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 33 
Abstract 34 
Different cortical regions processing distinct information, such as the 35 
hippocampus and the neocortex, share common cellular components and circuit 36 
motifs but form unique networks by modifying these cardinal units. Cortical 37 
circuits include diverse types of GABAergic interneurons (INs) that shape activity 38 
of excitatory principal neurons (PNs). Canonical IN types conserved across 39 
distinct cortical regions have been defined by their morphological, 40 
electrophysiological, and neurochemical properties. However, it remains largely 41 
unknown whether canonical IN types undergo specific modifications in distinct 42 
cortical regions and display “regional variants”. It is also poorly understood 43 
whether such phenotypic variations are shaped by early specification or regional 44 
cellular environment. The chandelier cell (ChC) is a highly stereotyped IN type, 45 
which innervates axon initial segments of PNs, and thus serves as a good model 46 
to address this issue. Here we show that Cadherin-6 (Cdh6), a homophilic cell 47 
adhesion molecule, is a reliable marker of ChCs and Cdh6-CreER mice (both 48 
sexes) provide genetic access to hippocampal ChCs (h-ChCs). We demonstrate 49 
that compared to neocortical ChCs (nc-ChCs), h-ChCs cover twice as much area 50 
and innervate twice as many PNs. Interestingly, a subclass of h-ChCs exhibits 51 
calretinin (CR) expression, which is not found in nc-ChCs. Furthermore, we find 52 
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that h-ChCs appear to be born earlier than nc-ChCs. Surprisingly, despite the 53 
difference in temporal origins, ChCs display host region-dependent 54 
axonal/synaptic organization and CR expression when heterotopically 55 
transplanted. These results suggest that local cellular environment plays a critical 56 
role in shaping terminal phenotypes of regional IN variants in the hippocampus 57 
and the neocortex.  58 
 59 
Significance Statement 60 
Canonical IN types conserved across distinct cortical regions such as the 61 
hippocampus and the neocortex are defined by morphology, physiology, and 62 
gene expression. However, it remains unknown whether they display phenotypic 63 
variations in different cortical regions. In addition, it is unclear whether terminal 64 
phenotypes of regional IN variants belonging to a canonical IN type are 65 
determined intrinsically or extrinsically. Our results provide evidence of striking 66 
differences in axonal/synaptic organization and CR expression between h-ChCs 67 
and nc-ChCs. They also reveal that local cellular environment in distinct cortical 68 
regions regulates these terminal phenotypes. Thus, our study suggests that local 69 
cortical environment shapes the phenotypes of regional IN variants, which may 70 
be required for unique circuit operations in distinct cortical regions.   71 
 72 
Introduction 73 
The cerebral cortex consists of different functional domains, which process 74 
distinct types of cortical information. These cortical regions share a prototypic 75 
network containing common cell types and circuit motifs but establish unique 76 
circuit organization by modifying these cardinal components (Huang, 2014; Harris 77 
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and Shepherd, 2015). Excitatory pyramidal neurons (PNs) and GABAergic 78 
inhibitory interneurons (INs) are the major cellular components in cortical circuits. 79 
Multiple canonical IN types defined by morphological, physiological, and 80 
neurochemical properties play a critical role in shaping PN activity (Klausberger 81 
and Somogyi, 2008; Kepecs and Fishell, 2014). Thus, characterizing region-82 
specific IN phenotypes and circuit organization is key to understanding the 83 
structural basis for functional specialization of cortical domains.          84 
 The neocortex (e.g., the medial prefrontal cortex and the somatosensory 85 
cortex) and the allocortex (e.g., the hippocampus and the piriform cortex) are two 86 
broad, functionally distinct cortical domains. The neocortex typically comprises 87 
six layers, among which excitatory PNs occupy layers 2 (L2) to L6. Clonal 88 
neocortical PNs are radially aligned and preferentially form synapses with each 89 
other, exhibiting a columnar organization (Yu et al., 2009). In contrast, the 90 
hippocampus contains a single layer of PNs in the CA regions. Clonally related 91 
hippocampal PNs are organized into horizontal not vertical clusters (Xu et al., 92 
2014). Unlike neocortical PNs, these sister PNs rarely develop synapses with 93 
each other but preferentially receive common synaptic inputs from neighboring 94 
fast-spiking INs (Xu et al., 2014). Such prominent differences in circuit 95 
organization between hippocampal and neocortical PNs imply corresponding 96 
variations of IN circuits that meet region-specific computational requirements. 97 
 Recent studies have shown that hippocampal oriens-lacunosum 98 
moleculare (O-LM) cells contain two subpopulations that are differentially 99 
recruited during hippocampal gamma oscillations, one of which is modified by 100 
serotonergic tone (Chittajallu et al., 2013) while Martinotti cells, neocortical 101 
counterparts of O-LM cells, do not contain a serotonin-responsive subpopulation. 102 
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Likewise, although anatomical and functional differences are unknown, the 103 
majority of hippocampal neurogliaform cells (h-NGCs) strongly express nNOS 104 
whereas neocortical NGCs (nc-NGCs) show weak expression of nNOS (Tricoire 105 
et al., 2010). These findings support the idea that canonical IN types could have 106 
“regional variants”, contributing to the specific functions of distinct cortical 107 
domains. However, the extent of phenotypic variations in regional IN variants is 108 
not well characterized. Furthermore, it is unknown whether such regional 109 
variations of canonical IN phenotypes are shaped by local cellular environment or 110 
intrinsically specified.  111 
 The chandelier cell (ChC) (axo-axonic cell) displays unique and uniform 112 
axonal geometry with many prominent vertical branches, which contain strings of 113 
synaptic boutons aligned along axon initial segments (AISs) of PNs (Jones, 114 
1975; Szentagothai, 1975; Somogyi, 1977). The striking stereotypy and precision 115 
of their innervation pattern make ChCs an ideal model to compare phenotypes of 116 
regional IN variants. We recently showed that the medial ganglionic eminence 117 
(MGE) during late gestation [embryonic day 15 (E15) to E18] predominantly 118 
produces neocortical ChCs (nc-ChCs) (Taniguchi et al., 2013). However, terminal 119 
phenotypes and birth-timing of hippocampal ChCs (h-ChCs) compared to 120 
neocortical ChCs (nc-ChCs) remained unclear because there was no reliable and 121 
efficient strategy to target them. 122 
 In this study, we identify Cadherin-6 (Cdh6) as a reliable marker for ChCs 123 
and use Cdh6-CreER knockin mice (Kay et al., 2011) to characterize 124 
neurochemical marker expression, axonal/synaptic organization, and the 125 
temporal origin of h-ChCs. We further test whether terminal phenotypes of h-126 
ChCs and nc-ChCs are shaped by cellular milieus in distinct cortical regions. We 127 
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demonstrate that h-ChCs and nc-ChCs appear to have distinct temporal origins 128 
but their unique axonal patterns and neurochemical marker expression are 129 
regulated by extrinsic mechanisms.                  130 
  131 
Materials and Methods 132 
All studies were approved by the Max Planck Florida Institute for Neuroscience 133 
Institutional Animal Care and Use Committee. 134 
 135 
Mice 136 
Heterozygous Nkx2.1-CreER knockin mice (Taniguchi et al., 2011; Taniguchi et 137 
al., 2013) were bred to homozygous Cre-responsive loxP-STOP-loxP (LSL)-RFP 138 
(Ai14) reporter mice (Madisen et al., 2010) to obtain Nkx2.1-CreER;Ai14/+. To 139 
get Nkx2.1-CreER;Ai14/Ai14 mice, Nkx2.1-CreER;Ai14/+ mice were further bred 140 
to Ai14/Ai14 mice. Cdh6-CreER knockin mice were generated in the laboratory of 141 
Dr. Joshua Sanes and provided as a generous gift (Kay et al., 2011). Dlx5/6-Flp 142 
mice (Miyoshi et al., 2010) were bred to the homozygous Cre/Flp dual responsive 143 
frt-STOP-frt (FSF)-LSL-RFP mice (Ai65) (Madisen et al., 2015) to obtain Dlx5/6-144 
Flp;Ai65/+ mice. To get Dlx5/6-Flp;Ai65/Ai65 mice, Dlx5/6-Flp;Ai65/+ mice were 145 
further crossed with Ai65/Ai65 mice. Parvalbumin (PV)-ires-Cre, Somatostatin 146 
(SOM)-ires-Cre, and vasoactive intestinal peptide (VIP)-ires-Cre knockin mice 147 
(Hippenmeyer et al., 2005; Taniguchi et al., 2011) were maintained as 148 
homozygous. Both males and females were used for analyses. 149 
 150 
Single cell collection 151 
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Nkx2.1-CreER;Ai14/Ai14 males were crossed with SW females, and the 152 
pregnant dams were injected with Tamoxifen (Tmx) at a dose of 3 mg/30 g of 153 
body weight at E17 to induce CreER activity in their offspring. Nkx2.1-154 
CreER;Ai14/+ pups were identified by RFP expression in the lung at postnatal 155 
day 0 (P0) or P1 under a fluorescence dissecting stereomicroscope. Fresh brains 156 
were taken from P5 pups and 300-400 μm thick slices were prepared using a 157 
tissue chopper (INTRACELL). Cortical strips containing layer 2/3 (L2/3) cells 158 
were dissected from the medial prefrontal and cingulate cortices and dissociated 159 
into individual cells in Hibernate E medium (Invitrogen) containing pronase E 160 
(Sigma, 1 mg/ml) and DNaseI (ThermoFisher Scientific, 5 U/ml) at 37  for 10 161 
min. After washing with Hibernate E medium once, cells were spread in 35 mm 162 
dishes. Fifty RFP(+) cells were picked up using a glass micropipette (Warner 163 
Instruments, #203-776-064) pulled with a micropipette puller (Sutter Instrument, 164 
P-1000) under a fluorescence dissecting stereomicroscope and collected directly 165 
into RNA extraction medium (TaKaRa, #3734).  166 
 167 
RNA extraction, reverse transcription, and cDNA amplification 168 
RNA extraction from dissociated cells and cDNA amplification were performed 169 
according to the CellAmp Whole Transcriptome Amplification kit manual 170 
(TaKaRa, #3734). The amplified cDNA was diluted 1/10 for the following PCR 171 
analyses. 172 
 173 
PCR 174 
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PCR for classic cadherin genes using the Light-Cycler system (Bio-Rad) was 175 
carried out with TaKaRa Ex Taq hot start polymerase (TaKaRa, #RR006A). 1 μl 176 
of the amplified cDNA was used for PCR reactions and the conditions were as 177 
follows: 20 sec for denaturation at 98°C, 20 sec for annealing at 60°C, 20 sec for 178 
extension at 72°C repeated for 32 cycles. The sense and antisense primers for 179 
Cdh and Gapdh genes are shown in Table 1. 180 
 181 
Immunohistochemistry (IHC) 182 
Mice were perfused with saline and 4% PFA in pH 7.4 PBS. Brains were excised 183 
and postfixed in 2% PFA overnight at 4°C. Sixty μm thick coronal or sagittal 184 
sections were prepared using an automated vibratome (Leica VT1200 S). All 185 
sections were pretreated with 0.5% Triton-X/PBS for 10 min at room temperature 186 
before blocking in 10% Normal Donkey Serum/0.1% Triton-X/PBS for 1 hr and 187 
overnight incubation with primary antibodies at 4°C in blocking solution. After 188 
washing in PBS, sections were incubated with secondary antibodies in blocking 189 
solution for 2 hrs before washing and mounting in DAPI-containing media (DAPI 190 
Fluoromount-G, Southern Biotech, 0100-20). 191 

