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The biophysical properties of neurons are the foundation for computationin the
brain. Neuronal size is a key determinant of single neuron input-output features and

varies substantially across species' . However, it is unknown whether different
species adapt neuronal properties to conserve how single neurons process
information*”. Here we characterize layer 5 cortical pyramidal neurons across 10
mammalian species to identify the allometric relationships that govern how neuronal
biophysics change with cell size. In 9 of the 10 species, we observe conserved rules
that control the conductance of voltage-gated potassium and HCN channels. Species
withlarger neurons, and therefore a decreased surface-to-volume ratio, exhibit
higher membraneionic conductances. This relationship produces a conserved
conductance per unit brain volume. These size-dependent rules resultin large but
predictable changes in somatic and dendritic integrative properties. Human neurons
donot follow these allometric relationships, exhibiting much lower voltage-gated
potassiumand HCN conductances. Together, our results in layer 5 neurons identify
conserved evolutionary principles for neuronal biophysics in mammals as well as
notable features of the human cortex.

Input-output properties across species

We systematically assessed the biophysical features of cortical neurons
inacutebrainslices fromadultindividuals. Inaddition to human brain
samples obtained from neurosurgical patients at local hospitals*, we
studied nine mammalian species spanning a range of brain sizes and
phylogenetic distances to humans (Fig. 1a, b). We used patch-clamp
electrophysiologytorecordfromlargelayer5cortical pyramidalneurons
(L5), a cell type that is reliably identifiable (see Methods) due to its
morphology and electrophysiological features®. In all species, we
targeted L5 neurons with the thickest dendrites to isolate putative
extra-telencephalic neurons, also referred to as thick-tufted or L5B®°
(Methods). The depth of the L5 somas varied according to species
(Fig.1d) and matched histologically defined cortical layers (Extended
Data Fig.1). The surface area and depth of L5 somas were correlated
(r=0.88;Fig.1e,f),butnottightlymatched. Forexample,shorterneurons
from ferrets and rabbits had somas of comparable sizes to those of
human neurons (Fig. 1d-f). This is likely to reflect differences in neu-
ronal densities (Extended Data Table 1), as primates are known to have
higher neuronal densities than non-primates of similar sizes'.

We began our study by evaluating the electrical properties of the
soma, whichisthe point of convergencein the transformation of inputs
to outputs. We first confirmed that neurons from all species match
prototypical features of thick-tufted L5 pyramidal neurons®’, such as

prominent voltage sag and resonant impedance profiles (Extended
DataFig.2), to ensure that neurons of the same class were being com-
pared. Next, we assessed the somatic input-output transformation,
which relates injected current to action potential output (Fig. 1g-j).
Thesomaticinputresistance varied considerably across species, such
that anidentical injection of current yielded markedly different volt-
age deflections (Fig. 1g, i). Firing patterns were also not conserved:
high-frequency bursts were common only in select species (Fig. 1h,
Extended DataFigs. 3,4). The heterogeneity we observed among spe-
cies was notable, given that the transformation from somatic current
inputtoaction potential outputis thought to be afundamental kernel
of circuit computation.

The vast majority of synaptic contacts are made at dendrites, which
provide sophisticated active and passive forms of information process-
ing at the frontend of the input-output transformation™. We therefore
tested whether the variability we observed in somas (Fig. 1) is a cell-wide
phenomenon by performing dendritic whole-cell recordings (Fig. 2a, b;
owing to limited tissue availability, dendritic recordings were restricted
to human, mouse, gerbil, rat, guinea pig and rabbit). Using local current
injections, we mapped L5 dendritic properties at various distances from
the soma (Fig. 2d-g, Extended Data Figs. 5, 6). Similar to the somatic
recordings, currentinjectionsled to diverse responses across species,
including variable input resistances and spiking behaviour. With regard
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to suprathreshold properties, mice, gerbils, guinea pigs and rabbits
exhibited large complex dendritic spikes (Fig. 2c) akin to the canonical
calcium plateau potentials described in rats’>">. However, their detailed
characteristics were not conserved across species (Fig. 2g, Extended
Data Figs. 6, 7). We observed a distinct suprathreshold behaviour in
humandendrites, characterized by small and narrow spikes*. Of note,
the highinputresistances of humandendrites also diverged from other
species (Fig. 2e). Overall, this prominent variance in dendritic physi-
ology strongly suggests that heterogeneous integrative properties
manifest cell-wide.

Ionic conductance and neuron size

Our mapping of somatic and dendritic input-output properties
across species revealed surprising variability. Although morphological
changes alone can substantially alter the electrical behaviour of neu-
rons™, ion channels also strongly shape subcellular operations. We set
outtodecipher whether changesinion channel distributions contrib-
ute to the heterogeneous features of L5 cortical neurons. We focused
our efforts on voltage-gated potassium channels (K,) and HCN channels
owing to their experimental accessibility (large currents under little
to no pharmacological isolation) as well as their strong influence on
sub- and suprathreshold properties™'>*,

We performed outside-out recordings, inwhich we voltage-clamped
small excised patches of membrane at somatic as well as distal and
proximal dendritic locations (Fig. 3a-c, Extended Data Fig. 8). Meas-
ured currents were converted into conductance densities (Fig. 3e; also
see Methods, Extended Data Fig. 9). We then measured the diameter
of L5 dendritic compartments using two-photon z-stacks of neurons
shortly after removing the patch-clamp electrode, enabling estimation
of surface area (Fig. 3d). We used distance-dependent surface area
estimates to integrate conductance density plots and compute total
conductance estimates (Fig.3g, h). Our analysesrevealed thatlocal and
total conductance generally increased from the smaller L5 neuronsto
thelarger ones (Fig.3e, g, h, Extended Data Fig. 8). However, human L5
neurons were outliers with low conductance despite their large size. To
quantitatively determine how size relates to conductance, we used allo-
metric relationships torelate parameters across orders of magnitude
using logarithmicscales. When predicting the conductance of human
L5 neurons based onthe other species, we found human neuronsto be
statistically significant outliers (Fig. 3g, h, Extended DataFig. 8). These
allometric analyses suggest that human L5 neurons have an unexpected
biophysical composition for their size.

Our conductance measurements suggest thathuman L5 neurons are
outliersacross six species. The tight correlation between the somatic
and dendritic conductance (r = 0.944; Extended Data Fig. 81) for the six
initial species suggests that conductanceincreasesinasize-dependent
fashionalongthe entire somatodendritic extent of the neurons. We thus
extended our total conductance analysis to include four more species
for which we could only obtain somatic data (Fig. 3f). With nine species
excluding humans, we observed a faithful adherence to an allometric
relationship between somatic K, conductance and somatic surface
area (Fig. 3i). Surface area (R?=0.965, P <107) was a better predictor
than soma depth (R*=0.930, P<10*) for somatic K, conductance,
suggesting that the amount of membrane controlsionic conductance
densities. Human L5 neurons were again the sole outliers, exhibiting a
much lower K, conductance than predicted (Fig. 3f, i). Together, ourion
channel measurementsindicate thathuman L5 neurons have a unique
biophysical make-up among the tested species.

