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Abstract 21 

Transgenic animals have become a widely used model to identify and study specific cell 22 

types in whole organs. Promotor-driven reporter gene labeling of the cells under investigation 23 

has promoted experimental efficacy to a large degree. However, rigorous assessment of 24 

transgene expression specificity in these animal models is highly recommended in order to 25 

validate cellular identity and to isolate potentially mislabeled cell populations. Here, we report 26 
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on one such mislabeled neuron population in a widely used transgenic mouse line in which 27 

GABAergic somatostatin-expressing interneurons (SOMpos INs) are labeled by eGFP (so-28 

called GIN mouse, FVB-Tg(GadGFP)45704Swn/J). These neurons represent a 29 

subpopulation of all SOMpos INs. However, we report here on GFP labeling of non-30 

GABAergic neurons in the nucleus endopiriformis of this mouse line.  31 

 32 
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  36 

Introduction 37 

Transgenic animals expressing reporter genes such as the enhanced green fluorescent 38 

protein (eGFP) under the control of specific promotors have become widely used 39 

experimental models when studying the properties of certain cell types. Their use is of 40 

particular advantage when the cell types under investigation are rare, display diverse 41 

properties and when the probability of finding them in a wild-type animal is low. Since they 42 

facilitate cell identification, in particular during acute electrophysiological experiments, 43 

transgenic animals with specific promotor-driven expression of reporter genes helped to 44 

reduce the number of animals necessary to perform scientific projects. However, the cellular 45 

phenotypes of a common genotype can be considerably diverse (see e.g. Riedemann, 46 

Schmitz & Sutor et al., 2016a; Riedemann, Straub & Sutor 2018) and it is therefore advisable 47 

to characterize the properties of cells that are genetically labeled with reporter genes. This is 48 

especially important in research fields where the aim is to classify cells according to their 49 

molecular, biochemical, morphological or physiological properties. The classification of 50 

GABAergic interneurons in the cerebral cortex is based on the very same properties listed 51 

above. Based on those properties, it is strived to allocate interneurons to specific classes or 52 

subclasses (Ascoli et al., 2008; DeFelipe et al., 2013). In many studies, this characterization 53 

is performed on cells genetically labeled with eGFP and it is comprehensible that such 54 
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studies have to rely on unambiguously identified cells. However, genetic labeling with 55 

fluorescent reporter genes might lead to a false sense of security if the labeling targets not 56 

only the cell type under investigation. Hu, Cavendish and Agmon (2013) reported on off-57 

target labeling in the somatostatin (SST)-Cre mouse resulting in a false positive labeling of 6-58 

10% of parvalbumin-expressing (PVpos) interneurons. Another transgenic mouse line 59 

commonly used to study SOMpos interneurons is the so-called GIN (green fluorescent protein-60 

expressing interneurons) mouse (FVB-Tg(GadGFP)45704Swn/J). Here, the reporter gene 61 

labels a subpopulation of SOMpos interneurons (Halabisky, Shen, Huguenard & Prince, 2006; 62 

Kinnischtzke, Sewall, Berkepile & Fanselow, 2012; Ma, Hu, Berrebi, Mathers & Agmon, 63 

2006; McGarry et al., 2010; Oliva, Jiang, Lam, Smith & Swann, 2000; Riedemann et al., 64 

2016a, 2018; Xu, Roby & Callaway, 2006, 2010; ). SOMpos interneurons represent a very 65 

diverse group of cells with various neurochemical phenotypes and morphologies. Despite the 66 

fact that also their electrophysiological properties differ greatly, it is possible to distinguish 67 

them clearly from pyramidal neurons or from PVpos interneurons (Kawaguchi & Kubota, 1996; 68 

Riedemann et al., 2018). In the study presented here, we report on GFP labeling deep to the 69 

cortical projection neurons of the GIN mouse leading to the delineation of the dorsal nucleus 70 

endopiriformis (Majak & Moryś, 2007; Mathur, 2014; Smith et al., 2018; Watson, Smith & 71 

Alloway, 2017). We refer to these GFPpos neurons in the nucleus endopiriformis as 72 

endopiriform population (EPP) in order to distinguish them from SOMpos GIN in other brain 73 

areas. The GFPpos EPP neurons do not express somatostatin and, more surprisingly, they 74 

are not GABAergic. Our investigations suggest that these neurons developed a 75 

glutamatergic phenotype.  76 

 77 

Materials and Methods 78 

Animals 79 

All experiments were approved by the institutional committees on animal care (Core Facility 80 

Animal Models / Ludwig-Maximilians-University Munich) and by the Bavarian State 81 
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authorities, conforming to international guidelines on the ethical use of animals. Experiments 82 

were performed on animals of the transgenic mouse line FVB-Tg(GadGFP)45704Swn/J 83 

(Oliva et al., 2000), where in a subset of GABAergic interneurons the enhanced green 84 

fluorescent protein (eGFP) is expressed under the control of the glutamic acid decarboxylase 85 

67 (GAD67) promotor. Animals were obtained from Jackson Laboratories (ME, USA) and 86 

were bred in the institute’s animal facility. The age of the mice used ranged between 1 and 87 

68 days.  88 

Acute slice preparation 89 

Preparation of coronal slices (thickness: 300 µm) was performed as previously described 90 

(Riedemann et al., 2016b, 2018). The cutting solution consisted of (in mM): N-methyl-D-91 

glucamine (135), KCl (1.5), KH2PO4 (1.5), NaHCO3 (23), CaCl2 (0.5), MgCl2 (3.5), ascorbic 92 

acid (0.4) and D-glucose (25), (pH at 28°C: 7.4, osmolarity: 310 – 330 mOsm). Prior to 93 

decapitation, the animals were deeply anaesthetized by exposure to CO2 until the extinction 94 

of all reflexes. After the cutting procedure, the slices were collected and submerged in 95 

artificial cerebro-spinal fluid (ASCF) containing (in mM): NaCl (125), KCl (3), NaH2PO4 (1.25), 96 

NaHCO3 (25), CaCl2 (2), MgCl2 (2), ascorbic acid (0.4) and D-Glucose (25). All solutions 97 

were continuously perfused with 95% O2 / 5% CO2 in order to maintain a pH of 7.4. The 98 

slices were incubated for 30 min at 28°C and for another 90 min at room temperature. For 99 

electrophysiological analysis, single slices were transferred to a recording chamber mounted 100 

on the stage of an upright microscope (Zeiss Axioskop FS equipped with a 40x objective, 101 

0.75 numerical aperture [NA]). Electrophysiological recordings were performed at a bath 102 

temperature of 27-28°C. 103 

Whole-cell recordings 104 

All GFP-expressing neurons were visualized and identified by means of an upright 105 

microscope equipped with differential-interference-contrast (DIC)-infrared optics and 106 

epifluorescence (filter set: Zeiss BP450-490, LP520). Pyramidal neurons were identified by 107 

the triangular shapes of their somata and their relatively thick apical dendrites. Fluorescence 108 
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and infrared images were acquired with the help of a CCD camera (Orca-ER, Hamamatsu, 109 

Shizouka, Japan). The recording electrodes were fabricated from borosilicate glass 110 

capillaries (OD: 1.5 mm, ID: 0.86 mm, Hugo Sachs Elektronik-Harvard Apparatus, March-111 

Hugstetten, Germany) and were filled with a solution containing (in mM): K-gluconate (135), 112 

KCl (4), NaCl (2), EGTA (0.2), HEPES (10), Mg-ATP (4), Na-GTP (0.5), and phosphocreatine 113 

(10) (osmolarity 290, pH 7.3). Biocytin (0.3 – 0.5%) was added to the electrode solution. The 114 

electrodes had resistances ranging between 4 and 8 MΩ and were connected to the 115 

amplifier’s headstage via a chlorided silver wire. A silver / silver chloride – pellet immersed 116 

into the recording solution served as reference electrode. Somatic whole-cell recordings 117 

were made in the current-clamp and in the voltage-clamp mode using an ELC 03XS amplifier 118 

(npi electronics, Tamm, Germany). Bias and offset current were zeroed before giga seal 119 

formation. After rupture of the membrane, the electrode capacitance and series resistance 120 

were compensated as described by Riedemann, Polder and Sutor (2016b). 121 

Analysis of electrophysiological parameters 122 

Passive membrane properties (input resistance, membrane time constants, cell input 123 

capacitance) were analyzed as previously described by Riedemann et al. (2018). Analysis of 124 

the current-voltage relationships (IV-curves) was performed by injection of hyper- and 125 

depolarizing current steps (1000 ms in duration) into the cells. The step amplitudes and the 126 

step increments (5-20 pA) were adjusted to cover a membrane potential range between 127 

about -100 mV and just subthreshold levels. The current-voltage relationship was analyzed in 128 

the initial phase (usually around 70 - 150 ms post current step onset when the 129 

hyperpolarizing voltage response was maximal) and in the steady state (i.e. at the end of the 130 

current pulses). The voltage responses were then plotted as a function of the current 131 

intensities and the corresponding data points were interpolated using the smoothing spline 132 

algorithm supplied by IGOR Pro 6 (WaveMetrics, Lake Oswego, USA). Differentiation of the 133 

interpolated IV-curve yielded the slope resistance as a function of the current injected (so-134 

called RN-curve). The rectifying properties of the current-voltage relationship were compared 135 

by normalizing the RN-curve to the steady state slope resistance at resting membrane 136 
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potential (i.e. input resistance at 0 pA derived from the RN-curve). The rectification index (i.e. 137 

the relation of the input resistances at any potential to that at resting membrane potential) 138 

was determined at a membrane potential of about -100 mV. 139 

The properties of single action potentials were derived from recordings in which action 140 

potentials were elicited by means of just suprathreshold current steps or ramps (50 ms in 141 

duration). The spikes were analyzed as described by Riedemann et al. (2018). For the 142 

analysis of action potential discharge patterns, 30 depolarizing current steps (1000 ms in 143 

duration) with increments of usually 5-20 pA were injected. To investigate the properties of 144 

the discharge patterns quantitatively, we determined the firing frequencies from the interspike 145 

intervals (ISI) and plotted these values as a function of the spike times. These F-t-146 

relationships were determined for all effective current strengths yielding an array of curves 147 

from which the following parameters were derived: (1) ratio of the frequencies of the first and 148 

the second ISI (FISI1 and FISI2), (2) ratio of the frequencies of the first and the last ISI (FISILast) 149 

