from these cells and 1040 

they were therefore not included in this analysis. D, Dendrogram of unsupervised cluster 1041 

analysis using Ward’s method showing four distinct electrophysiological cell groups. We 1042 

used 11 electrophysiological parameters: resting membrane potential, input resistance, 1043 

sag amplitude, time to sag minimum, amplitude of depolarizing hump near threshold, 1044 

spike amplitude, spike half-width, maximum spike slope, adaptation index, time to first 1045 
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spike, and ADP amplitude. Analysis is based on 82 of the cells shown in panel C for 1046 

which all these parameters were available (NDNF/NPY, n=17; NDNF/non-NPY, n=20; 1047 

α7, n=17; VIP, n=15; cells lacking molecular information, n=13). The color of data points 1048 

represents the same molecular information as in C; asterisks indicate morphologically 1049 

identified cells. Shown in gray on the pie charts are the percentage of adjacent dendro-1050 

gram branches with the indicated firing pattern. 1051 

 1052 

Figure 4. Morphology of the four L1 IN populations. A, Representative reconstructions of 1053 

each of the four L1 IN populations. Soma is shown in black, axon in red, dendrites in 1054 

blue, and L1 borders in gray. Inset shows the magnified somatodendritic profile of the α7 1055 

and VIP cells showing that the α7 cell is multipolar and the VIP cell is bipolar. B1, Bar 1056 

plot showing greater number of primary dendrites for α7 cells compared with VIP cells 1057 

(p=0.0047, Mann-Whitney U test). B2, Bar plot showing larger soma size of α7 cells 1058 

compared with VIP cells (p=0.0012, Mann-Whitney U test). C1, Bar plot showing greater 1059 

proportion of the axon in L1a of canopy cells compared to NGFCs (p=0.00033, Mann-1060 

Whitney U test). C2, Bar plot showing smaller proportion of axon in L1b of canopy cells 1061 

compared to NGFCs (p=0.00058, Mann-Whitney U test). Note that NGFCs have about 1062 

the same proportion of their axon in L1a and L1b. D, Normalized distribution of axon for 1063 

NGFCs (green) and canopy cells (orange) across L1a (pia to L1 midline), L1b (L1 mid-1064 

line to L1/2 border), and L2. Line indicates mean and shaded area indicates SEM. All 1065 

bar plots show the mean value with SEM indicated by black bar; open circles show indi-1066 

vidual values. All morphological analysis was performed on reconstructed cells; n=8 for 1067 

NGFCs, n=9 for canopy cells, n=7 for α7 cells, and n=6 for VIP cells. 1068 

 1069 
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Figure 5. Morphology of all reconstructed L1 interneurons (INs) used in this study. 1070 

Shown are reconstructed L1 NGFCs (n=8), canopy cells (n=9), α7 cells (n=7), and VIP 1071 

cells (n=6). Somas are shown in black, axon in red, dendrites in blue, and gray lines in-1072 

dicate boundaries of L1 or L5a when noted. Scale bar is 200μm for all cells.   1073 

 1074 

Figure 6.  Morphological differences between canopy cells and NGFCs. A, Bar plot 1075 

showing larger dendritic extent as max Euclidean distance from the soma for canopy 1076 

cells compared with NGFCs (p=0.0023, Mann-Whitney U test). B, Bar plot showing more 1077 

dendritic branch nodes for NGFCs compared with canopy cells (p=0.0072, Mann-1078 

Whitney U test). C, Bar plot showing no significant difference (NS) in total dendritic 1079 

length for NGFCs and canopy cells (p=0.3704, Mann-Whitney U test). D, Bar plot show-1080 

ing larger axonal extent as max Euclidean distance from the soma for canopy cells com-1081 

pared with NGFCs (p=0.0206, Mann-Whitney U test). E, Bar plot showing greater tortu-1082 

osity for NGFC axons compared with canopy cell axons (p=0.0024, Mann-Whitney U 1083 

test); minimal possible value for tortuosity is 1. F, Bar plot showing lower inter-bouton 1084 

distance (larger bouton density) for NGFC axons compared with canopy cell axons 1085 

