
 
Fig. 8. Numbers and distribution of synaptic inputs in morphologically detailed models 
of OLM and HS neurons. A. The total length of the dendrites in the morphological 
reconstructions. OLM= 5917, 3788, 6816, 7547 µm. HS= 7409, 6654, 8068, 7558 µm.  B,C. 
The total number of excitatory  synapses (panel B: OLM= 6852, 4486, 7097, 9485. HS= 10174, 
9799, 16082, 14601) and inhibitory (panel C: OLM= 1196, 754, 1359, 1867. HS= 2010, 1940, 
3198, 2903) synapses predicted for each model cell. In panels A-C, the circles represent the 
cells, and each cell is shown in the same color throughout the panels. D. The number of 
excitatory and inhibitory synapses in each model as a function of the distance from the soma 
(bin size = 50 um). E. The effective conductance densities in each segment of the model 
neurons in the high-conductance state (see main text). Color red marks the excitatory and blue 
the inhibitory current, black is the leak conductance and orange is the sum of the three (called 
“all currents” in this figure, although it excludes the voltage-gated current Ih, which is also 
implemented in the model). Each circle represents a segment of the model at different distances 
from the soma.  
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Fig. 9. Analysis of simulated excitatory and inhibitory synaptic potentials in models of 
OLM and HS cells. A, B (top) The peak amplitude of the EPSPs (A) and IPSPs (B) measured 
at the soma in response to synaptic inputs to segments at various distances from the somata of 
the 4 OLM and 4 HS cell models, simulated in the silent state. Each color represents one cell, 
and each circle is a different dendritic segment. In the bottom panels we show the density 
distributions of the somatic PSP amplitudes. Panels C and D show the results of the same 
experiment in the high-conductance state. 
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Table 1. Comparisons of anatomical properties of OLM and HS cells (Mann Whitney U test) 

 

Variable OLM/HS n Median 
Lower 
quartile 

Upper 
quartile  P 

Number of p-glutamatergic synapses/ µm2 
dendritic surface 

OLM 47 0.522 0.408 0.599 0.000000 
HS 35 0.763 0.603 0.888   

Number of p-GABAergic synapses/ µm2 
dendritic surface 

OLM 47 0.075 0.042 0.114 0.000001 
HS 35 0.135 0.103 0.194   

Total size of all p-glutamatergic synapses/ µm2 
dendritic surface 

OLM 47 0.078 0.059 0.103 0.000000 
HS 35 0.121 0.095 0.158   

Total size of all p-glutamatergic synapses/ µm2 
dendritic surface 

OLM 47 0.015 0.006 0.021 0.000008 
HS 35 0.026 0.019 0.037   

Proportion (%) of GABAergic inputs/all inputs 
(on segments with more than 10 inputs) 

OLM 42 14.3 9.0 20.5 0.303842 
HS 35 15.4 11.1 20.8   

Size of individual p-glutamatergic synapses on 
proximal (0-100 µm) dendrites (µm2) 

OLM 857 0.125 0.079 0.176 0.000000 
HS 604 0.164 0.114 0.232   

Size of individual p-glut.ergic syn. on the middle 
part of the dendritic tree (100-250 µm) (µm2) 

OLM 693 0.143 0.091 0.216 0.028158 
HS 1067 0.134 0.089 0.191   

Size of individual p-glutamatergic synapses on 
distal (>250 µm) dendrites (µm2) 

OLM 215 0.153 0.100 0.239 0.000151 
HS 202 0.129 0.086 0.176   

Proportion of mitochondria (%) in dendritic 
segments and branching points 

OLM 64 9.3 7.2 11.3 0.000228 
HS 44 12.3 9.4 16.5   

Soma volume (µm3) 
OLM 3 1565 1541 1779 0.700000 
HS 3 1526 1450 2101   

Nucleus volume (µm3) 
OLM 3 536 486 640 0.700000 
HS 3 596 564 639   

Soma surface area (µm2) 
OLM 3 855 571 900 0.400000 
HS 3 972 768 973   

Volume of mitochondria in soma (µm3) 
OLM 3 83.2 65.8 83.9 0.700000 
HS 3 65.2 62.8 133.8   

Volume of citoplasm. (=soma -nucl.-mito 
volume) of soma (µm3) 

OLM 3 989 945 1056 0.700000 
HS 3 899 745 1371   

Number of p-glutamatergic synapses/100 µm2 
soma membrane  

OLM 4 20.3 18.3 27.5 0.060603 
HS 4 42.6 33.0 50.7   

Number of p-GABAergic synapses/100 µm2 
soma membrane 

OLM 4 2.45 1.99 5.36 0.030384 
HS 4 15.08 12. 09 17.87   

Size of individual p-glutamatergic synapses on 
somata (µm2) 

OLM 342 0.110 0.076 0.162 0.000000 
HS 527 0.072 0.051 0.105   

Size of individual p-GABAergic synapses on 
somata (µm2) 

OLM 52 0.242 0.131 0.488 0.000000 
HS 202 0.093 0.063 0.138   

Size of individual axonal synapses (µm2) 
OLM 134 0.102 0.071 0.153 0.000000 
HS 93 0.058 0.038 0.073   

 Volume of individual mitochondria in axons 
(µm3) 

OLM 69 0.088 0.051 0.133 0.000014 
HS 54 0.046 0.030 0.060   

Number of synapses/ µm axon 
OLM 20 0.404 0.208 0.494 0.373045 
HS 4 0.451 0.398 0.541   

Number of mitochondria/ µm axon 
OLM 20 0.199 0.176 0.264 0.130926 
HS 4 0.265 0.231 0.318   