(i.e. adaptation index), (3) ratio of the frequency of the first ISI to the mean frequency 150 

(FISIMean). All these measurements were performed at current strengths, where we did neither 151 

encounter fluctuation driven discharge (Schreiber, Samengo & Herz, 2009) nor action 152 

potential shunting.  153 

In order to detect spontaneous synaptic activity, we performed voltage-clamp recordings for 154 

3 to 5 minutes at holding potentials of -60 mV or -70 mV. Spontaneous postsynaptic currents 155 

(PSCs) were automatically detected using the algorithm provided by the NeuroMatic plugin 156 

(version 2.00) for IgorPro 6. The detection threshold was set to 10 pA. Only monophasic 157 

synaptic currents were analyzed and the following parameters were determined: PSC 158 

frequency, peak amplitude and duration at half-maximal amplitude. 159 

Data acquisition and analysis 160 

Recorded voltage signals were amplified (x 20), filtered at 20 kHz and digitized at sampling 161 

rates of 10 or 20 kHz. Current signals were recorded at a gain of 1 V/nA, filtered at 3 kHz and 162 

digitized at sampling rates of 10 or 20 kHz. Data acquisition and generation of command 163 

pulses was accomplished by means of an analogue-digital converter (Power3, Cambridge 164 
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Electronic Design, UK) in conjunction with the Signal data acquisition software (Version 6, 165 

Cambridge Electronic Design, UK). Data analysis was performed using IGOR Pro 6 166 

(WaveMetrics, Lake Oswego, USA) together with the NeuroMatic IGOR plugin (version 2.00, 167 

www.neuromatic.thinkrandom.com). 168 

Visualization of biocytin-injected neurons  169 

At the end of the recordings, the biocytin-filled patch-pipettes were very carefully withdrawn 170 

from the somata of the neurons. The slices were fixed for 12 hours in phosphate-buffered 171 

saline (PBS) containing freshly prepared 4% paraformaldehyde. After fixation, slices were 172 

washed with PBS containing 0.3% Triton-X100 and kept in this solution for 48 hours. 173 

Neurons were visualized by incubating the slices in Alexa 594- or Alexa 488-coupled 174 

streptavidine (diluted 1:1000 in PBS, Molecular Probes, USA) for at least 48 hours.  175 

Tissue preparation for immunocytochemistry 176 

Animals were deeply anaesthetized and transcardially perfused with warm (37°C) PBS 177 

followed by ice-cold 4% paraformaldehyde (PFA). Isolated brains were postfixed in 4% PFA 178 

overnight. Then, the brains were transferred successively to 10%, 20% and 30% sucrose 179 

solutions (in phosphate-buffered saline, PBS) until the brains sank. Free-floating sections 180 

(thickness: 30 to 50 µm) were cut on a cryostat (CM3050, Leica, Wetzlar, Germany) and 181 

transferred to clean 24-well plates. The sections were washed twice with PBS and stored in 182 

PBS containing 0.3% Triton-X100 (PBS-T) until further use.  183 

Retrograde labeling of frontal cortex projection neurons 184 

Isolated brains were fixed in 4% PFA overnight. A 1,1'-dioctadecyl-3,3,3'3'-185 

tetramethylindocarbocyanine perchlorate (DiI) crystal (Molecular probes, Waltham, MA, USA, 186 

D3911) was placed in the left anterior cingulate cortex (see Fig. S2) and the brains were kept 187 

in 4% PFA for five days and then transferred to PBS. Four weeks after DiI application, the 188 

brains were cryopreserved in 30% sucrose. Coronal brain sections of 50 µm thickness were 189 

cut on a cryostat (CM3050). Immediately after the cutting procedure, cell nuclei were 190 

http://www.neuromatic.thinkrandom.com/
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visualized by DAPI staining and the sections were mounted with a MOWIOL-based mounting 191 

medium (Marx, Gunter, Hucko, Radnikow & Feldmeyer, 2012). 192 

Labeling for immunofluorescence 193 

The analysis of the endopiriform population of GFPpos neurons was performed on serial 194 

coronal sections of the corresponding brain regions (Fig. 1a). To this end, every sixth section 195 

roughly between bregma 2.00 and -2.00 (according to Franklin & Paxinos, 2012) was 196 

collected and analyzed. The neurochemical profiles of all cells were determined by 197 

incubating the sections with different combinations of primary antibodies. Prior to antibody 198 

incubation, sections were blocked in PBS-T containing 5% normal goat serum (NGS) and 199 

2.5% bovine serum albumin (BSA) for at least 2 hours.  200 

The following primary antibodies were used: chicken anti-GFP (Millipore, Billerica, MA,USA, 201 

06-896, dilution: 1:400, RRID: AB_310288), rabbit anti-GAD65/67 (1:2000; Sigma-Aldrich, St. 202 

Louis, MO,USA, G5163, polyclonal, RRID: AB_477019), mouse anti-NeuN (1:200, Millipore, 203 

Billerica, MA,USA, MAB377, monoclonal, RRID: AB_2057032), rat anti-somatostatin (1:200, 204 

Millipore, MAB354, monoclonal, RRID: AB_2255365), mouse anti-parvalbumin (1:1000, 205 

SWANT, 235, monoclonal, RRID: AB_10000343) and mouse anti-CaMKII (1:400; Sigma-206 

Aldrich, C6974, polyclonal, RRID: AB_258984). All primary antibodies were diluted in PBS-T 207 

containing 3% NGS and the slices were incubated in the presence of the antibodies for 24 – 208 

48 hours on a horizontal shaker at 4°C. The primary antibodies used in this study were 209 

tested for optimal dilution (usual titration range: 1:100, 1:200, 1:400, 1:800, 1:2000; 1:5000, 210 

1:10000).  211 

The secondary antibody directed against chicken was Alexa Fluor 488-conjugated goat anti-212 

chicken IgG (Invitrogen, Waltham, MA, USA, A11039, 1:500; RRID: AB_10563770). 213 

Secondary antibodies directed against mouse were: Alexa Fluor 594-conjugated goat anti-214 

mouse IgG (Molecular Probes, Waltham, MA, USA, A-11032, 1:500; RRID: AB_10562708), 215 

Cy3-conjugated goat anti-mouse IgG (Dianova, Hamburg, Germany, 115-165-003, 1:500, 216 

RRID: AB_2338680), Dylight 649-conjugated goat anti-mouse IgG (Dianova, 115-606-072, 217 

1:500; RRID: AB_2338928). Secondary antibodies against rabbit were as follows: Cy3-218 
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conjugated donkey anti-rabbit (Dianova, 711-165-152, 1:500; RRID: AB_2307443), Cy5-219 

conjugated goat anti-rabbit IgG (Dianova, 111-175-144; 1:500; RIID: AB_2338013), Alexa 220 

Fluor 647-conjugated goat anti-rabbit IgG (Dianova, 111-605-144, 1:500; RRID: 221 

AB_2338078). Secondary antibodies against rat included: Cy3-conjugated goat anti-rat IgG 222 

(Dianova, 112-165-167, 1:500; RRID: AB_2338251), Alexa Fluor A647-conjugated goat anti-223 

rat (Molecular Probes, A-21247, 1:500; RRID: AB_10563568), and Dylight 649-conjugated 224 

goat anti-rat IgG (Rockland, 612-143-002, 1:1000; RRID: AB_11180061). Following 225 

secondary antibody incubation, slices were washed extensively before being wet-mounted 226 

onto a glass-slide with a MOWIOL-based mounting medium (Marx et al., 2012). 227 

Antibody specificity 228 

Each primary antibody was tested individually before being used in different combinations 229 

with other antibodies as described previously by Riedemann et al. (2016a). According to the 230 

data sheets provided by the suppliers, all of the antibodies were tested for specificity and 231 

displayed no detectable cross-reactivity with any other proteins and peptides which were 232 

used in our experiments. In addition, each secondary antibody used in the present study was 233 

tested for non-specific binding alone or in combination with other secondary antibodies. 234 

Moreover, primary antibodies were visualized with different secondary antibodies and only 235 

those secondary antibodies were used that produced the same labeling pattern. 236 

Imaging 237 

Immunostainings were analyzed with a LSM710 laser scanning microscope (Zeiss) or with a 238 

Axio Observer Z1 epifluorescence microscope (Zeiss). Digital images were captured using 239 

the ZEN software (Zeiss). DAPI was excited at 405 nm (diode laser), GFP was visualized at 240 

488 nm (argon laser), Alexa 594/Cy3-conjugated probes at 561 nm (Helium/Neon, He/Ne 241 

laser), and Alexa 647-/Dylight649-conjugated probes at 633 nm (He/Ne laser). The 242 

fluorescent signals were detected in a sequential mode and all fluorescence emission filters 243 

were non-overlapping. Z-stacks through the depth of the sections (30-50 µm) were acquired 244 

and the individual images collapsed onto one focal plane (maximum intensity projection). Z-245 
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stack intervals ranged from 1.0 - 2.5 µm depending on the objectives used. Images were 246 

scanned using the following objectives: 10× air (NA = 0.3), 25× water (NA = 0.8), and 40× 247 

water (NA = 1.1). Images were scanned at the following resolutions: 1024 x 1024, 2048 x 248 