The following primary antibodies were used in this study: alkaline 192 
phosphatase conjugated sheep anti-DIG (1:2000, Roche, #11093274910), 193 
mouse monoclonal anti-BrdU (1:500, BD Pharmingen, #555627), rabbit 194 
polyclonal anti-RFP (1:800, Rockland, #600-401-379), mouse monoclonal anti-195 
AnkG (1:500, NeuroMab, #75-146), rabbit polyclonal anti-PV (1:1000, Swant, 196 
P27), guinea pig polyclonal anti-PV (1:2000, Swant, GP72), rat monoclonal anti-197 
SOM (1:250, Millipore, MAB354), rabbit polyclonal anti-nNOS (1:500, Thermo 198 
Fisher, #61-7000), rabbit polyclonal anti-VIP (1:500, Immunostar, #20077), and 199 
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rabbit polyclonal anti-CR (1:1000, Swant, #7697). The following secondary 200 
antibodies were used: donkey antibodies conjugated to DyLight 405, Alexa 488, 201 
Cy3, or Cy5 (Jackson ImmunoResearch, 1:1000) and donkey biotinylated anti-202 
rabbit IgG (1:500, Jackson ImmunoResearch, #711-065-152). 203 
 204 
Image acquisition and three-dimensional (3D) reconstruction 205 
Confocal images were acquired using a confocal microscope [CLSM 780 or 880 206 
(ZEISS), 20x Plan ApoChromat, NA: 0.8 (ZEISS)]. 3D-images were semi-207 
automatically reconstructed from confocal z-stack images using the filament 208 
tracer in the IMARIS software followed by manual corrections.  209 
 210 
Fluorescent in situ hybridization (FISH) and chromogenic ISH (CISH) 211 
ISH was performed as described previously (Watakabe et al., 2010) with slight 212 
modifications. Digoxigenin (DIG)-labeled single-strand riboprobes were 213 
synthesized using T7, T3, or SP6 RNA polymerase and DIG RNA labeling mix 214 
(Roche). The sequence information for RNA probes is shown in Table 2. Except 215 
for CR ISH, two distinct probes were used simultaneously for each gene. Nkx2.1-216 
CreER;Ai14/+ mice with Tmx-induced RFP were obtained as described in the 217 
section on single cell collection. To specifically label PV-, SOM-, and VIP-INs 218 
with RFP, homozygous PV-ires-Cre, SOM-ires-Cre, or VIP-ires-Cre mice were 219 
crossed with Ai14/Ai14 mice. Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice were obtained 220 
by crossing Cdh6-CreER females with Dlx5/6-Flp;Ai65/Ai65 males. The pups 221 
were administered Tmx (2 mg/30 g of body weight) intraperitoneally at P5 to 222 
induce medium levels of recombination and ChC labeling. P21 mice were 223 
perfused and the tissue was processed as described above. Sixty μm thick 224 
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sections prepared from whole brains were treated with proteinase K (40 μg/ml for 225 
30 min at room temperature) and hybridized at 63°C with DIG-labeled antisense 226 
riboprobes in a hybridization solution consisting of 40% formamide, 20 mM Tris-227 
HCl (pH 7.5), 600 mM NaCl, 1 mM EDTA, 10% dextran sulfate, 200 mg/ml yeast 228 
tRNA, 1x Denhardt’s solution. The sections were washed twice in 1x SSC 229 
(Invitrogen) containing 50% formamide and once in 0.1x SSC at 63°C, followed 230 
by 2 washes with 0.1 M maleic buffer (pH 7.5) containing 0.1% Tween 20 and 231 
150 mM NaCl. Then, those sections were incubated with anti-DIG antibodies 232 
conjugated with alkaline phosphatase for 2 hrs at room temperature followed by 233 
3 washes in PBT solution (PBS containing 0.1% Triton X-100). Sections were 234 
incubated with rabbit polyclonal anti-RFP antibodies overnight at 4°C. After 235 
washing 3 times in PBT, sections were incubated with biotinylated anti-rabbit IgG 236 
antibodies for overnight at 4°C followed by 3 washes in PBT. Those sections 237 
were incubated with Alexa 488-streptavidin (1:1000, Jackson ImmunoResearch, 238 
#016-540-084) to visualize RFP(+) cells for 2 hrs at room temperature. The 239 
native red fluorescent signals from RFP were completely bleached after this 240 
treatment. For FISH, color development for mRNA expression was performed in 241 
the presence of HNPP/FastRed solution (Roche, 100 μg/ml HNPP, 250 μg/ml 242 
FastRed) for 1 hr at room temperature. The sections were washed 1 min in PBS 243 
and mounted with CC/Mount tissue mounting medium (Sigma, #C9368). 244 
Confocal images were taken immediately after color development. For the CISH 245 
color development, sections were incubated in solution of 4-Nitro blue tetrazolium 246 
chloride (Roche, 50 μg/ml) and 5-bromo-4-chloro-3-indolyl-phosphate (Roche, 247 
175 μg/ml) overnight in the dark at room temperature. 248 
 249 
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Characterization and quantification of neurochemical marker expression in 250 
ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice 251 
Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice were obtained as described above. The 252 
pups were administered Tmx (2 mg/30 g of body weight) intraperitoneally at P5 253 
to induce medium levels of cell labeling. The following sets of antibodies were 254 
used: 1) rabbit polyclonal anti-PV and mouse monoclonal anti-AnkG with Alexa 255 
488-donkey anti-rabbit and Cy5-donkey anti-mouse secondary antibodies, 2) rat 256 
monoclonal anti-SOM, rabbit polyclonal anti-RFP, and mouse monoclonal anti-257 
AnkG with Cy5-donkey anti-rat, Cy3-donkey anti-rabbit, and Alexa 488-donkey 258 
anti-mouse secondary antibodies, 3) rabbit polyclonal anti-nNOS and mouse 259 
monoclonal anti-AnkG with Alexa 488-donkey anti-rabbit and Cy5-donkey anti-260 
mouse secondary antibodies, 4) rabbit polyclonal anti-VIP and mouse 261 
monoclonal anti-AnkG with Alexa 488-donkey anti-rabbit and Cy5-donkey anti-262 
mouse secondary antibodies, 5) rabbit polyclonal anti-CR and mouse monoclonal 263 
anti-AnkG with Alexa 488-donkey anti-rabbit and Cy5-donkey anti-mouse 264 
secondary antibodies, and 6) rabbit polyclonal anti-CR, guinea pig polyclonal 265 
anti-PV, and mouse monoclonal anti-AnkG with Alexa 488-donkey anti-rabbit, 266 
Cy5-donkey anti-guinea pig, and DyLight 405-donkey anti-mouse secondary 267 
antibodies. To count cells that coexpress RFP and neurochemical markers, an 268 
epifluorescence microscope with a 40x objective lens was used. Representative 269 
images showing colocalization of RFP and neurochemical markers were taken by 270 
confocal microscopy. To differentiate h-ChCs from non-ChCs, confocal images of 271 
native RFP signals, DAPI signals, and AISs stained with anti-AnkG antibodies 272 
were acquired. Cells displaying axonal arbors restricted in the dorsal half of the 273 
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stratum pyramidale (s.p.) layer and varicosities aligned to AISs were considered 274 
h-ChCs.  275 
  276 
BrdU labeling 277 
Cdh6-CreER males were crossed with Dlx5/6-Flp;Ai65/Ai65 females. Timed 278 
pregnant animals were injected once intraperitoneally with BrdU (50 mg/kg of 279 
body weight) (BD Pharmingen, #550891) at indicated embryonic ages. Cdh6-280 
CreER;Dlx5/6-Flp;Ai65/+ pups were induced at P5 with Tmx at a dose of 2 mg/30 281 
g of body weight. P21 mice were perfused and brains were excised and postfixed 282 
as described above. Brain sections were incubated in 2 N HCl for 30 min at room 283 
temperature, washed 3 times for 10 min in PBS, and incubated with mouse 284 
monoclonal anti-BrdU and rabbit polyclonal anti-RFP in PBS containing 10% 285 
normal donkey serum overnight at 4°C. After washing with PBS, sections were 286 
incubated with Cy3-donkey anti-rabbit and Alexa 488-donkey anti-mouse for 2 287 
hrs at room temperature. 288 
 289 
Quantification of cellular distribution, axonal expansion, and the number of 290 
AISs innervated by a single ChC   291 
Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice were obtained as described above. For the 292 
quantification of distribution of RFP(+) h-ChCs, P5 pups were administered Tmx 293 
either at a high dose (6 mg/30 g of body weight) or at a medium dose (2 mg/30 g 294 
of body weight) intraperitoneally. For the quantification of axonal expansion and 295 
the number of AISs innervated by a single ChC, P5 pups were administered Tmx 296 
at a low dose (0.5 mg/30 g of body weight) intraperitoneally to induce sparse 297 
recombination and ChC labeling. P21 mice were perfused and the coronal brain 298 