Total dendritic length (µm) of completely 
reconstructed dendritic trees 

OLM 4 6367 4853 7182 0.193932 
HS 4 7484  7031 7813   

Total number of nodes of completely 
reconstructed dendritic trees 

OLM 4 56.5 42.0 65.0 0.312322 
HS 4 43.0 38.5 46.0   

Total number of dendritic endings of completely 
reconstructed dendritic trees 

OLM 4 61.0 46.5 68.5 0.383631 
HS 4 48.5 43.5 52.5   

Number of 1st order dendrites of completely 
reconstructed dendritic trees 

OLM 4 4.0 3.5 5.0 0.233780 
HS 4 5.5 4.5 6.0   

Red p-values show significant differences, blue p-values show significant diff. only without Bonferroni correction.
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Table 2. Comparison of anatomical properties within cell types (Mann-Whitney U test) 
 

Variable OLM/
HS n Median Lower 

quartile 
Upper 
quartile  P 

Proportion of mitochondria (%) in dendritic 
segments OLM 53 9.1 6.8 10.8 

0.018827 Proportion of mitochondria (%) in branching 
points OLM 11 9.6 9.3 56.8 

Proportion of mitochondria (%) in dendritic 
segments HS 37 12.1 9.2 14.7 

0.000077 Proportion of mitochondria (%) in branching 
points HS 7 29.6 19.9 43.9 

Size of individual p-glutamatergic synapses 
on somata (µm2) OLM 342 0.110 0.076 0.162 

0.000000 Size of individual p-GABAergic synapses 
on somata (µm2) OLM 52 0.242 0.131 0.488 

Size of individual p-glutamatergic synapses 
on somata (µm2) HS 527 0.072 0.051 0.105 

0.000000 Size of individual p-GABAergic synapses 
on somata (µm2) HS 202 0.093 0.063 0.138 

Size of individual p-glutamatergic synapses 
on somata (µm2) OLM 342 0.110 0.076 0.162 

0.029445 Size of individual p-glutamatergic synapses 
on proximal (0-50 µm) dendrites (µm2) OLM 857 0.125 0.079 0.176 

Size of individual p-glutamatergic synapses 
on somata (µm2) HS 527 0.072 0.051 0.105 

0.000000 Size of individual p-glutamatergic synapses 
on proximal (0-50 µm) dendrites (µm2) HS 181 0.150 0.104 0.208 

Size of individual p-GABAergic synapses 
on somata (µm2) OLM 52 0.242 0.131 0.488 

0.000302 Size of individual p-GABAergic synapses 
on proximal (0-50 µm) dendrites (µm2) OLM 124 0.134 0.085 0.237 

Size of individual p-GABAergic synapses 
on somata (µm2) HS 202 0.093 0.063 0.138 

0.000000 Size of individual p-GABAergic synapses 
on proximal (0-50 µm) dendrites (µm2) HS 116 0.166 0.103 0.234 

Red p-values show significant differences, blue p-values show significant diff. only without Bonferroni correction.
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Table 3.  

Correlation between anatomical properties within cell types (Spearman rank correlations) 

 
Variable OLM/HS n Spearman p-value 
Dendritic order & thickness of segment (average 
diameter in µm; Neurolucida drawing) 

OLM 444 -0.578218 0.000000 
HS 361 -0.604258 0.000000 

Dendritic order & median of dendrite cross-sectional 
area (µm2) 

OLM 53 -0.714852 0.000000 
HS 37 -0.633558 0.000026 

Distance from soma (µm) & median of dendrite cross-
sectional area (µm2) 

OLM 53 -0.531898 0.000042 
HS 37 -0.452745 0.004898 

Median of dendrite cross-sectional area (µm2) & number 
of p-Glutamatergic synapses / µm dendrite 

OLM 47 0.639801 0.000001 
HS 35 0.735014 0.000000 

Median of dendrite cross-sectional area (µm2) & number 
of p-GABAergic synapses / µm dendrite 

OLM 47 0.354507 0.014489 
HS 35 0.675070 0.000009 

Distance from soma (µm) & number of p-Glutamatergic 
synapses / µm dendrite 

OLM 47 -0.610393 0.000005 
HS 35 -0.422306 0.011500 

Distance from soma (µm) & number of p-GABA 
synapses / µm dendrite 

OLM 47 -0.030555 0.838448 
HS 35 -0.363598 0.031789 

Dendritic order & number of p-Glutamatergic synapses / 
µm dendrite 

OLM 47 -0.527713 0.000138 
HS 35 -0.306232 0.073589 

Dendritic order & number of p-GABAergic synapses / 
µm dendrite 

OLM 47 -0.222336 0.133075 
HS 35 -0.408740 0.014774 

Distance from soma (µm) & % GABAergic inputs/ all 
inputs 

OLM 47 0.280228 0.056412 
HS 35 -0.089540 0.608990 

Dendritic order & % GABAergic inputs/ all inputs OLM 47 0.067832 0.650525 
HS 35 -0.191839 0.269589 

Distance of soma (µm; den starting point) & individual 
p-glutamatergic syn size (µm2) 

OLM 1765 0.178743 0.000000 
HS 1874 -0.154737 0.000000 

Dendritic order & individual p-glutamatergic syn size 
(µm2) 

OLM 1765 0.101080 0.000021 
HS 1874 -0.144467 0.000000 

Distance of soma (µm, den starting point) & individual 
p-GABAergic syn size (µm2) 

OLM 287 0.049482 0.403640 
HS 324 0.021623 0.698194 

Dendritic order & individual p-GABAergic syn size 
(µm2) 

OLM 287 -0.086126 0.145558 
HS 324 0.046594 0.403213 

Mitochondria volume /µm dendrite & median of dendrite 
cross-sectional area (µm2) 