2048 or 4096 x 4096 pixels.  249 

Image Analysis 250 

Using the ZEN software (2011, Zeiss, Jena, Germany), all images were converted into TIFF 251 

files and image analysis was performed using ImageJ (National Institute of Health, USA). 252 

With the help of a counting frame to allow for a standardized quantification, all cells within in 253 

a given image were counted manually. All cells that remained visible after background 254 

subtraction were considered to express a given antigen. The counting frame was divided into 255 

three so-called sectors (Fig. 1c and d) and was placed on top of all images acquired with the 256 

10×air objective. These counts were related to the total number of GFPpos neurons in the 257 

counting frame. 258 

For colocalization analysis, images were acquired using the 40× water objective. Two images 259 

of GFPpos neurons within the nucleus endopiriformis were taken per hemisphere and both 260 

hemispheres were analyzed. The sum of all GFPpos neurons from all animals analyzed was 261 

determined and coexpression of any neurochemical marker is given as a fraction of the total 262 

GFPpos cell number in one complete set of experiments.  263 

Morphological reconstruction and morphometric analysis 264 

of biocytin-injected neurons 265 

Neurons labeled with biocytin were reconstructed manually using the Neurolucida software 266 

(Micro Bright Field, USA). Confocal image stacks of biocytin-filled neurons were uploaded 267 

into the software and the correct voxel dimensions were adjusted. Dendrites and axons 268 

(partial reconstruction of axons) were traced individually. Measurements of dendritic and 269 

axonal length, of dendritic and axonal nodes, dendritic complexity and Sholl analyses were 270 

performed with the help of the Neurolucida Explorer software. In addition, polar histograms of 271 

the dendritic trees were obtained by generating a round histogram where length was plotted 272 
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as a function of direction (from 0 to 360o), each bin was then normalized to the total dendritic 273 

length and a vector was calculated as the sum of all bins and their corresponding orientation. 274 

The dendritic complexity was calculated from: [Sum of the terminal orders + Number of 275 

terminals] * [Total dendritic length / Number of primary dendrites]. Sholl analysis of dendritic 276 

and axonal processes was performed by spacing Sholl discs in 20 µm intervals. The 277 

following variables were included into the morphometric analysis: total length of the dendritic 278 

tree, total length of the axonal tree, total number of dendritic branching points, total number 279 

of axonal branching points, number of primary dendrites, direction of axon and origin of axon. 280 

Statistics 281 

The distribution of GFPpos cells within the nucleus endopiriformis as well as their 282 

neurochemical profile was evaluated in four animals. The morphometric analysis was 283 

performed on 10 GFPpos cells and 4 GFPneg cells of the nucleus endopiriformis and, in 284 

addition, on 5 GIN and 5 layers II and III pyramidal neurons of the somatosensory cortex. 285 

Electrophysiological data were obtained from 45 GFPpos and 29 GFPneg cells of the nucleus 286 

endopiriformis and 24 GIN and 12 layer II and III pyramidal neurons of the somatosensory 287 

cortex. 288 

All electrophysiological and morphometric data obtained from the respective cell groups were 289 

compared to detect significant differences between groups. First, the distribution pattern of 290 

the data (normal or non-normal) was tested using the D’Agostino and Pearson Omnibus 291 

Normality test. In case of a normal distribution of data points, one-way analysis of variance 292 

(One-way ANOVA) was performed with Bonferroni post tests. In case of a non-normal 293 

distribution of data points, Kruskal-Wallis test with Dunn's post test was performed. 294 

Significance levels were p<0.05, p<0.01 and p<0.001.  295 

All data are expressed as means ± standard deviation (SD) unless indicated otherwise. Data 296 

analysis and statistics were performed in Excel (Microsoft, USA), in GraphPad Prism 297 

(LaJolla, USA) or in IGOR Pro (Version 6, Wavemetrics, USA).  298 

 299 
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Results 300 

GFPpos cells are located in the endopiriform nucleus 301 

Qualitative analysis of the localization of GFPpos EPP neurons revealed that the majority of 302 

these neurons were located within the nucleus endopiriformis (Fig. 1a and supplemental Fig. 303 

1). This finding was supported by analysis of the expression of the calcium-binding protein 304 

parvalbumin (PV) in the claustrum and nucleus endopiriformis and by analysis of retrograde 305 

DiI labeling of cingulate cortex projection neurons. In agreement with previous reports on PV 306 

expression in the nucleus endopiriformis (Real, Dávila & Guirado, 2003; Wang et al., 2017), 307 

we only found scarce immunoreactivity to PV in the region with the highest density of GFPpos 308 

neurons (Fig. 1b). Furthermore, previous studies reported on a strong connectivity between 309 

the claustrum-endopiriform complex and the anterior cingulate and infralimbic cortex (Behan 310 

& Haberly, 1999; Condé, Maire-Lepoivre, Audinat & Crepel, 1995; Qadir et al., 2018; Smith 311 

et al., 2018; Wang et al., 2017; Watson et al., 2017; White et al., 2017; Zingg, Dong, Tao & 312 

Zhang, 2018). Therefore, we injected a DiI crystal into the anterior cingulate cortex and 313 

determined the presence of DiI-positive fibers in the area with the highest density of GFPpos 314 

neurons (Fig. S2). As can be seen from Fig. S2, we observed DiI-positive fibers in close 315 

proximity to GFPpos neurons corroborating the finding that GFPpos neurons are located within 316 

the claustrum-endopiriform complex. In summary, analysis of PV immunoreactivity in the 317 

region with the highest density of GFPpos neurons and the observation of DiI-positive fibers in 318 

close vicinity to GFPpos neurons suggest that these cells are mostly located within the 319 

nucleus endopiriformis.  320 

According to the literature (Halabisky et al., 2006; Ma et al., 2006; Oliva et al., 2000; 321 

Riedemann et al., 2016a, 2018; Xu et al., 2006; 2010), the GFPpos EPP neurons should 322 

represent somatostatinergic green fluorescent protein expressing interneurons (GIN). 323 

Therefore, we analyzed SOM expression in GFPpos EPP neurons and in GIN of the piriform 324 

cortex. To this end, a counting grid consisting of three sectors was placed on top of the 325 

nucleus endopiriformis and the piriform cortex and the GFPpos cells and SOMpos interneurons 326 
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(SOMpos IN) were counted in all three sectors. Altogether, we counted 2524 SOMpos INs in 327 

the piriform cortex and endopiriform nucleus of four animals. Surprisingly, colocalization of 328 

GFP and SOM in cells of the putative nucleus endopiriformis was virtually absent (0.3% ± 0.1 329 

SEM; Figs. 1d, e, Fig. 2a). However, the GFPpos neurons of the more superficial piriform 330 

cortex (corresponding to sectors II and III) showed partial to substantial coexpression of GFP 331 

and SOM (Fig. 1e). In detail, we found SOM expression in 11.8% (± 1.4 SEM) of GFPpos cells 332 

of sector II and in 80.3% (± 2.6 SEM) of GFPpos cells in sector III (Fig. 1e, left panel). 333 

Reversely, we found that only 1.8% (± 0.4 SEM) of all SOMpos INs counted in sector I mostly 334 

corresponding to nucleus endopiriforms were GFPpos. In sector II 13.2% (± 3.3 SEM) of all 335 

SOMpos INs were also positive for GFP and around 37.3% (± 6.4 SEM) of all SOMpos INs in 336 

sector III were GFPpos (Fig. 1e, right panel). 337 

Neurochemical properties of GFPpos cells of the 338 

endopiriform nucleus 339 

Given the finding that SOM expression in GFPpos EPP cells was virtually absent (Fig. 1e, Fig. 340 

2a), we next tested PV expression in these cells. In the cerebral cortex, PV is often used as a 341 

marker for fast-spiking interneurons and exhibits almost no colocalization with SOM (Nasser 342 

et al., 2015; Rudy, Fishell, Lee & Hjerling-Leffler, 2011), but colocalization of SOMpos neurons 343 

with PV was reported in the endopiriform region of the rat (Kowiański et al., 2004). As 344 

described above, we only found scarce immunoreactivity to PV in the putative nucleus 345 

endopiriformis and found no evidence for PV expression in GFPpos EPP cells (0 out of 612 346 

GFPpos cells, n=4 animals, Fig. 2b). 347 

The results presented so far cast doubt on the present assumption that all GFPpos cells of the 348 

GIN mouse are GABAergic interneurons. Therefore, coexpression of the GABA-synthetizing 349 

enzymes GAD65 and GAD67 with GFP was tested in GFPpos EPP cells. Surprisingly, more 350 

than 98% of all GFPpos cells counted (98.6% ± 0.3 SEM; n=3 animals) showed no 351 

immunoreactivity to GAD65/67 indicating a non-GABAergic phenotype (Fig. 2c). GAD65/67 352 

expression was found in less than 2% of all GFPpos cells tested (1.5% ± 0.4 SEM). In 353 
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contrast, 96.2% (± 1.1 SEM) of SOMpos INs of the piriform cortex showed immunoreactivity to 354 

GAD65/67. 355 

Due to the observation that GFPpos EPP cells were non-GABAergic, we next tested whether 356 

these cells expressed CaMKII, a specific marker for glutamatergic projection cells 357 

(McDonald, Muller & Mascagni, 2002). We performed triple immunolabelings for GFP, 358 

CaMKII and GAD65/67. Unexpectedly, we found CaMKII expression in around 91% of all 359 

GFPpos EPP cells (91.4% ± 1.1 SEM; Fig. 2d, n=4 animals). At the same time, we could not 360 

detect coexpression of CaMKII and GAD65/67 (0.5% ± 0.04 SEM), indicating that these 361 

markers labeled two different neuron populations. Moreover, we found that CaMKIIpos and 362 