 

 13 

sections were processed and immunostained with anti-RFP and anti-AnkG 299 
antibodies as described above.   300 
 To assess the extent of antero-posterior (A-P) axonal expansion, spatially 301 
isolated, non-overlapping h-ChCs from the s.p. were identified. Since sections 302 
are normally compressed to 30-40 μm after mounting on slides, we calculated 303 
the theoretical value of A-P axonal expansion in a following way. First, we 304 
determined the total number of coronal sections containing axonal RFP signals 305 
for each cell. The number of central sections (for example, sections 2 through 11 306 
for a cell whose axons spans 12 coronal sections) was counted and the extent of 307 
an arbor fragment within the central sections was obtained by multiplying 60 μm 308 
by the number. After this, confocal z-stack images of DAPI and RFP-labeled 309 
axons in the terminal sections (sections 1 and 12, in the above example) were 310 
taken to determine the thickness of sections and the lengths of arbor fragments 311 
on slides. The proportion of an arbor length to the thickness of a section was 312 
calculated and then multiplied by 60 μm to obtain the theoretical lengths of arbor 313 
fragments in terminal sections. These two theoretical lengths were then added to 314 
the extent of an arbor fragment within central sections to determine the 315 
approximate A-P extent of a whole ChC arbor. The same was done for nc-ChCs 316 
in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ animals induced with 2 mg/30 g Tmx induction. 317 
Medio-lateral (M-L) axonal arborization was assessed by averaging the distances 318 
of the horizontal extent of axonal RFP signals in the three central coronal 319 
sections with the widest arbors (The horizontal axis was defined as the line 320 
parallel to the s.p. cell layer for h-ChCs or the pia for nc-ChCs). 321 
 The number of AISs innervated by a single ChC, which corresponds to the 322 
number of PNs innervated by a single ChC, was estimated by dividing the 323 
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number of total varicosities apposed to AISs stained with anti-AnkG antibodies by 324 
the average number of varicosities per AIS. For quantification of varicosities, the 325 
spots tool in the IMARIS was used: after automatic image thresholding, spots 326 
with diameter of smaller than 3 μm in x-y and 3.5 μm in z were selected as 327 
varicosities. AnkG signals representing AISs were 3D-rendered using the 328 
IMARIS surface tool: after automatic thresholding of AnkG images, objects that 329 
had bounding boxes larger than 10 μm in height and 2 μm in width were selected. 330 
The threshold value (10 μm x 2 μm) was determined based on the size of a 331 
bounding box for the smallest AIS stained with anti-AnkG antibodies. Varicosities 332 
apposed to the rendered AISs were counted to calculate the total number of 333 
putative cartridge varicosities per ChC. To get the average number of varicosities 334 
per cartridge, varicosities apposed to each fully isolated AnkG-stained AIS were 335 
counted and averaged (5 AISs for each cell). We confirmed spatial isolation of 336 
AnkG-stained AISs by eye using Z-stack confocal images on ZEN (Zeiss). These 337 
AnkG-stained structures were manually traced to measure the length. 338 
 339 
Transplantation 340 
Nkx2.1-CreER;Ai14/Ai14 males were crossed with SW females to obtain Nkx2.1-341 
CreER;Ai14 embryos. Timed pregnant SW mice were deeply anesthetized at 342 
E16-18 using isoflurane. After cervical dislocation the uterus was dissected and 343 
kept in DPBS (GE). For the transplantation of nc-ChCs into the hippocampus 344 
(hereafter called neocortex-to-hippocampus transplantation), pregnant females 345 
were administered Tmx (3 mg/30 g of body weight) at E16 and brains were taken 346 
from E17 embryos in Hibernate E buffer (ThermoFisher Scientific). The brains 347 
were cut into 400 μm thick sections using a tissue chopper (INTRA CELL), from 348 
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which MGE tissues were dissected. For the transplantation of h-ChCs into the 349 
neocortex (hereafter called hippocampus-to-neocortex transplantation), pregnant 350 
females were administered Tmx (3 mg/30 g of body weight) at E12 and brains 351 
were taken from E16-18 embryos in Hibernate E buffer. Hippocampal tissues 352 
were dissected from the brains in Hibernate E buffer. Tissues collected in 1 ml 353 
Hibernate E buffer were incubated with 0.25% Trypsin (ThermoFisher Scientific) 354 
and DNase I (ThermoFisher Scientific, 5 U/ml) at 37°C for 10 min followed by 355 
addition of FBS (10%, final concentration). After spinning down for 5 min at 500 x 356 
g, cells were re-suspended in Hibernate E buffer. P1-P3 SW mice were 357 
anaesthetized on ice for 2 min and the absence of pain perception was assured. 358 
15,000-20,000 cells were bilaterally injected at 0.2 mm lateral and 0.2 mm 359 
anterior of Bregma at a depth of 250-400 μm for hippocampus-to-neocortex 360 
transplantation using pulled glass pipets in combination with a stereotaxic 361 
apparatus (KOPF) and a picospritzer (PARKER). For neocortex-to-hippocampus 362 
transplantation, cells were injected at 0.8 mm lateral and 0.7 mm posterior of 363 
Bregma at a depth of 750-900 μm. The incision was closed with vet bond 364 
(PATTERSON VETERINARY) and the pups were placed on a heat plate at 37  365 
until fully recovered. In the case of neocortex-to-hippocampus transplantation, we 366 
found 1-2 ChCs out of approximately 20 isolated RFP(+) cells per brain. In the 367 
case of hippocampus-to-neocortex transplantation, RFP cells tended to form an 368 
aggregate consisting of 30-40 cells at the injection site. However, we could find 369 
1-2 ChCs among roughly 40 isolated cells per brain.   370 
 371 
Statistical analysis 372 
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All statistics were done using Prism 6.0 (Graph-Pad). Comparisons were done by 373 
two-tailed Student’s t-test or one-way ANOVA with Tukey post hoc testing. All 374 
graphs and results show group mean ± SEM.  375 
 376 
Results 377 
Cdh6 is preferentially expressed in nc-ChCs labeled in Nkx2.1-378 
CreER;Ai14/+ mice 379 
Our previous study demonstrated that Nkx2.1-CreER knockin mice provide 380 
efficient genetic access to nc-ChCs (Taniguchi et al., 2013). However, this 381 
approach failed to target h-ChCs (data not shown; 0%, 100 hippocampal INs, n = 382 
3 mice). We reasoned that the first step to targeting h-ChCs would be to identify 383 
reliable markers for ChCs.  384 
 Classical cadherins (hereafter referred to as cadherins) have been shown 385 
to play critical roles in multiple events in neural circuit construction, such as cell 386 
migration, axon guidance, target recognition, and synapse formation (Takeichi, 387 
2007). In particular, the expression of cadherins in both specific neuronal 388 
populations and their postsynaptic targets raised the hypothesis that cadherins 389 
mediate the formation of precise synaptic connectivity in neural circuits (Suzuki et 390 
al., 1997; Inoue et al., 1998). In fact, a recent study demonstrated that Cdh6 is 391 
essential for synaptic partner matching between a subset of retinal ganglion cells 392 
and their retinorecipient targets in the brain, which mediate non-image-forming 393 
visual functions (Osterhout et al., 2011). The expression of distinct cadherins in 394 
different neuronal domains and types led us to hypothesize that a unique set of 395 
cadherins are preferentially expressed in ChCs.   396 
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 To identify cadherins that are expressed in nc-ChCs, we performed a 397 
PCR-based screening combined with manual sorting of fluorescently labeled 398 
cells. We induced RFP expression in the MGE of Nkx2.1-CreER;Ai14/+ mouse 399 
embryos at E17 by administering Tmx to pregnant females, resulting in efficient 400 
labeling of nc-ChCs (Fig. 1A) (Taniguchi et al., 2013). As the labeled nc-ChCs 401 
are most densely localized in L2 of the medial prefrontal and cingulate cortices 402 
(Taniguchi et al., 2013), we collected RFP(+) cells from L2 of these cortical areas 403 
at P5 (Fig. 1B). Fifty cells from each litter were manually collected and three 404 
biological replicates were prepared. After extraction of mRNA, we conducted 405 
reverse transcription followed by cDNA amplification. We then performed a PCR 406 
screening using sets of primers that detect 16 cadherin genes. As primers for 407 
Cdh19 and Cdh20 genes failed to detect PCR products when cDNAs prepared 408 
from a whole brain and a spinal cord were used as a template, we excluded 409 
these genes from the analysis. Our PCR screening detected Cdh4, Cdh6, and 410 
Cdh9, suggesting that young RFP(+) nc-ChCs obtained from Nkx2.1-411 
CreER;Ai14/+ mice express a relatively small number of cadherin genes (Fig. 412 
1C).   413 
 We then sought to ask whether these genes are preferentially expressed 414 
in RFP(+) nc-ChCs labeled in Nkx2.1-CreER;Ai14/+ mice compared to 415 
representative IN types including PV-, SOM-, and VIP-expressing INs. To this 416 
end, we performed FISH for Cdh4, Cdh6, and Cdh9 in P21 brain sections 417 
containing RFP-labeled nc-ChCs, PV-, SOM-, or VIP-INs. As expected all three 418 
cadherins were expressed in a large fraction of RFP(+) nc-ChCs [Fig. 1D-I; n = 3 419 
mice for each; Cdh4: 56.4 ± 8.2 %, 79 ChCs (the total number of cells counted); 420 
Cdh6: 100 ± 0 %, 97 ChCs; Cdh9: 78.7 ± 2.7 %, 89 ChCs]. However, remarkably, 421 
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all RFP(+) nc-ChCs expressed Cdh6, and only Cdh6 showed preferential 422 
expression in RFP(+) nc-ChCs compared to other IN types [Fig. 1H; n = 3 mice 423 
for each; ChC: 100 ± 0 %, 97 cells; PV: 40.6 ± 3.4 %, 355 cells; SOM: 20.6 ± 424 
2.9 %, 246 cells; VIP: 19.7 ± 1.9 %, 383 cells; one-way ANOVA, p < 0.0001]. 425 
These results suggest that Cdh6 is a reliable and preferential marker for nc-ChCs 426 
that are labeled in Nkx2.1-CreER;Ai14/+ mice. 427 
  428 
Cdh6-CreER mice provide reliable genetic access to h-ChCs 429 