(p=0.0016, Mann-Whitney U test). G, Plot showing the average horizontal distribution of 1086 

axonal density for NGFCs (green) and canopy cells (orange) centered on peak axonal 1087 

density (vertical bars indicate SEM). NGFCs have a greater axonal density at their peak 1088 

compared with canopy cells (p=0.0152, Mann-Whitney U test). All bar plots show the 1089 

mean value with SEM indicated by black bar; open circles show individual values (n=8 1090 

for NGFCs, n=9 for canopy cells). All morphological analysis was performed on recon-1091 

structed cells. 1092 

 1093 
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Figure 7. Distribution of L1 IN subtype somas within L1. Plot of the normalized distances 1094 

of soma position from pia (0%) to the L1/2 border (100%) of recorded L1 INs, demon-1095 

strating the sublaminar distribution of L1 IN subtypes. Included are all the cells in our da-1096 

tabase of recorded L1 interneurons used in Figure 3 for which soma position information 1097 

was available. Diamonds indicate mean soma position for each L1 IN population; bars 1098 

indicate SEM. The Kruskal-Wallis test was used to determine the significance of soma 1099 

position differences (p=1.0e-5) and subsequent pairwise comparisons were performed 1100 

using Dunn’s test with a Šidák correction; results are as follows: canopy cells and 1101 

NGFCs, p=0.24; canopy cells and α7 cells, p=0.0027; canopy cells and VIP cells, 1102 

p=1.0e-5; NGFCs and α7 cells, p=0.61; NGFCs and VIP cells, p=0.039; α7 cells and VIP 1103 

cells, p=0.75. NS, not significant at p<0.05. NGFCs, n=20; canopy cells, n=24; α7 cells, 1104 

n=19; VIP cells, n=18. 1105 

 1106 

Figure 8. Differential connectivity of NGFCs and canopy cells with L2 PCs. A, Schemat-1107 

ic of paired recording experiments; a L2 PC and either a L1 NGFC or a L1 canopy cell 1108 

were simultaneously patched. B, Example of the IPSP generated on a L2 PC by a single 1109 

action potential in an NGFC (upper traces) or a canopy cell (lower traces). Shown are 1110 

the IPSPs obtained before (black traces) and after (grey traces) bath application of the 1111 

GABAB receptor blocker CGP-35348 (60μM), showing a prominent GABAB component 1112 

elicited by NGFCs, but not canopy cells. Shown are averages of at least 20 sweeps. 1113 

Scale bars: 0.6mV and 100ms. Post-synaptic PCs were held in current clamp at ~-1114 

55mV. Shown IPSPs were low-pass filtered at 1kHz to remove high frequency noise. C, 1115 

Pie charts showing probability of connection between NGFCs (top) or canopy cells (bot-1116 

tom) and L2 PCs; NGFCs were more likely than canopy cells to elicit an IPSP in L2 PCs 1117 

(p=7.2e-5; Fisher’s exact test; NGFCs, n=13/18 tested connections; canopy cells, 1118 



 

46 
 

n=8/45 tested connections). D, Bar plot showing mean IPSP amplitude in L2 PCs elicited 1119 

by an action potential in NGFCs or canopy cells; black bar indicates SEM. NGFCs elicit-1120 

ed significantly larger IPSPs in L2 PCs compared with the IPSPs elicited by canopy cells 1121 

(p=0.00076, Mann-Whitney U test). E, Plot showing area under the curve of IPSPs elicit-1122 

ed by NGFCs (left, green) and canopy cells (right, orange) before and after CGP-35348 1123 

application; lines connect the responses of individual PCs. Only IPSPs elicited by 1124 

NGFCs had a significant GABAB component (p=0.031, Wilcoxon signed rank test). NS, 1125 

not significant at p<0.05.  1126 

 1127 

Figure 9. Differential interconnectivity between NGFC and canopy cells. A, Schematic of 1128 

the connectivity between NGFCs and canopy cells and the probability of connection in 1129 

each direction. Dendrites are in black and axons in gray. B, Bar plot showing the mean 1130 

IPSP in canopy cells elicited by an action potential in NGFCs (orange) and the mean 1131 

IPSP in NGFCs elicited by an action potential in canopy cells (green); black bar indicates 1132 

SEM. The IPSPs in canopy cells were significantly greater than the IPSPs in NGFCs 1133 