OLM 53 0.820916 0.000000 
HS 37 0.775249 0.000000 

Mitochondria % in dendrite (volume) & distance from 
soma (µm) 

OLM 53 -0.233406 0.092564 
HS 37 0.349816 0.033805 

Mitochondria % in dendrite (volume) & dendritic order OLM 53 -0.231975 0.094639 
HS 37 0.266902 0.110288 

Red p-values show significant differences, blue p-values show significant diff. only without Bonferroni correction.  
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Table 4. Physiological and model parameters and statistics (Mann-Whitney U test) 

Feature OLM/HS Median 
Lower 
quartile 

Upper 
quartile  p 

1st inverse interspike interval (maxpsike) 
OLM 107.54 96.15 117.65 

0.000000 HS 169.49 153.85 196.38 

Slow afterhyperpolarization time (steady state) 
OLM 0.07 0.06 0.08 

0.000000 HS 0.13 0.09 0.15 

2nd inverse interspike interval (maxspike) 
OLM 104.17 99.75 113.64 

0.000000 HS 153.85 146.06 178.63 

Peak of 2nd AP (maxspike) 
OLM 31.15 28.68 37.67 

0.000000 HS 17.13 13.78 24.19 

Amplitude of 1st AP (maxspike) 
OLM 96.40 94.40 102.47 

0.000000 HS 84.60 80.77 88.85 

3rd inverse interspike interval (maxspike) 
OLM 103.63 96.85 106.67 

0.000001 HS 147.06 129.87 170.95 
Coefficient of variation of the interspike intervals 
(maxspike) 

OLM 0.12 0.08 0.17 
0.000001 HS 0.24 0.18 0.29 

Average height of AP’s (maxspike) 
OLM 26.60 24.79 28.89 

0.000001 HS 14.90 8.70 23.22 
Slope of a linear fit to a log plot of the ISI values 
(maxspike) 

OLM 0.12 0.08 0.18 
0.000001 HS 0.26 0.19 0.33 

3rd inverse interspike interval (steady state) 
OLM 15.51 12.65 17.87 

0.000003 HS 25.19 18.92 29.15 

Maximum voltage (maxspike) 
OLM 32.82 29.77 41.18 

0.000004 HS 24.54 17.05 27.47 

Maximum voltage from voltagebase (maxspike) 
OLM 98.90 95.47 104.17 

0.000006 HS 88.96 85.43 92.85 

Time to second spike (maxspike) 
OLM 14.15 12.33 16.33 

0.000007 HS 9.20 7.95 10.95 

4th inverse interspike interval (maxspike) 
OLM 101.53 95.75 103.36 

0.000010 HS 142.86 109.29 157.49 

AP amplitude from voltagebase (maxspike) 
OLM 92.06 89.10 94.85 

0.000013 HS 83.78 78.86 88.14 

Peak of 1st AP (maxspike) 
OLM 32.23 29.44 41.18 

0.000019 HS 23.40 16.42 27.47 

Maximum FI slope (global) 
OLM 0.31 0.31 0.38 

0.000021 HS 0.44 0.38 0.59 

2nd inverse interspike interval (steady state) 
OLM 20.73 14.28 22.92 

0.000024 HS 30.30 26.08 34.89 

Single burst ratio (maxspike) 
OLM 0.67 0.56 0.82 

0.000064 HS 0.42 0.39 0.61 

1st inverse interspike interval (steady state) 
OLM 23.08 17.65 28.74 

0.000072 HS 36.90 28.50 49.64 

Fast Afterhyperpolarization (steady state) 
OLM 21.83 19.18 22.87 

0.000080 HS 15.53 13.88 17.08 

Average height of AP’s (steady state) 
OLM 31.65 27.16 39.49 

0.000133 HS 22.57 13.85 26.10 

Mean frequency (maxspike) 
OLM 69.90 65.89 84.23 

0.404086 HS 85.11 61.75 96.52 
Adaptation index - Normalized average difference of 
consecutive ISI’s (maxspike) 

OLM 0.00 0.00 0.01 
0.001094 HS 0.01 0.00 0.01 

Half width of the AP duration (maxspike) 
OLM 0.75 0.69 0.83 

0.655148 HS 0.76 0.71 0.81 

Time to first spike (maxspike) 
OLM 4.80 3.68 5.80 

0.009415 HS 3.20 2.90 4.55 

Fast Afterhyperpolarization (maxspike) 
OLM 17.36 14.42 19.51 

0.001645 HS 13.81 12.63 14.32 
Adaptation index - Normalized average difference of 
consecutive ISI’s (steady state) 

OLM 0.05 0.03 0.06 
0.874394 HS 0.05 0.03 0.07 

Time to first spike (steady state) 
OLM 30.35 22.63 44.88 

0.103920 HS 24.20 21.25 29.70 

Input resistance (standard negative) 
OLM 89.29 77.66 124.50 

0.009415 HS 129.41 98.39 141.11 
Ratio between sag amplitude and maximal sag from 
voltage base (standard negative) 

OLM 0.42 0.32 0.47 
0.215333 HS 0.39 0.34 0.41 

OLM: n=24, HS: n=23, Red p-values show significant differences, blue p-values show significant diff. only without Bonferroni 
correction.  
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METHODS 
 
Ethics statements 
All experiments were performed in accordance with the Institutional Ethical Codex, Hungarian 
Act of Animal Care and Experimentation (1998, XXVIII, section 243/1998) and the European 
Union guidelines (directive 2010/63/EU), and with the approval of the Institutional Animal 
Care and Use Committee of the Institute of Experimental Medicine of the Hungarian Academy 
of Sciences. All efforts were made to minimize potential pain or suffering and to reduce the 
number of animals used.  
 
