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Abstract 42 

Local GABAergic interneurons regulate the activity of spatially-modulated 43 

principal cells in the medial entorhinal cortex (MEC), mediating stellate-to-stellate 44 

connectivity and possibly enabling grid formation via recurrent inhibitory circuitry. 45 

Despite the important role interneurons seem to play in the MEC cortical circuit, 46 

the combination of low cell counts and functional diversity has made systematic 47 

electrophysiological studies of these neurons difficult. For these reasons, there 48 

remains a paucity of knowledge on the electrophysiological profiles of superficial 49 

MEC interneuron populations. Taking advantage of GAD2-IRES-tdTomato and 50 

PV-tdTomato transgenic mice, we targeted GABAergic interneurons for whole-51 

cell patch-clamp recordings and characterized their passive membrane features, 52 

basic input/output properties and action potential shape. These 53 

electrophysiologically characterized cells were then anatomically reconstructed, 54 

with emphasis on axonal projections and pial depth. K-means clustering of 55 

interneuron anatomical and electrophysiological data optimally classified a 56 

population of 106 interneurons into four distinct clusters. The first cluster is 57 

comprised of layer 2- and 3-projecting, slow-firing interneurons. The second 58 

cluster is comprised largely of PV+ fast-firing interneurons that project mainly to 59 

layers 2 and 3. The third cluster contains layer 1- and 2-projecting interneurons, 60 

and the fourth cluster is made up of layer 1-projecting horizontal interneurons. 61 

These results, among others, will provide greater understanding of the 62 

electrophysiological characteristics of MEC interneurons, help guide future in vivo 63 

studies, and may aid in uncovering the mechanism of grid field formation. 64 
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Significance Statement 65 

Despite the critical role that entorhinal inhibitory interneurons play in 66 

computation and grid cell formation, the electrophysiological properties of this 67 

inhibitory interneuron population remain largely uncharacterized. This study 68 

describes systematically the electrophysiology and anatomy of the inhibitory cells 69 

in the medial entorhinal cortex and introduces a grouping framework for the 70 

population. This framework divides the interneuron population into four clusters, 71 

based on differences in their axonal projections and electrophysiological 72 

properties. These findings confirm and extend findings from previous anatomical 73 

studies and will inform future studies of medial entorhinal interneurons. 74 

1 Introduction 75 

By modulating the activity of principal neurons, interneurons play a crucial 76 

role in the spatial navigation function of the superficial medial entorhinal cortex 77 

(Beed et al., 2013; Buetfering et al., 2014; Couey et al., 2013; Domnisoru et al., 78 

2013; Fuchs et al., 2016; Garden et al., 2008; Pastoll et al., 2013; Varga et al., 79 

2010).  Among other findings, recent studies have demonstrated that MEC 80 

GABAergic interneurons mediate stellate-to-stellate cell communication (Couey 81 

et al., 2013; Pastoll et al., 2013) and that background inhibition of principal cells 82 

is stronger in superficial layers of the MEC than the deeper layers (Woodhall et 83 

al., 2005).  Grid cell computation work has implemented inhibition-dominated 84 

network models to simulate spatial navigation mechanisms (Burak and Fiete, 85 

2009; Pastoll et al., 2013; Thurley et al., 2013). Nevertheless, there is uncertainty 86 

as to whether interneurons provide location-dependent input onto grid cells, with 87 
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Buetfering et al. (2014) providing in vivo data that supports at least parvalbumin 88 

positive interneurons not exhibiting such spatial variability and computational 89 

studies of the MEC (Shipston-Sharman et al., 2016; Solanka et al., 2015) 90 

contending that other interneuron groups may be providing such a role . 91 

Despite their importance, electrophysiological data for GABAergic 92 

interneurons remain scarce (Fuchs et al., 2016; Gloveli et al., 1997; Wolansky et 93 

al., 2007). The characterization of superficial MEC interneurons has been difficult 94 

for two reasons: the low proportion of interneurons (approximately 10%) 95 

compared to principal cells (Gatome et al., 2010) and the relative physiological 96 

and anatomical diversity of cortical interneuron populations (Buzsáki et al., 2004; 97 

DeFelipe et al., 2013; Maccaferri and Lacaille, 2003; Whittington and Traub, 98 

2003). Previous research suggests that the superficial MEC is anatomically 99 

diverse, containing at least 7 anatomical categories as defined by soma depth 100 

and dendritic morphology (Canto et al., 2008). The anatomical differences in the 101 

interneuron population are likely to coincide with different roles within the local 102 

cortical circuit (Kepecs and Fishell, 2014). Despite the anatomical categorization 103 

of MEC interneurons, the combination of low cell counts and functional diversity 104 

has made systematic electrophysiological studies difficult with only a few such 105 

studies having been attempted (Ferrante et al., 2016; Fuchs et al., 2016; 106 

Gonzalez-Sulser et al., 2014). Limited data are available on the firing pattern of 107 

basket cells and chandelier cells, both of which have generally lumped together 108 

using their common molecular identifier parvalbumin (Wouterlood et al., 1995), 109 

but these data do not include passive membrane features, basic input/output 110 
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measures or action potential characterization. Furthermore, the 111 

electrophysiological properties of remaining cell types in the superficial MEC 112 

have remained largely unknown (Gloveli et al., 1997; Wolansky et al., 2007).  113 

This study takes advantage of recent developments in transgenic 114 

techniques that specifically label GABAergic interneurons in order to 115 

systematically characterize the superficial MEC interneuron population both 116 

electrophysiologically and anatomically. Acute brain slices were harvested from 117 

GAD2+ and PV+ labeled transgenic mice and whole cell patch clamp techniques 118 

were used to measure a variety of electrophysiological features. Post-hoc 119 

anatomical reconstruction was then conducted using fluorescence staining and 120 

2-photon imaging to couple each interneuron’s electrophysiological profile with its 121 

MEC localization and axonal tree distribution. We find that superficial MEC 122 

interneurons can be grouped into four separate groups that have distinct 123 

anatomical and electrophysiological profiles. These categories include deep-124 

projecting layer 2/3 slow-firing interneurons, layer 2/3 projecting fast-spiking 125 

interneurons, layer 1/2-projecting interneurons and layer 1-projecting superficial 126 

interneurons. Our results complement recently published data on the relationship 127 

between electrophysiological properties and molecular markers (Ferrante et al. 128 

2016). Together, these two papers represent a large step toward a complete 129 

characterization of medial entorhinal interneurons. 130 

 131 
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2 Materials and Methods 132 

2.1 Electrophysiology 133 

All electrophysiology experiments were conducted according to protocols 134 

approved by the Institutional Animal Care and Use Committees of the university. 135 

Brain slices were harvested from 18-35 day old transgenic mice of either sex. 136 

Because no effects of age were evident in our data set, data were not classified 137 

by age of the animal. Two transgenic strains were used: cre-dependent GAD2-138 

IRES-tdTomato transgenic mice (Taniguchi et al., 2011, The Jackson 139 

Laboratories, strain 010802), which labeled glutamic acid decarboxylase 2 gene 140 

(GAD2) expressing cells and thus facilitated targeting of GABAergic cortical 141 

interneurons; and PV-tdTomato transgenic mice (Hippenmeyer et al., 2005, The 142 

Jackson Laboratories, strain 008069), which labeled all parvalbumin (PV) 143 

expressing cells and thus facilitated targeting of the specific PV+ genotype in 144 

inhibitory interneurons. These mice were anesthetized with isoflurane and 145 

decapitated. The brain was then harvested, chilled in sucrose-substituted artificial 146 

cerebrospinal fluid (ACSF, units in mM, 185 sucrose, 2.5 KCl, 1.25 NaH2PO4, 10 147 

MgCl2, 25 NaHCO3, 12.5 Glucose, 0.5 CaCl2), and cut parasagittally into 300 μm 148 

thick slices using a vibrating microtome (Vibratome VT1200; Leica, Buffalo Grove, 149 

IL). Slices were incubated for 15 minutes in ACSF (units in mM, 125 NaCl, 2.5 150 

KCl, 1.25 NaH2PO4, 10 MgCl2, 25 NaHCO3, 25 Glucose, 2 CaCl2) at 37°C, and 151 

then allowed to recover for at least 30 minutes at room temperature. For 152 

recordings, slices were transferred to a heated (32-34°C) slice chamber (Warner 153 

Instruments) that is mounted on an upright microscope stage (Olympus BX53; 154 
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Olympus, Tokyo, Japan) and perfused with 95/5 percent O2/C02 ACSF. 155 

GAD2+/PV+ neurons were visualized using fluorescence and whole-cell patch 156 

clamp clamped using patch pipettes (5-6 MΩ) fabricated from borosilicate glass 157 

(1.5 O.D. 1.1 I.D.; Sutter Instruments, Novato, CA) and filled with artificial 158 

intracellular fluid (ICF, units in mM, 120 K-Gluconate, 5 MgCl2, 0.2 EGTA, 10 159 

HEPES, 20 KCl, 7 di(tris) phosphocreatine, 4 Na2ATP, 0.3 Tris-GTP) loaded with 160 

biocytin (1% by weight) for post-hoc reconstruction. Presented data were not 161 

corrected for the junction potential, which we measured as 11.6 mV. Electrode 162 

resistance in the bath was ~ 5 M he pipette capacitance was compensated 163 

for automatically by the MultiClamp 700B / CV-7 system. The bridge balance was 164 

applied to correct for series electrode resistance under whole-cell patch clamp (~ 165 

10 M ). Cells were patched for at least 30 minutes to ensure complete biocytin 166 

fill. Following electrophysiological trials, brain slices were perfused in 4% 167 

paraformaldehyde for 16-24 hours, then washed in phosphate-buffered saline 168 

(units in mM, 137 NaCl, 2.7 KCl, 10 Na2HPO4, 1.8 KH2PO4) three times for 15 169 

minutes each and stored in 4° C for later staining. 170 

2.2 Post-hoc anatomical reconstruction 171 

Brain slices were incubated for 3 hours in a PBS solution containing 3 172 

μg/mL streptavidin Alexa 488 (Molecular Probes) and 2% Triton X-100 (by 173 

volume). Slices were then washed in PBS three times for 15 minutes each and 174 

mounted on slides using a Mowiol mounting medium. At least 24 hours after 175 

mounting, slides were imaged using a two-photon microscope (Ultima Intravital, 176 