To limit the potential confound of disease states associated with
our human brain samples, we compared the biophysical properties
of neurons from patients with hippocampal sclerosis; tumour; and
other conditions, including gliosis and trauma. We found no significant
differencesin somatic outside-out currents between the three groups
(Extended Data Fig. 7). We also directly tested the effect of epileptic
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Fig.1|Highly variable neuronsize and input-output properties across
species. a, Two-photon z-stack montage images of cortical L5 neuronsin 10
mammalianspecies with corresponding cortexillustration above. Seed for
summary dataand sample numbers. E. shrew, Etruscan shrew. Scale bars, 5 cm
(top); 200 um (bottom). b, Unrooted phylogenetic tree. ¢, Representative
two-photonimages of somas of the different species. See e for summary data
and sample numbers. Scale bar,10 um.d, e, Anatomical measurements across
species. Pooled datarepresent mean +s.e.m.Sample numbers areindicated in
parentheses. d, Somatic depth (P= 0 (one-way ANOVA), F=1,798 and 9 degrees
of freedom (df)). e, Somaticsurface area (P <107** (one-way ANOVA), F=40 and
9 df).f, Relationship between somatic depth and surface area (R*= 0.769,
P<0.001(linearregression), F=26.6 and 8 df; n=10).g, Example somatic
voltagesinresponsetosubthreshold step currentinjections. h, Sameasgbut
for threshold currentinjections to show spikes. i, Somatic input resistance
(Rynpu) (P<107° (Kruskal-Wallis), > = 399 and 9 df). Box plots denote the
medianand 25-75th percentiles. Sample numbers areindicated in parentheses.
j, Firingrates as afunction of injected current. Lines represent population
medians. Sample numbersareindicated in parentheses.
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Fig.2|Dendriticinput-output properties are not conserved across
species. a, Two-photon z-stack montage image of human neuron with adistal
patch-clamp electrode 1,617 pm from soma. Scale bar, 100 pm. b, Distal
dendritic voltageinresponse to subthreshold step currentinjections (/;;).
c,Same asbbut for threshold currentinjections to show dendritic spikes.
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numbersareindicatedin parentheses. e, f, Subthreshold properties of distal
dendrites. Box plots denote the median and 25-75th percentiles. Sample numbers
areindicatedin parentheses. e, Inputresistance (P <1072 (Kruskal-Wallis),
Xx>=105and 5df).f, Voltage sag (V,,,) (P <107 (Kruskal-Wallis), x> = 42 and 5 df).
g, Spike width onalogscale of distal dendrites (P < 107® (Kruskal-Wallis), x> = 46
and 5 df). Box plots denote the median and 25-75th percentiles.

seizures on somaticionic conductanceinrats and found no significant
differences (Extended DataFig. 7). Together, these results suggest that
disease aetiology is unlikely to underlie the distinct features of human
L5 neurons such as their low conductance.

Conserved conductance per brain volume

We nextinvestigated which other biophysical features canbe explained
by size by computing the amount of variance explained by allomet-
ric relationships with or without human neurons. Most variance in
subthreshold properties was explained as long as human L5 neurons

Fig.3|lonicconductanceincreases withsize exceptinhumanneurons.

a, Dendritic outside-out patches were pulled from distal dendrites after
obtaining whole-cell recordings.b, ¢, Dendritic currents. Box plots denote the
medianand25-75th percentiles. Sample numbers areindicated in parentheses.
b, K, peak currents (P <108 (Kruskal-Wallis), x> = 45 and 5 df). ¢, HCN currents
(P<107" (Kruskal-Wallis), x> =84 and 5 df).d, Top, two-photon z-stack image of
distal dendrites. Scale bar, 5 um. Bottom, distance-dependent median diameter
(mousen=12,gerbiln=16,rat n=10, guinea pign =15, rabbitn=18, human
n=20).e,Distance-dependent HCN and K, peak conductance density.f, K,
currentsinsomatic outside-out patches. Somatic HCN currents were negligible.
g-i, Allometricrelationship onalog-logscale for conductance as afunction of
neuronsize. Thelinesand shaded error barsrepresent the fitand 95% confidence
interval, respectively, of anallometric relationship constructed excluding
humans. g, Total (somaand dendrite) K, peak conductance (G) (P<107(linear
regression), F=193and 3 df; n=>5).h, Total HCN conductance (P=0.011 (linear
regression), F=31.6 and 3df; n=>5).i, Somatic K, peak conductance (P<10~°
(linearregression), F=192and 7df;n=9).
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Fig.4|Humans are anexception to the allometricrelationship that
normalizesionic conductance perbrain volume. a, Allometric relationships.
F-1,firing rate-current; ISI, interspike interval. b, Explained variance.

¢, Schematicrepresentation of brain volume occupied by L5somas.
Thenumber ofionchannelsisindicated at the bottom. d-f, Allometric
relationship onalog-logscale for somatic K, peak conductance densitiesin
volumesasinc. Thelinesandshaded error barsrepresent the fitand 95%
confidenceinterval, respectively, of the relationship constructed excluding
humans.d, Membrane conductance density (P=0.001(linear regression),
F=29.2and 7 df;n=9).e,Surface-to-volumeratio (P<107° (linear regression),
F=318and 7 df; n=9).f, Volume K, peak conductance density where the volume

were left out. Size also explained most of the variance in somatic and
dendritic excitability with or without humans. However, we found that
size had very little explanatory power with regard to detailed spike
characteristics. High-frequency bursts were only frequent in glires
(Extended Data Fig. 4), which include rodents (mouse, gerbil, rat and
guinea pig) and lagomorphs (rabbits), suggesting that bursts may be
specific to this clade. Furthermore, dendritic spikes had unpredict-
able shapes and sizes across species (Fig. 2, Extended Data Figs. 6, 7),
but this could reflect complex interactions between dendritic length,
ion channel densities and somatic coupling*?. Finally, maximal firing
rates were not predictable, but the high somatic firing rates of some
species (ferret and macaque) could be related to their narrow action
potentials (Extended Data Fig. 3). Repeating this analysis by excluding
other species (Extended Data Fig.10) did not yield substantial changes
inexplained variance, revealing that only human L5 neurons are outliers
among the species tested here.

We sought to answer the question of why ionic conductancesincrease
with neuronal size if they do not normalize integrative features. We
theorized that the exponentialincrease in conductance (Fig. 4d) could
counteract some other changes that are associated with increasing
neuronal size. One direct consequence of a brain with larger neurons
isthat fewer neurons canfitin the same volume. To examine the effect
of neuronal densities on conductance distribution, we approximated
avolume composed of L5 somas of different species (Fig. 4c). We also
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Cortex size (g) Cortex conductance (S)

isfilled with somas (P=0.14 (linearregression), F=2.8and 7df;n=9).

g, Schematicrepresentation of cortex volume with neuronal density from
Extended DataTablel.h, i, Allometricrelationship onalog-logscale for
somaticK, peak conductance densitiesinvolumesasing. Thelines and shaded
error barsrepresent the fitand 95% confidence interval, respectively, of a
relationship constructed excluding humans. Gerbils were notincluded
because the necessary information was not availablein theliterature. h, Cortex
conductance density with accurate neuronal densities (P= 0.74 (linear
regression), F=0.12and 6 df; n = 8).i, Total cortex conductance (P<107°

(linear regression), F=356 and 6 df; n = 8).j, Estimated human brain
conductance and expected conductance for scaled-up mammalian brain.

considered a volume filled with scaled-up mammal L5 somas, which
are the same size ashuman neurons but follow the allometric rules that
apply to all other species (Fig. 4c). We computed the K, conductance
density per brain volume (Fig. 4c, f) and discovered that it was constant
in all tested species besides humans (Fig. 4f). To understand why, we
assessed more closely the geometry of neuronal compartments. We
found thatlarger neurons have lower surface-to-volume ratios, mean-
ing that the total membrane area for a specific brain volume is lower
(Fig. 4e). Overall, the increase in membrane conductance with size
(Fig.4d) effectively cancels out the decrease in surface-to-volume ratio
(Fig.4e) tomaintaina constant conductance per unit volume (Fig. 4f).
Totest thisideafurther, we next computed the conductance densityin
the cortex using neuronal density measurements from the literature
(Extended Data Table 1) to account for neuropil (Fig. 4g). Lower neu-
ronal densities were associated with larger L5 soma volumes (Extended
Data Fig. 8m), allowing us to use the simplifying assumption that all
neurons are L5 neurons. Again, cortical K, conductance was constant
across species (Fig.4h), leading toalinear increase in cortical conduct-
ance with size (Fig. 4i). Humans, however, were outliers at every stage
(Fig.4c-j). Withlowerionic conductance than predicted for their size,
humanshad alowerion channel conductance per volume thanall of the
other species, leading to a total cortex conductance four times lower
than predicted (Fig. 4i, j, Extended Data Fig. 8). Overall, our analyses
suggest thatin all tested species except humans, size-dependent rules



for membrane conductances lead to conserved conductance per vol-
ume but not to conserved input-output properties.

Discussion

We generated a dataset composed of more than 2,250 patch-clamp
recordings (Extended Data Table 2) from a single type of cortical
pyramidal neuron across 10 mammalian species, which allowed us
to reach two conclusions. First, the biophysical building plan for L5
neurons of different sizes across species does not conserve functional
input-output properties butinstead normalizes conductance per unit
brainvolume. Second, human L5 neurons exhibit a distinct biophysical
composition compared to other tested species.