Animals and surgery 
A total of 13 C57Bl/6NTac mice (young adult, from both sexes), 15 nicotinic acetylcholine 
receptor alpha 2 subunit (Chrna2)-cre mice (young adult, from both sex, 
heterozygous/homozygous) and one SOM-Cre mouse (young adult female, heterozygous) were 
used in the present study. Mice were anaesthetized with isoflurane followed by an 
intraperitoneal injection of an anesthetic mixture (containing 8.3 mg/ml ketamine, 1.7 mg/ml 
xylazine-hydrochloride in 0.9 % saline, 10 ml/kg bodyweight) and then were mounted in a 
stereotaxic frame.  
For selective visualization of HS cells, we used three different retrograde labelling methods. 
See Fig. 1 for detailed workflow. For reconstruction of dendritic trees and axons of HS cells, 
we injected 50 or 2x50 nl biotinylated dextrane amine (BDA-3000, Invitrogen) into the medial 
septal area (MS) of C57Bl/6NTac mice (n=6). For the colocalization experiments (Fig. 1) we 
injected yellow-green FluoSpheres (Thermo Fisher Scientific) into the MS of two 
C57Bl/6NTac mice or AAVrg-syn-FLEX-jGCaMP8m-WPRE (Addgene, 162378) into the MS 
of a heterozygous SOM-Cre female mouse. For the in vitro experiments, we used FluoSpheres-
injected mice (see below). The coordinates for the injections were based on the stereotaxic atlas 
(Paxinos, G and Franklin, 2012): 1 mm anterior from the bregma, in the midline, and 4.5 and/or 
4.9 mm below the level of the horizontal plane defined by the bregma and the lambda (zero 
level).   
For selective labelling of OLM cells that are Chrna2-positive in the str. oriens, we injected 20-
60 nl rAAV2/5-EF1a-DIO-eYFP tracer virus (UNC Vector Core; 4.4-8.5×1012 colony forming 
units/ml) into the CA1 area of the hippocampus bilaterally into Chrna2-Cre mice. The 
coordinates for these injections were: -2.0 posterior from the bregma, +-1.5 or 1.75 laterally, 
and 1. 4 mm below the zero level.  
For the injections, we used a Nanoject 2010 precision microinjector pump (WPI, Sarasota, FL 
34240) and borosilicate micropipettes (Drummond, Broomall, PA) with tips broken to 40–50 
μm. After the surgeries, the animals received 0.5–0.7 ml saline for rehydration and 0.03–0.05 
mg/kg meloxicam as a nonsteroidal anti-inflammatory drug (Metacam, Boehringer Ingelheim, 
Germany) intraperitoneally to support recovery, and we placed them into separate cages for 7-
14 days (BDA and FluoSpheres-injected mice) or 23-39 days (virus-injected mice) before 
perfusions. 
 
Perfusions and sectioning  
For perfusion, mice were deeply anaesthetized as above. Mice used for electron microscopic 
analysis of dendrites and somata were perfused transcardially first with 0.9% NaCl in 0.1M 
phosphate buffer solution (PBS, pH=7.4) for 30 s followed by a fixative containing 2% 
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paraformaldehyde (PFA), 1% or 0.5% glutaraldehyde (GA) and 15% (v/v) picric acid in 0.1M 
phosphate buffer (pH = 7.4; PB) for 5 min. Then the brain was removed from the skull, cut 
sagittally and coronally into 4 pieces, and immersion fixed in a fixative containing 4% PFA 
and 0.2-0.25% GA in PB for 2-4 hours at room temperature, on a shaker, then the fixative was 
washed out with PB.  
Mice used for Neurolucida drawing of whole dendritic trees of OLM and HS cells and electron 
microscopic analysis of HS cell axons were perfused similarly (Fig. 1), except that the fixative 
used for immersion did not contain glutaraldehyde. Mice used for somatostatin and 
eYFP/FluoSpheres double labelling were perfused transcardially first with PBS for 30 s 
followed by a fixative containing 4% PFA for 40 min, followed by PB for 10 min.  
For the correction of shrinkage/dilatation of the tissue (see below), the volume of brains used 
for Neurolucida or electron microscopic reconstruction of cells was measured, then forebrain 
blocks were serially sectioned using a Leica VT1200S vibratome at 60 μm. Before further 
processing, all sections were mounted on slides in PB and photographed using a Zeiss 
Axioplan2 microscope. For measurement of shrinkage/dilatation during processing, see 
methods below. 
 
In vitro slice preparation  
For acute slice experiments, FluoSpheres (HS cells, n=4 mice) or rAAV2/5-EF1a-DIO-eYFP 
tracer virus-injected mice (OLM cells, n=4 mice) were decapitated under deep isoflurane 
anesthesia. The brain was removed and placed into an ice-cold cutting solution, which had been 
bubbled with 95% O2/5% CO2 (carbogen gas) for at least 30 min before use. The cutting 
solution contained the following (in mM): 205 sucrose, 2.5 KCl, 26 NaHCO3, 0.5 CaCl2, 5 
MgCl2, 1.25 NaH2PO4, and 10 glucose. Then, coronal slices of 300 µm thickness were cut 
using a Vibratome (Leica VT1000S). After acute slice preparation, slices were placed into an 
interface-type holding chamber for recovery. This chamber contained standard ACSF at 35°C 
that gradually cooled down to room temperature. The ACSF solution contained the following 
(in mM): 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 10 glucose 
saturated with carbogen gas. All salts were obtained from Sigma-Aldrich or Molar Chemicals 
KFT.  
 