Bruker Corporation), with excitation wavelength set to 810 nm and a 520 nm low-177 
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pass filter. Alexa 488-filled cells were localized in the brain slice and a z-stack of 178 

585 μm x 585 μm raster-scanned images was acquired, covering the entire 179 

range of the soma and neuronal processes (usually 100-200 μm). This z-stack 180 

was projected onto a single composite image and endowed with a dark-cell, light-181 

background look-up table to aid axonal visualization (see Figures 1, 6-9). In order 182 

to describe the anatomical features of each neuron, soma depth was measured 183 

and the extent of the axonal tree was described with a rectangular approximation 184 

using the z-projected image (see Figure 1). 185 

2.3 Electrophysiological protocols and data analysis 186 

We used established methods to characterize the electrophysiological 187 

features of patched cells. All electrophysiological protocols were conducted in 188 

current clamp and were performed within 30 minutes of breaking into the cell to 189 

begin the whole cell patch clamp recording. 190 

2.3.1 Input resistance, time constant, sag ratio, and resting membrane 191 

potential 192 

A bias current was applied in current clamp to hold the cell to -70 mV. Five 193 

one-second negative current pulses (with a 2 second rest time) were injected to 194 

hyperpolarize the cell to approximately -80 mV (between -20 pA and -50 pA, 195 

depending on input resistance). The resulting steady-state hyperpolarization from 196 

-70 mV was divided by the applied current to calculate the input resistance. To 197 

determine the membrane time constant, a single-order exponential was fit to the 198 

membrane response (from start to peak polarization) to the hyperpolarizing 199 

current. The sag ratio was determined by dividing the maximum voltage 200 
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hyperpolarization (the sag) by the steady state hyperpolarization during the pulse. 201 

The resting membrane potential was measured for every cell by placing the cell 202 

in current clamp, injecting no current, and measuring the membrane potential.  203 

2.3.2 Action potential (AP) half-width, AP rise time, and spike 204 

afterhyperpolarization (AHP) 205 

A depolarizing bias current was injected to elicit action potentials just above 206 

firing threshold. The average of 50-100 total action potentials recorded in a 30-40 207 

second recording was used to describe the action potential shape. First, the AP 208 

half-width was determined by determining the AP height from the action potential 209 

upstroke (defined as the point at which the second derivative of the action 210 

potential with respect to time was at its maximum) to the peak and calculating the 211 

duration between passing the half-height on the depolarizing phase and passing 212 

the half-height on the hyperpolarizing phase is the AP half-width. The AP rise 213 

time was calculated as the time required for the action potential to go from 20% 214 

of its total height to 80% of its total height. The afterhyperpolarizing potential 215 

(AHP) was measured as the membrane potential difference between the AP 216 

upstroke initiation and the most hyperpolarized membrane potential immediately 217 

following the AP.  218 

2.3.3 Firing threshold 219 

The cell was hyperpolarized to -80 mV and a 50 pA/s current ramp for 10-220 

20 seconds was applied, depending on the input resistance. The firing threshold 221 

was determined as the membrane potential at the upstroke of the first action 222 

potential in the ramp. 223 
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2.3.4 Impedance 224 

The cell was hyperpolarized to -80 mV and a 15 second filtered white noise 225 

current trace (filtered at 200 Hz and set to 50-100 pA in amplitude in order to 226 

elicit a membrane response approximately 5 mV in amplitude) was injected. We 227 

used a low pass filtered white noise, as described in Fernandez et al., 2015, 228 

where the current signal was constructed in the frequency domain using a 229 

frequency amplitude equal to 1/(1+(f/200)), where f is the frequency. The voltage 230 

trace and the resulting injected current trace were each converted into the 231 

frequency domain (using a fast fourier transform). The frequency domain of the 232 

voltage was divided by the frequency domain of injected current trace and 233 

magnitude component of the resulting trace was used as the impedance. This 234 

procedure was repeated several times at increasing depolarized membrane 235 

potentials until the cell was near its firing threshold. The impedance change was 236 

measured by calculating the average impedance between 1-10 Hz for the most 237 

depolarized trace (labeled “perithreshold”) and dividing it by the average 238 

impedance for the -80 mV trace in the same frequency band. 239 

2.3.5 Frequency-current gain, peak firing rate, minimum firing rate, 240 

adaptation ratio, and rheobase 241 

A bias current was applied in current clamp to polarize the cell to -70 mV. A 242 

series of one-second current pulses (with a four second rest between pulses) 243 

was injected to determine the frequency-current (F-I) relationship of the cell. 244 

These current pulses ranged from -100 pA to up to 1500 pA, depending on what 245 

current amplitude was required to reach a firing rate plateau, and were 246 
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introduced in 20 pA increments.  The peak firing rate was the fastest firing 247 

frequency recorded during the F-I trial. The minimum firing rate was measured as 248 

the lowest non-zero firing rate recorded during the trial. This measurement 249 

illustrates any large discontinuities in spike frequency associated with the spike 250 

threshold transisiton. To determine the F-I gain, we determined both the F-I trial 251 

point at which the minimum firing rate was achieved and the F-I trial point at 252 

which the firing rate asymptote began. A linear regression fit for all the F-I trials 253 

between these two points (inclusively) was calculated with the least-squares 254 

‘polyfit’ function in MATLAB for a first order polynomial. The slope of this fit was 255 

taken to be the F-I gain. The adaptation ratio was measured as the ratio of the 256 

first three interspike intervals to the last three interspike intervals in the median 257 

firing F-I step. For example, if an F-I trial had 11 steps in which the interneuron 258 

fired at least one spike, then the 6th trial would be used to measure the 259 

adaptation ratio. The rheobase was estimated using the F-I trial by detecting the 260 

first current pulse to elicit an action potential. The magnitude of that current pulse 261 

was taken to be the rheobase for that cell. 262 

2.4 Grouping methodology 263 

2.4.1 Principal component analysis 264 

Principal components analysis (Jolliffe, 2002) was used to prevent 265 

correlations between the different measured values in the 266 

electrophysiological/anatomical dataset. The electrophysiological features used 267 

for this analysis were: input resistance, peak firing rate, rising time constant, 268 

change in impedance and F-I gain. These electrophysiological measurements 269 
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were selected as they represent both the passive and active membrane 270 

properties of the cell populations, while not including several measurements that 271 

could be correlated. The anatomical features used were: soma depth, the most 272 

superficial extent of the axonal tree, the deepest extent of the axonal tree, and 273 

the axonal width. Because including rheobase and resting membrane potential 274 

had minimal effect on the outcome of K-means clustering described below 275 

(changing the classification of only 4/106 cells), we did not include these 276 

variables. All these features were z-scored (i.e. mean-subtracted and divided by 277 

the standard deviation) prior to the analysis. Each cell was treated as an 278 

observation with each feature a variable. The ‘princomp’ function in MATLAB was 279 

used to calculate the transformation. The first four principal components are 280 

plotted in Figure 4A. We used 4 principal components in order to account for 281 

80% of the variance. Increasing this number did not change the K-means 282 

classification outcome. Using 3, 2, or 1 principal component changed the K-283 

means outcome for 3, 39, and 45 of 106 classified cells. Thus, we conclude that 284 

using 3-4 components is optimal for this data set, and used 4 to meet the 285 

standard criterion of accounting for 80% of variance. 286 

2.4.2 K-means clustering analysis 287 

K-means clustering analysis (MacQueen, 1967) was used on the first four 288 

principal components of the above data set in order to group cells. The ‘kmeans’ 289 

function in MATLAB 2016a was used with squared Euclidean distance as the 290 

metric, the kmeans++ seeding algorithm (Arthur and Vassilvitskii, 2007), and 100 291 

iterations for each operation to ensure convergence. Silhouette scores were 292 
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calculated using the ‘silhouette’ function in MATLAB. The silhouette score is a 293 

measure of similarity of a point to points within its own cluster and of dissimilarity 294 

of a point to points outside of its own cluster (Rousseeuw, 1987). For a given cell 295 

i, it is calculated as s(i) = (b(i)-a(i))/maximum[a(i),b(i)], where a(i) is the average 296 

distance between cell i and all other cells in its cluster and b(i) is the shortest 297 

distance between cell i and any cell not in i's cluster. The range of values ranges 298 

from -1 to 1. A higher score (closer to 1) indicates high similarity within cluster 299 

and dissimilarity outside of cluster, whereas a lower score (closer to -1) indicates 300 

low similarity within cluster and dissimilarity outside of cluster (suggesting the 301 

data point was misclassified).   302 

2.4.3 Group comparisons 303 

When comparing electrophysiological and anatomical features among 304 

different cell groups, reported p values were calculated using a the non-305 

parametric Kruskal-Wallis one-way analysis of variance test. The F-value and p-306 

values for all comparisons are shown in Table 1. 307 

2.4.4 Alternative methods of clustering 308 

In addition to the combined data k-means clustering method used in this 309 

study, we explored several different approaches to the clustering problem. First, 310 

we used hierarchical clustering to group the interneuron population and 311 

compared the results to those arrived at using k-means clustering. The first four 312 

principal components of the combined anatomical/electrophysiological data set (5 313 

electrophysiological measures and 4 anatomical measures) were clustered using 314 

the unweighted pair group method with arithmetic mean (UPGWA) for 315 
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hierarchical clustering (Sokal, 1958), using the least squared Euclidean distance 316 

to separate interneurons. As this method sequentially separates the population 317 

into different hierarchies, it is possible from one analysis to group interneurons 318 

into a few large clusters or several smaller clusters. For the purposes of 319 

comparing our results to those of k-means clustering, the cutoff for differentiating 320 

clusters was set to 60% of the maximum distance between any two interneurons. 321 