Reliable and preferential expression of Cdh6 in nc-ChCs that are labeled 430 
in Nkx2.1-CreER;Ai14/+ mice suggests that Cdh6 is a general marker for ChCs 431 
throughout the cortex including the hippocampus. We reasoned that mice 432 
targeting the Cdh6 gene locus might provide us with a genetic handle on h-ChCs. 433 
To test this idea, we utilized Cdh6-CreER knockin mice (kindly provided by Dr. 434 
Joshua Sanes, Harvard University). Since the result of CISH showed that Cdh6 435 
is also likely expressed in PNs in the CA1 region (Fig. 2A), we took advantage of 436 
an intersectional method (Taniguchi et al., 2011; Madisen et al., 2015) to 437 
selectively label GABAergic Cdh6-expressing neurons. We used Cdh6-CreER 438 
mice, Dlx5/6-Flp mice, which express Flp in all GABAergic interneurons, and 439 
Ai65 reporter mice, which drive RFP expression in cells coexpressing Cre and 440 
Flp (Fig. 2B). We induced CreER activity in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice 441 
by injecting Tmx at P5 and analyzed their brains at P21. As expected, we found 442 
that about 40% of RFP(+) cells in the hippocampus are ChCs (Fig. 2C-E, G-I, 443 
and Table 3; n = 3 mice), which are characterized by axonal arbors confined to 444 
the dorsal half of the s.p. in the CA region and/or close apposition of axonal 445 
varicosities to AISs immunostained by anti-AnkG antibodies (Fig. 2G-I, lower 446 
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panels). With high (6 mg/30 g of body weight) and medium (2 mg/30 g of body 447 
weight) dose Tmx, we could label approximately 50 and 25 h-ChCs per brain, 448 
respectively (Table 3; n = 3 mice for each). Administration of high dose Tmx 449 
resulted in RFP-labeling of at least some h-ChCs in all major hippocampal 450 
subregions including the CA1 (Fig. 2C,G), the CA3 (Fig. 2D,H), and the dentate 451 
gyrus (DG) (Fig. 2E,I) in every animal (Fig. 2K and Table 3). When confined to 452 
principal cell layers in the CA1, the CA3, and the DG (i.e. the s.p. of the CA1 and 453 
the CA3 and the granule cell layer of the DG), about 80%, 50%, and 20% of 454 
RFP(+) cells, respectively, were ChCs [Fig. 2K and Table 3; n = 3 mice; CA1: 455 
78.9 ± 2.8 %, 193 RFP(+) cells; CA3: 46.2 ± 10.4 %, 25 RFP(+) cells; DG: 21.3 ± 456 
5.3 %, 36 RFP(+) cells]. A large fraction of RFP(+) h-ChCs were found in the 457 
CA1 (Fig. 2L and Table 4; n = 3 mice, 179 RFP(+) cells; CA1: 89.2 ± 2.5 %; CA3: 458 
6.8 ± 2.9 %; DG: 4.0 ± 0.8 %). In the CA region, the majority of RFP(+) h-ChCs 459 
projected prominent basal dendrites into the stratum oriens (s.o.) and apical 460 
dendrites past the stratum radiatum into the stratum lacunosum moleculare (Fig. 461 
2G,H). Although the majority of RFP(+) h-ChCs were located in the s.p., a small 462 
fraction of RFP(+) h-ChCs were found in the s.o. [Fig. 2M and Table 5; n = 3 463 
mice; 172 ChCs; s.p. (ventral half): 27.1 ± 4.0 %; s.p. (dorsal half): 68.2 ± 4.7 %; 464 
s.o.: 4.7 ± 0.7 %]. We also found preferential localization of RFP(+) h-ChCs in the 465 
dorsal half within the s.p (Fig. 2M; one-way ANOVA, p < 0.0001). 466 
 In the neocortex, although a small number of ChCs were labeled in 467 
sensory areas (Fig. 2F,J), those in the medial prefrontal cortex (mPFC) and the 468 
anterior cingulate cortex (ACC), where ChCs are most enriched in the neocortex 469 
(Taniguchi et al., 2013), failed to be labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ 470 
mice. The most likely possibility is that the expression of CreER in Cdh6-CreER 471 
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mice fails to faithfully recapitulate that of endogenous Cdh6. A replacement of a 472 
Cdh6 coding region with CreER might partially delete essential regulatory 473 
elements for the normal expression of a Cdh6 gene.  474 
 475 
CR is expressed in a subset of h-ChCs but not nc-ChCs 476 
Although neurochemical markers have been used to classify canonical IN types, 477 
no systematic immunohistochemical analyses have been performed on h-ChCs. 478 
In order to characterize the neurochemical properties of h-ChCs, we first sought 479 
to identify neurochemical markers that are expressed by hippocampal RFP(+) 480 
cells in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice and then asked whether they are 481 
expressed by h-ChCs. We tested representative neurochemical markers for 482 
canonical IN types including PV, CR, nNOS, SOM, and VIP. IHC was performed 483 
on brain sections from Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice with medium Tmx 484 
induction. 485 
 Consistent with our FISH data showing that only a minor fraction of SOM-486 
INs and VIP-INs in the hippocampus express the Cdh6 gene [data not shown: n 487 
= 3 mice for each; SOM: 3.8%, 155 cells; VIP: 0%, 103 cells], no SOM and VIP 488 
expression was observed in hippocampal RFP(+) cells [Fig. 3A; n = 3 mice for 489 
each; SOM: 0%, (112 ChCs), 0% (104 non-ChCs); VIP: 0% (66 ChCs), 0% (77 490 
non-ChCs)]. We found that hippocampal RFP(+) cells express PV, CR, and n-491 
NOS (Fig. 3A). nNOS expression was found only in non-ChCs (Fig. 3A,B). About 492 
one third of hippocampal RFP(+) non-ChCs expressed n-NOS [Fig. 3A; n = 3 493 
mice; 0% (92 ChCs), 27.0 ± 2.1% (121 non-ChCs)]. On the other hand, PV and 494 
CR expression was substantially confined to h-ChCs among hippocampal 495 
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RFP(+) cells [Fig. 3A,C,E; n = 3 mice for each; PV: 65.8 ± 0.5% (123 ChCs), 4.7 496 
± 1.0% (231 non-ChCs); CR: 19.8 ± 0.9% (106 ChCs), 0% (139 non-ChCs)].  497 
 As expected from previous studies showing PV expression in h-ChCs 498 
(Viney et al., 2013; Takacs et al., 2015), roughly two-thirds of RFP(+) h-ChCs 499 
were immunopositive for PV (Fig. 3A,C,D; for quantitation, see above) in Cdh6-500 
CreER;Dlx5/6-Flp;Ai65/+ mice. RFP(+) nc-ChCs in Cdh6-CreER;Dlx5/6-Flp/Ai65 501 
mice also showed a similar rate of PV expression (Fig. 3C,D: n = 3 mice; 54.9 ± 502 
4.3 %, 66 nc-ChCs). 503 
 To our surprise, we found that almost 20% of RFP(+) h-ChCs express CR, 504 
which has never been observed in ChCs (Fig. 3A,E; for the quantitation, see 505 
above). CR(+)/RFP(+) h-ChCs were found in the CA1 and the CA3 but not the 506 
DG with a slight but not statistically significant bias in distribution within the s.p [n 507 
= 3 mice; 20 CR(+)/RFP(+) h-ChCs; s.p. (ventral half): 31.2 ± 12.1 %; s.p. (dorsal 508 
half): 61.0 ± 11.5 %; s.o.: 7.9 ± 5.1 %]. We also examined CR expression in 509 
RFP(+) nc-ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ and Nkx2.1-510 
CreER;Ai14 mice and confirmed that RFP(+) nc-ChCs never express CR (Fig. 511 
3E,F and data not shown; n = 3 mice for each; Cdh6-CreER;Dlx5/6-Flp;Ai65/+: 512 
0%, 32 nc-ChCs; Nkx2.1-CreER;Ai14: 0%, 56 nc-ChCs). To further corroborate 513 
this finding, we performed FISH for CR mRNA in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ 514 
mice. Expression of CR mRNAs in RFP(+) h-ChCs was consistent with IHC 515 
results (Fig. 3G: n = 4 mice; 15.8 ± 4.0 %, 81 h-ChCs). 516 
 To further characterize the neurochemical identity of CR(+)/RFP(+) h-517 
ChCs, we asked whether they express PV. To this end, we performed double-518 
immunostaining using the previously used rabbit anti-CR antibodies and guinea 519 
pig anti-PV antibodies. The staining efficiency of guinea pig anti-PV antibodies 520 
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was indistinguishable from that of the previously used rabbit anti-PV (rabbit anti-521 
PV: 65.8 ± 0.5 %, 123 ChCs; guinea pig anti-PV: 64.3 ± 5.4 %, 106 ChCs, n = 3 522 
mice each). Roughly half of CR(+) h-ChCs expressed PV, suggesting that they 523 
are classified into at least two subpopulations, CR(+)/PV(-) h-ChCs and 524 
CR(+)/PV(+) h-ChCs (Fig. 3H,I: n = 3 mice; CR(+)/PV(-) h-ChCs: 10.4 ± 1.2 %; 525 
CR(+)/PV(+) h-ChCs: 9.4 ± 2.1 %, 106 h-ChCs). 526 
  Taken together, our results identified a novel CR-expressing 527 
subpopulation in h-ChCs. The fact that this population appears unique to the 528 
hippocampus suggests differential mechanisms for specification/differentiation of 529 
h-ChCs and nc-ChCs.  530 
  531 
h-ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice exhibit larger axonal 532 
arbors and innervate more PNs than typical nc-ChCs 533 
Distinct IN types display unique axonal/synaptic organization that is one of the 534 
key determinants of their output properties (Jiang et al., 2015). In order to 535 
accurately examine axonal/synaptic organization of h-ChCs without the confusion 536 
of overlapping axonal arbors from other INs, we labeled spatially isolated single 537 
h-ChCs by inducing RFP in P5 Cdh6-CreER;Dlx5/6-Flp;Ai65/+ pups with a low 538 
dose of Tmx (0.5 mg/ 30 g of body weight).  539 