The other nine species tested here did not exhibit outlier status
accordingtoouranalysesin Extended DataFig.10. Nevertheless, there
were features associated with other species that are worthy of future
investigation, such as the fast action potentialsin macaque and ferret
neurons. Their origin is unclear but our results (Extended Data Fig. 3)
are consistent with a previous study that observed very fast action
potentials in macaque L5 neurons through extracellular recording”. To
ensure that the variability in action potential waveforms was not due to
differences in brain regions, we compared the firing properties of rat
temporalassociation cortex (TEA) versus M1and observed only minor
changes compared to the large cross-species differences (Extended
Data Fig. 3). Work is needed to determine what underlies features like
narrow action potentials, as well as other properties across species
that were not predictable by size.

Although human cortex adheres to allometric rules regarding its
cellular composition and size', we find that this is not the case at the
biophysical level, unlike all the other mammals we tested. We demon-
strate here that the biophysical properties of human L5 neurons are
not expected for their size, providing an important locus for future
investigations into the human condition. Further work is needed to
determine the evolutionary pressures that underlie these distinctive
features and their contribution(s) to human brain function.
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Methods

Human and animal models

Species selection. Inaddition to humans, nine mammalian species
were included. Non-mammals were not considered due to a lack of
asix-layer cortex and homologous cell types. Mice and rats were
included because they are the standard animal models in electro-
physiological studies. Marmosets and macaques were included
because they are non-human primates and tissue samples were avail-
able through local collaborations. Etruscan shrews were included
because of their very small brains and neurons. Ferrets were added
becausethey have large neurons but are phylogenetically distant from
rodents and primates. Gerbils, guinea pigs and rabbits were selected
because they are available through scientific vendors and their neu-
ron size complemented the other species. Owing to varying brain
organization and technical consideration, the precise brain regions
varied across species but were selected to be the closest analogues
to human anterior temporal lobe (see details for individual species
below). Allanimals were used inaccordance with the National Institutes
of Health (NIH) where applicable and the Massachusetts Institute of
Technology Committee on Animal Care guidelines. No sample size
calculation was performed. Sample sizes are comparable to or larger
than similar studies* . No blinding or randomization was possible
with the study design.

Etruscan shrew. Etruscan shrews (Suncus etruscus) were a gift from
M. Brecht. Males were housed in groups (up to 3) and used for experi-
mentation at 3-9 months of age.

Mouse. C57BL/6 mice (Mus musculus) were purchased from Charles
River. Male mice were housed in groups (up to4) or singly and used for
experimentation at 12-28 weeks of age. Mice were housed on a12-12
dark-light cycleinaroomat 20-22 °C and 40-45 % humidity.

Gerbil. Mongolian gerbils (Meriones unguiculatus) were purchased
from Charles River. Male gerbils were housed in pairs or singly and
used for experimentation at 13-17 weeks of age.

Rat. Sprague Dawley rats (Rattus norvegicus) were purchased from
Charles River. Male and female rats were housed in pairs or singly and
used for experimentation at 12-32 weeks of age.

Ferret. Two ferrets (Mustela putorius furo) were obtained from the
laboratory of C. Walsh and underwent in utero electroporation surgery
for an unrelated experiment before being used for our experiments.
Six more ferrets were gifted by Tufts University where the only experi-
mental manipulation they would have had is the administration of
commercially available humaninfluenzavaccine. Female ferrets were
used for experimentation at 9-16 months of age.

Guinea pig. Hartley guinea pigs (Cavia porcellus) were purchased from
Charles River. Male retired breeders were housed alone and used for
experimentation at 27-32 weeks of age.

Rabbit. New Zealand White rabbits (Oryctolagus cuniculus) were pur-
chased from Charles River. Male and female rabbits were housed alone
and used for experimentation at 25-52 weeks of age.

Marmoset. Brain samples were obtained from2 male (5and 7 years old)
and2female (2and 6 years old) common marmosets (Callithrix jacchus)
at Massachusetts Institute of Technology (MIT) that were euthanized
as part of experiments unrelated to the current study.

Macaque. Brain samples were obtained from 6 male rhesus ma-
caques (Macaca mulatta) at MIT or Harvard Medical School that were

euthanized as part of experiments unrelated to the current study (8.5,
9.5,12,19 and 21 years old).

Human. Human (Homo sapiens) tissue was acquired through collabora-
tionwith the Massachusetts General Hospital (MGH) and the Brigham
and Women'’s Hospital (BWH). For MGH, tissue was obtained as ‘dis-
carded tissue’ from neurosurgical patientsin accordance with protocols
approved by the Massachusetts General Hospital Internal Review Board
(IRB). Patients consent to surgery and asubset of the resected tissue was
considered discarded tissue. Under our IRB-approved protocol, such
discarded tissue was available for this specific research project for use
without explicit patient consent. For BWH, the protocol was approved
by theIRB, and patients provided consent prior to the surgery. Atboth
institutions, non-essential samples were extracted by the supervising
neuropathologist per protocol.

Patients were male or female adults aged 20-64 years. We report
only the sex of the patients because information on their genderiden-
tity was not available. Additional patient information is included in
Extended Data Table 3. Samples were not allocated to distinct experi-
mental groups and information about the patient was not available
until after data acquisition and analysis.

Brainslice preparation

Slicing. Slicing artificial cerebrospinal fluid (aCSF) contained (in mM):
sucrose 160, sodium bicarbonate 28, potassium chloride 2.5, sodium
phosphate monobasic monohydrate 1.25, calcium chloride 1, mag-
nesium chloride 7.5, glucose 7.25, HEPES 20, sodium pyruvate 3 and
sodium ascorbate 3,295-305 mOsm, pH adjusted to 7.4 with sodium
hydroxide. Recovery aCSF contained (in mM): sodium chloride 92,
sodium bicarbonate 28.5, potassium chloride 2.5, sodium phosphate
monobasic monohydrate 1.2, calcium chloride 2, magnesium chloride
4, glucose 25, HEPES 20, sodium pyruvate 3 and sodium ascorbate 5,
300-310 mOsm, pH adjusted to 7.4 with sodium hydroxide. All solutions
were saturated with 95% O, and 5% CO,. Slicing was performed with a
vibrating blade microtome inice-coldslicing aCSF,and 300-pm slices
were incubated for around 30 min at 35.5 °C in recovery aCSF. Slices
were then stored at around 20 °C until use. Incubation solutions were
replaced every4-8 h.

Etruscan shrew slice preparation. Etruscan shrews were deeply anaes-
thetized withisoflurane. After decapitation, the head was submergedin
ice-coldslicing aCSF. The brainwas extracted inabout 1 minand placed
inslicingaCSF. The two brain hemispheres were either cut apart or kept
together. To obtain coronalsslices, samples were glued on their frontal
surface after performing ablocking cut. Recordings were restricted to
the temporal medial cortex™.

Mouse slice preparation. Mice were deeply anaesthetized with iso-
flurane. After decapitation, the head was submergedinice-coldslicing
aCSF.Thebrainwas extracted inless than30 sand placed inslicing aCSF.
Toobtainslices perpendicular to the surface of the brain, we performed
ablocking cut in the frontal cortex of both hemispheres with an ap-
proximately 30° yaw angle off the coronal axis. The two hemispheres
were separated and glued on their frontal surface. Recordings were
restricted to the TEA? using the Allen Mouse Brain Atlas as reference
(https://mouse.brain-map.org/static/atlas).

Gerbil slice preparation. Gerbils were deeply anaesthetized with
isoflurane. After decapitation, the head was submerged inice-coldslicing
aCSF.The brainwas extractedinlessthan30 sand placedinslicing aCSF.
Toobtainslices perpendicular to the surface of the brain, we performed
ablocking cutinthe frontal cortex of both hemispheres with an approxi-
mately 35° yaw angle off the coronal axis. The two hemispheres were
separated and glued on their frontal surface. Recordings were restricted
to the TEA using the same landmarks as for mouse and rat brains.
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Somebrainextractions were performed in the animal facility. Slicing
aCSF was oxygenated for more than15 mininlab, transportedin sealed
conditions and used within 15 min. After brain extraction, the brain was
transported insealed conditions for around 5 min before transferring
itto freshly oxygenated solution.