Intracellular recordings  
After incubation, slices were transferred individually into a submerged-type recording chamber 
with a superfusion system allowing constantly bubbled (95% O2–5% CO2) ACSF to flow at a 
rate of 3-3.5 ml/min. The ACSF was adjusted to 300-305 mOsm and was constantly saturated 
with 95% O2–5% CO2 during measurements. All measurements were carried out at 33 –34°C, 
the temperature of ACSF solution was maintained by a dual-flow heater (Supertech 
Instruments). The pipette solution contained (in mM): 110 K-gluconate, 4 NaCl, 20 HEPES, 
0.1 EGTA, 10 phosphocreatine, 2 ATP, 0.3 GTP, 3 mg/ml biocytin adjusted to pH 7.3–7.35 
using KOH (285–295 mOsm/L). Pipette resistances were 3-6 MΩ when filled with pipette 
solution. Visualization of slices and selection of cells was done under an upright microscope 
(BX61WI; Olympus, Tokyo, Japan equipped with infrared-differential interference contrast 
optics and a UV lamp). FluoSpheres (HS cells)- or eYFP (OLM cells)- labeled cells from CA1 
str. oriens were selected. Only cells located deeper than ~50 µm measured from the slice 
surface were targeted. Recordings were performed with a Multiclamp 700B amplifier 
(Molecular Devices).  All cells were initially in voltage-clamp mode and held at -65 mV 
holding potential during the formation of the gigaseal. Series resistance was constantly 
monitored after the whole-cell configuration was established, and individual recordings taken 
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for analysis showed stability in series resistance between a 20% margin during the whole 
recording.  
To characterize electrophysiological properties of the cells, responses to a pulse-train of current 
steps was recorded in current-clamp mode, while the cells membrane potential was held around 
-65 mV at baseline (current values of steps in pA: 20, -20, 40, -40, 60, -60, 80, -80, 100, -100, 
120, -120, 140, -140, 160, -160, 180, -180, 200, 220, 240, 260, 280 with 1000 ms in between 
and 300, 400, 500 and 600 with 5000 ms in between, each stimulus lasted for 800 ms).  The 
recorded cells were filled with biocytin. After the recording, the slices were fixed in 4% 
paraformaldehyde in PB for at least 12 h, followed by washout with PB several times.  
 
Digital signal processing, analysis, and statistics for in vitro experiments  
Data were digitized at 20 kHz with a DAQ board (National Instruments, USB-6353) and 
recorded with a custom software developed in C#.NET and VB.NET in the laboratory. All data 
were recorded, processed, and analyzed offline using standard built-in functions of Python 
(2.7.0.), Matlab, or in custom made software developed in Delphi. 
 
Fluorescent immunohistochemistry and microscopy 
Hippocampal slices (300 µm thick) and sections (60 µm thick) were washed in 0.1 M PB (pH 
7.4) and incubated in 30% sucrose overnight for cryoprotection. Then they were freeze-thawed 
over liquid nitrogen three times for antigen retrieval. Slices or sections were subsequently 
washed in PB and Tris-buffered saline (TBS, pH 7.4), blocked in 1% human serum albumin in 
TBS (HSA; Sigma-Aldrich) containing 0.05% Triton X-100 (Bio-Rad Laboratories) and then 
incubated in a mixture of primary antibodies and reagents dissolved in TBS containing 0.05% 
Na-azide (Sigma-Aldrich) for 48-72 h (chicken anti-eGFP (1:2000, Thermo Fisher Scientific, 
A10262) and/or Alexa 594-conjugated streptavidin (1:500, Molecular Probes, Cat. No. 
S11227) and guinea pig anti-SOM (1:500, Synaptic Systems, Cat. No. 366004). This was 
followed by extensive washes in TBS, and incubation in the mixture of appropriate secondary 
antibodies overnight (Alexa 488-conjugated donkey anti-chicken (1:1000, Jackson 
ImmunoResearch, Cat. No. 703-545-155), Alexa 647-conjugated donkey anti-guinea pig 
(1:1000, Jackson ImmunoResearch, Cat. No. 706-605-148) and Alexa 594-conjugated 
streptavidin. We used DAPI staining (Sigma-Aldrich) to visualize cell nuclei. Then, slices or 
sections were washed in TBS and PB, dried on slides, and covered with Aquamount (BDH 
Chemicals Ltd.) or with Vectashield Antifade Mounting Medium (Vector Laboratories). 
Injection sites in the medial septum area or hippocampus were evaluated using a Zeiss 
Axioplan2 microscope or a PANNORAMIC MIDI II digital slide scanner (3DHISTECH Ltd.). 
Slices or sections were investigated using a Nikon A1R confocal laser-scanning microscope 
system built on a Ti-E inverted microscope with a 20× air objective operated by NIS-Elements 
AR 4.3 software. Regions of interest were reconstructed in z-stacks; the distance between the 
focal planes was 1.5-2.5 μm.  
 