That is, all interneurons within a single cluster have to be no further than 60% of 322 

the maximum distance measured in this population; interneurons with a greater 323 

distance must be in separate clusters. 324 

Second, we explored clustering the interneurons using either only 325 

anatomical data or electrophysiological data, as opposed to combining both data 326 

types into one analysis. We separated out the 4 anatomical and 5 327 

electrophysiological measures and conducted separate analyses. For both sets 328 

of data, we z-scored the measurements and conducted PCA analysis, as 329 

described previously. For k-means clustering analysis, we set the cluster number 330 

to four, to match with the optimal cluster number for the combined analysis. The 331 

optimal cluster number was determined by varying the set number of clusters 332 

and measuring the mean silhouette score of all the clusters. The number of 333 

clusters that yielded that highest mean silhouette score was set to be the optimal 334 

cluster number. 335 

To compare different distributions, it was necessary to determine the 336 

optimal correspondence between clusters of one distribution to that of the 337 

combined k-means clustering distribution used in the study. We established the 338 
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optimal correspondence by testing every possible permutation for assignment 339 

overlap (percentage of interneurons assigned to the same cluster in both 340 

distributions), and choosing the permutation of highest overlap. 341 

2.5 Validation of transgenic mouse models 342 

In order to validate the transgenic mice line, immunohistochemistical 343 

analysis was performed. Mice were injected with an overdose of pentobarbital 344 

sodium/phenytoin sodium (Euthasol, Vibrac Animal Health) and trans-cardially 345 

perfused with 0.05M phosphate-buffered saline (PBS) followed by 4% 346 

paraformaldehyde (PFA) in 0.05M PBS. Brains were removed and post fixed in 347 

the PFA for 4 hours. Brains were transferred to 30% sucrose solution in 0.05M 348 

KPBS solution and incubated over night to be cryoprotected. Each brain was 349 

flash froze in OCT and sliced into 40 μm horizontal slices. Slices from GAD2-350 

TdTomato and PV-Tdtomato animals were respectively stained with markers for 351 

GAD2 (Invitrogen, PA5-22260) and PV (Swant, PV25) followed by Alexafluor-488 352 

goat-antirabbit secondary antibody. Imaging was performed using two-photon 353 

imaging system (Thorlabs) with a mode-locked Ti:Sapphire laser (Chameleon 354 

Ultra II; Coherent) set to wavelengths between 900 nm and 925 nm using 20X 355 

water immersion NA 1.0 (Olympus) objective lens. For the PV slices, Z-stacks 356 

were taken by imaging at 0.5 μm intervals through the regions interest of the slice. 357 

For the GAD2 slices, image was taken at a single plane. Cells were counted by 358 

analyzing two non-overlapping regions of MEC on each slice for each animal.  359 
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3 Results 360 

3.1 Interneuron characterization 361 

Interneurons of the mouse superficial medial entorhinal cortex were 362 

systematically patched, electrophysiologically characterized, and then 363 

anatomically reconstructed in order to better understand the local inhibitory 364 

components of this brain region. Because interneurons make up a small (<10%) 365 

portion of all the medial entorhinal cortex (Gatome et al., 2010), transgenic mice 366 

labeling GAD2+ and PV+ cells were used to target the neuron subpopulation. For 367 

each interneuron, passive properties (like input resistance at rest, time constant, 368 

and sag ratio) and active properties (like action potential shape and frequency-369 

current relationships) were measured in the current clamp configuration (Figure 370 

1A), and the neuron was stained post-hoc with an Alexa 488 fluorescent marker. 371 

The neuron was then reconstructed in a 3 dimensional z-stack using a 2-photon 372 

microscope (Figure 1B). In all, each neuron had sixteen electrophysiological 373 

features and four anatomical features recorded (Table 2). 374 

The in vitro immunohistochemical validation of the transgenic lines showed 375 

that the vast majority (91%) of GAD2-tdTomato-positive cells were labeled by 376 

GAD2 markers. Similarly, nearly all (97%) PV-tdTomato-positive cells were 377 

labeled by PV markers. Both results can be seen in Figure 2. The study yielded a 378 

total of 106 interneurons with complete electrophysiological and anatomical 379 

profiles. For the 106 cell population, the distribution of each measured 380 

characteristic is shown in Figure 3. Of these, 80 cells were acquired using 381 

GAD2+ mice and 26 were acquired in PV+ mice. Cells that had incomplete or 382 
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inadequate electrophysiological trials were not analyzed. Common causes of 383 

incomplete electrophysiological characterization included cell death during 384 

experiment, incomplete pipette to cell seal, and noise artifacts that corrupted the 385 

data acquisition. Cells that exhibited large changes in resting membrane potential 386 

at any point during the trials were discarded. Cells that had incomplete 387 

anatomical reconstructions, particularly those where the axonal tree was not 388 

visible, were also discarded. Common issues with anatomical reconstruction 389 

included incomplete anatomical fills and inadequate staining.  390 

3.2 Classifying interneurons into distinct groups 391 

3.2.1 K-means clustering 392 

Given that the large data set included 106 interneurons each with 16 393 

electrophysiological features and 4 anatomical features, principal component 394 

analysis (PCA) was used to reduce the variation of the data into fewer 395 

dimensions. PCA was conducted using five selected electrophysiological and 396 

four anatomical measurements (see Materials and Methods). Since this diverse 397 

set of measurements vary greatly in mean and variance, all measurements were 398 

z-scored to standardize the PCA variables to a mean of 0 and variance of 1. To 399 

reduce the dimensionality of the data set, subsequent analyses used only the top 400 

four ranked principal components, which altogether accounted for80% of the 401 

variability in the data. The first four principal components accounted for 29.4%, 402 

24.7%, 16.7%, and 9.2% of the variability, respectively. The next five principal 403 

components accounted for 6.7%, 4.7%, 3.7%, 2.7% and 1.9% of variability, 404 
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respectively. The relationships among the four principal components have been 405 

plotted in Figure 4A. 406 

The resulting principal components were then used to group cells into 407 

distinct clusters. K-means clustering analysis was performed as described 408 

previously. Given that k-means clustering requires the number of clusters as an 409 

input, it was necessary to first determine the optimal number of clusters in which 410 

to divide the data set. K-means clustering was thus conducted on a range of 411 

cluster number inputs, from only 2 clusters to up to 16 clusters. For each cluster 412 

number input, a silhouette score was calculated for all cells. The silhouette score 413 

is a measure of the cluster “fit”: it is high when a data point (in this case a cell) is 414 

more similar to data points within its cluster than those outside of its cluster. The 415 

average silhouette score for all 106 interneurons in each of the 2-16 cluster k-416 

means analyses was calculated to validate the cluster “fit”, as shown in in Figure 417 

4Bi. The highest mean silhouette score was achieved when four clusters were 418 

assigned to the data set, suggesting that the analysis is optimal with four clusters.  419 

The resultant silhouette scores are shown in Figure 4Bii. 106The GAD2-PV 420 

cell distribution for these clusters is shown in Figure 4Biii. Cluster 1 has a total of 421 

30 cells, Cluster 2 has 29 cells, Cluster 3 has 16 cells, and Cluster 4 has 31 cells. 422 

Notably, the k-means clustering analysis placed all 26 PV+ cells in the data set 423 

into Cluster 2. The fact that all PV+ cells were placed in a single cluster and that 424 

the cluster itself was almost entirely (26 out of 29, 90%) comprised of verified 425 

PV+ cells lends further support to the PCA/k-mean clustering method used in this 426 

study. This result also suggests that PV+ cells are a very homogeneous group, 427 
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representing a relatively small fraction of the GABAergic cells, and anatomically 428 

and electrophysiologically distinct from the others. 429 

3.2.2 Hierarchical clustering 430 

We conducted UPGWA hierarchical clustering on the same 4-dimensional 431 

principal component anatomy/electrophysiology data used for k-means clustering 432 

in the study. Hierarchical clustering separated the 106 interneuron population into 433 

the dendrogram in Figure 5Ai, with each end point representing a single 434 

interneuron and the branch connections indicating linkages between interneurons. 435 

This created various levels (“hierarchies”) into which the population could be 436 

grouped. Any separation would be based on the minimum required linkage 437 

between interneurons for these interneurons to be grouped into the same cluster. 438 

By visual inspection, we tested a range of cutoff distances in order to yield 4 439 

clusters of similar sample sizes to the k-means clusters used in the study. We 440 

therefore set the cutoff at 60% of the maximum distance between any two 441 

interneurons in the population. The resulting 7 clusters are colored differently in 442 

Figure 5Ai. In order to adequately compare these clusters with those in the k-443 

means clustering analysis, we inspected all possible permutations (7!=5,040) for 444 

maximum overlap. This produced the corresponding k-means cluster labels for 445 

the hierarchical clusters shown in Figure 5Ai.  446 

The hierarchical clustering analysis had 82% overlap with the k-means 447 

clustering analysis, meaning 82% of interneurons were placed in the same 448 

cluster in both analyses. This result indicates substantial agreement in the results 449 

between both methods. The distributions for each clustering analysis are shown 450 
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in Figure 5Aii. Cluster 1 had 26 interneurons in hierarchical clustering, 91% of 451 

which were categorized into the k-means Cluster 1; in turn, there were 30 452 

interneurons in k-means Cluster 1, 70% of which were classified into hierarchical 453 

Cluster 1. The interneurons that were not classified into the same cluster are 454 

displayed as black lines leading to the corresponding cluster in Figure 5Aii. Both 455 

Cluster 2 populations contained all PV+ cells, as shown by the red whiskers 456 

indicating PV+ cells in Figure 5Aii. Hierarchical Cluster 2 had 31 interneurons, 457 

97% classified into k-means Cluster 2; in turn, k-means Cluster 2 had 29 458 

interneurons, all of which were classified into hierarchical Cluster 2. This shows a 459 

high degree of agreement in the predominantly PV+ Cluster 2. Cluster 3 in 460 

hierarchical clustering had 6 interneurons, all of which were classified in Cluster 3 461 

of the k-means analysis. The k-means Cluster 3 had 16 interneurons, only 38% 462 

of which were classified into Cluster 3 in hierarchical clustering (the theoretical 463 

maximum given the different group sizes).. Hierarchical Cluster 4 had 37 464 

interneurons, 82% of which were classified into k-means Cluster 4. This Cluster 465 

had 31 interneurons all of which were classified into hierarchical Cluster 4. 466 