We immediately noticed that h-ChC axons span a large A-P distance (Fig. 540 
4A,E). The A-P axonal distance of h-ChCs was two-fold larger than that of nc-541 
ChCs (Fig. 4A,B,E-G; n = 3 mice; h-ChC: 736.0 ± 16.9 μm, 10 cells; nc-ChC: 542 
378.3 ± 16.8 μm, 10 cells; two-tailed Student’s t-test, p < 0.0001). Their axonal 543 
expansion along the M-L axis was also larger than that of nc-ChCs (Fig. 4C,D,H; 544 
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n = 3 mice; h-ChC: 505.5 ± 24.4 μm, 10 cells; nc-ChC: 301.4 ± 18.1 μm, 10 cells; 545 
two-tailed Student’s t-test, p < 0.0001). 546 

In order to understand putative synaptic organization of ChCs, we then 547 
asked how many AISs of PNs are innervated by a single ChC in the 548 
hippocampus and the neocortex. This number is equivalent to the number of 549 
cartridges per ChC. In contrast to AISs of nc-PNs, those of hippocampal PNs are 550 
extremely difficult to individually separate because of their high density and 551 
multiple orientations. Thus, it was difficult to directly obtain the total number of 552 
AISs innervated by a single h-ChC. To overcome this problem, we indirectly 553 
estimated this number: we first calculated the average number of varicosities per 554 
AIS using fully isolated AISs and then divided the total number of varicosities that 555 
are apposed to AISs by the number of varicosities per AIS. We found that the 556 
estimated number of AISs innervated by a single h-ChC was significantly higher 557 
than those innervated by a single nc-ChC (Fig. 4I, Table 6; n = 5 cells for each; 558 
h-ChC: 780.5 ± 71.2 AISs; nc-ChC: 346.4 ± 39.3 AISs; two-tailed Student’s t-test, 559 
p = 0.0007). The average length of AISs in the hippocampus was longer than 560 
those in the neocortex (Hippocampus: 28.6 ± 0.7 μm; Neocortex: 20.0 ± 0.5 μm; 561 
n = 25 AISs for each from 5 animals). 562 

These results suggest that despite sharing subcellular synaptic targets, 563 
the spatial distribution of axons and the number of PNs innervated by a single 564 
ChC is differentially regulated in the hippocampus and the neocortex. 565 
 566 
Early production of h-ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice 567 
Our findings on distinct terminal phenotypes of h-ChCs and nc-ChCs raised a 568 
question as to what could make regional IN variants in the hippocampus and the 569 
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neocortex different. One plausible explanation is their differential specification 570 
due to distinct embryonic origins. Cortical INs arise from the MGE, the caudal 571 
ganglionic eminence (CGE), and the preoptic area (POA), each of which produce 572 
distinct canonical IN types (Wonders and Anderson, 2006; Batista-Brito and 573 
Fishell, 2009; Gelman and Marin, 2010). In addition, studies of genetic fate-574 
mapping and BrdU labeling revealed that birth-timing is an important factor in the 575 
control of IN identity (Miyoshi et al., 2007; Miyoshi et al., 2010; Tricoire et al., 576 
2011; Taniguchi et al., 2013; Donato et al., 2015). Since ChCs likely share the 577 
MGE as their spatial origin (Tricoire et al., 2011; Taniguchi et al., 2013), we 578 
hypothesized that h-ChCs and nc-ChCs might have distinct temporal origins. To 579 
test this hypothesis, we carried out BrdU-based birth dating of h-ChCs labeled in 580 
Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice. We injected a single pulse of BrdU into 581 
pregnant animals at distinct embryonic days between E10 and E16 to label 582 
mitotic progenitors (Fig. 5A). We found that h-ChCs labeled in Cdh6-583 
CreER;Dlx5/6-Flp;Ai65/+ mice were generated between E11 and E14 with peaks 584 
at E12 and E13 (Fig. 5B,C; E10: 0 %, n = 1 mouse, 27 ChCs; E11: 16.3 ± 3.5%, 585 
n = 3 mice, 60 ChCs; E12: 34.9 ± 2.7%, n = 4 mice, 151 ChCs; E13: 36.3 ± 4.7%, 586 
n = 3 mice, 68 ChCs; E14: 16.2 ± 3.7%, n = 3 mice, 61 ChCs; E15: 0 %, n = 2 587 
mice, 42 ChCs; E16: 0 %, n = 3 mice, 81 ChCs). These birth dates are much 588 
earlier than time points (E15-E18) when the MGE predominantly produce nc-589 
ChCs (Taniguchi et al., 2013). Together with our previous study, these results 590 
suggest that h-ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice are 591 
produced earlier than the time window in which the MGE actively generates nc-592 
ChCs. 593 
 594 
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Local environment shapes terminal phenotypes of h-ChCs and nc-ChCs  595 
Although our results showed that h-ChCs labeled in Cdh6-CreER;Dlx5/6-596 
Flp;Ai65/+ mice have temporal origins distinct from nc-ChCs produced from the 597 
late MGE, it remains unclear whether their terminal phenotypes such as 598 
axonal/synaptic organization and neurochemical marker expression are 599 
intrinsically or extrinsically regulated. To address this issue, we performed 600 
heterotopic transplantations using RFP-labeled young ChCs from the embryos of 601 
Nkx2.1-CreER;Ai14 donors. MGE tissues from E17 embryos, in which RFP 602 
expression was induced at E16, were used as a source of nc-ChCs (Fig. 6A). 603 
Young RFP(+) hippocampal INs presumably including h-ChCs were taken from 604 
hippocampal tissues of E16 embryos, in which the MGE was labeled with RFP at 605 
E12 (Fig. 6B). Neocortical and hippocampal donor cells were transplanted into 606 
the hippocampus and the neocortex of P1 host pups, respectively, and analyzed 607 
for axonal expansion, the total number of AISs innervated by a single ChC, and 608 
CR expression at P24-P25 (host ages). 609 
 Strikingly, we found that donor ChCs display axonal expansion 610 
characteristic of endogenous ChCs in host cortical regions. nc-ChCs 611 
transplanted into the host hippocampus developed significantly larger M-L axonal 612 
expansion than h-ChCs transplanted into the host neocortex (Fig. 6C-F,H; n = 10 613 
cells for each; nc-ChCs transplanted into the host hippocampus: 469.0 ± 16.8 614 
μm; h-ChCs transplanted into the host neocortex: 249.9 ± 8.1 μm; two-tailed 615 
Student’s t-test, p < 0.0001). Their axonal expansion along the A-P axis was also 616 
significantly larger than that of h-ChCs transplanted into the host neocortex (Fig. 617 
6G; n = 10 cells for each; nc-ChCs transplanted into the host hippocampus: 618 
578.1 ± 16.7 μm; h-ChCs transplanted into the host neocortex: 357.9 ± 17.2 μm; 619 
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two-tailed Student’s t-test, p < 0.0001). The number of AISs innervated by a 620 
single nc-ChCs transplanted into the host hippocampus was significantly higher 621 
than those innervated by a single h-ChCs transplanted into the host neocortex 622 
(Fig. 6I, Table 7; nc-ChCs transplanted into the host hippocampus: n = 5 cells, 623 
659.1 ± 54.1 AISs; h-ChCs transplanted into the host hippocampus: n = 3 cells, 624 
286.7 ± 55.2 AISs; two-tailed Student’s t-test, p = 0.004). These results suggest 625 
that extrinsic mechanisms inherent to the local cellular environment regulate ChC 626 
axonal/synaptic organization in a cortical region-specific manner. 627 
 To our surprise, we also found that donor ChCs express CR dependent on 628 
host cortical locations. Four out of 26 nc-ChCs transplanted into the host 629 
hippocampus showed obvious CR expression whereas none of 18 h-ChCs 630 
transplanted into the host neocortex expressed CR (Fig. 7A-D). These results 631 
suggest that CR expression in h-ChCs is also extrinsically regulated. 632 
        633 
Discussion      634 
Although the hippocampus and the neocortex contain common canonical IN 635 
types, it remains largely unknown whether they have regional phenotypic 636 
variations. Furthermore, it is poorly understood whether local environment 637 
regulates terminal phenotypes of regional IN variants. In this study, we show that 638 
Cdh6 is expressed in all L2 ChCs examined in Nkx2.1-CreER;Ai14 mice and that 639 
Cdh6-CreER mice provide a reliable genetic strategy to target h-ChCs. Using 640 
Cdh6-CreER mice, we find that h-ChCs develop axonal arbors that cover a wider 641 
area and innervate more PNs than nc-ChCs and include a novel CR-expressing 642 
subpopulation that has never been found in nc-ChCs. We also show that h-ChCs 643 
labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice are generated earlier than the 644 
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time window in which the MGE predominantly produce nc-ChCs. Furthermore, 645 
we discover that region-specific local environment shapes both axonal/synaptic 646 
organization and CR expression. These findings provide novel insight into the 647 
specification and differentiation of regional IN variants in the cortex.       648 
 Here, by using PCR-based amplification of cDNAs from a small number of 649 
young nc-ChCs, we screened 16 classic cadherins and identified Cdh4, Cdh6, 650 
and Cdh9. We further tested specificity of expression of these cadherins by 651 
carrying out ISH in representative cortical IN types including PV-, SOM-, and 652 
VIP-INs in addition to nc-ChCs. Interestingly, we find that all L2 nc-ChCs tested 653 
in Nkx2.1-CreER;Ai14 mice express Cdh6; in contrast, a small fraction of other 654 
IN types expresses Cdh6. Unlike an RNA sequencing or a quantitative PCR 655 
method, our screening strategy lacks quantitative information and might not be 656 
able to detect low levels of gene expression. Nevertheless, our results provide 657 
the first evidence that a relatively homogenous canonical IN type expresses 658 
specific types of cadherins.  659 
 In this study, there are a few points of concern we should take into 660 
account. First, our genetic strategy using Cdh6-CreER mice likely captures a 661 
fraction of Cdh6(+) INs because CreER has weaker activity than straight Cre. 662 
Second, although our genetic approach could label at least some h-ChCs in 663 
representative subregions of the hippocampus and identify CR(+) h-ChCs, which 664 
have never been reporterd in previous studies, we cannot exclude the possibility 665 
that there exist Cdh6(-) h-ChCs, which may have different morphological and 666 
physiological properties and developmental origins from Cdh6(+) h-ChCs. One 667 
should take this possibility into account especially in the CA3 and the DG as our 668 
genetic strategy predominantly labels h-ChCs in the CA1. Third, although our 669 
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previous studies demonstrated that the late MGE (E15-18) produces numerous 670 
nc-ChCs, there remains a possibility that the early MGE contributes to a minor 671 
fraction of nc-ChCs. The fact that in utero electroporation targeting E12 MGE can 672 
label a few nc-ChCs (Tai et al., 2014) may support this idea. Thus, the 673 
interpretations of our results from the present study should not be oversimplified. 674 
Nevertheless, identification of two distinct ChC subpopulations that are 675 
separately localized in the hippocampus and the neocortex and display 676 
differences in temporal origins, axonal/synaptic organization, and marker 677 
expression (i.e. h-ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice and nc-678 
ChCs produced from the late MGE) provides an important insight into the 679 
specification and development of regional variants of ChCs. 680 
 Previous studies from the laboratory of Christopher McBain showed that681 
canonical IN types have regional variations of physiological and neurochemical 682 
properties in the hippocampus and the neocortex (Tricoire et al., 2010; Chittajallu 683 
et al., 2013). Our current results support and expand this view. First, we find that 684 
h-ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;FSF-LSL-RFP mice innervate a wider 685 
territory and more PNs than typical nc-ChCs, suggesting a regional difference in 686 
the size of cooperating circuit modules. Second, we find that h-ChCs but not nc-687 
ChCs contain a novel CR-expressing subset, suggesting a functional subdivision 688 
of h-ChCs. These differences may be important for generating region-specific 689 
spatiotemporal patterns of PN activity.  690 
 It has been suggested that embryonic origins play a role in laminar 691 
positioning and fate determination of neocortical INs (Wonders and Anderson, 692 
2006; Gelman and Marin, 2010; Taniguchi, 2014). However, it has been largely 693 
unknown whether hippocampal and neocortical variants of canonical IN types 694 
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could have distinct embryonic origins. More recently, it has been shown that IN 695 
variants in the hippocampus and the neocortex have distinct spatial origins. For 696 
example, O-LM cells arise from both the MGE and the CGE, whereas Martinotti 697 
cells solely derive from the MGE (Chittajallu et al., 2013). h-NGCs are largely 698 
produced in the MGE, whereas nc-NGCs arise predominantly from the CGE 699 
(Tricoire et al., 2010). Currently, there is no evidence supporting differential 700 
spatial origins of h-ChCs and nc-ChCs. All previous studies suggest that ChCs 701 
are generated exclusively in the MGE but not the CGE (Miyoshi et al., 2010; 702 
Tricoire et al., 2011; Inan et al., 2013; Taniguchi et al., 2013). However, our novel 703 
finding of CR(+) h-ChCs raises an intriguing question about their spatial origin. 704 
As the majority of CR(+) INs are derived from the CGE (Miyoshi et al., 2010; 705 
Tricoire et al., 2011), CR(+) h-ChCs could originate from the CGE. Tricoire et al. 706 
performed morphological, physiological, and electrophysiological 707 
characterizations of CGE derived h-INs using GAD65-GFP transgenic mice, 708 
which report in half of CGE derived INs, but found no CR(+) h-ChCs (Lopez-709 
Bendito et al., 2004; Tricoire et al., 2011). It has been reported that 5-HT3AR-GFP 710 
transgenic mice label nearly all CGE derived INs (Lee et al., 2010; Vucurovic et 711 
al., 2010; Chittajallu et al., 2013). Thus, it would be interesting to test whether 712 
CR(+) h-ChCs is labeled with GFP in Cdh6-CreER;Dlx5/6-Flp;Ai65;5-HT3AR-GFP 713 
mice.  714 
 In this study, we add the novel view that regional variants of canonical IN 715 
types could have distinct temporal origins. We provide evidence that h-ChCs 716 
labeled in Cdh6-CreER;Dlx5/6-Flp;FSF-LSL-RFP mice are generated in an early 717 
time window with a peak between E12 and E13 in contrast to nc-ChCs that are 718 
produced from the late MGE with a peak between E16 and E17 (Taniguchi et al., 719 