Single immunoperoxidase and double immunogold-immunoperoxidase labeling 
Sections were rinsed in PB, cryoprotected in 30% sucrose in PB overnight, and frozen in liquid 
nitrogen 3 times. After extensive washes in PB, sections were treated with 1% sodium 
borohydride in PB for 5 or 10 min (10 min in cases when both the perfusing and the immersion 
fixative contained glutaraldehyde). Then sections were washed in PB and 0.05 M Tris-buffered 
saline (pH 7.4; TBS) and blocked in 1% human serum albumin (Sigma-Aldrich) in TBS. Then, 
sections of virus-injected mice were incubated in a solution of chicken anti-eGFP (1:2000, 
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Thermo Fisher Scientific, A10262) and mouse anti-gephyrin (1:100, Synaptic Systems, 
147021) primary antibodies diluted in TBS containing 0.05% sodium azide for 2 days. After 
repeated washes in TBS, the sections were incubated in a blocking solution (Gel-BS) 
containing 0.2% cold water fish skin gelatin and 0.5% HSA in TBS for 1 h. Next, sections were 
incubated in a mixture of Nanogold®-Fab’ goat anti-mouse IgG (1:100, Nanoprobes, 2002) 
and goat anti-chicken biotinylated secondary antibodies (1:200, Vector Laboratories, BA-
9010) in Gel-BS overnight at 4 °C.  
Sections of BDA-injected mice prepared for electron microscopic analysis were treated 
similarly, except that anti-eGFP primary and biotinylated secondary antibodies were not added 
to the solutions. After extensive washes in TBS, the sections were treated with 2% 
glutaraldehyde in 0.1M PB for 15 min to fix the gold particles into the tissue. After TBS 
washes, sections were incubated in Elite ABC (1:300, in TBS) overnight or for 2 days. To 
enlarge immunogold particles, sections were incubated in silver enhancement solution (SE-
EM; Aurion) for 30–40 min at room temperature.  
In the case of mice used for Neurolucida drawing of whole dendritic trees (n=6) sections were 
treated similarly except that they were not incubated in anti-gephyrin primary- and gold-
conjugated secondary antibodies, GEL-BS-, glutaraldehyde- and SE-EM solutions. The 
immunoperoxidase reaction was developed using 3,3-diaminobenzidine (DAB; Sigma-
Aldrich) (all virus-injected mice and n=5 BDA-injected mice) or ammonium nickel sulphate-
intensified DAB (n=1 BDA-injected mouse used for Neurolucida drawing of whole dendritic 
trees) as chromogen (Fig. 1).  
 
Specificity of antibodies 
Antibodies used in this study were extensively tested for specificity. The anti-eGFP antibody 
did not give labelling in animals that were not injected with eGFP-expressing viruses. The anti-
gephyrin antibody is KO-verified (manufacturer’s information) and it systematically labeled 
only synapses that are typical Type II synapses. The anti-SOM antibody preferentially 
recognizes somatostatin-28 with minor cross-reactivity to the unprocessed precursors and does 
not bind to somatostatin-14 (manufacturer’s information). In addition, anti-SOM antibody 
labeled only a subpopulation of interneurons in str. oriens, further confirming its specificity. 
The secondary antibodies were extensively tested for possible cross-reactivity with the other 
secondary or primary antibodies, and possible tissue labelling without primary antibodies was 
also tested to exclude auto-fluorescence or specific background labelling by the secondary 
antibodies. No specific-like staining was observed under these control conditions. 
 
Sample preparation for electron microscopy  
The sections were dehydrated and contrasted with two different methods optimized for getting 
a high contrast for scanning electron microscopy or for more complete visualization of cells in 
the light microscope. For electron microscopic reconstructions of dendritic segments and 
somata a modified protocol of Deerinck et al. was performed (Deerinck et al., 2010). After 
washes in PB, sections were postfixed in 1% osmium-tetroxide reduced with 0.75% potassium 
ferrocyanide in PB on ice for 30 min and at room temperature for another 30 min. After 
extensive washes in distilled water (DW, 5 x 3 min) sections were incubated in 1% aqueous 
uranyl-acetate in dark for 30 min. After 5 x 3 min DW washes, Walton’s lead aspartate staining 
was performed at 60°C for 30 minutes. The Walton’s lead aspartate solution consisted of 0,066 
g lead-nitrate dissolved in 10 ml of aspartic acid stock solution. The stock solution was 
prepared by dissolving 0.998 g L-aspartic acid in 250 ml distilled water, then the pH was 
adjusted to 5.5 with 1N KOH. After 5 x 3 minutes DW washes, the sections were dehydrated 
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through ascending concentration series of ethanol (30% EtOH 3 min, 50% EtOH 5 min, 70% 
EtOH 2 x 5 min, 90% EtOH 2 x 5 min, absolute ethanol 2 x 7 min) and then infiltrated with 
acetonitrile for 2 x 7 minutes (first on ice, second at room temperature). The sections were 
transferred into aluminum boats and infiltrated with embedding resin (Epoxy Embedding 
Medium Kit, Sigma-Aldrich, hard mixture) overnight. The next day, sections were mounted on 
glass slides in the proper orientation, covered with coverslips, and baked at 60°C for 48 hours.  
The sections used for complete cell reconstructions were treated with 0.5% OsO4 in 0.1M PB 
for 20 min at room temperature, dehydrated in ascending alcohol series and in acetonitrile, and 
embedded in Durcupan (ACM; Fluka). During dehydration, these sections were treated with 
1% uranyl acetate in 70% ethanol for 20 min. The latter protocol gives weaker contrast for 
scanning electron microscopy, but the finer dendritic and axonal processes are more visible in 
the light microscope, therefore it is more optimal for Neurolucida drawing. 
 
Light microscopic reconstruction of dendritic arbors  
The dendritic tree of a neuron consists of segments of distinct diameter which can be classified 
based on their branching order and distance from the soma. For determining these parameters 
for each dendritic segment sampled for EM measurements dendritic arbors were reconstructed 
at the light microscopic level using the Neurolucida system attached to a Zeiss Axioscope2 
microscope using 100× oil-immersion objective (MBF Bioscience). For electron microscopic 
analysis excellent preservation of ultrastructure was required therefore the fixative used for 
immersion contained 0.2-0.25% GA. In these mice, however, some of the very distal dendrites 
of labelled cells could not be followed until their natural ends. Therefore, for Neurolucida 
reconstruction of complete dendritic trees, another group of mice were immersion-fixed using 
a mild fixative containing 4% PFA, but no GA. Axon arbors of HS cells could be sufficiently 
labelled and reconstructed only in this later group of mice. BDA injection into medial septal 
area resulted in retrogradely labelled HS cells. In the virus-injected Chrna2-Cre mice, we 
selected cells from CA1 stratum (str.) oriens and alveus with horizontally oriented dendrites 
which were reported to be exclusively OLM cells in this Cre strain (Leão et al., 2012).  Heavily 
labelled cells were selected from the CA1 area and reconstructed through serial sections (n=5 
HS-, n=4 OLM-cells for electron microscopic sampling of dendrites from n=4-4 mice, and n=4 
HS-, and n=4 OLM cells for complete dendritic tree reconstruction from n=2-2 mice). The 
distance between the soma and specific reference points of the selected dendritic segments (a 
branching point or a point where the dendrite leaves a given section) and the order of the 
segments were determined using the Neurolucida Explorer software (MBF Bioscience). 
 