Rat slice preparation. Rats were deeply anaesthetized withisoflurane.
After decapitation, the head was submerged in ice-cold slicing aCSF.
Thebrainwas extracted inless than30 s and placed in slicing aCSF. To
obtainslices perpendicular to the surface of the brain, we performed a
blocking cutinthe frontal cortex of both hemispheres with an approxi-
mately 35° yaw angle off the coronal axis. The two hemispheres were
separated and glued on their frontal surface. The pia was completely
removed from the cortical surface with fine forceps. Slice preparation
withepilepticrats was similar but the extracted brain was transported
from MGH to MIT before slicing the same way human tissue was trans-
ported. Recordings were restricted to the TEA? using the Rat Brain
Atlas asreference” for all recordings except Extended Data Fig. 3k-m.

Ferretsslice preparation. For ferrets euthanized at MIT, anaesthesia was
induced with ketamine (25 mg kg™) and xylazine (2 mg kg™) intramus-
cular and supplemented with 5% isoflurane. Following athoracotomy,
ferrets were perfused with slicing aCSF for 1-3 min. Slicing aCSF was ox-
ygenated for more than15 mininlab, transported in sealed conditions
and used within 20 min. After decapitation, the head was submerged
inice-coldslicing aCSF. The brain was extracted in 2-5 min and placed
inslicingaCSF. The brainwas then transported in sealed conditions for
5-10 min before transferring it to freshly oxygenated solution.

For ferrets euthanized at Harvard Medical School, the ferrets were
euthanized with Fatal plus. After athoracotomy, ferrets were perfused
with slicing aCSF for 1-3 min. Slicing aCSF was oxygenated for more
than15 mininthelab, transportedinsealed conditions and used within
20 min. After decapitation with scissors, the brain was extracted in
5-10 min and placed in slicing aCSF. The brain was then transported
insealed conditions for 15-25 min before transferringit to freshly oxy-
genated solution.

Pia and surface blood vessels that would obstruct slicing were
removed with forceps. The posterior half of the suprasylvian gyrus®
was separated from surrounding brain regions and cutin small pieces
(around 3 mm x 3 mm) perpendicular (less than 10 degrees off) to the
surface of the brain.

Guinea pig slice preparation. Guinea pigs were deeply anaesthetized
withisoflurane. After decapitation, the head was submergedinice-cold
slicing aCSF. The brain was extracted in 1-2 min and placed in slicing
aCSF. The brainwas then transported in sealed conditions for around
5minbefore transferringit to freshly oxygenated solution. The pia was
completely removed from the cortical surface with fine forceps. The
temporal cortex was isolated and cut in small pieces (around 3 mm x
3 mm) perpendicular (less than 10 degrees off) to the surface of the
brain.

Rabbit slice preparation. Anaesthesia was induced with ketamine
(35 mg kg™ and xylazine (5 mg kg™) intramuscular and supplemented
with 5% isoflurane. Following a thoracotomy, rabbits were perfused
with slicing aCSF for 1-3 min. Slicing aCSF was oxygenated for more
than15 mininthelab, transportedinsealed conditions and used within
20 min. After decapitation, the head was submergedinice-cold slicing
aCSF. The brain was extracted in 1-2 min and placed in slicing aCSF.
Thebrainwas thentransportedinsealed conditions for around 10 min
before transferringit to freshly oxygenated solution. The piawas com-
pletely removed from the cortical surface with fine forceps. The tem-
poral cortex based on this atlas™ was isolated and cut in small pieces
(around 3 mm x 3 mm) perpendicular (less than 10 degrees off) to the
surface of the brain.

Marmoset slice preparation. Marmosets were perfused with slicing
aCSF for 5-20 min. Slicing aCSF was oxygenated for more than 15 min
inthe lab, transported in sealed conditions and used within 20 min.
The brain was extracted in around 5 min and placed in slicing aCSF.
The brain was then transported in sealed conditions for 10-15 min
beforetransferringitto freshly oxygenated solution. A piece of cortex
containinginferotemporal gyrus (ITG), superior temporal gyrus (STG)
and temporal cortex (TE) was excised based on this atlas?. Pia and
surface blood vessels that would obstruct slicing were removed with
forceps. The sample was then cutin small pieces (around 3 mm x 3 mm)
perpendicular (less than 10 degrees off) to the surface of the brain.

Macaque slice preparation. For two macaques, unilateral or bilateral
craniotomies were performed under anaesthesia over the temporal
lobe. The durawas surgically removed before excising small portions of
thetemporallobe. For another macaque, the whole brain was extracted
following euthanasia. Tissue was placed in slicing aCSF. For all cases,
resected tissueincluded the temporal cortex between the lateral fissure
and the anterior middle temporal sulcus from the tip of the anterior
temporal lobe to Bregma -14 mm based on this atlas?.

Slicing aCSF was oxygenated for more than 15 min in the lab, trans-
portedinsealed conditions and used within20 min. The brainwasthen
transported in sealed conditions for around 5 min before transferring
it to freshly oxygenated solution. Pia and surface blood vessels that
would obstruct slicing were removed with forceps. The sample was
then cutin small pieces (around 3 mm x 3 mm) perpendicular (less
than 10 degrees off) to the surface of the brain.

Human slice preparation. Resected human tissue was considered
discarded tissue after being examined by neuropathologists whose
main objective was to ensure that there was adequate tissue for diag-
nostic purposes. The neocortical tissue was obtained from the lateral
anterior temporal lobe (middle and inferior temporal gyri) in patients
undergoing resection of the temporal lobe including mesial structures
for medically intractable epilepsy. The neocortical tissue displayed no
known abnormalities at the level of MRI scans, gross inspection and
subsequent microscopic examination as part of the standard neuro-
pathologic assessment of the tissue. Patients undergoing resective
surgery were primarily maintained under general anaesthesia with
propofol and remifentanil or sufentanil. Some cases used inhaled an-
aesthetics, such asisoflurane or sevoflurane. Forinduction of general
anaesthesia, paralytic agentsincluding rocuroniumor succinylcholine
as well as fentanyl were typically used. Resection usually occurred
within 90 min of the start of the procedure.

After resection, tissue was placed within around 180 s in ice-cold
slicing artificial aCSF. Samples were transported in sealed conditions
for15-35 minbefore being transferred to freshly oxygenated solution.
Piaand surfaceblood vessels that would obstruct slicing were removed
with forceps and samples were cut in small pieces (around 3 mm x
3 mm) perpendicular (less than 5 degrees off) to the surface of the brain.

Epilepticrat preparation

Rats were implanted with a cannula and monopolar depth electrodes
targeted to the hippocampus, as well as four skull screw electrodes
(oneposterior tolambda, one over the right frontal lobe, one over the
left parietal lobe and one over the right parietal lobe). An unconnected
anchor screw was placed over the left frontal lobe forimplant stability.
All electrodes were covered in dental cement and connected to our
recording system using a PlasticsOne 6 channel connector.

Epilepsy was induced by administration of 200 ng kainic acid solu-
tion (1 mg ml™ of kainic acid in 10x phosphate-buffered saline (PBS))
into the hippocampus via the cannula while the rat was awake using
asyringe pump connected to an injector needle. The needle was left
in place for 30 s to allow proper diffusion and limit backflow of the
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solution. This would induce status epilepticus which was allowed to
proceed for at most 2 h before being halted with 5 mg kg™ diazepam.
Rats were administered an NSAID (non-steroidal anti-inflammatory
drug) (carprofen, 5 mg kg™) daily for three days after the induction
procedure. Electroencephalograms (EEGs) were monitored continu-
ously to check for the onset of spontaneous focal seizures. Rats were
euthanized and used for electrophysiological recordings five days after
they experienced spontaneous focal seizures.

Patch-clamp recording

Patch-clamp recordings were performed from the soma and apical
dendrites of pyramidal neurons at 34-36 °Cinrecording aCSF contain-
ing (inmM): sodium chloride 120, potassium chloride 3, sodium bicar-
bonate 25, sodium phosphate monobasic monohydrate 1.25, calcium
chloride1.2, magnesium chloride 1.2, glucose 11, sodium pyruvate 3 and
sodiumascorbate 1,302-305 mOsm, saturated with 95% O, and 5% CO,.