 

 30 

2013). This is consistent with our observation that the expression of reporters in 720 
the late MGE progenitors in Nkx2.1-CreER knockin mice fails to label h-ChCs. 721 
 Previous studies have shown the correlation between embryonic origins 722 
and terminal phenotypes of hippocampal and neocortical IN variants. For 723 
example, O-LM cells expressing serotonin receptors (5-HT3ARs) are derived from 724 
the CGE whereas Martinotti cells expressing no 5-HT3ARs originate from the 725 
MGE (Chittajallu et al., 2013). h-NGCs expressing nNOS are derived from the 726 
MGE while nc-NGCs displaying weak nNOS expression arise from the CGE 727 
(Tricoire et al., 2010). Furthermore, a recent study has shown that distinct 728 
temporal origins of hippocampal basket cells (h-BCs) are correlated with two 729 
different populations, which differ in expression levels of parvalbmin (PV), 730 
laminar positions of projection targets, and the ratio of excitatory to inhibitory 731 
inputs (Donato et al., 2015). While these findings suggest that terminal 732 
phenotypes are intrinsically regulated through cell type specification in distinct 733 
spatiotemporal origins, recent evidence has also proposed that IN properties can 734 
be modulated by extrinsic factors present in local environments when they are 735 
integrated into neural networks. For instance, neuronal activity and experience 736 
modulate electrophysiological features of neocortical PV-expressing BCs by 737 
adjusting the expression level of Kv2.1 through the expression of ER81, a 738 
transcription factor of the ETS family (Dehorter et al., 2015). Thus, it has 739 
remained elusive whether intrinsic or extrinsic mechanisms regulate region-740 
specific terminal phenotypes. Here we provide direct evidence that extrinsic 741 
mechanisms shape terminal phenotypes of h-ChCs labeled in Cdh6-742 
CreER;Dlx5/6-Flp;FSF-LSL-RFP mice and nc-ChCs generated from the late 743 
MGE. Using heterotopic transplantation techniques, we reveal that cellular 744 
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environments rather than intrinsic specification of ChCs control their 745 
axonal/synaptic organization and CR expression in the hippocampus and the 746 
neocortex. Neuronal activity or molecular cues controlling axonal extension, 747 
branching, and synapse formation could be plausible candidates for extrinsic 748 
regulators. Although the region-specific terminal phenotypes we analyzed in this 749 
study are not intrinsically regulated, this does not rule out the possibility that 750 
embryonic specification in distinct time windows differentiate intrinsic features of 751 
the h-ChCs and the nc-ChCs. Potential intrinsic differences between the h-ChCs 752 
and the nc-ChCs may include guidance receptors that determine whether they 753 
migrate to the hippocampus or the neocortex. Another possibility is that the h-754 
ChCs and the nc-ChCs might express different sets of channels that underlie 755 
intrinsic electrophysiological properties.  756 
    In summary, we demonstrate that h-ChCs and nc-ChCs could have 757 
discrete terminal phenotypes including expression of the neurochemical marker 758 
and axonal/synaptic organization. Although h-ChCs and nc-ChCs appear to 759 
display distinct temporal origins, these terminal phenotypes are shaped by 760 
region-specific cellular environment. These results complement previous studies 761 
showing that cardinal IN types in the hippocampus and the neocortex have 762 
distinct spatial origins and terminal phenotypes. Systematically investigating 763 
terminal phenotypes of hippocampal and neocortical IN variants and addressing 764 
whether they are regulated by nature or nurture will facilitate our understanding 765 
of how canonical IN types acquire further modifications suitable for distinct 766 
cortical regions. 767 
   768 
  769 
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Figure legends: 893 
Figure 1. Cdh6 is preferentially expressed in nc-ChCs labeled in Nkx2.1-894 
CreER;Ai14 mice. A, The upper schematic of late embryonic coronal brain 895 
sections shows RFP induction in the Nkx2.1-expressing MGE of Nkx2.1-896 
CreER;Ai14 mice. The lower schematic denotes Tmx-induced, CreER-dependnet 897 
RFP expression from an Ai14 reporter. B, Schematic showing procedures for 898 
single cell pickups of P5 young nc-ChCs. Fifty RFP(+) cells from the medial 899 
prefrontal and cingulate cortices of Nkx2.1-CreER;Ai14 mice were manually 900 
collected. C, PCR-based screening of classic cadherins. The upper panel shows 901 
PCR products amplified from cDNAs of P5 nc-ChCs. The lower panel shows 902 
PCR products amplified from cDNAs of P10 control tissues including a whole 903 
brain and a spinal cord. Each number represents the name of cadherin (e.g., 6 904 
corresponds to Cdh6). Note that Cdh4, Cdh6 and Cdh9 are detected from nc-905 
ChC cDNAs. D-F, Confocal projection images showing FISH signals for cadherin 906 
mRNAs (green) and immunofluorescent signals for RFP (magenta) expressed in 907 
L2 nc-ChCs of P21 Nkx2.1-CreER;Ai14 mice. Expression of Cdh4 (D), Cdh6 (E), 908 
and Cdh9 (F) mRNAs. Confocal single optical sections in right small panels 909 
represent magnified images of the cells marked with asterisks showing RFP, 910 
FISH, and FISH/RFP signals from top to bottom. G-I, Quantification of the 911 
fraction of cadherin-expressing neocortical cells in distinct IN types including nc-912 
ChCs, PV-INs, SOM-INs, and VIP-INs. Data from FISH of Cdh4 (G), Cdh6 (H), 913 
and Cdh9 (I). Note that only Cdh6 shows preferential expression in nc-ChCs (n = 914 
3 mice for each; ChC: 100 ± 0 %, 97 cells; PV: 40.6 ± 3.4 %, 355 cells; SOM: 915 
20.6 ± 2.9 %, 246 cells; VIP: 19.7 ± 1.9 %, 383 cells; one-way ANOVA, p < 916 
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0.0001). Data are presented as mean ± SEM. Scale bars, 50 μm (D-F), 10 μm 917 
(right small panels in D-F). 918 
 919 
Figure 2. Cdh6-CreER mice provide reliable genetic access to h-ChCs. A, A P21 920 
coronal brain section showing Cdh6 CISH signals in the hippocampus. Note that 921 
Cdh6 mRNA is expressed in the CA1 s.p. layer. Cdh6 mRNA is expressed likely 922 
in both PNs and INs. B, Schematic showing an intersectional strategy using 923 
Cdh6-CreER, Dlx5/6-Flp, and a dual reporter (Ai65) to label Cdh6(+) INs. C-F, 924 
Confocal projection images showing distribution of RFP(+) cells (magenta) in the 925 
hippocampus (C-E) and the neocortex (F) of P21 Cdh6-CreER:Dlx5/6-Flp:Ai65 926 
mice induced with a high dose of Tmx. DAPI staining (blue) shows the 927 
cytoarchitecture of the hippocampus and the neocortex. RFP(+) h-ChCs 928 
(asterisks) can be found in all major subregions of the hippocampus including the 929 
CA1 (C), the CA3 (D), and the DG (E). RFP(+) INs, which include nc-ChCs 930 
(asterisk), are sparsely distributed within the neocortex (F). G-J, High-931 
magnification confocal projection images showing RFP(+) ChCs in the CA1 (G), 932 
the CA3 (H), the DG (I), and the neocortex (J). Confocal single optical sections in 933 
lower right panels represent magnified images of boxed areas in upper panels 934 
showing axonal varicosities (magenta) apposed to AISs immunostained with anti-935 
AnkG antibodies (green). Lower left panels show individual cartridge structures. 936 
Tissues are counterstained with DAPI (blue). s.p. (stratum pyramidale), g.c.l 937 
(granule cell layer), and L1 (layer 1). K, The fraction of h-ChCs among RFP(+) 938 
INs in the principal cell layer of distinct hippocampal subregions (n = 3 mice; 939 
CA1: 78.9 ± 2.8 %, 193 RFP(+) cells; CA3: 46.2 ± 10.4 %, 25 RFP(+) cells; DG: 940 
21.3 ± 5.3 %, 36 RFP(+) cells). L, Distribution of RFP(+) h-ChCs in hippocampal 941 
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subregions. Among total RFP(+) h-ChCs, the majority resides in the CA1, with 942 
smaller populations in the CA3 and the DG (n = 3 mice, 179 ChCs; CA1: 89.2 ± 943 
2.5 %; CA3: 6.8 ± 2.9 %; DG: 4.0 ± 0.8 %). M, Laminar distribution of RFP(+) h-944 
ChCs within CA regions of the hippocampus. While a small but significant 945 
population of RFP(+) h-ChCs reside in s.o. (stratum oriens), the majority of 946 
RFP(+) h-ChCs are found in s.p. (n = 3 mice, 172 ChCs; s.r.: 0 %; ventral s.p.: 947 
27.1 ± 4.0 %; dorsal s.p.: 68.2 ± 4.7 %; s.o.: 4.7 ± 0.7 %) Data are presented as 948 
mean ± SEM. Scale bars, 500 μm (A), 100 μm (C-E), 200 μm (F), 50 μm (upper 949 
panels of G-J), 10 μm (lower right panels of G-J), 2.5 μm (lower left panels of G-950 
J).  951 
 952 
Figure 3. h-ChCs but not nc-ChCs contain a CR-expressing subpopulation in 953 
Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice. A, Immunohistochemical characterization 954 
of RFP(+) INs in the hippocampus of P21Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice. 955 
RFP(+) cells are divided into ChCs and non-ChCs. Note that RFP(+) h-ChCs 956 
contain PV- and CR-expressing populations while non-ChCs include nNOS- and 957 
PV-expressing populations. [n = 3 mice for each; PV: 65.8 ± 0.5 % (123 ChCs), 958 
4.7 ± 1.0  % (231 non-ChCs); CR: 19.8 ± 0.9 % (106 ChCs), 0 % (139 non-959 
ChCs); nNOS: 0 % (92 ChCs), 27.0 ± 2.1 % (121 non-ChCs); SOM: 0 % (112 960 
ChCs), 0 % (231 non-ChCs); VIP: 0 % (66 ChCs), 0 % (77 non-ChCs)]. B, 961 
Confocal projection image showing an RFP(+) non-ChC (magenta) with nNOS 962 
expression (cyan) in the hippocampus. Asterisk indicates an nNOS(+)/RFP(+) 963 
non-ChC. Confocal single optical sections in right small panels represent RFP, 964 
nNOS, and nNOS/RFP signals from top to bottom in the nNOS(+)/RFP(+) non-965 
ChC. C, Confocal projection images showing PV(+)/RFP(+) ChCs in the 966 
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hippocampus and the neocortex. RFP and PV are shown in magenta and cyan, 967 
respectively. Asterisks indicate PV(+)/RFP(+) ChCs. Confocal single optical 968 
sections in right small panels represent RFP, PV, and PV/RFP signals from top 969 
to bottom in PV(+)/RFP(+) ChCs. A confocal single optical section of h-ChC 970 