Block preparation and serial sectioning  
After the light microscopic reconstruction of the HS- and OLM cells, dendritic segments were 
selected at various distances from the soma and serial light microscopic z-stack images were 
taken in order to find them in the electron microscope. The tissue containing the selected 
dendritic segments was cut out using a scalpel and mounted on the top of resin blocks with 
cyanoacrylate glue. Ultrathin (70 nm thick) sections were cut with a diamond knife (Diatome, 
Biel, Switzerland) mounted on an ultramicrotome (EM UC6, Leica, Wetzlar, Germany). 
Ribbons of consecutive ultrathin sections (n=100-500 sections/sample) were transferred to 
silicon wafers (Ted Pella).  Partial soma membranes of labelled cells and their afferent synapses 
(n=4 OLM and n=4 HS cells) were reconstructed similarly to the dendritic segments. For whole 
soma volume measurements serial 250 nm thick sections were prepared (n= 3 OLM and 3 HS 
cells). Selected axonal segments of the reconstructed HS cells were analyzed with correlated 
light and electron microscopy similar to the dendritic segments. Due to the larger number of 
labelled OLM cells than that of HS cells, their axons gave much denser labelling. In addition, 
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OLM cells were labeled locally. Therefore, for electron microscopic investigation of OLM 
axons, we used random sampling instead of reconstructing individual axons. Blocks of str. 
lacunosum-moleculare of the injected area of CA1 were re-embedded and serially sectioned at 
70 nm thickness. Randomly selected areas were imaged through serial sections (n=100-252 
sections) and labelled axonal segments found in these series were reconstructed. The sections 
were imaged with scanning electron microscopy (SEM, FEI Apreo, Eindhoven, The 
Netherlands) in backscattered mode.  
 
SEM imaging  
We used a FEI Apreo field emission gun (FEG) SEM (Thermo Scientific) and a T1 in column 
detector to record the backscattered electrons (BSE). The micrographs were acquired with array 
tomography plugin in MAPs software (version: 3.10), which can facilitate the automatic 
acquisition of SEM images. The following imaging parameters were used: 1- or 4-mm working 
distance at high vacuum with 0,2 nA beam current, 2,5 kV high voltage, 3,5 μs/pixel dwell 
time, and 3 or 6 nm pixel size. The micrographs were 6000x4000 or 4000x3000 pixels and we 
recorded approximately 2-300 sections/dendritic segment with 70 nm thickness. Synapses were 
analyzed only from the stacks imaged using 3 nm pixel size. 
 
Correction factor 1, for tissue volume changes: perfusion shrinkage 
For the electron microscopic (EM) examinations, we had to preserve the ultrastructure of the 
brain tissue by chemical fixation. However, fixation caused shrinkage of the brain tissue, 
therefore we calculated the degree of the shrinkage with the following procedure. Firstly, after 
terminal anesthesia, but without perfusion, we measured the volume of the brain (severed at a 
standard pontin coordinate) of 6 C57Bl/6NTac wild-type (WT) mice. After the chemical 
fixation, we took out the other mouse brains (severed at the same standard pontin coordinate), 
we washed out the fixative solution with PB several times and we compared the volume of the 
fixed brains and the volume of the unfixed WT brains with a graduated cylinder. We used the 
ratio of the volume of the native and fixed brain as a fixation shrinkage correction factor for all 
brains. 
 
Correction factor 2, for tissue volume changes: immunohistochemistry and dehydration  
Firstly, after Vibratome sectioning of the fixed brain tissue, the sections were cut into trapezoid 
shapes, mounted in PB without coverslip, and were imaged using a Zeiss Axioplan2 
microscope in bright field mode. This was the reference size. Following immunolabelling, 
dehydration, and embedding in epoxy resin, these trapezoid sections were imaged again. We 
measured the areas of the same sections before and after processing by Fiji software 
(Schindelin et al., 2012). The ratio between the reference and the processed section area was 
used to compensate for changes due to tissue processing. 
 
Correction factor 3, for EM section compression during diamond knife sectioning  
The force applied by the diamond knife during the cutting of serial EM sections compressed 
the sections. Section compression was calculated by dividing the width of the tissue block face 
in the resin with the width of EM sections measured perpendicular to the diamond knife blade 
(X–Y plane). The measurements were performed by Zeiss Axioplan2 light microscope. There 
was no change in the EM section dimension in the direction parallel (X plane) with the diamond 
knife edge. 
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Applying correction factors 1-3 
All dendritic segments were reconstructed from the series of SEM images. The calibrated 3D 
reconstructed software models of the dendritic segments and their synapses were corrected in 
one direction perpendicular to the edge of the diamond knife based on correction factor 3. Then 
the full volumes of the models were corrected using correction factor 1 and 2. This procedure 
resulted in calibrated 3D models that were corrected for all foreseeable changes in tissue 
volume and likely produced dendrites with real-life dimensions. 
 