Whole-cell current-clamp recordings were performed with an Axo-
patch 200B, MultiClamp 700b or a Dagan BVC-700A amplifier with
series resistance fully balanced. Experiments were performed at the
resting membrane potential. Patch pipettes from thick-wall glass (1.5
outer diameter, 0.75 inner diameter) had resistances ranging from
3to 15 MQ, and capacitance was fully neutralized prior to break in.
Series resistances ranged from 5 to 30 MQ. The intracellular solution
contained (in mM): potassium gluconate 134, potassium chloride 6,
HEPES 10, sodium chloride 4, adenosine 5’-triphosphate magnesium4,
guanosine 5’-triphosphate sodium 3, phosphocreatine di (tris) 14 and
0.1Alexa488. Liquidjunction potential was not corrected for. Current
and voltage signals were filtered at 10 kHz and acquired at 20 kHz.

Outside-out (8-13 MQ pipettes with thick-wall glass) recordings were
performed with an Axopatch 200B or a MultiClamp 700b amplifier.
For asubset of recordings, the formation of an outside-out patch was
confirmed under two-photon imaging (lack of cytoplasmic bridge).
Nucleated patch (8-13 MQ pipettes with thick-wall glass) recordings
were performed with an Axopatch200B or a MultiClamp 700b ampli-
fier. For double nucleated patch experiments, the voltage-clamp ampli-
fier was an Axopatch 200B and the current-clamp amplifier was a Dagan
BVC-700A amplifier. Voltage-clamp recordings had series resistance
and whole-cell capacitance predicted and compensated >90% and
lag <10 psto effectively command voltage (Extended DataFig. 9). The
nucleus was sucked into the pipette, the pipette was withdrawn and the
formation of an excised patch was confirmed under two-photonimag-
ing (lack of cytoplasmic bridge). Torecord HCN channels, the voltage
was stepped to-140 mV for 1,000 ms followed by -60 mV for1,000 ms
from arest potential of 40 mV®, The protocol was interleaved with
41/10 scaled protocol for leak subtraction. To record voltage-gated
potassium channels, the voltage was stepped to —-110 mV for 500 ms
followed by +40 mV for 400 ms from arest potential of —-60 mV®, The
protocol was interleaved with 4 1/10 scaled protocol for leak subtrac-
tion. Current signals were filtered at 10 kHz and acquired at 20 kHz.
Channel measurements were performed at physiological temperature
unlike previous measurements of HCN and K, in L5 neurons™>>%,

For all experiments except Extended Data Fig. 3h-j, we recorded
from large L5 pyramids with thick apical dendrites reaching L1%. As
in previous rodent research, dendritic recordings from unlabelled
cells were strongly biased towards thick apical dendrites that reliably
originate from large L5 somas. In all species, we targeted the thickest
dendrites and biggest L5 somas to isolate putative L5B neurons, also
referred to as ‘extra-telencephalic’ or ET*8913152627,

Two-photonimaging

A multiphoton microscope system with a Mai-Tai DeepSee laser was
used toimage Alexa488 at 920 nmor Alexa 594 at 880 nm (separated via
dichroic mirrors toindependent sets of GaAsP photosensor modules).
Another photosensor module was used to collect transmitted-light
Dodt gradient images. Laser beam intensity was independently

controlled with electro-optical modulators. For some recordings,
two-photon imaging was used to target a second location following
initial somatic or dendritic recording.

Compartmental modelling

We use a biophysical model of a rat L5 neuron to test the validity of
our conductance and outside-out surface areas. Simulations were
performed in NEURON v.7.8.2%8, We used a previously published
rat neocortical L5 pyramidal neuron morphology and removed the
axon?, We implemented the three conductances (HCN, K, peak, and
K, plateau) on the basis of our measurements (Fig. 3). Leak conduct-
ance (reversal -92 mV) was set to 2 pS pum2in the somaand basal den-
drites, 1.54 pS um™in apical dendrites and 2.91 pS um™2in the tuft.
Axial resistance was set to 100 Q*cm in the soma, 100 Q*cm in the
basal dendrites, 250 Q*cm in the apical dendrites, and 25 Q*cmin the
tuft. Specific membrane capacitance was set to1 pF cm™in the soma,
1pF cm™in the basal dendrites, 2 uF cm™2in the apical dendrites and
1pF cm2inthe tuft. Currentinjection and voltage measurements were
simulated at the somaand 520 pm from the soma (distal measurement).
Outside-out patches were simulated as spherical compartments with
surface areas of 50 um (Extended Data Fig. 9); and all command voltage
protocols were matched to the experimental protocols. All simulations
were conducted at 37 °C.

Nissl staining
Shrews, gerbils, mice, rats, ferrets, guinea pigs, rabbits and marmosets
were anaesthetized as described above and perfused transcardially
with PBS and 4% paraformaldehyde (PFA) in PBS. Whole brains or sec-
tions containing the regions of interests were then placed in 4% PFA at
4 °Cfor24 h.Macaque and human brain samples were resected under
anaesthesiaand placed directlyin 4% PFA at4 °C for 24 h. Brainsamples
were then transferred to PBS at 4 °C until slicing. Brain samples were
dissected and tissue blocks were mounted on the vibratome stage in
the same manner as samples used for electrophysiological recordings.
Particular attention was paid to the angle of slicing to allow for proper
comparisons. Slices of 50-60 pumwere prepared and transferred to10%
formalin for10 days. Brainslices were mounted on targeting molecule
polysine-coated slides and dried for 2-3 weeks. They were first cleaned
with xylene, dehydrated with100% ethanol, defatted with chloroform
(I:1ratio dilution with 100% ethanol) and rehydrated before staining.
Forreliable stains of Niss|bodies and abetter visualization of cell bod-
ies, a 0.025% buffered acid thionin stain was used***. First, 1% thionin
was dissolved in distilled water and filtered. Sodium acetate and ace-
tic acid solution were then added and pH adjusted to 5.1-5.5. Thionin
buffer solution was kept in dark, maintained under agitation, and the
temperature was kept at 37 °C before use. Brain slices were placed in
thionin buffer solution for 2-5 min before being rinsed in distilled
water to remove excessive dyes. Further colour differentiation was
performed with 70% ethanol with acetic acid until the desirable colour
and intensity were obtained. To reduce the speed of differentiation,
brain slices were transferred to 95% ethanol, and went through the
dehydration processes again. Finally, brain slices were cleared in xylene
before being covered with DPX and a coverslip. Slices were imaged at
2.5x and 10x with a Zeiss LSM 900.

Conductance density estimation

We devised methods to estimate the membrane area of our outside-out
patches. For outside-out surface area, we first used the nucleated patch
technique to determine the current per unit area of the somatic mem-
brane of rat neurons (Extended Data Fig. 9). After calibration, we sam-
pled outside-out patches from the same compartment and estimated an
outside-out surface area of 50.42 pm? (Extended DataFig. 9). Although
our estimate is larger than a prior estimate using capacitive measure-
ments®, it is worth noting that the specific value used here does not
affect cross-species conductance comparisons, which are all relative.



Using the reversal potentials of the channels™*, outside-out measure-
ments were effectively converted into conductance densities (Fig. 3e).
We validated that our conductance estimates were reasonable using
amorphologically realistic biophysical model (Extended DataFig. 9).