axonal varicosities (magenta) apposed to AISs immunostained with anti-AnkG 971 
antibodies (green) is shown in the left-lower right panel. Left-lower left panel 972 
shows individual cartridge structures. D, Quantification of the percentage of 973 
PV(+)/RFP(+) ChCs among RFP(+) ChCs in the hippocampus and the neocortex. 974 
n = 3 mice for each; h-ChCs, 65.8 ± 0.5 %, 123 cells; nc-ChCs, 54.9 ± 4.3 %, 66 975 
cells. E, Confocal projection images showing CR(+)/RFP(+) h-ChCs and CR(-976 
)/RFP(+) nc-ChCs. RFP and CR are shown in magenta and cyan, respectively. 977 
Asterisks indicate a CR(+)/RFP(+) h-ChCs and a CR(-)/RFP(+) nc-ChC. Confocal 978 
single optical sections in right small panels represent RFP, CR, and RFP/CR 979 
from top to bottom in a CR(+)/RFP(+) h-ChCs and a CR(-)/RFP(+) nc-ChC. A 980 
confocal single optical section of h-ChC axonal varicosities (magenta) apposed 981 
to AISs immunostained with anti-AnkG antibodies (green) is shown in the left-982 
lower right panel. Left-lower left panel shows individual cartridge structures. F, 983 
Quantification of the percentage of CR(+)/RFP(+) ChCs among RFP(+) ChCs in 984 
the hippocampus and the neocortex. n = 3 mice for each; h-ChCs, 19.1 % ± 985 
0.9 %, 106 cells; nc-ChCs, 0%, 32 cells. G, Confocal projection image showing 986 
CR mRNA(+)/RFP(+) h-ChC. CR mRNA and RFP signals are shown in cyan and 987 
magenta, respectively. Asterisk indicates a CR mRNA(+)/RFP(+) ChC. Confocal 988 
single optical sections in insets represent RFP, CR mRNA, and CR mRNA/RFP 989 
from top to bottom in a CR mRNA(+)/RFP(+) ChC. H, I, Upper panels show 990 
confocal projection images of RFP(+) h-ChCs (magenta). Left insets show PV 991 
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signals (white). Right insets indicate CR signals (cyan) in RFP(+) h-ChCs 992 
(asterisks). Empty arrow in left inset of H indicates neighboring PV(+) cell 993 
adjacent to RFP(+)/PV(-) h-ChC. Confocal single optical sections in lower right 994 
panels represent enlarged images of boxed areas in upper panels showing 995 
axonal varicosities (magenta) apposed to AISs immunostained with anti-AnkG 996 
antibodies (green) Lower left panels show individual cartridge structures. H and I 997 
represent a CR(+)/PV(-) h-ChC and a CR(+)/PV(+) h-ChC, respectively. Data are 998 
presented as mean ± SEM. Scale bars, 50 μm [left panels in B, C (nc-ChC), E 999 
(nc-ChC); left-upper panels in C (h-ChC), E (h-ChC); G; upper panels in H, I], 10 1000 
μm [left-lower right panels in C (h-ChC), E (h-ChC); lower right panels in H, I; left 1001 
and right insets in H, I], 5 μm (right small panels in B, C, E; insets in G), and 2.5 1002 
μm (left-lower left panels in C (h-ChC), E (h-ChC); lower left panels in H, I). 1003 
 1004 
Figure 4. h-ChCs innervate much wider area and a greater number of PNs than 1005 
nc-ChCs in P21 Cdh6-CreER;Dlx5/6-Flp;Ai65/+ mice. A-D, Upper panels show 1006 
confocal projection images indicating the extent of axonal arbors in RFP(+) h-1007 
ChCs (A, C) and RFP(+) nc-ChCs (B, D). The A-P (A, B) and M-L (C, D) extent 1008 
of ChC axonal arbors in sagittal and coronal sections, respectively, are shown. 1009 
Asterisks indicate both ends of axonal arbors. Confocal single optical sections in 1010 
lower right panels represent enlarged images of boxed areas in upper panels 1011 
showing axonal varicosities (magenta) aligned along AISs (green) stained with 1012 
anti-AnkG antibodies. Lower left panels show individual cartridge structures. E, F, 1013 
3-D reconstructions of an h-ChC (E) and an nc-ChC (F) in sagittal sections. 1014 
Axonal processes are color-coded according to their depth. G, H, Quantification 1015 
of the A-P (G) and M-L (H) extent of axonal arbors in h-ChCs and nc-ChCs. The 1016 
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A-P extent: n = 10 cells for each; h-ChCs, 736.0 ± 16.9 μm; nc-ChCs, 378.3 ± 1017 
16.8 μm; two-tailed Student’s t-test, p < 0.0001. The M-L extent: n = 10 cells for 1018 
each; h-ChCs, 505.5 ± 24.4 μm; nc-ChCs, 301.4 ± 18.1 μm; two-tailed Student’s 1019 
t-test, p < 0.0001. I, Quantification of the number of AISs innervated by a single 1020 
ChC. n = 5 cells for each; h-ChCs, 780.5 ± 71.2 AISs; nc-ChCs, 346.4 ± 39.3 1021 
AISs; two-tailed Student’s t-test, p = 0.0007.  Data are presented as mean ± SEM. 1022 
Scale bars, 100 μm (upper panels in A, B), 50 μm (upper panels in C, D; E, F), 1023 
10 μm (lower right panels in A, B), and 5 μm (lower right panels in C, D), 2.5 μm 1024 
(lower left panels in A-D).    1025 
 1026 
Figure 5. Temporal origins of h-ChCs labeled in Cdh6-CreER;Dlx5/6-Flp;Ai65 1027 
mice. A, Experimental timeline of BrdU-based birth dating. In Cdh6-1028 
CreER;Dlx5/6-Flp;Ai65 mice, h-ChCs were labeled by tamoxifen injection at P5, 1029 
paired with a single BrdU administration at the indicated date. Mice were 1030 
analyzed at P21. B, Confocal projection image of an RFP(+) h-ChC (magenta) 1031 
labeled with BrdU (green) administrated at E12. A confocal single optical section 1032 
in inset shows the enlarged view of RFP and BrdU signals in a soma. s.p., 1033 
stratum pyramidale. C, Quantification of the percentage of BrdU(+) cells among 1034 
h-ChCs. h-ChCs are born between E11 and E14 with peaks at E12 and E13. 1035 
(E10: 0 %, n = 1 mouse, 27 ChCs; E11: 16.3 ± 3.5%, n = 3 mice, 60 ChCs; E12: 1036 
34.9 ± 2.7%, n = 4 mice, 151 ChCs; E13: 36.3 ± 4.7%, n = 3 mice, 68 ChCs; 1037 
E14: 16.2 ± 3.7%, n = 3 mice, 61 ChCs; E15: 0 %, n = 2 mice, 42 ChCs; E16: 1038 
0 %, n = 3 mice, 81 ChCs). Data are presented as mean ± SEM. Scale bars, 50 1039 
μm (B), 10 μm (inset in B). 1040 
 1041 
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Figure 6. The size of axonal arbors of transplanted ChCs is dependent on host 1042 
cortical environment. A, B, Schematics showing experimental strategies for the 1043 
heterotopic transplantation of nc-ChCs (A) and h-ChCs (B). E17 MGE cells from 1044 
Nkx2.1-CreER;Ai14 embryos induced at E16 were transplanted into the 1045 
hippocampus of P1 host animals (A). E16 hippocampal cells from Nkx2.1-1046 
CreER;Ai14 embryos induced at E12 were transplanted into the neocortex of P1 1047 
host animals (B). C, D, Upper panels show confocal projection images 1048 
representing the M-L extent of ChC axonal arbors in coronal sections. An h-ChC 1049 
transplanted into the host neocortex and an nc-ChC transplanted into the host 1050 
hippocampus are shown in C and D, respectively. Asterisks indicate both ends of 1051 
axonal arbors. Confocal single optical sections in lower right panels represent 1052 
enlarged images of boxed areas in upper panels showing axonal varicosities 1053 
(magenta) apposed to AISs (green) stained with anti-AnkG antibodies. Lower left 1054 
panels show individual cartridge structures. E, F, 3-D reconstructions of an h-1055 
ChC transplanted into the host neocortex (E) and an nc-ChC transplanted into 1056 
the host hippocampus (F) in coronal sections. Axonal processes are color-coded 1057 
according to their depth. G, H, Quantification of the A-P (G) and M-L (H) extent of 1058 
axonal arbors in nc-ChCs transplanted into the host hippocampus and h-ChCs 1059 
transplanted into the host neocortex (The A-P extent: n = 10 cells for each; nc-1060 
ChCs transplanted into the host hippocampus: 578.1 ± 16.7 μm; h-ChCs 1061 
transplanted into the host neocortex: 357.9 ± 17.2 μm; The M-L extent: n = 10 1062 
cells for each; nc-ChCs transplanted into the host hippocampus: 469.0 ± 16.8 1063 
μm; h-ChCs transplanted into the host neocortex: 249.9 ± 8.1 μm; two-tailed 1064 
Student’s t-test, p < 0.0001). I, Quantification of the number of AISs innervated 1065 
by a single transplanted ChC (nc-ChCs transplanted into the host hippocampus: 1066 
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n = 5 cells, 659.1 ± 54.1 AISs; h-ChCs transplanted into the host hippocampus: n 1067 
= 3 cells, 286.7 ± 55.2 AISs; two-tailed Student’s t-test, p = 0.004). Data are 1068 
presented as mean ± SEM. Scale bars, 50 μm (upper panels in C, D; E, F), 20 1069 
μm (lower right panels in C, D), 5 μm (lower left panels in C, D).  1070 
 1071 
Figure 7. CR expression in transplanted ChCs is dependent on host cortical 1072 
environment. A, B, Confocal projection images of DAPI/RFP signals (the upper 1073 
panel in A) and CR signals (B) in an nc-ChC transplanted into the host 1074 
hippocampus. A confocal single optical section in the lower right panel in A 1075 
represents enlarged image of the boxed area in the upper panel showing axonal 1076 
varicosities (magenta) apposed to AISs (green) stained with anti-AnkG 1077 
antibodies. Lower left panel in A shows individual cartridge structures. Confocal 1078 
single optical sections in insets in B represent magnified images of the cell 1079 
marked with asterisk showing RFP, CR, and DAPI signals from left to right. 1080 
Arrowheads indicate CR signals in processes. Black and yellow circles show the 1081 
position of the nucleus in the RFP(+) ChC deduced from DAPI-staining. C, D, 1082 
Confocal projection images of RFP signals (upper panel in C) and CR signals (D) 1083 
in an h-ChC transplanted into the host neocortex. A confocal single optical 1084 
section in the lower right panel in C represents enlarged image of the boxed area 1085 
in the upper panel showing axonal varicosities (magenta) apposed to AISs 1086 
(green) stained with anti-AnkG antibodies. Lower left panel in C shows individual 1087 
cartridge structures.  Confocal single optical sections in insets in D represent 1088 
magnified images of the cell marked with asterisk showing RFP (left) and CR 1089 
(right) signals. Note that there is no colocalization between RFP and CR signals 1090 
in the h-ChC transplanted into the host neocortex. Scale bars, 50 μm (B, D; 1091 
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upper panels in A, C), 20 m (lower right panels in A, C), 5 μm (lower left panels 1092 
in A, C), and 5 μm (insets in B, D). 1093 
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Table 6. Measured values used to estimate the average number of AISs innervated by a single endogenous 
ChC. 