GAD65/67pos cells are present at a ratio of around 9:1 (4105 CaMKIIpos cells vs. 430 363 

GAD65/67pos cells) within the nucleus endopiriformis (Fig. 2c). Given the fact that the nucleus 364 

endopiriformis is discussed to be part of the ventral claustrum (Kowiański, Dziewiatkowski, 365 

Kowiańska & Moryś, 1999; Majak, et al., 2000; Majak, Pikkarainen, Kemppainen, Jolkkonen 366 

& Pitkänen, 2002; Mathur, 2014; Smith et al., 2018; Watson & Puelles, 2017; Watson et al., 367 

2017) and that the claustrum and nucleus endopiriformis exhibit a similar degree of 368 

connectivity (Behan & Haberly, 1999; Majak & Moryś, 2007; Watson et al., 2017), this ratio is 369 

in good agreement with previous reports showing that around 6-12% of all claustral neurons 370 

are GABAergic interneurons (Braak & Braak, 1982; Gomez-Urquijo, Gutiérrez-Ibarluzea, 371 

Bueno-López & Reblet, 2000; Kowiański, Moryś, Dziewiatkowski, Wójcik, Sidor-Kaczmarek & 372 

Moryś, 2008). In order to answer the question of whether these GFPpos EPP neurons were 373 

born as GABAergic interneurons and only adopted a glutamatergic phenotype later in 374 

development, we performed immunolabelings for GFP, GAD65/67, SOM and CaMKII at 375 

postnatal day one (P1). At that age, most GFPpos EPP cells neither expressed GAD65/67 nor 376 

SOM (Fig. S3). However, CaMKII expression could already be observed in some albeit not 377 

all GFPpos cells (Fig. S3).  378 

Given their high local density in the nucleus endopiriforms and given the fact that GFPpos 379 

EPP neurons were neurochemically distinct from cortical GIN, we wanted to rule out that 380 

these cells were remnants of migrating neurons or dying cells. Therefore, we compared the 381 
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properties of GFPpos EPP neurons in all following experiments not only to cortical GIN and 382 

pyramidal neurons but also to GFPneg cells of the same brain region. 383 

Morphological phenotype of GFPpos cells of the 384 

endopiriform nucleus 385 

Having found that GFPpos EPP neurons were probably glutamatergic, it was of interest next 386 

whether these cells would also adopt a more pyramidal cell like morphology. Therefore, 387 

biocytin-filled GFPpos cells of the nucleus endopiriformis were reconstructed and their 388 

morphometric data were compared to GFPneg cells of the nucleus endopiriformis and to GIN 389 

and pyramidal cells of the somatosensory cortex (Table 1). Examples of biocytin-injected 390 

cells are shown in Figs. 3a-d. In good agreement with previous reports (Sanchez-Vives et al, 391 

2008), the great majority of biocytin-filled neurons of the endopiriform nucleus (GFPpos and 392 

GFPneg neurons) exhibited dendritic spines (Figs. 3a, b). The number of primary processes 393 

was similar in all four cells types. However, pyramidal cells exhibited a significantly longer 394 

total dendritic length compared to all other cell types (Table 1). Likewise, pyramidal cells had 395 

the highest number of dendritic branching points. The number of branching points of the 396 

other cell groups was comparable to each other. In comparison to all other cell types, the 397 

dendritic complexity was lowest in GIN. Moreover, the total dendritic area in GIN was lower 398 

compared to all other cell types. Analysis of the total axonal length revealed that GIN 399 

exhibited a significantly greater axonal length compared to GFPpos EPP cells, corroborating 400 

the finding that GFPpos EPP cells and GIN of the somatosensory cortex are distinct cell types.  401 

Sholl analysis of dendritic processes in turn confirmed the finding that pyramidal cells and 402 

GFPpos as well as GFPneg cells of the nucleus endopiriformis exhibited a greater dendritic 403 

complexity compared to GIN (Figs. 4a, b). In contrast to that, we observed a significantly 404 

larger total axonal length in GIN of the somatosensory cortex compared to GFPpos EPP cells 405 

(Table 1) and a greater degree of axonal branching (Figs. 4c, d). 406 

Interestingly, GFPpos and GFPneg cells of the endopiriform nucleus exhibited a similar 407 

morphology. Reconstruction of the axon of GFPpos and GFPneg cells of the nucleus 408 
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endopiriformis proved to be very challenging as the axon seemed to extend mainly in the z-409 

axis. In agreement with this, robust intranuclear projections along the rostrocaudal axis were 410 

reported in neurons of the endopiriform cortex (Behan & Haberly, 1999; Majak & Moryś, 411 

2007; Watson et al., 2017). Therefore, in order to gain further insight into the axonal 412 

projections of GFPpos EPP cells, we placed a monopolar stimulation electrode dorsally to the 413 

recorded cells into the white matter (distance between recording and stimulating electrode 414 

around 500-1000 µm; Fig. 4e). At high stimulation intensities (i.e. 4 - 5 times threshold 415 

intensity for the elicitation of a synaptic response), ten out of thirteen GFPpos EPP cells 416 

recorded responded with an antidromic spike indicating that the axon also extends dorsally 417 

over a long distance (Fig. 4f). Importantly, stimulation at the same location evoked stimulus 418 

strength-dependent de- and hyperpolarizing synaptic responses in GFPpos EPP cells (Fig. 4g) 419 

suggesting that these cells are integrated into neuronal circuits of this brain region.  420 

Passive membrane properties of GFPpos cells of the 421 

endopiriform nucleus 422 

Next, we analyzed the passive membrane properties of GFPpos EPP cells and compared 423 

them with those of GFPneg cells of the same brain region and with those of GIN and 424 

pyramidal cells of the somatosensory cortex. We found that the mean membrane potential of 425 

GIN was significantly lower compared to all other cell types (Fig. 5a). Furthermore, significant 426 

differences in the magnitude of the input resistance of the respective cell groups became 427 

apparent: GIN exhibited the largest, pyramidal cells the smallest input resistance, GFPpos and 428 

GFPneg cells ranged in between these two cell types (Fig. 5b). The input resistance of GFPpos 429 

EPP cells was significantly smaller compared to GIN, but did not differ from that of GFPneg 430 

cells. In addition, GFPpos cells displayed a significantly larger input resistance than pyramidal 431 

cells (Fig. 5b). In addition, we compared the whole cell capacitance of all cell types and, as 432 

expected, we found the largest cell capacitance in pyramidal cells followed by cells of the 433 

endopiriform nucleus. GIN exhibited the smallest capacitance (Fig. 5c). Analysis of the 434 

somatic membrane time constant revealed significant differences between GIN and 435 
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pyramidal cells and between GFPpos cells and GIN. Pyramidal cells had the largest 436 

membrane time constant, that of GIN was the smallest (Fig. 5d). Analysis of the passive 437 

membrane properties revealed that GFPpos EPP cells are distinct from GIN of the 438 

somatosensory cortex, but similar to GFPneg cells of the putative nucleus endopiriformis.  439 

GFPpos cells of the nucleus endopirimormis exhibit marked 440 

steady-state inward rectification 441 

We next analyzed the current-voltage relationship of all cell types. Examples of 442 

representative voltage traces in response to hyper- and depolarizing current injections can 443 

be seen in the upper panels of Fig. 6, a and b. The corresponding IV-curves are shown in the 444 

lower panels. The quantitative comparison of the current-voltage relationship of the individual 445 

cell types encompassed the analysis of the rectification index. All cell types displayed a 446 

pronounced steady state inward rectification in the more negative membrane potential 447 

ranges. However, the magnitude of rectification was distinct. Pyramidal cells displayed the 448 

highest and GIN the smallest rectification index at steady state (Fig. 6c). The rectification 449 

ratio of GFPpos EPP cells was significantly different from that of pyramidal neurons. Likewise, 450 

GIN displayed a significantly smaller rectification index compared to pyramidal cells. 451 

Interestingly, the rectification index of GFPpos EPP cells was significantly smaller compared to 452 

that of GFPneg cells of the nucleus endopiriformis (Fig. 6c). 453 

A prominent feature of GIN is a slowly decaying potential sag induced by stronger 454 

hyperpolarizing current pulses (Fig. 7c, arrow, Riedemann et al., 2018). A similar but much 455 

weaker sag was observed in GFPpos EPP cells (Fig. 7a, asterisk). In order to analyze this 456 

phenomenon, the sag amplitude was calculated as the difference between the steady-state 457 

membrane potential and the maximum negative peak potential (Figs. 7 a-d). Analysis of the 458 

sag potential revealed that GIN had the largest sag potential of all cell groups analyzed (Fig. 459 

7e). No differences were found among the remaining cell groups. In addition, we found that 460 

GIN displayed the longest time to the maximal negative voltage deflection compared to all 461 

other cell groups analyzed (Fig. 7f). Analysis of the current-voltage relationship of GFPpos 462 
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EPP cells in comparison to GFPneg cells and GIN and pyramidal cells of the somatosensory 463 

cortex corroborated the finding that GFPpos EPP cells and GIN seem to be two distinct groups 464 

of cells and that GFPpos EPP cells seem to be more closely related to pyramidal cells. 465 

Single action potentials kinetics of GFPpos cells resemble 466 

those of pyramidal neurons 467 

It was of interest whether the different cell groups also displayed differences in their single 468 

action potential kinetics. To this end, we measured the spike amplitude, the spike rising slope 469 

and the spike duration of action potentials elicited by just suprathreshold current intensities of 470 

GFPpos EPP cells and compared them to the corresponding values of GFPneg cells of the 471 

same brain region and to GIN and pyramidal cells of the somatosensory cortex (Fig. 8). We 472 

observed differences in the action potential (AP) amplitude and found that GIN displayed the 473 

smallest AP amplitude (Fig. 8b). The AP amplitudes of all other cell groups were similar (Fig. 474 