Image analysis  
After SEM image series were collected, image post-processing was done in Fiji ImageJ 
(Schindelin et al., 2012). SEM micrographs were inverted and corrected using Gaussian blur 
and unsharp mask to reduce noise. The SEM stacks were imported into Fiji TrakEM2 plugin15 
and finely aligned. The dendrites and mitochondria were segmented using the IMOD (version 
4.9) package (Kremer et al., 1996). Contouring was performed on a Wacom Cintiq 27QHD 
Creative Pen and display tablet. After segmentation, a 2.1*4.2*6.3 micrometer cuboid was 
inserted into every model as a 3-dimensional scale bar and every object was meshed with a cap 
in the model view of IMOD. Then the models were exported in .obj format with the command 
line program imod2obje.exe and imported into Blender (version 2.79b). First, the reconstructed 
dendritic segments were cut into pieces of dendrites based on the order of the dendritic 
segments. Then, each dendrite segment was exported into vtp format with the NeuroMorph 
addon of Blender and was imported into Orobix VMTKlab, where a centerline was created for 
the segment. The centerline was imported back into Blender to calculate several cross-sectional 
areas of the dendrites. The results were exported to an Excel table for further analysis. 
 
Identifying dendritic orders  
Dendritic segments were selected randomly from different types of dendrites. We selected 
dendritic segments from different distances from the somata, so that at least every 100 µm step 
from the somata is represented by at least a few dendritic segments. We also tried to sample 
from dendrites with all the different orders. The order of the dendritic segment was defined 
based on the following rule: 1st order dendrites originated from somata. After 1st order dendrites 
bifurcate, both offspring dendrites became 2nd order dendrites. All 3rd, 4th … nth order dendrites 
only originated from 2nd, 3rd and (n-1)th order dendrites, respectively, and so on. 
 
Technical validation of 3D measurements 
To validate our 3D measurements, we created artificial dendrite models and shapes, the 
volumes and surfaces of which were known. Then, using Blender, we artificially sectioned 
them at 70 nm, and rendered them (equivalent to real life photography). Each rendered image 
section was set to the same fixed pixel resolution that we used for real scanning electron 
microscopy photos; thus we made EM-like image stacks, which were segmented using iMOD. 
After segmentation, we meshed the objects as close type, exported them as obj files, and 
processed and measured them in Blender. Finally, we compared the original and measured 
volumes and surface areas, and the differences were negligible. With regards to the final 
measurements, dendritic model segments were analyzed using both Blender software directly 
and a NeuroMorph software plugin (both are open access) and the results were very similar. 
After the validation of the closed model’s volume and surface, we also made an artificial model 
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of synapses. We carried out the same procedure as above, but the synapses were meshed as 
open-type objects. We found that we get the statistically most precise result, if we draw the last 
layer of the synapse in the next layer as a double-layered cap. This resulted in a highly precise 
and unbiased estimation of the small synaptic areas.  
 
Extraction of electrophysiological features 
To extract electrophysiological features from our current-clamp recordings, we used a modified 
version of the BluepyEfe software tool (https://github.com/BlueBrain/BluePyEfe). Our 
modification involved the definition and implementation of standardized features: instead of 
comparing the responses of the cells to current steps of specific amplitudes, we analyzed the 
responses to current steps where similar behaviors were expected. The following current steps 
were used: (i) rheobase current step: the smallest current step where the cell fired at least one 
action potential, (ii) standard negative current step: usually -0.1 nA, or the closest one in the 
protocol, (iii) steady state: the smallest current step where the cell fires a minimum of 8 action 
potentials, (iv) maximal activity: where the cell fired the most action potentials. 
We performed feature extraction for every measurement, even when more than one 
measurement came from the same cell. All features that are available in the eFEL package 
(https://github.com/BlueBrain/eFEL) were extracted, and later those that gave misleading or 
meaningless results were filtered out and were not considered during further evaluation. In the 
statistical analysis, a total of 267 features were used. 
The statistical analysis of the electrophysiological characteristics was performed with Python. 
The Dataframe object of the Pandas library (Pandas Development Team, 2020) was used to 
store and process data and Matplotlib was used for generating figures. 
 
Modeling: Parameter tuning 
The Neuroptimus software (Friedrich et al., 2014; Mohácsi et al., 2020) is an interactive Python 
tool for the automated fitting of unknown parameters between given boundaries. From the 
several algorithms implemented, we used the Classical Evolutionary Strategy (CES) from the 
Inspyred package along with a feature-based error function based on the eFEL feature 
extraction library (https://github.com/BlueBrain/eFEL). We used a population size of 128 and 
ran the algorithm for 100 generations. We used supercomputers available through the 
Neuroscience Gateway (Sivagnanam et al., 2013) to perform the optimization. 
For each morphology, we performed 20 parallel parameter searches between realistically 
constrained boundaries, then chose the parameter sets with the smallest fitness values 
(Supplementary Figure 3, Supplementary Table 13). The chosen parameter sets were 
representative of the whole population. 
 
Modeling: Model testing 
HippoUnit (Sáray et al., 2021)is a Python module that automatically performs simulations that 
mimic experimental protocols and compares them to experimental data. It is based on 
NeuronUnit and SciUnit (Omar et al., 2014). It uses models built in NEURON as a user-defined 
Python class. It has five built-in tests, including the Somatic Feature Test, which uses the 
spiking features of eFEL (https://github.com/BlueBrain/eFEL), the Back-propagating Action 
Potential Test, the Post-synaptic Potential Attenuation Test, the Depolarization Block Test, and 
the Oblique integration Test.  
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Supplementary Fig. 5.: Comparison of the values of the electrophysiological features 
extracted from OLM cell recordings and from the overall best model of each OLM 
morphology. The mean of the experimental data is marked with black X with its corresponding 
standard deviation. Each cell is represented by their associated color.  
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