(p=0.012, Mann-Whitney U test). C, Example IPSP in a canopy cell elicited by an action 1134 

potential in a connected NGFC (orange trace) and an example IPSP in an NGFC elicited 1135 

by an action potential in a connected canopy cell (green trace); these responses are 1136 

from a reciprocally connected pair. Scale bars: 1mV and 25ms. Shown IPSPs were low-1137 

pass filtered at 1kHz to remove high frequency noise. All cells were held in current clamp 1138 

at ~-55mV. NGFC to canopy cell pairs, n=9/9 tested connections; canopy cell to NGFC 1139 

pairs, n=6/8 tested connections. 1140 

 1141 

Table I. Interneurons of layer 1 in juvenile and adult rat and mouse. Refs. A: Hestrin & 1142 

Armstrong 1996; B: Wozny and Williams, 2011; C: Jiang et al., 2013; D: Jiang et al., 1143 
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2015; E: Zhu and Zhu, 2004; F: Muralidhar et al., 2014; G: Zhou and Hablitz, 1996; H: 1144 

Kubota, 2011; I: Christophe et al., 2002; J: Lee et al., 2010; K: Cruikshank et al., 2012. 1145 

*Late-spiking was not evaluated in this study. A later study from this group (Chu et al., 1146 

2003) showed that late-spiking L1 INs had NGFC morphology. 1147 

 1148 

Table II. Summary of molecular, electrophysiological, and morphological properties of L1 1149 

interneurons. 1150 

 1151 

Table III. Intrinsic electrophysiological properties of L1 IN subtypes. Values are mean ± 1152 

SEM. All cells were part of our database of 108 L1 INs. For some cells, complete analy-1153 

sis of their properties was not available, thus n values are the minimum number of cells 1154 

used to calculate any given parameter. See methods for description of how each param-1155 

eter was computed. Cells were grouped by their firing pattern and named according to 1156 

the molecular profile typically associated with that firing pattern (see Table II). The Krus-1157 

kal-Wallis test was used to determine the significance of differences in each electrophys-1158 

iological parameter and subsequent pairwise comparisons were performed using Dunn’s 1159 

test with a Šidák correction. The results of Kruskal-Wallis tests for each parameter are 1160 

as follows: resting Vm, p=4.6e-7; input R, p=8.0e-11; sag amplitude, p=1.3e-7; time to 1161 

sag min, p=5.2e-9; depolarizing hump amplitude, p=1.1e-18; AP threshold, p=4.7e-11; 1162 

AP amplitude, p=4.1e-16; AP half-width, p=1.4e-11; max spike slope, p=3.1e-13; adap-1163 

tation index, p=1.8e-15; time to first spike, p=2.1e-18; ADP amplitude, p=8.2e-11. The 1164 

results of each statistically significant pairwise comparison are as follows: resting Vm, 1165 

NGFC-canopy (p=0.033), NGFC-α7 (p=2.5e-6), NGFC-VIP (p=5.0e-5), canopy-α7 1166 

(p=0.046); input R, NGFC-VIP (p=5.6e-5), canopy-VIP (p=1.1e-9), α7-VIP (p=5.5e-9); 1167 

sag amplitude, NGFC-canopy (p=6.7e-4), NGFC-α7 (p=1.1e-7), α7-VIP (p=1.2e-3); time 1168 
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to sag min, NGFC-α7 (p=0.040), NGFC-VIP (p=2.5e-6), canopy-α7 (p=7.5e-3), canopy-1169 

VIP (p=4.0e-8); depolarizing hump amplitude, NGFC-canopy (p=1.2e-3), NGFC-α7 1170 

(p=0.0), NGFC-VIP (p=1.7e-10), canopy-α7 (p=2.6e-7), canopy-VIP (p=2.8e-3); AP 1171 

threshold, NGFC-canopy (p=5.4e-6), NGFC-α7 (p=1.4e-3), NGFC-VIP (p=1.9e-11), 1172 

canopy-VIP (p=0.041), α7-VIP (p=0.013); AP amplitude, NGFC-α7 (p=1.4e-6), NGFC-1173 

VIP (p=4.0e-15), canopy-α7 (p=0.014), canopy-VIP (p=6.3e-9), α7-VIP (p=0.041); AP 1174 

half-width, NGFC-canopy (p=5.1e-8), NGFC-α7 (p=1.1e-9), NGFC-VIP (p=1.7e-7); max 1175 

spike slope, NGFC-α7 (p=1.3e-5), NGFC-VIP (p=2.3e-12), canopy-α7 (p=0.022), cano-1176 

py-VIP (p=1.7e-7); adaptation index, NGFC-canopy (p=8.8e-3), NGFC-α7 (p=2.0e-9), 1177 