3.2.3 Separate K-means clustering of anatomical and electrophysiological 467 

data  468 

We conducted separate analyses using only either anatomical or 469 

electrophysiological data using the same principal components analysis and k-470 

means clustering analysis as the study. We matched the resulting 4 clusters from 471 

each analysis to the combined, 4-cluster k-means analysis. 472 
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First, we compared the clustering results using either only the anatomy or 473 

electrophysiology data (Figure 1Bi). These distributions showed only a 58% 474 

overlap, suggesting that there is limited predictability for anatomy given 475 

knowledge of electrophysiology, and vice versa. 61% of anatomical Cluster 1 476 

cells (n=26) matched up with electrophysiological Cluster 1 (n=23), which in turn 477 

had 54% of its cells matched. Similarly, 69% of anatomical Cluster 2 cells (n=32) 478 

matched with electrophysiological Cluster 2 (n=29), of which 63% matched. 479 

Electrophysiological Cluster 2 had all of the PV+ cells, which indicates that these 480 

cells could be well clustered using only electrophysiological data. Anatomical 481 

Cluster 2, however, had a smaller fraction of PV+ (21 out of 26, 81%) cells, 482 

suggesting that anatomical data was not as clear cut a differentiator for PV+ cells. 483 

Anatomical Cluster 3 was small, with only 9 cells, only 6% of which matched with 484 

electrophysiological Cluster 3. This cluster had 16 cells, only 11% of which 485 

matched with anatomical Cluster 3. Overall Cluster 3 showed almost no 486 

correlation between its anatomy and its electrophysiology. Cluster 4 showed 487 

more correct matches between the anatomical (n=39, 71%) and the 488 

electrophysiological (n=38, 69%) distributions.  489 

We then inspected the similarity of each separate analysis to the combined 490 

distribution used in the study, as shown in Figure 5Bii. The anatomical 491 

distribution had 70% overlap with the combined distribution, whereas the 492 

electrophysiological cluster had 83% overlap with combined distribution. 493 

Anatomical clusters were matched with their corresponding combined clusters in 494 

proportions of 83%, 69%, 6% and 90% respectively. Electrophysiological clusters 495 
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were matched with their corresponding combined clusters in proportions of 78%, 496 

100%, 75% and 76% respectively.  497 

3.3 Description of the four interneuron groups 498 

3.3.1 Assigned groups express distinct electrophysiological/anatomical 499 

profiles 500 

The clustering method classified the data set into four interneuron groups 501 

with distinct combinations of anatomical and electrophysiological profiles. Table 2 502 

shows the average soma depth and the average axonal tree extent for each 503 

cluster. The average soma depth varies slightly among clusters, with most of the 504 

variance being within cortical layer 2. The average axonal extent, however, is 505 

distinct among clusters, with each cluster projecting to a different range of 506 

cortical layers. Table 2 also shows the electrophysiological characteristics of all 507 

the clusters. Overall, no two clusters show similar electrophysiological profiles; 508 

although for certain features two clusters may have distributions with substantial 509 

overlap, the combination of electrophysiological features for each cluster is 510 

unique.  511 

3.3.2 Cluster 1: layer 2/3-projecting slow-firing interneurons 512 

Cluster 1 interneurons (n=30) have somas throughout layers 2 and 3, with 513 

an average depth of 327.0±14.2 μm. Their axonal projection reach layers 2 and 3, 514 

and their average axonal extent is the deepest of all clusters at 296.4±21.5 μm 515 

(p<0.01) for its most superficial extent and 446.4±23.0 μm (p<0.05) for its 516 

deepest extent. The average axonal width is narrower (p<0.01) than Cluster 2 517 

and 4 at 361.4±21.7 μm. Several examples of interneurons belonging to this 518 
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cluster are shown in Figure 6, with all somas and axonal trees shown in Figure 519 

6Ai and four reconstructions in Figure 6Bi-iv.  520 

Cluster 1 is similar to Cluster 4 electrophysiologically, with a slow firing rate 521 

and flat F-I relationship. The interneurons in this cluster had both the lowest F-I 522 

gain at 153.0±18.9 Hz/nA (p<0.01 with respect to Clusters 2 and 3) and peak 523 

firing frequency at 57.4±5.1 Hz (p<0.01 with respect to Clusters 2 and 3). The 524 

average input resistance of Cluster 1 interneurons is 220.2±12.3 MΩ, the second 525 

highest and significantly different than Clusters 2 and 4 (p<0.05). The mean 526 

falling (rising) time constant is 13.7±0.8 ms (14.1±0.8 ms), significantly longer 527 

than in Cluster 2 (p<0.01) and shorter than in Cluster 3 (p<0.01) but not 528 

significantly different from neurons in Cluster 4. The resting membrane potential 529 

for Cluster 1 interneurons averaged at -66.3±1.0 mVm more depolarized than 530 

Cluster 2 (p<0.01) but more hyperpolarized than Cluster 3 (p<0.01). The mean 531 

rheobase was 185.7±15.7 pA, lower than both Clusters 2 and 4 (p<0.05). The 532 

average lowest firing rate was 10.6±2.3 Hz. The mean firing threshold is -533 

38.7±0.9 mV, not significantly different to any other cluster. The AP rise time 534 

average for Cluster 1 interneurons is 0.273±0.006 ms, and its AP half-width is 535 

1.085±0.034 ms, significantly greater than in Cluster 2 (p<0.01). A sample spike 536 

shape from a Cluster 1 interneuron is shown in Figure 7Aii. Cluster 1 neurons 537 

have the shallowest spike AHP of all clusters except Cluster 3 at 16.2±1.0 mV 538 

(p<0.01). They have a smaller change in impedance between -80 mV and the 539 

perithreshold region than Clusters 2 and 3 (p<0.01), with an average percent 540 

change of 64.8±10.6 (%). The average sag ratio for the interneurons of this 541 
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cluster is 0.936±0.006. The adaptation ratio averages 0.783±0.153. In all, the 542 

interneurons in Cluster 1 are characterized by axonal projections throughout 543 

layers 2 and 3 and the slowest firing rates of all interneuron clusters except 544 

Cluster 4. The interneurons are differentiated from Cluster 4 mainly by their 545 

greater input resistances and time constants. 546 

3.3.3 Cluster 2: layer 2/3-projecting fast-firing interneurons 547 

Cluster 2 is the only cluster containing PV+ interneurons, which comprise 548 

26 out of the 29 cells in this group. Somas of cells in Cluster 2 are located 549 

throughout layers 2 and 3, with an average depth of 304.9±16.1 μm. Like those 550 

from Cluster 1, Cluster 2 axonal projections are located mainly throughout layers 551 

2 and 3. The most superficial/deepest axonal projections are on average 552 

168.4±19.8 μm and 298.0±16.4 μm respectively, which places them significantly 553 

more superficial than those from Cluster 1 cells (p<0.01). Average axonal width is 554 

513.0±12.8 μm. Figure 7Ai shows all axonal trees for this cluster, and in Figure 555 

7Bi-iv there are several examples of 2-photon reconstructions. 556 

Cluster 2 interneurons are predominantly fast-spiking, in agreement with 557 

previous findings on PV+ cells (Jones and Bühl, 1993). The interneurons in this 558 

cluster have a very high peak firing rate of 279.2±8.6 Hz, significantly higher than 559 

cells from all other clusters (p<0.01) and 250% greater than the next highest 560 

spiking firing cluster (Cluster 3 at 111.5±8.4 Hz). The average input resistance of 561 

Cluster 2 interneurons is 85.7±5.1 MΩ, by far the lowest of all clusters (p<0.01). 562 

The resting membrane potential for Cluster 2 interneurons averaged at -71.4±1.0 563 

mV, more hyperpolarized than all other clusters (p<0.05). The mean rheobase 564 
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was 380.7±22.2 pA, lower than all other clusters (p<0.05). The lowest firing 565 

frequency is significantly higher than all other clusters at 79.1±8.6 Hz (p<0.01). 566 

The falling (rising) time constant is also smaller than all other clusters (p<0.01) at 567 

5.1±0.2 ms (5.2±0.2 ms); as are the AP half-width (0.526±0.010 ms, p<0.01) and 568 

the AP rise time (0.192±0.003, p<0.01). A sample spike shape from a Cluster 2 569 

interneuron is shown in Figure 7Aii. Its 19.9±0.5 mV spike AHP is similar to those 570 

from Clusters 3 and 4, but significantly greater than AHPs from Cluster 1 571 

(p<0.05). Despite its fast firing rate, the F-I gain is only the second highest of the 572 

four clusters at 281.9±15.8 Hz/nA, greater than in Cluster 1 and 4 (p<0.01 for all 573 

comparisons). The percent change in impedance exhibited in Cluster 2 neurons 574 

is 133.1±12.7 (%), similar to results from Cluster 3 but greater than those in 575 

Clusters 1 and 4 (p<0.01). The average sag ratio is 0.945+0.004, and the 576 

adaptation ratio is 0.878±0.007, significantly larger than in Cluster 1 (p<0.01) and 577 

less than Clusters 3 (p<0.01) and 4 (p<0.05). The key features of the 578 

interneurons of Cluster 2 are expression of PV, axonal projections throughout 579 

layers 2 and 3, the most hyperpolarized resting membrane potential, and the 580 

fastest firing rate and lowest input resistance of all interneuron clusters.  581 

3.3.4 Cluster 3: layer 1/2-projecting interneurons 582 

Cluster 3 interneurons (n=16), like the first two clusters, have somas 583 

throughout layers 2 and 3. The average soma depth in Cluster 3 is 274.6±19.7 584 

μm. Cluster 3 axonal projections extend mainly through layers 1 and 2. The 585 

average axonal extent of Cluster 3 interneurons is similar to that from Cluster 2 586 

interneurons at 107.0±33.2 μm in its superficial extent and 318.0±35.6 μm in its 587 
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deep extent (more superficial than in Cluster 1, p<0.05). Its anatomical profile is 588 

not significantly different from Cluster 2 in any respect. Its axonal tree average is 589 

440.6±30.8 μm.. Cluster 3 is the smallest cluster, having only 16 cells. All the 590 

axonal trees for this cluster are shown in Figure 8Ai, and several 2-photon 591 

reconstruction examples are shown in Figure 8Bi-iv.  592 

Cluster 3 interneurons have the highest input resistance (274.4±14.9 MΩ) 593 

of any cluster (p<0.01) except Cluster 1. Cluster 3 interneurons also have the 594 

steepest F-I gain of all clusters except Cluster 2 at 373.9±51.4 Hz/nA (p<0.01). 595 

The average falling (rising) time constant is 15.8±0.9 ms (16.2±1.0 ms), greater 596 

than Clusters 1 and 2 (p<0.01). The resting membrane potential for Cluster 3 597 

interneurons averaged at -55.5±2.1 mV, more depolarized than all other clusters 598 