8b). Analysis of the AP rising slope revealed that pyramidal cells exhibited the largest and 475 

GFPneg cells the smallest spike velocity and significant differences became only apparent 476 

between these two cells groups (Fig. 8c). As expected, GIN displayed the shortest mean AP 477 

duration (Fig. 8d). In addition, we found the longest AP duration in GFPneg cells of the EPP, 478 

while the AP durations of pyramidal cells and GFPpos EPP cells were similar. In addition, the 479 

spike duration of GFPneg cells was significantly longer compared to GFPpos cells of the 480 

endopiriform nucleus.  481 

Firing patterns of GFPpos cells of the endopiriform nucleus 482 

Having analyzed single action potential properties, we next investigated the firing patterns in 483 

GFPpos EPP cells and compared them to GFPneg cells of the nucleus endopiriformis, to GIN 484 

and to pyramidal neurons. We elicited repetitive action potential discharges by injecting 485 

current pulses of 1 s in duration and different current strengths, and we qualitatively 486 

distinguished between continuous and discontinuous discharge behavior (for definition see 487 

Riedemann et al. 2018). Examples of discharges of the different cell types can be seen in 488 

Fig. 9a, the corresponding raster plots are depicted in Fig. 9b. All pyramidal cells (100%, i.e. 489 
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8 out of 8 cells) and the great majority of GFPpos and GFPneg cells of the endopiriform nucleus 490 

(87.2%, i.e. 30 out of 34 cells, resp. 90%, i.e. 18 out of 20 cells) displayed a continuous 491 

discharge behavior. In GIN, around 72% of cells displayed a continuous AP discharge 492 

pattern (i.e. 10 out of 14). Analysis of the frequency time plots revealed different degrees of 493 

frequency adaptation (Fig. 9c). Frequency adaptation was analyzed by comparing the initial 494 

frequency (i.e. frequency of the first inter-spike interval, ISI) to the frequency of the second 495 

ISI, to the frequency of the mean ISI in the steady state (last 300 ms of a 1 s current pulse) 496 

and to the total mean frequency. Generally, GFPpos EPP cells showed the greatest degree of 497 

frequency adaptation (Fig. 9c-f). This phenomenon was due to the typical feature of most 498 

GFPpos EPP cells to generate initially a doublette of spikes at higher current strengths. 499 

Frequency adaptation between the first and second ISI was significantly larger in GFPpos 500 

cells compared to GIN (Fig. 9d). No differences were found in the degree of frequency 501 

adaptation between the other cell types. Frequency adaptation between the first ISI and the 502 

steady state frequency was similar in all cell groups analyzed (Fig. 9e). Likewise, frequency 503 

adaptation between the first ISI and the total mean ISI was comparable in all cell groups (Fig. 504 

9f).  505 

In addition, action potential discharge was determined in GFPpos cells at postnatal day 6 (P6) 506 

and compared to that of GIN and pyramidal cells of the same age. In support of the 507 

immunocytochemical data showing that GFPpos cells neither expressed GAD65/67 nor SOM 508 

at P1, we found that the discharge pattern of P6 GFPpos cells was distinct from that of GIN 509 

and more closely resembled that of pyramidal neurons (Fig. 10). In addition, single action 510 

potential kinetics between pyramidal neurons and GFPpos EPP cells were more similar 511 

compared to GIN and GFPpos EPP cells (Fig. 10). 512 

GFPpos cells of the endopiriform nucleus receive 513 

spontaneous synaptic input 514 

Given the fact, that GFPpos EPP cells were neither of somatostatinergic nor of GABAergic 515 

phenotype, it was of interest, whether they were incorporated into existing neuronal circuits 516 
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of the nucleus endopiriformis, i.e. whether they received synaptic input. Therefore, we 517 

recorded spontaneous postsynaptic currents (PSCs) in GFPpos EPP cells (Fig. 11a). By using 518 

the selective receptor anatgonists Bicuculline (GABAA receptor) and NBQX (AMPA receptor), 519 

we tried to identify the nature of the postsynaptic currents (Figs. 11b and c). We found that 520 

GFPpos cells received only sparse synaptic input at a frequency of about 36 events per 521 

minute (35.7 ± 42.8 SD; Fig. 11d). The mean amplitude of spontaneous synaptic currents 522 

was 13.4 pA (± 3.8 pA SD; Fig. 11e) and the mean duration at half maximal amplitude was 6 523 

ms (± 1.9 ms SD; Fig. 11f). Bath application of Bicuculline resulted in the spontaneous 524 

generation of large inward currents probably reflecting paroxysmal depolarizations. This 525 

finding indicates that the activity of these cells is controlled by GABAergic inputs (Fig. 11b, 526 

left and right panel). Consecutive block of glutamatergic neurotransmission resulted in an 527 

almost 100% reduction in the frequency of spontaneous currents (Fig. 11c). The finding that 528 

the activity of GFPpos EPP cells was controlled by GABAergic input is further underlined by 529 

the finding that we observed spontaneous postsynaptic currents that reversed between a 530 

holding potential of -70 mV and -50 mV (Fig. S4).  531 

 532 

Discussion 533 

The advent of transgenic animals in which promotor-controlled reporter genes (e.g. eGFP 534 

controlled by the GAD67 promotor) are genetically introduced into the genome in order to 535 

label certain cell types has greatly facilitated the investigation of even small and rare neuron 536 

populations. This approach was of particular importance for the characterization of 537 

GABAergic interneurons within the cerebral cortex and for the classification of these cells into 538 

three non-overlapping subgroups, i.e.: PV-expressing, SOM-expressing, and 5-HT3-539 

expressing interneurons (Rudy et al., 2011). Further analysis of one of these subgroups, 540 

namely the group of SOMpos INs, revealed subclassifications among populations of 541 

genetically labeled cells (Halabisky et al. 2006, Ma et al., 2006; McGarry et al., 2010; 542 

Riedemann et al. 2016a, 2018) and, in addition, sporadic reports suggested the possibility of 543 

ectopic GFP expression in pyramidal cells instead of GABAergic interneurons in the so-544 
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called GIN mouse line (Ma et al. 2006). In the study presented here, we report on GFP-545 

labeling of non-GABAergic neurons in the so-called GIN mouse line, in which eGFP should 546 

be expressed under the control of the GAD67 promotor (Oliva et al., 2000). These GFPpos 547 

neurons were located in the nucleus endopiriformis.  548 

The nucleus endopiriformis as that brain structure with the highest density of GFPpos neurons 549 

was identified by three different approaches: 1) Anatomical comparison with the 550 

corresponding coronal, sagittal and horizontal sections of a stereotactic atlas of the mouse 551 

brain (Franklin & Paxinos, 2012), 2) analysis of parvalbumin expression pattern in the 552 

claustrum and endopiriform nucleus and 3) by analysis of projections from the cingulate 553 

cortex to the nucleus endopiriformis or claustrum via DiI labeling. In agreement with previous 554 

reports (Kim, Matney, Roth & Brown, 2016; Real et al., 2003; Smith et al,. 2018; Wójcik et al., 555 

2004), we only found scarce PV immunoreactivity in the area with the highest density of 556 

GFPpos neurons, supporting our finding that GFPpos neurons are located within the nucleus 557 

endopiriformis. Moreover, analysis of DiI labeling of cingulate cortex projection neurons 558 

revealed DiI-positive fibers in close vicinity to GFPpos EPP neurons. Strong connectivity 559 

between the cingulate cortex and the claustrum-endopiriform complex was reported 560 

previously (Behan & Haberly, 1999; Condé et al., 1995; Qadir et al., 2018; Smith et al., 2018; 561 

Wang et al., 2017; Watson et al., 2017; White et al., 2017; Zingg et al., 2018), confirming our 562 

observations that these GFPpos neurons are located within the endopiriform nucleus. The 563 

endopiriform nucleus is strongly connected to the amygdaloid complex, therefore retrograde 564 

labeling of amygdalar projection neurons could further corroborate our finding that GFPpos 565 

neurons are located within the endopiriform nucleus (Majak et al., 2002). Netrin-G2 566 

expression as a marker for the mouse nucleus endopiriformis and the claustrum (Wang et 567 

al., 2017; Watakabe, Ohsawa, Ichinohe, Rockland & Yamamori, 2014;Yin, Miner & Sanes, 568 

2002; Mathur, Caprioli & Deutch, 2009) was tested. However, in our hands, this approach 569 

was not successful. Based on our observations presented here, we report that ectopic GFP 570 

labeling of neurons in the so-called GIN mouse results in a systematic delineation of a 571 

certain brain structure, in our case the nucleus endopiriformis (see Fig. 1 and Fig. S1). 572 
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Identification of the nucleus endopiriformis as brain region with the highest density of GFPpos 573 

neurons was followed by a thorough analysis of the neurochemical and electrophysiological 574 

properties of GFPpos EPP cells in comparison to cortical GIN and pyramidal neurons.  575 

The first highly surprising finding was that coexpression of GFP and SOM was virtually 576 

absent in the GFPpos cells of the nucleus endopiriformis. The absence of coexpression was 577 

not due to the absence of SOMpos interneurons in this brain region. In agreement with earlier 578 

reports (Eiden, Mezey, Eskay, Beinfeld & Palkovits, 1990), we found that SOMpos neurons 579 

were equally distributed within the nucleus endopiriformis and piriform cortex. To our 580 

surprise, real GIN represented only a minority of all GFPpos neurons in the nucleus 581 

endopiriformis. Previously, Hu et al (2013) described off-target labeling of PVpos interneurons 582 

in a SOM-IRES-Cre mouse line (Taniguchi et al., 2011). Although the genetic model is 583 

different to a transgenic model, we investigated PV expression in GFPpos cells of the nucleus 584 

endopiriformis and found no evidence for PV expression in these cells (see Fig. 2b). In 585 

addition, we provided evidence that these GFPpos cells of the nucleus endopiriformis do not 586 

express the GABAergic marker enzymes GAD65/67. Instead, the great majority of GFPpos 587 

cells contained CaMKII, a marker enzyme for glutamatergic neurons (McDonald et al., 588 