NGFC-VIP (p=2.3e-13), canopy-α7 (p=1.6e-3), canopy-VIP (p=4.9e-6); time to first 1178 

spike, NGFC-canopy (p=0.0), NGFC-α7 (p=1.6e-9), NGFC-VIP (p=0.015), canopy-VIP 1179 

(p=2.9e-6), α7-VIP (p=0.013); ADP amplitude, NGFC-canopy (p=0.044), NGFC-α7 1180 

(p=3.3e-6), NGFC-VIP (p=6.2e-10), canopy-α7 (p=0.032), canopy-VIP (p=1.0e-4). 1181 

 1182 





















 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Ref. Cell Types 
  

Classification based on electrophysiological and morphological criteria 
A 
 

1) NGFCs. Horizontally extended axons confined to L1; ADP; non-adapting firing 
pattern; fast large AHP.* 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; in L1/2 border. 3) Fast-spiking mostly chandelier cells. 24/266 cells. 
4) Strongly adapting bursting cells. 19/266 cells.  

C, D, See 
also 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 and 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 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. 

K 1) LS (Late-spiking). Non-adapting trains; large AHP. 2) Non-LS. In lower L1; smaller 
AHP; adapting trains; larger/slower voltage sag than LS cells. 3) Other.  
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Cell type 
 

Molecular profile Electrophysiological properties Morphological properties 

Neurogliaform cells 
(NGFCs) 

NDNF+ NPY+ Late spiking (LS). Non-adapting spike 
trains. 

Dense elongated axonal 
arbor confined to L1.  

Canopy cells NDNF+ NPY- Non-LS. Onset spike(s) at the start of 
threshold depolarizations; spike trains 
with moderate spike frequency 
adaptation; lack near threshold active 
depolarizing hump.    

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

7 cells NDNF- 7 nAChR+ 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.    

Somas in lower half of L1; 
axon collaterals 
descending to L5A; largest 
soma size of all L1 cells; 
multipolar dendrite. 

VIP cells NDNF- VIP+ Non-LS. Fast adapting; onset spike(s) 
at the start of threshold depolarizations; 
spike trains with strong spike frequency 
adaptation; high input resistance. 

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

NDNF/NPY 
(n ≥ 22) 

NDNF/non-NPY 
(n ≥ 31) 

α7 
(n ≥ 19) 

VIP 
(n ≥ 19) 

Resting Vm (mV) -67.2 ± 0.8 -63.9 ± 0.6 -60.1 ± 0.9 -60.2 ± 1.4 

Input Resistance (MΩ) 172.9 ± 10.3 141.9 ± 6.6 141.6 ± 10.8 351.1 ± 21.1 

Sag Amplitude (%) 8.0 ± 0.6 15.4 ± 1.3 21.5 ± 1.6 11.3 ± 1.3 

Time to Sag Min. (ms) 23.3 ± 2.7 22.5 ± 1.9 36.6 ± 4.6 72.7 ± 8.8 

Depolar. Hump Amp. 
(mV) 

1.8 ± 0.4 7.9 ± 0.5 17.3 ± 0.5 14.3 ± 0.6 

AP Threshold (mV) -32.3 ± 0.4 -36.4 ± 0.4 -35.9 ± 0.5 -39.3 ± 0.7 

AP Amplitude (mV) 68.0 ± 1.0 74.3 ± 1.0 82.3 ± 1.1 95.0 ± 1.4 

AP Half-Width (ms) 0.73 ± 0.03 0.45 ± 0.01 0.42 ± 0.02 0.44 ± 0.01 

Max Spike Slope 
(mV/ms) 

426.0 ± 17.6 500.5 ± 13.9 610.0 ± 20.2 805.3 ± 39.0 

Adaptation Index 1.01 ± 0.02 0.83 ± 0.02 0.60 ± 0.03 0.44 ± 0.05 

Time to First Spike 
(ms) 

750.1 ± 28.6 31.2 ± 3.1 46.4 ± 4.5 116.1 ± 10.5 

ADP Amplitude (mV) 0.64 ± 0.04 1.74 ± 0.24 4.07 ± 0.65 5.74 ± 0.75 

 