(p<0.01). The mean rheobase was 118.8±12.3 pA, significantly lower than 599 

Clusters 2 and 3 (p<0.01). The firing threshold is -40.8±1.1 mV, more 600 

hyperpolarized than Clusters 2 and 4 (p<0.05). The AP half-width (0.832±0.067 601 

ms) is significantlygreater than Cluster 2 (p<0.01) but less than Cluster and 4 602 

(p<0.05). The AP rise time is 0.253±0.013 ms, and the spike AHP 19.3±1.0 mV.  603 

A sample spike shape from a Cluster 3 interneuron is shown in Figure 8Aii. The 604 

peak firing rate is 111.5±8.4 Hz, higher than Cluster 1 but less than Cluster 2 605 

(p<0.01). The lowest firing rate is 13.6±2.7 Hz. The change in impedance for 606 

Cluster 3 is 136.5±15.7 (%). Cluster 3 has the lowest sag ratio at 0.888±0.013 607 

(p<0.05), the only sag ratio to be significantly different compared to other clusters. 608 

The average adaptation ratio was 1.335±0.730, significantly greater than Cluster 609 

2 (p<0.05). Cluster 3 interneurons are defined by their axonal projections 610 
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restricted mainly to layer 1 and 2, as well as having the most depolarized resting 611 

membrane potential and a relatively high input resistance and F-I gain. 612 

3.3.5 Cluster 4: layer 1-projecting interneurons 613 

Cluster 4 interneurons (n=31) have the most superficial somas of any 614 

cluster (p<0.01). At an average soma depth of 191.6±8.9 μm, Cluster 4 615 

interneuron somas are located throughout layers 1 and 2. This cluster’s axonal 616 

projections are mainly limited to layer 1, with its average deepest axonal extent 617 

being the most superficial of than Cluster 1 (252.9±25.7 μm, p<0.01). The 618 

average most superficial axonal extent is 114.0±25.2 μm and the axonal width is 619 

472.2±20.1 μm. The entire population of somas and axonal extents is shown in 620 

Figure 9Ai, and several examples of 2-photon reconstructions for Cluster 4 621 

interneurons are shown in Figure 9Bi-iv. 622 

Most of the electrophysiological features for these layer 1-projecting 623 

interneurons do not lie at either extreme among the clusters. Input resistance is 624 

155.1±6.2 MΩ, greater than in Cluster 2 (p<0.01) but less than in Clusters 1 625 

(p<0.05) and 3 (p<0.001). The resting membrane potential for Cluster 4 626 

interneurons averaged at -66.8±1.1 mV, between Clusters 2 and 3 (p<0.05). The 627 

mean rheobase was 262.6±13.2 pA, greater than Clusters 1 and 3 (p<0.05) but 628 

less than Cluster 2 (p<0.05). The average F-I gain is 162.0±13.0 Hz/nA, less than 629 

Clusters 2 and 3 (p<0.01), Average peak firing rate is 75.3±5.6 Hz, less than in 630 

Cluster 2 (p<0.01). The average lowest firing frequency is 13.9±2.3 Hz, similar to 631 

that of Cluster 1 and 3. The Cluster 4 average falling (rising) time constant is 632 

8.9±0.4 ms (9.5±0.4 ms), and firing threshold is -35.6±1.0 mV. The AP rise time 633 
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is (0.292±0.009 ms). The AP half-width is 1.151±0.047 ms, greater than those of 634 

Clusters 2 (p<0.01) and 3 (p<0.05). A sample spike shape from a Cluster 4 635 

interneuron is shown in Figure 9Aii. The spike AHP is 20.8±0.7 mV. The percent 636 

change in impedance is 51.6±9.2 (%), lower than Clusters 2 and 3 (p<0.01). 637 

Finally, the sag ratio for Cluster 4 is 0.936±0.008, and the adaptation ratio is 638 

0.917±0.153. Overall, Cluster 4 interneurons are characterized by their 639 

superficial somas and axonal projections that are relatively limited to layer 1, with 640 

electrophysiological features at neither extreme among the interneuron clusters. 641 

 642 

4 Discussion 643 

Having systematically characterized 106 interneurons in the superficial 644 

MEC, we have found that this interneuron population is best classified into four 645 

distinct groups, based on their anatomical and electrophysiological 646 

characteristics. In anatomical classifiers, the laminar extent of axonal projection 647 

and the somatic depth of interneurons were emphasized. For electrophysiological 648 

classification, input resistance, peak firing rate, rising time constant, change in 649 

impedance and F-I gain were used. The resulting interneuron groups are layer 650 

2/3-projecting, slow-firing neurons; layer 2/3-projecting, fast-firing neurons 651 

(mainly PV+); layer 1/2-projecting interneurons; and layer 1-projecting 652 

interneurons. The anatomical and electrophysiological characteristics of each of 653 

the interneuron groups are described in Table 2 and summarized in Figure 10. 654 
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4.1 Clustering anatomical and electrophysiological data 655 

The clustering method for interneuron data used principal component 656 

analysis to reduce the 9-dimensional parameter space into four orthogonal 657 

dimensions (principal components) with maximized variance (Jolliffe, 2002). 658 

Multidimensional clustering was then performed on the first four principal 659 

components and silhouette scores were used to determine optimal cluster 660 

number. This method is similar to previous approaches to neuronal classification 661 

(Cauli et al., 2000; Dumitriu et al., 2006; Helm et al., 2013; Krimer, 2005). This 662 

study is the first, to our knowledge, to combine both anatomical and 663 

electrophysiological characteristics in the analysis, as opposed to using only 664 

electrophysiological data (Helm et al., 2013; Krimer, 2005) or conducting 665 

clustering analyses for different types of data separately and evaluating 666 

correlations (Cauli et al., 2000; Dumitriu et al., 2006).  This method is often used 667 

to differentiate between cell types within distinct molecular subgroups, such as 668 

parvalbumin-positive or somatostatin-positive interneurons (Halabisky, 2006; Ma, 669 

2006; McGarry, 2010). Our dataset included cells from the general GAD2+ 670 

population and the specific molecular PV+ subgroup, and the clustering method 671 

was capable of differentiating the two populations using only electrophysiological 672 

and anatomical characteristics. 673 

Anatomical classification used axonal properties and excluded dendritic 674 

properties. Our approach was based on the clustering system for GABAergic 675 

interneurons proposed in DeFelipe et al., 2013. This system places greater 676 

importance in the location and spread of axonal arborization of GABAergic 677 
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interneurons for the purpose of classification. Axonal projections form the basis 678 

for circuit connectivity and thus basing interneuronal classification on axonal 679 

geometry provides a pragmatic solution to describe the consequential anatomical 680 

characteristics of interneurons, avoiding the complexities introduced by including 681 

dendritic structure. 682 

Two distinct methods of unsupervised clustering were used in the study, k-683 

means clustering and hierarchical clustering. The k-means method produces 684 

independent groupings with no explicit relationship between the different 685 

clusters. In order to yield the optimal grouping, the k-means method requires 686 

several trials randomizing initialization conditions. The hierarchical method 687 

measures the relationship between each cell in the dataset and iteratively 688 

groups them into larger and larger groupings. Unlike the k-means clustering 689 

method, hierarchical clustering produces interrelated groupings and does not 690 

require predetermining the number of groupings in the dataset. In this study, the 691 

results of the k-means clustering were compared to those of hierarchical 692 

clustering to check whether the limitations of k-means clustering were 693 

significantly affecting the grouping outcome. Hierarchical clustering showed 694 

substantial similarity with k-means clustering, with an overlap of 82% between 695 

both analyses. This result lends support to the k-means clustering method used 696 

in the study, as similar results could be obtained using a different clustering 697 

method without the above-mentioned limitations. It is important to note that the 698 

hierarchical clustering method produces 7 clusters, as opposed to 4, which 699 

meant that 6 of the 106 interneurons were not matched to corresponding k-700 
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means clusters. This set a ceiling of 94% on the possible overlap between the 701 

two distributions.   702 

Anatomical and electrophysiological clustering comparisons suggest there 703 

is only limited (58%) overlap between the separate anatomical and 704 

electrophysiological profiles of the interneuron population. Cluster 1 was in both 705 

distributions the largest cluster and showed higher than average amount of 706 

overlap. Cluster 2, as the cluster containing many PV+ cells, also showed 707 

higher overlap than average. Cluster 3 , however, showed close to no overlap. 708 

The greater disparity in cluster size in both the anatomical and 709 

electrophysiological distributions suggest that these data sets do not conform 710 

particularly to the division into 4 clusters, but rather may be better fit to 3 711 

clusters. This result itself suggests that while combining the two data types 712 

yields 4 distinct profiles of interneurons, anatomy or electrophysiology alone 713 

would not predict the same number of clusters. Electrophysiological clustering 714 

grouped all but one PV+ cell into the same cluster; however anatomical 715 

clustering had 6 PV+ cells assigned to other clusters. Electrophysiology, thus, 716 

may be a more reliable predictor of PV expression than anatomy. When 717 

comparing the separated analyses to the combined analysis distribution, we 718 

observed that the anatomical distribution had a 70% overlap with the combined 719 

distribution, whereas the electrophysiological distribution had a 83% overlap.  720 

4.2  GAD2+ and PV+ populations 721 

Previous immunostaining work has found that PV+ interneurons make up 722 

approximately 50% of the GAD+ population in the superficial MEC (Miettinen et 723 
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al., 1996). However, analysis of the GAD2+ interneurons characterized in this 724 

cluster found a very small percentage of interneurons exhibiting characteristic 725 

PV+ electrophysiological/anatomical profiles. The clustering analysis yielded only 726 

3 interneurons out of 96 that were taken to be anatomically and 727 

electrophysiologically similar to PV+ interneurons by being placed in Cluster 2. 728 

This discrepancy may be explained by issues in the transgenic technique used in 729 

this study. PV+ cells may also have been preferentially lost during slicing as 730 

compared with GAD2+ cells. GAD2+/tdTomato fluorescence in PV+ neurons may 731 

have been lower than in neighboring cells, discouraging patching of PV+ cells. 732 