Quantification and statistical analysis

Analysis of voltage and current waveforms was performed using MAT-
LAB codes performing the operations detailed below. Signals were
low-pass-filtered at 2.5 kHz for outside-out recordings and nucleated
patchrecordings. Outside-out recording traces were low-pass-filtered
at100 Hz for display in figures. Input resistance was calculated from
theslope of the/-Vrelationship in response to hyperpolarizing current
injections. Voltage sag was calculated as (peak-steady state)/peak
for current injection of =500 pA or -250 pA for Etruscan shrew
neuronsowing to their very high input resistances. Spike full width at
half maximum and area were computed using the base (calculated as
the lowest voltage where the first derivative crossed 2 Vs™) and the
absolute peak of the spike. Previously published rat and human data
analysed the same way were included in the larger datasets here*. Distal
dendrites and proximal dendrites were 10-50% and 82-94% of somatic
depth, respectively. The corresponding physical distances from the
soma have the following ranges for distal (mouse 280-400 pum,
gerbil 400-490 pm, rat 420-670 pum, guinea pig 580-909 um, rabbit
734-1,000 pm, human 900-1,638 pm) and proximal (mouse 30-80
pm, gerbil 75-150 pm, rat 90-150 pm, guinea pig 125-150 pum, rabbit
107-190 um, human200-300 um) dendrites. Reversal potentials were
-30.7 mV for HCN%, -69.9 mV for K, peak and —85.5 for K, plateau®.
The end of the somatic compartment was defined as half the maximal
width of the soma away from the maximal width of the soma. The end
of the apical dendrite used for conductance estimation was 30% of
the somatic depth. Cortical neuronal density (Extended Data Table 1)
were converted to neurons per um?for Fig. 4h using the brain-specific
density (1.036 g cm™) (ref. **).

For nucleated patches, the central (biggest) cross-section was used to
compute the major and minor axes from two-photonstacks (around 0.1
x 0.1 umresolution; 0.5-1 pmsteps). The surface area (4) was calculated
as (1/4) x (major axis + minor axis). Morphological width measure-
ments were performed after the patch pipette was removed. From
two-photon stacks (1 um steps) with variable zoom depending on the
size of the region of interest, the central (brightest) cross-section was
isolated. Theimage was rotated such that the somaand/or dendriteis
vertical. Pixel intensity for segments of 2-10 um were averaged and the
full width at half maximum was computed as an estimate of the width.
Incalculating surface areas, the width was multiplied by the number of
branches for dendrites post-branching points. Z-stack montage images
were constructed using Image) on two-dimensional maximal intensity
projections of 1-2 pm z-series collected at the end of the experiment.

Statistical analysis was performed in MATLAB. D’Agostino—Pearson
tests were used to assess normality. For normal data, results are pre-
sented as mean + s.e.m., and ANOVA or two-sided ¢-test were used for
statistical analyses. For most skewed datasets, box plots denote the
median and 25-75th percentiles, and two-sided Wilcoxon rank-sum test
or Kruskal-Wallis test were used for statistical analysis. Median and 95%
confidence intervals obtained with bootstrapping are presented for
firing ratesand interspike intervals as a function of injected current. No
repeated measurements were used in this study. Statistical details can
befoundinthefigurelegends and in the main text. Reported n values
canbe foundin the figure legends and in the results.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data generated and supporting the findings of this study are pre-
sented in the paper. Additional information will be made available
uponreasonable request.
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Extended DataFig.1|Histological identification of corticallayers.Related  shrewn =39, mousen=162,gerbiln=105, ratn =215, ferretn=31,guinea
toFig.1.a, Nissl-stained brain slices from the 10 species with labelled cortical pign =118, rabbit n =87, marmoset n =41, macaque n = 34, humann =208).
layers. Box plots on theright ofindividual slices denote the medianand 25-75th b, The shrewslice froma, expanded to show detail (n =39).

percentiles of somatic depth for electrophysiological recordings (Etruscan
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Extended DataFig. 3 |See next page for caption.




Extended DataFig. 3 |Somaticfiring properties. Related to Fig.1. Somatic
firing properties (Etruscan shrewn =22, mouse n =59, gerbiln=46,ratn=93,
ferretn=23,guineapign =30, rabbitn =33, marmoset n =34, macaquen =29,
humann=104).a, Firingratesas afunctionofinjected current. The linesand
shaded error bars represent population medians and 95% confidence intervals.
b-g, Box plots denote the median and 25-75th percentiles. b, Rheobase (p <107
Kruskal-Wallis, x*= 250 & 9 df). Data points displayed as abeeswarm plot to
show overlappingintegers. ¢, Slope of firing rate-current relationship (p <10™°
Kruskal-Wallis, x*= 304 & 9 df).d, Maximal firing rate (p <102 Kruskal-Wallis,
x>=146 & 9 df). e, Maximal currenteliciting action potentials before entering
depolarizationblock (p <107** Kruskal-Wallis, x* = 283 & 9 df).f, Representative
action potential waveforms. g, Width of firstaction potential at rheobase (p <107
Kruskal-Wallis, x> = 86 & 9 df)). h-j, Correlation between action potential width

(atrheobase) and other parameters for macaque L5 neurons of different
somatic sizes (notrestricted tolarge L5 with thick dendrites). h, Correlation
with soma diameter (R*=0.145,p=0.006, linear regression, F = 8.3 &49 df,
n=>51).i, Correlation withsomainputresistance (R?=0.596, p<1073, linear
regression, F =94.5 & 64 df, n=66).j, Correlation with somavoltage sag (n = 66;
R?=0.079,p=0.02, linear regression, F =5.5& 64 df, n = 66). k-m, Rat somatic
firing properties of LSb neuronsin TEA (n =93) versus M1 (n =39). Orange lines
represent median L5 macaque data from Extended DataFig.3d, g. k, Firing
ratesasafunctionofinjected current. Thelines and shaded error bars
represent population medians and 95% confidence intervals. 1, Maximal firing
rate (p <1078, two-sided Wilcoxon rank sum, Z =-5.93).m, Width of first action
potential atrheobase (p <107, two-sided Wilcoxon rank sum, Z =3.34).
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Extended DataFig.4|Somaticbursting properties. Related toFig. 1.
Somatic bursting properties (Etruscanshrew n =22, mouse n =59, gerbil
n==46,ratn=93,ferretn =23, guineapign =30, rabbitn =33, marmoset

n=34,macaque n =29, humann=104).a, Minimum instantaneousinterspike

interval (ISI) onalogscaleas afunction of injected current above rheobase.

Thelines and shaded error bars represent population medians and

95% confidenceintervals. b, Percentage of neurons exhibiting bursts with
different frequency thresholds at rheobase. ¢, Same as b butat double the
rheobase. d-e, Box plots denote the median and 25-75th percentiles.

d, Maximal action potential amplitude reduction (p <10 Kruskal-Wallis,
Xx>=107 &9 df). e, Maximal action potential dV/dt reduction

(p <107 Kruskal-Wallis, x> =95 &9 df).
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Extended DataFig.5|Dendriticimpedance profiles. Related to Fig. 2. frequenciesfor2s.b, Phase offset between the voltage response and the
Dendriticimpedance profiles (mouse n =26, gerbiln =19, ratn = 59, guinea pig injected current. ¢, Mean datafromb. d, Maximal impedance (p <10
n=37,rabbitn=23,humann=25).Pooled datarepresent mean + SEM for a-b. Kruskal-Wallis, x* =59 & 5 df). e, Resonance frequency (p <10-*Kruskal-Wallis,
Box plots denote the median and 25-75th percentiles for d-e. a, Impedance Xx>=39 & 5df). Datapoints displayed as abeeswarm plot to show overlapping

profileinresponse to sinewaves of 50-100 pAinjected at the indicated integers.
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Extended DataFig. 6| Additional dendritic properties. Related to Fig. 2.
Voltage sag (mousen=76,gerbiln=47,ratn=108, guinea pign =71, rabbit
n=47,humann=72), resting membrane potential (mouse n =76, gerbiln=47,
ratn=108, guinea pign =71, rabbitn =47, humann=72),and spike properties

(mousen =51, gerbiln=40, ratn=65,guinea pig n = 45, rabbit n =35, human
n=49)asafunction of distance from the soma. Triangles are somatic medians.
Lines are an exponential fit to the data or double exponential fit for spike
dV/dt.Spikewidthand areaare onalogscale.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7 | Proximal dendritic properties and additional distal
dendritic properties. Related to Fig. 2. a, Two-photon z-stack montage image
of mouse neuron witha proximal patch-clamp electrode 63 pm from soma.

b, Proximal dendritic voltage in response to subthreshold (top) or threshold
(bottom) step currentinjections. c-d, Subthreshold properties of proximal
dendrites (mouse n =31, gerbiln=23,ratn =19, guinea pign =28, rabbit
n=21,humann=27).Box plots denote the median and 25-75th percentiles.