2002; Wang, Zhang, Szábo & Sun, 2013). We therefore conclude that the GFPpos cells of the 589 

nucleus endopiriformis of the GIN mouse line are not GABAergic interneurons, but probably 590 

glutamatergic neurons.  591 

In order to substantiate our observation, we performed a morphometric analysis of biocytin-592 

filled GFPpos cells of the nucleus endopiriformis and compared their morphology to that of 593 

GIN, pyramidal cells and GFPneg cells of the nucleus endopiriformis. This analysis confirmed 594 

the finding that GFPpos cells are a distinct group of cells and that they seem more closely 595 

related to pyramidal neurons than to GIN or other interneuron subtypes. The great majority of 596 

the GFPpos cells (16 out of 19) exhibited one apical and several basal dendrites (Fig. 3). In 597 

good agreement with Sanchez-Vives et al. (2008), spiny dendrites were found in all GFPpos 598 

EPP neurons. The axons exited the somata opposite to the apical dendrites and showed only 599 

few arborizations. However, the morphometric analysis of cells of the endopiriform nucleus 600 
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also revealed differences to pyramidal neurons: The directions of the dendrites were not 601 

perpendicular to the pia surface, but rather skewed medially. This observation is in good 602 

agreement with similar observations made by Wakatabe et al. (2014) in claustral neurons. 603 

Given the fact that the claustrum and the nucleus endopiriformis are discussed to be 604 

subregions of the same formation (Smith et al., 2018), there is reason to believe that the 605 

morphology of GFPpos EPP neurons is similar to that of claustral neurons. Moreover, GFPpos 606 

cells were smaller, i.e. they had a smaller total dendritic length and a smaller number of 607 

dendritic branching points (Table 1) compared to cortical pyramidal neurons. GFPpos and 608 

GFPneg cells in turn seemed to display very similar morphologies. It remains to be 609 

investigated, whether GFPpos and GFPneg cells are of the same type or not. 610 

Moreover, we elicited synaptic responses in GFPpos neurons of the nucleus endopiriformis by 611 

electrical stimulation of the white matter dorsal to the endopiriform nucleus. Generally, the 612 

nucleus endopiriformis receives afferent inputs mainly from infralimbic cortical areas and 613 

from the entorhinal cortex and it projects back to these brain regions (Behan & Haberly, 614 

1999; Lipowska, Kowianski, Majak, Jagalska-Majewska & Morys, 2000; Sugai, Yamamoto, 615 

Yoshimura & Kato, 2012; Watson et al., 2017). In addition, the nucleus endopiriformis 616 

exhibits robust intranuclear, longitudinal projections along its rostrocaudal axis (Behan & 617 

Haberly, 1999; Watson et al., 2017; Zhang et al., 2001). The extranuclear afferent and 618 

efferent fibers take their path through the white matter. Stimulation of afferent and efferent 619 

fibers of the white matter dorsal of the nucleus endopiriformis elicited putative excitatory and 620 

inhibitory synaptic potentials in the GFPpos neurons of the nucleus endopiriformis and, in 621 

addition, in about 77% of all neurons investigated, we observed antidromic spikes. In support 622 

of this, we found that the axon of GFPpos neurons often exited the endopiriform nucleus in a 623 

dorsal direction. The observed synaptic responses possibly originate in the cingulate cortex 624 

as we found dense DiI-labeled fibers of cingulate cortex projection neurons in the white 625 

matter dorsal of the endopiriform nucleus and within the endopiriform cortex. In the future, 626 

electrical stimulation of the cingulum will shed light on the question of whether the evoked 627 

synaptic responses after electrical stimulation of the white matter dorsal to the nucleus 628 
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endopiriformis indeed originate in the cingulate cortex. By analysis of spontaneous synaptic 629 

inputs onto GFPpos EPP neurons we could rule out the hypothesis that these cells are 630 

remnants of migrating neurons or dying cells as GFPpos EPP cells are integrated into local 631 

circuits of that brain area (Fig. 11 and Fig. S4). In agreement with previous reports (Demir, 632 

Haberly & Jackson, 1998; Hoffman & Haberly, 1991, 1996; Sanchez-Vives et al., 2008), we 633 

found that the activity of these GFPpos neurons is controlled by inhibitory interneurons as 634 

block of GABAergic synaptic transmission elicited paroxysmal depolarizations. In addition, 635 

we observed spontaneous postsynaptic currents in GFPpos cells that reversed between -70 636 

mV and -50 mV, indicative of inhibitory currents. Overall, analysis of the electrophysiological 637 

properties confirmed the finding that GFPpos cells of the EPP and GIN of the somatosensory 638 

cortex are two distinct groups of neurons. In contrast, differences between GFPpos and 639 

GFPneg cells of the EPP were small, indicating that both cell groups might be of the same 640 

type. 641 

Possible reasons for GFP labeling in pyramidal neurons 642 

In this study, we used the transgenic GIN mouse line and provide evidence for a GAD67 643 

promotor-driven GFP labeling in neurons which do not develop a GABAergic phenotype, but 644 

most probably a glutamatergic phenotype. Since we observed this phenomenon in each 645 

mouse investigated and always in the same brain area, we can exclude a random false 646 

labeling. We also exclude in-house breeding artifacts as this expression was observed over 647 

several years and in several generations of animals, including in newly purchased animals. 648 

There might be many possible reasons for this systematic false positive labeling. e.g.: 649 

1) A subpopulation of SOMpos interneurons and pyramidal cells are derived from the same 650 

progenitor lineage. In light of our findings showing lack of GAD65/67 expression and partial 651 

CaMKII expression in GFPpos EPP neurons at P1, a fate conversion during development 652 

seems unlikely (Fig. S3). Noteworthy, CaMKII expression levels only reach their peak after 653 

postnatal day 10 in the mouse hippocampus (Liu et al., 2013) and CaMKII expression was 654 

stronger in the piriform cortex compared to the endopiriform cortex at P1 (Fig. S3). In 655 

addition, single action potential kinetics and the action potential discharge patterns in early 656 
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postnatal GFPpos EPP cells were more similar to those of cortical pyramidal cells than to 657 

those of GIN (Fig. 10). 658 

2) Genes for CaMKII as well as for GAD67 are transcribed in these cells, however, only the 659 

CaMKII gene is translated. Alternatively, both genes are transcribed and translated, but the 660 

degree of GAD translation is minute and therefore cannot be verified immunocytochemically. 661 

Indeed, immunocytochemical verification of the GAD65/67 protein is sometimes challenging 662 

given the dense GAD65/67pos neuropil. Nonetheless, CaMKII and GAD65/67 expression in 663 

the same cell could not be observed in our hands (Figs. 2c, d). 664 

3) Transcription and translation of GFP in the GIN mouse is dependent on the activation of 665 

the promotor region of the GAD67 gene. It is not known how many copies of the transgene 666 

have been integrated into the genome and where the copies have been integrated. The 667 

possibility exists that local transcription factors, which are only active in this cell population of 668 

falsely-labeled GIN, intervene in this process and interact with the GAD67 promotor region, 669 

or possibly, directly with the GFP gene and allow its expression. 670 

4) Transcription and translation of genes is a "noisy" process (Sanchez & Golding, 2013) and 671 

cell fate specification may underlie mechanisms resembling stochastic resonance (Johnston 672 

& Desplan, 2010; Hänggi, 2002; McDonnell & Abbott, 2009). Thus, it might be possible that 673 

such mechanisms culminate in GFPpos cells leading to the expression of GFP in non-674 

GABAergic neurons. 675 

 676 

In summary, we show here the expression of GFP in excitatory neurons of the nucleus 677 

endopiriformis of the GIN mouse line. Ectopic GFP expression in the same mouse line in 678 

pyramidal cells has been described by Ma et al. (2006). However, we argue here that this 679 

labeling of cells in the nucleus endopiriformis is not random but rather due to intrinsic cell 680 

properties of this brain region. In case of a random expression, the pattern of GFP 681 

expression would be more dispersed and not highly concentrated in one brain area. It 682 

remains to be tested why cells of the nucleus endopiriformis are prone to express GFP. 683 

Some studies suggest that the piriform cortex is a neurogenic hub and that these cells, 684 
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although born prenatally, remain in an undifferentiated state until they mature (Rotheneichner 685 

et al., 2018). In line with this idea, we found no evidence for adult neurogenesis in this brain 686 

region, neither by adding BrdU (1 mg/ml) to the drinking water for two weeks nor by labeling 687 

cells for Ki67 (data not shown). It is possible that the genome of undifferentiated cells is more 688 

permissive and more likely to allow transcription and translation. Intriguingly, GFP expression 689 

in the nucleus endopiriformis was already observed at postnatal day 1, when cortical GIN 690 

were still absent. In light of the observation that these GFPpos cells of the endopiriform 691 

nucleus receive synaptic input and project their axons into the white matter, it seems unlikely 692 

that the population of GFPpos cells of the nucleus endopiriformis is a "forgotten" group of cells 693 

in a "waiting position". 694 

 695 

This study is, to our knowledge, the first to show that GFP labeling results in the delineation 696 

of a specific brain region, namely the nucleus endopiriformis. Aside all the genetic problems, 697 

which may arise with this observation, this transgenic mouse might turn out to become a 698 

valuable model for the investigation of the physiology of the nucleus endopiriformis. 699 
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Figure Legends 896 

Fig 1 Localization and distribution of GFPpos neurons in the piriform cortex and 897 

endopiriform nucleus 898 

a Confocal tile scan (maximum intensity projection) of a coronal brain slice of a P68 GIN 899 

mouse with corresponding brain structures according to the Mouse Brain in Stereotaxic 900 