Fortunately, the addition of separate PV+ transgenic animals into the study 733 

compensated in part for the relative paucity of PV+ in the GAD2+ patched cell 734 

population. 735 

4.3 Cluster 1  736 

The interneurons of Cluster 1 have somas located throughout layers 2 and 737 

3; their axonal projections reach into layers 2 and 3, with some neurons having 738 

axons projecting into the lamina dessicans (layer 4). Previous anatomical studies 739 

have identified MEC layer 2/3 interneurons with similar anatomical characteristics 740 

as pyramidal-looking interneurons (Kumar and Buckmaster, 2006), multipolar 741 

cells (Gloveli et al., 1997), and bipolar cells (Wouterlood et al., 2000). Pyramidal-742 

looking interneurons in the MEC layer 3 described by Kumar and Buckmaster 743 

(2006) have axonal projections mostly concentrated around the cell body in layer 744 

3 and projecting superficially in layer 2, a feature present in some Cluster 1 cells 745 

(see Figure 7A). They are described as having high input resistance (382±47 746 
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MΩ), whereas the population average for Cluster 1 neurons is also high relative 747 

to other clusters (220.2±12.3 MΩ). Gloveli et al. (1997) in turn described 748 

pyramidal-looking interneurons in MEC layer 3 as having much lower input 749 

resistances of 50.6±5 MΩ, although they maintained their previously mentioned 750 

layer 2/3 axonal projections.  The relatively low input resistances measured by 751 

Gloveli et al. (1997) are likely due to their use of sharp electrodes (as opposed to 752 

the patch electrodes used in this study), which have been shown to reduce the 753 

input resistance in a cell by 20-40% (Li, 2004). Overall, these results suggest that 754 

a significant portion of Cluster 1 cells are pyramidal-looking interneurons. 755 

Multipolar cells are described similarly by Gloveli et al. (1997), with a low input 756 

resistance of 36.8±3.3 MΩ. Unlike the pyramidal-looking interneurons, the axonal 757 

projections of these interneurons project further into layer 2 and can project onto 758 

layer 1, in addition to projecting intralaminarly in layer 3. This cell type contains 759 

somatostatin (SOM) and cholecystokinin (CCK) positive cells (Wouterlood and 760 

Pothuizen, 2000), and like the pyramidal-looking interneuron is also likely 761 

represented within the Cluster 1 population. Finally, MEC layer 3 bipolar cells 762 

described by Wouterlood et al. (2000) may be included in the Cluster 1 763 

population as the cells having narrower axonal widths that can project deeper 764 

into the lamina dessicans. Cluster 1 neurons account for the superficial MEC’s 765 

deeper-projecting interneurons that generally have lower firing rates and F-I 766 

gains. This differentiates them from the fast-firing layer 2/3-projecting 767 

interneurons and suggests that they play different roles in local circuit modulation. 768 
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4.4 Cluster 2   769 

The second cluster described in this study is made up almost entirely of 770 

PV+ interneurons. The 4 out of 30 cells that are not verified to be PV+ may 771 

indeed be PV+, as the GAD2+ marker also covers the PV+ cell population 772 

(Miettinen et al., 1996). In the MEC, the population of PV+ neurons with somas 773 

located in layer 2 (as is the case with most Cluster 2 neurons) contains basket 774 

cells and chandelier cells (Canto et al., 2008). Basket cells in the MEC were first 775 

described by Jones and Bühl (1993), who through unaided patching over several 776 

years successfully characterized 12 basket cells, both anatomically and 777 

electrophysiologically. In the anatomical description, they described cells with 778 

axonal projection mostly within layer 2, as we see for Cluster 2 neurons. 779 

Electrophysiologically, they described the PV+ interneurons as fast-spiking, and 780 

Cluster 2 neurons are the fastest spiking population in the present corpus. 781 

Additionally, the basket-like interneurons had action potential half-widths of 0.51 782 

+ 0.05 ms, very similar to the AP half-widths of Cluster 2 neurons of 0.526 + 783 

0.010 ms. Finally, the cells in Cluster 2 were very likely to exhibit type 2 F-I 784 

relationships as shown by having a significantly higher lowest firing frequency 785 

than all other clusters. The large minimum firing rate discontinuity is often 786 

associated with fast-spiking PV+ cells (Mancilla et al., 2007). These cells are 787 

likely to make up the bulk of the Cluster 2 interneuron population. MEC horizontal 788 

chandelier cells, named for their vertically oriented axonal aggregations, have 789 

been described having a vertical axonal extent 100-200 μm long (Cluster 2 790 

average is approximately 120 μm); the horizontal extent is usually 250-350 μm 791 
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wide (Cluster 2 average is 513.0±12.8 μm, though some are narrower than 350 792 

μm) (Soriano et al., 1993). By visual inspection, chandelier cells comprise a 793 

smaller fraction of the cells in Cluster 2 than basket cells. 794 

Clusters 1 and 2 have similar anatomical distributions (axonal projections 795 

mainly in layers 2 and 3) and so are mainly distinguished by their temporal 796 

dynamics. Cluster 1 cells have lower firing rates, lower F-I gains and larger time 797 

constants than Cluster 2 cells. What role might these two interneuron populations 798 

play in the superficial MEC? First, fast-firing PV+ neurons like those in Cluster 2 799 

have already been shown to mediate stellate-to-stellate cell connectivity (Couey 800 

et al., 2013), provide grid cell-driven recurrent inhibition to the local circuit 801 

(Buetfering et al., 2014), and drive theta-nested gamma oscillations (Pastoll et al., 802 

2013). Second, cortical circuits throughout the brain receive a large dynamic 803 

range of excitatory inputs, input which is then balanced by an increase in 804 

inhibitory inputs (Borg-Graham et al., 1998; Monier et al., 2003; Wehr and Zador, 805 

2003). This coordination occurs over a large dynamic range, meaning the 806 

inhibitory dynamics of each circuit is capable of matching excitatory input across 807 

this same temporal range. The existence of slow-firing (Cluster 1) and fast-firing 808 

(Cluster 2) inhibitory interneurons with axonal projections within the same layers 809 

may thus serve to provide enough sensitivity and dynamic range to address the 810 

heterogeneous multimodal inputs that the MEC receives, facilitating the spatial 811 

navigation functions that have been described in layers 2 and 3. Third, 812 

optogenetic stimulation of either the PV+ cell populations (as in Cluster 2) and 813 

SOM+ populations (as are likely present in Cluster 1) have been shown to 814 
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produce ictal discharges in vitro in the superficial MEC (Yekhlef et al., 2015). 815 

Kumar and Buckmaster (2006) also showed that rats treated with pilocarpine 816 

showed reduced levels of these two cell types, which directly resulted in hyper-817 

excitability of layer 2 stellate cells. Dysfunction of cells within Clusters 1 and 2 818 

may thus play an important role in epilepsy. 819 

4.5 Cluster 3 820 

Cluster 3 interneuron somas are mainly located in the layer 2 somas and 821 

have axonal projections into layer 1 and layer 2. Anatomical studies have 822 

described MEC and lateral entorhinal cortex cells with similar anatomical 823 

characteristics as multiform neurons, with axons similarly projecting into the white 824 

matter (layer 1) and intralaminarly in layer 2 (Tahvildari and Alonso, 2005). 825 

Electrophysiological characterization of these cells in the LEC by Tahvildari and 826 

Alonso (2005) showed cells with similar time constants (15.8±0.9 ms in this study, 827 

where they showed 20.7±1.32 ms) and peak firing rates (111.5±8.4 Hz compared 828 

to approximately 125±30 Hz). The average firing threshold they measured in the 829 

LEC was slightly more depolarized (-45.8±0.5 mV) than that measured in this 830 

study in the MEC (-40.8±1.1 mV); input resistance was also considerably lower in 831 

the LEC (55.7±6.85 MΩ) than in the MEC (274.4±14.9 MΩ). However, their study 832 

used sharp electrodes which introduce leak conductances to the cell membrane 833 

(~6 MΩ versus 80-120 MΩ).  The cells of Cluster 3 may therefore be related to 834 

the multiform cells electrophysiologically characterized in the LEC and 835 

anatomically described in the MEC, though to our knowledge never previously 836 

described electrophysiologically. Being the cluster with the smallest sample size 837 
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and most heterogeneous anatomical distribution, it is difficult to ascertain what 838 

role Cluster 3 interneurons may play in the MEC. They have the second fastest 839 

peak firing rate and steepest F-I gain to the PV+ Cluster 2 cells. Given that 840 

Cluster 3 and Cluster 4 both project into layer 1, the relatively slower firing rate of 841 

Cluster 4 cells suggest that these two populations play the same fast/slow 842 

complementary role that Clusters 1 and 2 play in layers 2 and 3, increasing the 843 

range of inhibitory responses available to respond to excitatory inputs. 844 

Neurons in both Cluster 2 and Cluster 3 show an increase in impedance as 845 

they approach threshold, averaging approximately at 35% increase from rest to 846 

the subthreshold. This phenomenon has been described in Economo et al., 2014, 847 

and may be due to a persistent sodium conductance that is activated as the cell 848 

is depolarized in the subthreshold regime. The presence of this effect suggests 849 

that inputs to Cluster 3 and 4 neurons are amplified if they arrive when the 850 

membrane potential is near threshold. 851 

4.6 Cluster 4 852 

The fourth cluster describes cells with somas in layer 1 (near the layer 1/2 853 

border) and axonal projections mostly restricted to layer 1 with a horizontal extent 854 

on average 472.2±20.1 μm. Neurons with these anatomical characteristics have 855 

been described previously as both horizontal cells (Germroth et al., 1989) and 856 

multipolar cells (Wouterlood et al., 2000). Horizontal cells have been shown to 857 

express cholecystokinin (CCK) in the MEC (Schwerdtfeger et al., 1990), whereas 858 

layer 1 multipolar cells in the MEC have been described as calretinin (CR) 859 

positive (Wouterlood et al., 2000). Both cells have been described as having at 860 
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least one axonal projection into the deeper layers of the MEC, a feature that was 861 

observed in several examples of the Cluster 4 neurons.  Although Canto and 862 

Witter (2012) electrophysiologically characterized layer 1 horizontal and 863 

multipolar MEC neurons, their study was focused on principal cells and discarded 864 

interneuron-like cells (with shorter AP half-widths) from their analysis. Therefore, 865 

to our knowledge, this is the first characterization of these GABAergic, MEC-layer 866 