¢, Proximaliinput resistance (p <10 Kruskal-Wallis, x* =98 & 5 df).d, Proximal
voltage sag (p <10"®Kruskal-Wallis, x> = 47 & 5 df). e-i, Suprathreshold
properties of proximal dendrites (mousen=19, gerbiln =20, ratn =9, guinea
pign =18, rabbitn=12,humann=15). Box plots denote the medianand 25-75th
percentiles. e, Proximal rheobase (p <107 Kruskal-Wallis, x*= 51 & 5 df). Data
points displayed asabeeswarm plot to show overlapping integers. f, Proximal
spike threshold (p <10~*Kruskal-Wallis, x*= 31 & 5 df). g, Proximal spike area on
alogscale (p <107°Kruskal-Wallis, x*= 36 & 5 df). h, Proximal spike widthon a
logscale (p <10~°Kruskal-Wallis, x* =36 & 5 df). i, Proximal maximum spike

dV/dt (p <10°Kruskal-Wallis, x> =35 & 5 df). j-m, Additional suprathreshold
properties of distal dendrites (mouse n =18, gerbil n =19, rat n =47, guinea pig
n=25,rabbitn=20, humann=25). Box plots denote the medianand 25-75th
percentiles. j, Distal rheobase (p <10~*Kruskal-Wallis, x* =28 & 5 df). Data
points displayed as abeeswarm plot to show overlappingintegers.k, Distal
spike threshold (p <10 Kruskal-Wallis, x*= 61 &5 df).1, Distal spike areaon a
logscale (p <107°Kruskal-Wallis, x> = 58 & 5 df). m, Maximum distal spike
dV/dt (p <10 Kruskal-Wallis, x? = 74 & 5 df). n-0, Somatic outside-out currents
insclerosis (n =44), tumour (n =30) and others (n =12). Box plots denote the
median and 25-75th percentiles. n, Somatic K, peak currents (p = 0.39 Kruskal-
Wallis, x*=1.90 & 2 df). 0, SomaticK, plateau currents (p = 0.35Kruskal-Wallis,
X?=2.09 &2df). p, Example EEG recording of epileptic seizure in rat kainic acid
model. q-r, Somatic outside-out currentsin control (n = 80) and epileptic
(n=68) rats. Box plots denote the median and 25-75th percentiles. q, Somatic
K, peak currents (p = 0.65, two-sided Wilcoxon rank sum, Z = 0.45).r, SomaticK,
plateau currents (p =0.525, two-sided Wilcoxonrank sum, Z = 0.64).
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Extended DataFig. 8 |See next page for caption.
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Extended DataFig. 8| Additional conductance measurements. Related to
Fig.3.a, Dendritic outside-out patches were pulled from proximal dendrites
after obtaining whole-cell recordings. Top, HCN currents with the associated
voltage-clamp protocol on the left. Bottom, K, currents with the associated
voltage-clamp protocol onthe left. b-g, Box plots denote the median and
25-75th percentiles. b, Proximal K, peak currents (p = 0.010 Kruskal-Wallis,
x?=15&5df; mouse n=32, gerbiln =38, ratn =38, guinea pign = 37, rabbit
n=35,humann=44).c, Proximal HCN steady-state currents (p=0.07 Kruskal-
Wallis, x*=10 & 5df; mouse n =29, gerbiln =30, rat n =38, guinea pign =30,
rabbitn =31, humann=42).d, SomaticK, peak currents (p <10 Kruskal-Wallis,
x> =115 &9 df; Etruscan shrew n =59, mouse n =56, gerbiln =80, ratn =80,
ferretn =80, guineapign =70, rabbitn =53, marmosetn=63, macaquen =87,
humann=86). e, Somatic K, plateau currents (p <10 Kruskal-Wallis, x> =115 &
9 df; Etruscan shrew n =59, mouse n = 56, gerbiln =80, rat n =80, ferret n =80,
guinea pign =70, rabbitn=>53, marmoset n=63, macaque n =87 human
n=_86).f, Proximal K, plateau currents (p <10*Kruskal-Wallis, x>=29 & 5 df;
mousen =32, gerbiln=38, ratn =38, guinea pig n = 26, rabbit n =35, human
n=44).g, Distal K, plateau currents (p =0.00001 Kruskal-Wallis, x*=30 & 5 df;
mousen =35, gerbil.n=46, rat n =59, guinea pign =58, rabbit n =39, human
n=43).h-k, Conductance asafunctionof neuronsize. Thelines and shaded
error barsrepresent the fitand 95% confidence interval of an allometric
relationship constructed excluding humans. h, Total K, plateau conductance
onalog-logscale (exponent1.24 +0.09,R?=0.983, p <107, linear regression on
log-log scale, F =176 &3 df, n = 5for mouse, gerbil, rat, guinea pig, and rabbit).
i, SomaticK, plateau conductance onalog-logscale (exponent1.98 + 0.15,
R?=0.962,p <107, linear regression onlog-logscale, F=175&7 df,n=9 for
shrew, mouse, gerbil, rat, ferret, guinea pig, rabbit, marmoset, and macaque).
j,Normalized average of HCN, K, peak and K, plateau conductance (exponent
1.43+0.15,R?=0.966, p = 0.003, linear regression on log-log scale, F =85.7 &3 df,
n=>5formouse, gerbil, rat, guinea pig, and rabbit). k, Normalized average of
somaticK, peak and K, plateau conductance (exponent1.82+0.12,R*=0.968,
p<1073,linearregressiononlog-logscale, F =212 & 7 df,n =9 for shrew, mouse,
gerbil, rat, ferret, guinea pig, rabbit, marmoset and macaque). I, Relationship
between somatic (normalized average of somatic K, peak and K, plateau
conductance) and dendritic (normalized average of HCN, K, peak and K,

plateau conductance) conductance (R?>=0.891, p = 0.005, linear regression,
F=32.7 &4 df,n =6 for mouse, gerbil, rat, guinea pig, rabbit, and human).

m, Somavolume as afunction of neuronal density (Extended Data Table 1)
onalog-logscale (exponent-0.74 +0.10,R?>=0.897,p <107, linear regression,
F=52.3&6df,n=_8forshrew, mouse, rat, ferret, guinea pig, rabbit, marmoset,
and macaque). Thelineand shaded error bars represent the fitand 95%
confidenceinterval of an allometric relationship constructed excluding
humans. n-t, Allometric relationship onalog-log scale. Thelines and shaded
error barsrepresentthe fitand 95% confidence interval of the relationship
constructed excluding humans. n-o0, Somatic K, plateau conductance densities
involumesasinFig.4c.n,Membrane conductance density (exponent 0.98 +
0.15,R?=0.860, p<107?, linear regression, F =43.0 & 7 df,n = 9 for shrew, mouse,
gerbil, rat, ferret, guinea pig, rabbit, marmoset, and macaque). o, VolumeK,
peak conductance density where the volume s filled with somas (exponent
0.53+0.15,R*=0.651, p =0.009, linear regression, F =13.1& 7 df, n =9 for shrew,
mouse, gerbil, rat, ferret, guinea pig, rabbit, marmoset, and macaque).

p-q, SomaticK, plateau conductance densitiesin volumes asin Fig. 4g. Gerbils
werenotincluded because the necessaryinformation was notavailablein the
literature (Extended Data Table1). p, Cortex conductance density with
accurate neuronal densities (exponent-0.27 +0.34,R?=0.092, p = 0.47, linear
regression, F = 0.61& 6 df, n =8 for shrew, mouse, rat, ferret, guinea pig, rabbit,
marmoset, and macaque). q, Total cortex conductance (exponent1.09 + 0.06,
R?=0.985, p <1073, linear regression, F =393 & 6 df, n = 8 for shrew, mouse, rat,
ferret, guinea pig, rabbit, marmoset and macaque). r-t, Same analysis asin