Coordinates (Franklin & Paxinos, 2012). A dense population of GFPpos cells can be seen in 901 

the nucleus endopiriformis. In this study, this population is tentatively designated as 902 
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endopiriform population (EPP). b Confocal images (maximum intensity projection) of the 903 

nucleus endopiriformis. Left panel: GFP, middle panel: PV, right panel: merged image. PV 904 

expression is almost absent in the endopiriform nucleus (white ellipse). c Confocal images 905 

(maximum intensity projection) of the nucleus endopiriformis and piriform cortex. Left panel: 906 

GFP, middle panel: NeuN, right panel: merged image. An exemplary counting grid was 907 

placed in the merged image. I: sector I, II: sector II, III: sector III. d Confocal images 908 

(maximum intensity projection) of SOM expression in the piriform cortex and nucleus 909 

endopiriformis. Upper panels: GFP (green, left) and SOM (magenta, right). Lower panels: 910 

merged DAPI (left) and merged GFP, SOM and DAPI image (right). e, Left panel: 911 

Coexpression of SOM in GFPpos cells in sectors I, II and III of the nucleus endopiriformis and 912 

piriform cortex (n=4 animals). Right panel: Coexpression of GFP in SOMpos interneurons in 913 

sectors I, II and III of the nucleus endopiriformis and piriform cortex (n=4 animals). All scale 914 

bars: 100 µm. 915 

 916 

Fig 2 Neurochemical profile of GFPpos EPP cells 917 

a Confocal images (maximum intensity projection) of GFPpos EPP cells taken with a 40× 918 

water objective. The cells were stained for GFP (green), SOM (white) and DAPI (blue). The 919 

merged image is shown in the right panel. Colocalization of GFP and SOM fluorescence is 920 

virtually absent. b Confocal images (maximum intensity projection) of GFPpos EPP cells. The 921 

cells were labeled for GFP (green), PV (magenta) and DAPI (blue). The merged image is 922 

shown in the right panel. c Confocal images (maximum intensity projection) of cells in the 923 

nucleus endopiriformis stained for GFP (green), GAD65/67 (magenta) and CaMKII (white). 924 

The merged image (with DAPI in blue) is shown in the right panel. Light grey arrows indicate 925 

GAD65/67pos cells. d Confocal images (maximum intensity projection) of cells in the piriform 926 

cortex stained for GFP (green), GAD65/67 (magenta) and CaMKII (white). The merged 927 

image (with DAPI in blue) is shown in the right panel. Solid arrows indicate GAD65/67pos 928 

cells. Open arrows indicate GFPpos and GAD65/67pos cells. All scale bars: 20 µm. 929 

 930 
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Fig 3 Morphology of GFPpos EPP cells 931 

a, left panels Confocal z-stack images as maximum intensity projections of representative 932 

GFPpos cells of the nucleus endopiriformis. Insets: Dendritic spines on the corresponding 933 

cells. Scalebar: 10 µm. Middle panels Low magnification confocal images (maximum 934 

intensity projection) of the biocytin-filled cells shown in the left panels. Green: GFP, white: 935 

biocytin-filled neuron. Right panels Polar histograms of the corresponding biocytin-filled 936 

neurons shown in the left panels. b, left panels Confocal z-stack images as maximum 937 

intensity projections of representative GFPneg cells of the nucleus endopiriformis with spiny 938 

dendrites (insets, scalebar: 10 µm). Middle panels Low magnification confocal images 939 

(maximum intensity projection) of the biocytin-filled cells shown in the left panels. Green: 940 

GFP, white: biocytin-filled neuron. Right panels Polar histograms of the corresponding 941 

biocytin-filled neurons shown in the left panel. c Confocal z-stack images as maximum 942 

intensity projections of a representative GIN of the somatosensory cortex. d Confocal z-stack 943 

images as maximum intensity projections of a representative pyramidal cell of the 944 

somatosensory cortex in high (left panel) and low (right panel) magnification. All scale bars 945 

but those in insets: 100 µm. 946 

 947 

Fig 4 Morphometric analysis of GFPpos EPP cells 948 

a Sholl analysis of dendritic length in GFPpos and GFPneg cells, GIN and pyramidal neurons. 949 

The dendritic length is plotted as a function of the Sholl distance (mean ± SEM). b Number of 950 

dendritic intersections plotted as a function of the Sholl distance (mean ± SEM). c Sholl 951 

analysis of axon length in GFPpos cells and in GIN. The axon length is plotted as a function of 952 

the Sholl distance (mean ± SEM). Compared to GFPpos cells, we found a greater axonal 953 

length in GIN (130 µm: p<0.05; 150 µm: p<0.05; 170 µm: p<0.05; 190 µm: p<0.05; 210 µm: 954 

p<0.01; 230 µm: p<0.001; 250 µm: p<0.001; ANOVA two-way analysis of variance). d 955 

Number of axonal intersections plotted as a function of the Sholl distance (mean ± SEM). 956 

Compared to GFPpos cells, we found a greater degree of axonal branching in GIN (110 µm: 957 

p<0.001; 130 µm: p<0.01; 150 µm: p<0.001; 170 µm: p<0.001; 190 µm: p<0.001; 210 µm: 958 
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p<0.001; 230 µm: p<0.001; 250 µm: p<0.001; 270 µm: p<0.05; ANOVA two-way analysis of 959 

variance). e Coronal brain section depicting the stimulation site for the induction (arrow) of 960 

evoked responses of GFPpos EPP cells. f Five evoked responses at a stimulation intensity of 961 

500 µA are superimposed. Black traces indicate responses where an antidromic spike was 962 

triggered, the light grey trace indicates a synaptic response without antidromic spike. g 963 

Exemplary evoked responses in a GFPpos cell after stimulations with current intensities 964 

ranging between 50 and 500 µA. Action potentials are truncated. Note: hyperpolarizing 965 

responses (putatively inhibitory postsynaptic potentials) are preceded by fast-rising excitatory 966 

potentials.  967 

 968 

Fig 5 Passive membrane properties of GFPpos EPP cells 969 

a Scatter plot of the resting membrane potentials (RMP) of GFPpos and GFPneg cells of the 970 

nucleus endopiriformis and of GIN and pyramidal cells (PC) of the somatosensory cortex  971 

(mean ± SD). GFPpos: -71.0 mV ± 5.2 mV; GFPneg: -71.0 mV ± 5.9 mV; GIN: -66.3 mV± 4.1 972 

mV; PC: -69.4 mV ± 5.8 mV (GFPpos vs. GIN, p<0.01; GFPneg vs. GIN, p<0.01; One-way 973 

ANOVA with Bonferroni's multiple comparison). b Scatter plot (with means ± SD) showing 974 

the input resistance of GFPpos, GFPneg cells in comparison to GIN and pyramidal cells (PC). 975 

GFPpos: 249.1 M ± 104.6 M; GFPneg: 288.0 M ± 128.4 M; GIN: 405.8 M ± 180.5 M; 976 

PC: 127.4 M ± 58.4 M(GFPpos vs. GIN, p<0.01; GFPpos vs. PC, p<0.01; GFPneg vs. PC, 977 

p<0.001; GIN vs. PC, p<0.001, Kruskal-Wallis test with Dunn's multiple comparison). c 978 

Scatter plot showing the apparent whole-cell capacitance of GFPpos, GFPneg cells in 979 

comparison to GIN and pyramidal cells (PC). GFPpos: 120.5 pF ± 28.7 pF; GFPneg: 118.7 pF ± 980 

43.8 pF; GIN: 97.5 ± 24.6 pF; PC: 182.5 pF ± 69.0 pF (GFPpos vs. GIN, p<0.05; GFPpos vs. 981 

PC, p<0.05; GFPneg vs. PC, p<0.05; GIN vs. PC, p<0.001, Kruskal-Wallis test with Dunn's 982 

multiple comparison). d The somatic membrane time constant of the respective cell groups 983 

(GFPpos, GFPneg, GIN and (PC) depicted as a scatter plot. GFPpos: 26.5 ms ± 7.5ms; GFPneg: 984 

26.7 ms ± 11.5 ms; GIN: 34.8 ms ± 15.2 ms; PC: 21.6ms ± 10.9 ms (GFPpos vs. GIN, p<0.05; 985 

GIN vs. PC, p<0.01, One-way ANOVA with Bonferroni's multiple comparison. 986 
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 987 

Figure 6 Analysis of the current-voltage relationship in GFPpos EPP cells 988 

a, b, upper panel Exemplary voltage traces of a GFPpos EPP cell and a GIN upon injection of 989 

a series of hyper- and depolarizing current pulses. The solid line in (a) indicates the point of 990 

measurement of the steady state potential, the dashed line indicates that of the initial 991 

membrane potential. The corresponding current-voltage plots are shown in the lower panels. 992 

Solid circles indicate the steady state, open circles indicate the initial value. c The 993 

rectification ratio at a membrane potential of -100 mV in the individual cell groups is depicted 994 

as a scatter plot. GFPpos: 1.7 ± 0.38; GFPneg: 2.0 ± 0.51; GIN: 1.44 ± 0.23; PC: 2.44 ± 0.62 995 

(GFPpos vs. GIN, p<0.001; GFPneg vs. GIN, p<0.001; GIN vs. PC, p<0.001, Kruskal-Wallis 996 

test with Dunn's multiple comparison).  997 

 998 

Figure 7 GFPpos EPP cells exhibit a small sag potential with a fast onset 999 

a-d Exemplary voltage traces of a GFPpos EPP cell, a GFPneg cell of the nucleus 1000 

endopiriformis, a GIN and a pyramidal cell upon injection of a hyperpolarizing current pulse. 1001 