1 projecting cells. Layer 1 interneurons have been suggested to play a delayed 867 

feedback role in cortical computation (Zhou and Hablitz, 1996). Basically, as 868 

excitatory inputs arrive from other brain regions and excite pyramidal cells and 869 

stellates cells in layers 2 and 3, interneurons in layer 1 may also be excited 870 

(either directly by the excitatory inputs or indirectly via principal cells) and inhibit 871 

the dendritic branches of the superficial MEC principal cells. Given the larger 872 

extentof their axonal projections, it is possible that input to one of these layer 1 873 

interneurons has an effect over a wide area. These may mean inhibitory input 874 

onto other layer 1 cells (disinhibition) or inhibitory input onto the dendrites of 875 

principal cells in other cortical columns. Further work would be required to 876 

understand the specific role these layer 1-projecting Cluster 4 neurons play in the 877 

MEC.  878 

4.7 Previous findings and future directions 879 

This study emphasizes intrinsic electrophysiological properties and axonal 880 

projections in the classification of medial entorhinal cortex interneurons. Ferrante 881 

et al. (2016) took a complementary approach, analyzing MEC interneurons using 882 

several molecular identifiers, including somatostatin, RCan2, 5HTR3a, and VIP. 883 
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Like our method, the approach of Ferrrante et al. (2016) was effective but 884 

included misidentifications; their five electrophysiological parameters together 885 

predict biomarker identity with 81% accuracy. Some of these misidentifications 886 

may arise from cells that share molecular markers but have different axonal 887 

projection patterns and, conceivably, different electrophysiological properties. 888 

Our clusters correspond only partially with those of Ferrante and colleagues. 889 

The PV+ interneuron groups in both studies (RCan2 in Ferrante et al. 2016; 890 

Cluster 2 in this study) were characterized by the lowest input resistance, time 891 

constant, and action potential half-width and highest peak firing rate when 892 

compared to all other interneuron groups. Comparisons with other groups are 893 

more difficult. Cluster 1 shares several electrophysiological characteristics with 894 

their somatostatin group, displaying an adaptation ratio of approximately 0.65; 895 

however our action potential half-widths and time constants for Cluster 1 are 896 

more similar to those of their 5HTR3a interneuron groups. Our Cluster 3 was 897 

more similar to their somatostatin group, exhibiting similar action potential half-898 

width, adaptation ratio, and time constant characteristics. Cluster 4 does not 899 

share an electrophysiological profile with any of the molecular groups in Ferrante 900 

et al. (2016). None of the clusters in this study showed as low adaptation ratios 901 

as the 5HTR2a interneuron groups, which suggests that these interneuron types 902 

were either not covered in the GAD2+ or PV+ cells of this study or are distributed 903 

across different clusters. Together, our paper and Ferrante et al. (2016) allow 904 

one to make strong predictions of molecular identity and axonal projection 905 
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pattern based on a rather complete electrophysiological profile, but with some 906 

ambiguity and a 10-20% possibility of a mistaken classification.  907 

Our findings point toward several avenues for future research. For example, 908 

the interplay between the slow-firing and fast-firing interneuron populations of 909 

layers 2 and 3 is a promising target for understanding the grid cell mechanism. 910 

Selective optogenetic manipulation of PV+ and SOM+ populations in vivo may 911 

help explain how the superficial MEC responds to very heterogeneous inputs and 912 

generates grid fields. Anatomical work on the layer 1-projecting cells in this study 913 

would explain where this interneuronal population receives inputs (whether 914 

mainly from other brain regions or local principal cells) and where its main output 915 

targets lie (whether mainly principal cell dendrites or other layer 1 interneurons). 916 

Furthermore, spatial variations in interneuronal physiology along the MEC’s 917 

dorsoventral axis (DVA) could provide vital clues as to the cortical mechanisms 918 

behind spatial navigation. Grid field spacing has been shown to increase along 919 

the DVA (Hafting et al., 2005). This decrease is matched by a decrease of PV+ 920 

inputs and an increase in non-PV+ inputs onto the MEC principal cells (Beed et 921 

al., 2010), so there exists an inhibitory gradient along the DVA. Given the known 922 

spatial correlates along the DVA, uncovering differences in interneuron 923 

physiology (for any of the interneuron populations) between the dorsal end 924 

interneurons characterized in this study and the unstudied ventral end 925 

interneuronal population would be of particular value to the field.  926 
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 1094 

6 Figure Legends 1095 

Figure 1 – MEC interneuron electrophysiological and anatomical 1096 

characterization 1097 

Ai: Depolarizing current was injected to elicit firing and resulting action 1098 

potentials (AP) were characterized.  AP half-widths are measured at half the 1099 

height of the AP (using the AP initiation upstroke, or “knee”, as the base).  The 1100 

duration between passing the half-height on the depolarizing phase and passing 1101 

the half-height on the hyperpolarizing phase is the AP half-width.  The 1102 

afterhyperpolarizing potential (AHP) is measured as the membrane potential 1103 

difference between the AP “knee” and the most hyperpolarized membrane 1104 

potential immediately following the AP. Aii:  One second long hyperpolarizing 1105 

pulses are injected to hyperpolarize the cell from -70 mV to approximately -80 1106 

mV.  The resulting voltage deflection ΔV is divided by the injected current ΔI to 1107 

calculate the input resistance.  The sag ratio was defined as ΔV /(sag+ ΔV). Aiii: 1108 

The frequency-current (F-I) relationship was described injecting progressively 1109 

increasing current pulses and measuring the resulting firing rate.  The slope 1110 

between the first non-zero F-I trial and the peak firing trial is the F-I gain.  The 1111 

fastest firing rate elicited by the current pulses is the peak firing rate. Aiv: The 1112 

impedance spectra are measured at both -80 mV and near threshold are used to 1113 

calculate the impedance change.  The impedance between 1 Hz and 10 Hz of 1114 

the perithreshold spectrum is divided by the same impedance band of the rest 1115 
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spectrum.  The dashed line indicates the upper band for the impedance change 1116 

calculation, 10 Hz. Bi: A z-stack projection of a biocytin filled, Alexa 488 labelled 1117 

MEC interneuron is used to determine the location of the soma and estimate the 1118 

extent of the axonal tree. Bii: The neuron in Bi is described using a diamond to 1119 

indicate the depth of the soma (relative to the pial surface) and a rectangle to 1120 

describe the laminar and columnar extent of the neuron’s axonal projection, both 1121 

in red.  Dashed line indicate the average depth of layers 1, 2 and 3.  This neuron 1122 

has a soma at the layer 1/2 border (approximately 200 μm deep), and its axonal 1123 

tree extends from approximately 170 μm to 350 μm in depth and is approximately 1124 

500 μm wide. 1125 

Figure 2 – Immunohistochemical validation of transgenic mouse lines 1126 

A Representative image showing overlap of GAD2 labeling with tdTomato cells 1127 

of transgenic mice. The great majority of the tdTomato-positive cells are labeled 1128 

for GAD2 as well (91.2% of 74 cells counted; n=2 animals). Scale bar 1129 

corresponds to 25 μm.  B Representative image showing overlap of staining for 1130 

PV with tdTomato cells. Nearly all tdTomato-positive cells are labeled for PV as 1131 

well (97% of 74 cells counted; n=2 animals).  Scale bar corresponds to 15 μm. 1132 

Figure 3 – Histogram distributions for electrophysiological and anatomical 1133 

characteristics 1134 

The distributions of the 20 electrophysiological and anatomical characteristics 1135 

for all 106 superficial MEC interneurons are displayed in histogram form, with 1136 

each characteristic binned into 12 groups.  1137 
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Figure 4 – Principal component and k-means clustering analysis  1138 

A The first four principal components of combined electrophysiological and 1139 

anatomical data are plotted in all possible combinations.  These four principal 1140 

component dimensions were used to conduct k-means clustering analysis.  1141 

Cluster 1 is cyan, cluster 2 is blue, cluster 3 is magenta and cluster 4 is in black.  1142 

Bi In order to determine the optimal number of clusters for k-means clustering, 1143 

the average silhouette score (measure of distance for within-cluster points 1144 

compared to outside-of-cluster points) was calculated for k-means clustering 1145 

analyses using between 2 and 16 clusters.  The highest silhouette score was 1146 

achieved using four clusters, suggesting that this is the optimal cluster number. ii 1147 

The silhouette value (score) for each point is shown in their corresponding cluster.  1148 

Low or negative silhouette values indicate points that fit poorly within its cluster.  1149 

iii In a 4 cluster analysis, parvalbumin positive (PV+) cells were located entirely 1150 

in cluster 2, with 26 out of 29 cells being PV+.  This again suggests that using 1151 

four clusters for the k-means clustering analysis is optimal.  1152 

Figure 5 – Comparison of different clustering methods: k-means clustering 1153 

vs. hierarchical clustering, combined vs. separate anatomical and 1154 

electrophysiological analysis 1155 

A UPGWA hierarchical clustering using combined anatomical and 1156 

electrophysiological data yielded similar results to k-means clustering. i UPGWA 1157 

hierarchical dendrogram separates the 106 interneurons sequentially by the least 1158 

squared Euclidean distance.  Each branching point represents the splitting of a 1159 

cluster into two clusters, until the clusters are comprised of single neurons.  Each 1160 
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end point thus represents a single interneuron.  Branch points above the height 1161 

of 2.8 (a.u.), in this case representing 52% of the maximum distance in the 1162 

population, are considered to represent distinct clusters.  These resulted in 8 1163 

different clusters.  In order to match up these clusters with those derived from the 1164 

k-means clustering analysis, all possible permutations were tested.  The 1165 

permutation with maximum overlap, shown per the labels for each cluster, was 1166 

used for further analysis. ii The clustering distribution for hierarchical clustering is 1167 

shown on the left bar, with each color corresponding to the branch on the 1168 

dendrogram.  The four clusters with less than 4 interneurons were grouped into 1169 

the gray “Other” category.  The clustering distribution for the k-means clustering 1170 

is shown on the right, in the same color scheme used throughout the rest of the 1171 

chapter.  For each distribution, red whiskers represent the PV+ interneurons.  1172 