 
 
 
 

nc-ChCs Total # of 
Boutons 

Boutons per AIS  
(n = 5 AISs each) 

# of AISs 

Average   346.4 ±  
39.3 

Cell 1 1008 3.2 ± 0.4 315.0 
Cell 2 783 3.2 ± 0.4 244.7 
Cell 3 1149 3.4 ± 0.5 337.9 
Cell 4 1045 3.0 ± 0.5 348.3 
Cell 5 1361 2.8 ± 0.4 486.1 

    
h-ChCs    

Average   780.5 ±  
71.2 

Cell 1 3107 3.0 ± 0.3 970.9 
Cell 2 2051 3.2 ± 0.2 683.7 
Cell 3 2719 3.0 ± 0.4 906.3 
Cell 4 1745 3.0 ± 0.6 581.7 
Cell 5 2280 3.0 ± 0.4 760.0 
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Table 7. Measured values used to estimate the average number of AISs innervated by a single transplanted 
ChC. 

 
 
 
 

hpc-to-nc Total # of 
Boutons 

Boutons per AIS 
(n = 5 AISs each) 

# of 
AISs 

Average   286.7 ±  
55.2 

Cell 1 671 3.8 ± 0.4 176.6 
Cell 2 1189 3.4 ± 0.5 349.7 
Cell 3 1335 4.0 ± 0.4 333.8 

    
nc-to-hpc    

Average   659.1 ±  
54.1 

Cell 1 1520 3.0 ± 0.4 506.7 
Cell 2 2190 2.8 ± 0.4 782.1 
Cell 3 1914 3.4 ± 0.2 562.9 
Cell 4 2132 2.8 ± 0.4 761.4 
Cell 5 1910 2.8 ± 0.5 682.1 