The asterisk in (a) indicates the time point of the maximal negative membrane potential, the 1002 

arrow in (c) indicates the sag potential determined at the end of the pulse. e Comparison of 1003 

the sag potential in the different cell groups (GFPpos, GFPneg, GIN and PC). The magnitudes 1004 

of the sag potentials are depicted as a scatter plot. GFPpos: 3.74 mV ± 1.53 mV; GFPneg: 2.52 1005 

mV ± 1.81 mV; GIN: 8.85 mV ± 3.82 mV; PC: 3.41 mV ± 3.1 mV (GFPpos vs. GIN, p<0.001; 1006 

GFPneg vs. GIN, p<0.001; GIN vs. PC, p<0.001, Kruskal-Wallis test with Dunn's multiple 1007 

comparison). f Comparison of the time to the negative peak in the different cell groups 1008 

(GFPpos, GFPneg, GIN and PC) shown as a scatter plot. GFPpos: 65.3 ms ± 19.6 ms; GFPneg: 1009 

61.2 ms ± 12.6 ms; GIN: 110.5 ms ± 44.6 ms; PC: 48.3 ms ± 29.2 ms (GFPpos vs. GIN, 1010 

p<0.001; GFPneg vs. GIN, p<0.001; GIN vs. PC, p<0.001, Kruskal-Wallis test with Dunn's 1011 

multiple comparison). 1012 

Figure 8 Action potential properties of GFPpos EPP cells 1013 
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a, left panel Representative action potential elicited by a 50 ms lasting current ramp. Right 1014 

panel First derivative of the corresponding action potential. b Scatter plot showing the action 1015 

potential (AP) amplitudes in the different cell groups (with means ± SD). GFPpos: 98.3 mV ± 1016 

9.7 mV; GFPneg: 96.2 mV ± 13.9 mV; GIN: 77.8 mV ± 8.2 mV; PC: 98.0 mV ± 14.2 mV 1017 

(GFPpos vs. GIN, p<0.001; GFPneg vs. GIN, p<0.001; PC vs. GIN, p<0.001, One-way ANOVA 1018 

with Bonferroni's multiple comparison). c Scatter plot showing the AP rising slope of the 1019 

individual cell groups. GFPpos: 169.6 V/s ± 43.7 V/s; GFPneg: 146.5 V/s ± 44.6 V/s; GIN: 152.2 1020 

V/s ± 38.6V/s; PC: 192.4 V/s ± 63.9 V/s (GFPneg vs. PC, p<0.05; One-way ANOVA with 1021 

Bonferroni's multiple comparison. d Scatter plot showing the AP durations in the different cell 1022 

groups. GFPpos: 1.40 ms ± 0.3 ms; GFPneg: 1.67 ms ± 0.26 ms; GIN: 0.92 ms ± 0.15 ms; PC: 1023 

1.33ms ± 0.29 ms (GFPpos vs. GFPneg, p<0.001; GFPpos vs. GIN, p<0.001; GFPpos vs. GIN, 1024 

p<0.001; GFPneg vs. PC, p<0.01; GIN vs. PC, p<0.001, One-way ANOVA with Bonferroni's 1025 

multiple comparison). 1026 

 1027 

Fig 9 Action potential firing patterns in GFPpos EPP cells 1028 

a Examplary AP discharges in GFPpos, GFPneg cells of the nucleus endopiriformis compared 1029 

to GIN and pyramidal cells of the somatosensory cortex. b Corresponding raster plots of the 1030 

cells depicted in (a). Each dot indicates an action potential, each row indicates a train of 1031 

action potential at a given current intensity. c Corresponding frequency-time plots of the cells 1032 

depicted in (a). d Scatter plot (means ± SD) displaying the ISI1:ISI2 ratio in the different cell 1033 

groups. GFPpos: 2.50 ± 1.31; GFPneg: 2.05 ± 1.67; GIN: 1.32 ± 0.21; PC: 1.56 ± 0.37 (GFPpos 1034 

vs. GIN, p<0.05; Kruskal-Wallis test with Dunn's multiple comparison). e ISI1: ISIstst ratio 1035 

depicted as scatter plot. GFPpos: 5.82 ± 4.80; GFPneg: 3.40 ± 3.20; GIN: 5.00 ± 3.12; PC: 2.45 1036 

± 0.80. f ISI1: ISItotalmean ratio depicted as scatter plot. GFPpos: 3.00 ± 1.46; GFPneg: 2.06 ± 1037 

1.39; GIN: 2.26 ± 0.63; PC: 1.83 ± 0.50. 1038 

 1039 

Fig. 10 Action potential discharge in early postnatal GFPpos EPP cells Left panel Action 1040 

potential discharge pattern of a GFPpos EPP cell (a) compared to that of a GIN of the anterior 1041 
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cingulate cortex (ACC, b) and that of a pyramidal neuron of the frontal cortex (c) at postnatal 1042 

day 6. Resting membrane potential (RMP) GFPpos neuron: -68 mV; RMP GIN: -69 mV, RMP 1043 

pyramidal cell: -62 mV. Input resistance (RN) GFPpos neuron: 1294 M; RN GIN: 714 M, RN 1044 

pyramidal cell: 1350 M. Right panel The second spike of the train of action potentials from 1045 

the corresponding cells on the left is depicted at a higher temporal resolution. 1046 

 1047 

Fig 11 GFPpos EPP cells receive spontaneous synaptic input 1048 

a, left panel Representative 5 min lasting recordings of spontaneous synaptic activity in 1049 

GFPpos EPP cells under control conditions. Right panel All individual postsynaptic currents 1050 

(PSCs) of the corresponding recording shown in (a) are depicted as light grey traces, the 1051 

black traces indicates the averaged response. b, left panel A 5 min lasting recording of the 1052 

same cell depicted in (a) is shown after bath application of 10 µM Bicuculline. Right panel 1053 

Current trace within the rectangle shown on an expanded scale in the left panel. c Continued 1054 

recording of the same cell depicted in (a) and (b) after perfusion with 10 µM NBQX. Scatter 1055 

plots (mean ± SD) depicting the PSC frequency ([per min] d), the PSC amplitude (e) and the 1056 

PSC duration (f) in GFPpos cells under control conditions.  1057 

 1058 

Supporting Information 1059 

S1 Photomicrograph of a horizontal brain slice of a P1 and P37 GIN mouse (upper panel). 1060 

Photomicrograph of a saggital brain slice of a P37 GIN mouse (lower panel) with 1061 

corresponding brain structures according to the Mouse Brain in Stereotaxic Coordinates 1062 

(Franklin & Paxinos, 2012). The dense cluster of GFPpos cells in the deeper brain nuclei 1063 

corresponding to the nucleus endopiriformis can be seen. 1064 

S2 Connectivity between the cingulate cortex and claustrum-endopiriform complex. 1065 

Photomicrographs of two coronal brain slices of the same animal depicting the injection site 1066 

of the DiI crystal in the cingulate cortex (a). The open ellipse represents that brain region with 1067 

the highest density of GFPpos neurons, i.e. the nucleus endopiriformis. As can be seen from 1068 
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the images in (b) and (c) from the same animal, GFPpos EPP neurons and DiI-positive fibers 1069 

are in close vicinity to each other. All scalebars: 50 µm. 1070 

S3 Confocal z-stack images as maximum intensity projections of representative GFPpos cells 1071 

of the nucleus endopiriformis at postnatal day 1 (P1) taken with a 40× water objective. a The 1072 

cells were stained for GFP (green), SOM (magenta) and GAD65/67 (white). The merged 1073 

image is shown in the right panel. Colocalization of GFP, SOM and GAD65/67 fluorescence 1074 

is virtually absent. The open arrow indicates a SOMpos IN that also expresses GAD65/67. b 1075 

The cells were labeled for GFP (green), CaMKII (magenta) and GAD65/67 (white). The 1076 

merged image is shown in the right panel. The open arrow indicates a GFPpos neuron that 1077 

expresses CaMKII but lacks GAD65/67 expression. c Confocal images (maximum intensity 1078 

projection) of cells in the nucleus endopiriformis stained for GFP (green), CaMKII (magenta) 1079 

and GAD65/67 (white). The open arrows indicate CaMKII-expressing GFPpos neurons. 1080 

CaMKII expression levels are higher in the piriform cortex at that age. All scale bars: 20 µm. 1081 

S4 Spontaneous synaptic currents recorded in GFPpos EPP neurons at a holding potential of 1082 

-70 mV and at a holding potential of -50 mV. 1083 

 1084 

























Table 1

 GFPpos GFPneg GIN PC 
Soma diamater [µm] 40.2 ± 2.5 41.9 ± 6.3 46.0 ± 6.7 47.6 ± 6.2 

                                                                        ns 
 

Number of primary processes 4.4 ± 0.97 5.25 ± 0.5 5.4 ± 1.34 5.8 ± 1.3 
                                                                      ns 

 
Total dendritic length [µm] 2926 ± 381 2642 ± 975 1711 ± 490 4266 ± 1330 

                                                                    PC vs GIN***, GFPpos vs PC*, GFPneg vs PC* 
 

Total number of dendrite 
branching points 

22.6 ± 4.2 17 ± 8.5 16.8 ± 3.6 37.8 ± 7.9 

                                                                    PC vs GIN***, GFPpos vs PC***, GFPneg vs PC*** 
 

Maximal dendritic complexity 10.4 ± 2.3 7.25 ± 1.5 6.2 ± 1.3 13.6 ± 5 
                                                                             GIN vs PC**, GFPpos vs GIN* 

 
Total dendritic area [µm2] 6189 ± 716 5241 ± 2324 2472 ± 675 7595 ± 3241 

                                                                               GIN vs PC**, GFPpos vs GIN** 
 

Total axon length [µm] 2153 ± 965  6597 ± 2594  
                                                                       GFPpos vs GIN** 
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