Black lines connect corresponding interneurons that were categorized differently 1173 

in each distribution, therefore fewer lines indicate greater overlap between 1174 

clustering methods.  The two clustering methods showed 82% overlap, meaning 1175 

82% of interneurons were categorized within the same cluster.   The number of 1176 

interneurons in each cluster is noted beside each cluster, along with the 1177 

percentage of that cluster which was classified into their corresponding cluster in 1178 

the other clustering method.  For example, Cluster 1 in the hierarchical clustering 1179 

method has 26 interneurons, 91% of which were also classified into Cluster 1 in 1180 

the k-means clustering method. B K-means clustering was used to cluster all 106 1181 

interneurons using only one type of data: either anatomical or 1182 

electrophysiological. i Distribution plots for purely anatomical clustering and 1183 
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purely electrophysiological clustering are shown as in Aii.  Both anatomical and 1184 

electrophysiological clustering were matched to the combined, 4 cluster k-means 1185 

clustering distribution, as described in the methods.  The overlap between purely 1186 

anatomical and purely electrophysiological clustering was 58%, indicating that 1187 

some, but not most, interneurons could be matched to different anatomical and 1188 

electrophysiological profiles. ii The same anatomical and electrophysiological 1189 

distributions as in Bi are shown in comparison with the combined distribution in 1190 

the center.  There is a 70% overlap between the combined distribution and the 1191 

anatomical; whereas there is 83% overlap between the combined and 1192 

electrophysiological distribution. 1193 

Figure 6 – Examples of Cluster 1 interneurons 1194 

Ai Anatomical characteristics for all cells in Cluster 1 are shown in the same 1195 

abstract form as in Figure 1Bii.  Aii An example of an averaged action potential 1196 

from a characteristic Cluster 2 interneuron.  Bi-iv Z-stack projections of Cluster 1 1197 

Alexa 488 labelled MEC interneurons are shown as examples. 1198 

Figure 7 – Examples of Cluster 2 interneurons 1199 

Ai Anatomical characteristics for all cells in Cluster 2 are shown in the same 1200 

abstract form as in Figure 3.1Bii.  Aii An example of an averaged action potential 1201 

from a characteristic Cluster 2 interneuron.  Bi-iv Z-stack projections of Cluster 2 1202 

Alexa 488 labelled MEC interneurons are shown as examples. 1203 

Figure 8 – Examples of Cluster 3 interneurons 1204 

Ai Anatomical characteristics for all cells in Cluster 3 are shown in the same 1205 

abstract form as in Figure 3.1Bii.  Aii An example of an averaged action potential 1206 
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from a characteristic Cluster 3 interneuron.  Bi-iv Z-stack projections of Cluster 3 1207 

Alexa 488 labelled MEC interneurons are shown as examples.  1208 

Figure 9 – Examples of Cluster 4 interneurons 1209 

Ai Anatomical characteristics for all cells in Cluster 4 are shown in the same 1210 

abstract form as in Figure 3.1Bii.  Aii An example of an averaged action potential 1211 

from a characteristic Cluster 4 interneuron.  Bi-iv Z-stack projections of Cluster 4 1212 

Alexa 488 labelled MEC interneurons are shown as examples. 1213 

Figure 10 – Interneuron groups of the superficial medial entorhinal cortex 1214 

A Layer 2/3 projecting, slow firing interneurons.  Ai Representations of the 1215 

average soma depth and axonal projections are shown.  Aii A 1 s spike train of a 1216 

representative cell.  Aiii  A typical frequency-current curve for this population, 1217 

with the inset showing an average action potential (vertical scale bar is 20 mV 1218 

and horizontal scale bar is 10 ms).  B Layer 2/3 projecting, fast firing 1219 

interneurons. Bi-iii same as A.  C Layer 1/2 projecting interneurons. Ci-iii same 1220 

as A.  D Layer 2 projecting interneurons. Di-iii same as A.   1221 

 1222 

7 Table Legends 1223 

Table 1 – Statistical tests 1224 

All characteristics were tested for normality using the Kolmogorov–Smirnov test, 1225 

and none were found to be normally distributed.  The non-parametric Kruskal-1226 

Wallis test was used to compare groups, and the F-value and p-value for each 1227 

test is shown. 1228 
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Table 2 – Electrophysiological and anatomical characteristics for all four 1229 

interneuron clusters with statistical comparisons 1230 

The electrophysiological and anatomical characteristics of all four clusters are 1231 

shown, along with the associated p-values from a Kruskal-Wallis test (as 1232 

described in Materials and Methods).  Each row shows the average value for a 1233 

different electrophysiological or anatomical measurement.  The standard error 1234 

associated with that measurement is located below the average value.  Each 1235 

column for the left half of the table shows the measurements for each of the 4 1236 

clusters.  On the right half of the table, the p-value for the Kruskal-Wallis test is 1237 

shown for matched pairs.  For example, column “1,2” shows the p-values for the 1238 

test between clusters 1 and 2 for each characteristics.  P-values less than 0.05 1239 

are highlighted in blue.  Tests that showed no significance are shown as “n.s.” 1240 

 1241 
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Statistical tests 

Characteristic F-value p-value 

Input resistance (MΩ)          72.93  1.0E-15 

Time constant, falling (ms)          75.86  2.4E-16 

Time constant, rising (ms)          76.05  2.2E-16 

Rebound amplitude (mV)          25.08  1.5E-05 

Firing threshold (mV)          12.26  6.5E-03 

Resting membrane potential (mV)          37.26  4.1E-08 

A.P. rise time (ms)          57.61  1.9E-12 

A.P. half-width (ms)          69.29  6.1E-15 

Spike AHP (mV)          16.44  9.2E-04 

Frequency-current gain (Hz/nA)          42.62  3.0E-09 

Peak firing rate (Hz)          74.60  4.4E-16 

Lowest firing rate (Hz)          54.33  9.6E-12 

Rheobase (pA)          59.90  6.2E-13 

Adaptation ratio          22.01  6.5E-05 

Change in impedance (%)          14.42  2.4E-03 

Sag ratio          33.51  2.5E-07 

Soma depth (μm)          42.38  3.3E-09 

Axonal tree, superficial (μm)          29.87  1.5E-06 

Axonal tree, deep (μm)          29.77  1.5E-06 

Axonal tree, width (μm)          25.09  1.5E-05 
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Electrophysiological and anatomical characteristics for all four interneuron clusters with statistical comparisons 

Cluster 1 2 3 4 1,2 1,3 1,4 2,3 2,4 3,4 

n 30 29 16 31 

Input resistance (MΩ) 
220.2 85.7 274.4 155.1 

12.3 5.1 14.9 6.2 p<0.01 n.s. p<0.05 p<0.01 p<0.01 p<0.01 

Time constant, falling 

(ms) 

13.7 5.1 15.8 8.9 

0.8 0.2 0.9 0.4 p<0.01 n.s. p<0.01 p<0.01 p<0.01 p<0.01 

Time constant, rising 

(ms) 

14.1 5.2 16.2 9.5 

0.8 0.2 1.0 0.4 p<0.01 n.s. p<0.01 p<0.01 p<0.01 p<0.01 

Rebound amplitude (mV) 
0.75 0.41 1.48 0.62 

0.08 0.03 0.20 0.10 p<0.05 n.s. n.s. p<0.01 n.s. p<0.01 

Firing threshold (mV) 
-38.7 -36.7 -40.8 -35.6 

0.9 1.0 1.1 1.0 n.s. n.s. n.s. p<0.05 n.s. p<0.05 

Resting membrane 

potential (mV) 

-66.3 -71.4 -55.5 -66.8 

1.0 1.0 2.1 1.1 p<0.01 p<0.01 n.s. p<0.01 p<0.05 p<0.01 

A.P. rise time (ms) 
0.273 0.192 0.253 0.292 

0.006 0.003 0.013 0.009 p<0.01 n.s. n.s. p<0.01 p<0.01 n.s. 

A.P. half-width (ms) 
1.085 0.526 0.832 1.151 

0.038 0.010 0.067 0.047 p<0.01 n.s. n.s. p<0.01 p<0.01 p<0.05 

Spike AHP (mV) 
16.2 19.9 19.3 20.8 

1.0 0.5 1.0 0.7 p<0.05 n.s. p<0.01 n.s. n.s. n.s. 

Frequency-current gain 

(Hz/nA) 

153.0 281.9 373.9 162.0 

18.9 15.8 51.4 13.0 p<0.01 p<0.01 n.s. n.s. p<0.01 p<0.01 

Peak firing rate (Hz) 
57.4 279.2 111.5 75.3 

5.1 8.6 8.4 5.6 p<0.01 p<0.01 n.s. p<0.01 p<0.01 n.s. 

Lowest firing rate (Hz) 
10.6 79.2 13.7 13.9 

2.3 6.0 3.0 2.3 p<0.01 n.s. n.s. p<0.01 p<0.01 n.s. 

Rheobase (pA) 
185.7 380.7 118.8 262.6 

15.7 22.2 12.3 13.2 p<0.01 n.s. p<0.05 p<0.01 p<0.05 p<0.01 

Adaptation ratio 
0.783 0.878 1.335 0.917 

0.153 0.007 0.730 0.153 p<0.01 n.s. n.s. p<0.01 p<0.05 n.s. 

Sag ratio 
0.936 0.945 0.888 0.936 

0.006 0.004 0.013 0.008 n.s. p<0.05 n.s. p<0.01 n.s. p<0.01 

Change in impedance (%) 
64.8 133.1 136.5 51.6 

10.6 12.7 15.7 9.2 p<0.01 p<0.01 n.s. n.s. p<0.01 p<0.01 

Soma depth (μm) 
327.0 304.9 274.6 191.6 

14.2 16.1 19.7 8.9 n.s. n.s. p<0.01 n.s. p<0.01 p<0.05 

Axonal tree, superficial 

(μm) 

296.4 168.4 107.0 114.0 

21.5 19.8 33.2 25.2 p<0.01 p<0.01 p<0.01 n.s. n.s. n.s. 

Axonal tree, deep (μm) 446.4 298.0 318.0 252.9 
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23.0 16.4 35.6 25.7 p<0.01 p<0.05 p<0.01 n.s. n.s. n.s. 

Axonal tree, width (μm) 
361.4 513.0 440.6 472.2 

21.7 12.8 30.8 20.1 p<0.01 n.s. p<0.01 n.s. n.s. n.s. 

 