Fig. 4f, butincluding dendritesin the volume and conductance calculation.
r,VolumeK, peak conductance density where the volumeis filled with somas
and dendrites (exponent 0.05+0.10,R?*=0.083, p = 0.64, linear regression,
F=0.272 &3 df,n=5for mouse, gerbil, rat, guinea pig, and rabbit). s, VolumeK,
plateau conductance density where the volume s filled with somas and
dendrites (exponent 0.02+0.13,R?=0.006, p = 0.90, linear regression, F = 0.02
&3df,n=5formouse, gerbil, rat, guinea pig, and rabbit). t, Volume HCN
conductance density where the volumeis filled with somas and dendrites
(exponent0.5+0.29,R?=0.500,p =0.18, linear regression, F=2.99 &3df,n=5
for mouse, gerbil, rat, guinea pig, and rabbit).
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Extended Data Table 1| Species information

Species

Cortex size

(9)

Cortical neurons

(N)

Cortical neuronal
density (N/mg)

Etruscan shrew

0.01098

2,100,000

191,229

Mouse

0.173

13,688,162

78,672

Gerbil

N/A

N/A

N/A

Rat

0.769

31,017,192

41,092

Ferret

3.123

38,950,000

12,473

Guinea pig

1.938

43,510,525

22,508

Rabbit

4.448

71,488,750

16,063

Marmoset 5.561 244,720,000 44,280
Macaque 69.832 1,710,000,000 24,470
Human 1,232.93 16,340,000,000 13,520

Mouse, rat, guinea pig, rabbit, marmoset, macaque and human data points were taken directly from Table 1in a previous study™. Gerbil data were not available. Ferret data were taken from
Table 1in a previous study®*. For Etruscan shrews, the cortical volume was found to be 5.3 + 1.4 mm?® per hemisphere'. The volume was doubled for total cortical volume and converted to mass
(0.01098 g) using the brain specific density (1.036 g cm™) (ref. *°). Using cortex size and number of cortical neurons®, we calculated neuronal density (191,229 N mg™).
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Extended Data Table 2 | Breakdown of dataset of 2,257 recordings from temporal cortex

Whole cell Outside-out
Soma Dendrite Soma Dendrite
Etruscan 39 - 59 -
shrew
Mouse 85 76 56 67
Gerbil 58 47 80 84

Rat 117 (82) 108 (89) 80 97 (56)

Ferret 31 - 80 -
Guinea pig 47 71 70 95
Rabbit 40 47 53 74
Marmoset 41 - 63 -
Macaque 34 - 87 -
Human 126 (39) 72 (42) 86 87 (34)
Total 618 (121) 421 (131) 714 504 (90)

Number of whole-cell and outside-out recordings per species. A total of 342 recordings came from our previously published dataset* and are shown in the parentheses. There are an additional
170 recordings not included in the 2,257 count that come from epileptic rats (Extended Data Fig. 7p-r), rat M1 (Extended Data Fig. 3k-m), nucleated patches (Extended Data Fig. 9) and macaque
recordings from L5 of all sizes (Extended Data Fig. 3h-j).



Extended Data Table 3 | Information on patients with epilepsy (related to Methods)

Age at Antiepileptic
Hande- °. . . . . .
Sex|Age dn epilepsy |Pathological observations Seizure frequency |drugs (pre- Brain region
©SS Jonset surgery)
Sclerosis cases
M | 26|R o1|Hippocampal Sclerosis and low-grade o o 4, oo |Lev, LTG, cBZ|R ATL
neuronal lesion
M 37|R 1|Hippocampal Sclerosis 1-2 / month LTG, LEV, LCM|L ATL
M 32|R 29|Hippocampal Sclerosis Daily LCM, LTG L ATL
. . 15/ month; at least|LEV, BZD2,
M 28|R 13|Hippocampal Sclerosis weekly oxc R ATL
M 28|R 2|Hippocampal Sclerosis 2-3/ month CLB, LTG L ATL
. . LEV, LTG,
F 40|R 21|Hippocampal Sclerosis 4-5/ month BZD2 R ATL
F 42|R 15|Hippocampal Sclerosis 3-4 / month LEV, LTG R ATL
F 22|R 16|Hippocampal Sclerosis ~12 / month OXC R ATL
M 27|R 23|Hippocampal Sclerosis 4/ month VPA, CBZ, CLB|R ATL
M 34|R 31|Hippocampal Sclerosis 0-5/month LCS, LEV R ATL
F | 55[R 4g| ety Wesial tamporal sclerasis kased |, ¢ 4 oy CLB, LTG, LEV [L ATL
on imaging / pathology = inconclusive
M 26|R 22|Hippocampal Sclerosis 3-7 / month LTG, OXC L ATL
M 22|L 7|Hippocampal Sclerosis 1/ month LCM L AT,L {todfied
hemispherectomy)
M 57|R 11|Hippocampal Sclerosis 2-6 / year BRV, LTG, ZNS|R ATL
48|R 14|Hippocampal Sclerosis 1 every 3-4 weeks |LTG, CLB L ATL
Tumour cases
F 26|R 19|Low grade glial/neuroglial tumour 1-2 / month LTG, LEV R ATL
F 50|R 46|Prior meningioma / pathology = normal|3-8 / month ESL, LCS, LEV|R ATL
Dysembryoplastic neuroepithelial
F 52|R 47 tumour (DNT), grade 1 20 /year CBZ LEV L ATL
Other cases
Moderate gliosis of the end folium LEV. VPA
M 20|L 17|(CA4) and the pyramidal cell layer 12/ month ’ ’ L ATL
BZD1
(CA1)
Focal Cortical Dysplasia Type lIIB i LEV, LCS,
i “Hh . (different location than resected tissue) ISRl ZNS, H AL
F | 36lL 19|F 98t iraUMmANG Gnanges and 3-8/ month LTG, ZNS, CLB|L ATL
hippocampal sclerosis
Prior trauma / pathology = focal white |Status 1-2 yearly, ?rlfi‘&rg:?al
M 58|R 30|matter hypercellularity and focal aura more LTG, LCS, LEV Recor dings.only in
satellitosis in gray matter frequently R ATL
M | 48|L 18| Prior trauma but normal pathology 14 / month VPA, ESL R ATL
M 64|R 46| Chronic infarct 1 every 1-4 month |VPA, LEV, LCS |R ATL
M 23|L 17|Mild gliosis ~6 /year LEV, LTG, LCS|L ATL
M 50lR 47 Prior trauma with gliosis and organized 1 every 1-2 month [LEV, ZNS, PHT R ATL
hematoma

Male (M), female (F), left (L), right (R), levetiracetam (LEV), lamotrigine (LTG), carbamazepine (CBZ), lacosamide (LCM), valproic acid (VPA), ativan (BZD1), klonopin (BZD2), oxcarbazepine (OXC),

clobazam (CLB), lacosamide (LCS), zonisamide (ZNS), eslicarbazepine (ESL), phenytoin (PHT), brivaracetam (BRV), anterior temporal lobe (ATL).
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Sample size No sample size calculation was performed. Sample sizes are comparable or larger than similar studies (Beaulieu-Laroche et al., Cell 2018;
Gidon et al., Science 2020, Kalmbach et al, Neuron 2018)

Data exclusions  No datapoints were excluded.

Replication Findings were not replicated due to the study design. The study consists of >2200 measurements across 22 distinct categories based on
subcellular location and species.

Randomization  No randomization was possible as all samples from a given species were analyzed together.

Blinding There was no blinding as there was no sample allocation.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI |:| ChlP-seq
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Palaeontology and archaeology g |:| MRI-based neuroimaging
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Human research participants
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male Etruscan shrews (suncus etruscus), 3-9 months of age.
Male C57BL/6 mice (mus musculus), 12-28 weeks of age.
Male mongolian gerbils (meriones unguiculatus), 13-17 weeks of age.
Male and female Sprague Dawley rats (rattus norvegius) , 12-32 weeks of age.
Female ferrets (mustela putorius furo), 9-16 months of age.
Male Hartley guinea pigs (cavia porcellus), 27-32 weeks of age.
Male and female New Zealand White rabbits (oryctolagus cuniculus), 25-52 weeks of age.
Male and female common marmosets (callithrix jacchus), 2-7 years of age.
Male rhesus macaques (macaca mulatta), 8.5-21 years of age.

Wild animals No wild animals were used in the study
Field-collected samples  No field collected samples were used in the study

Ethics oversight All animals were used in accordance with NIH where applicable and the Massachusetts Institute of Technology Committee on Animal
Care guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Human research participants

Policy information about studies involving human research participants

Population characteristics Male and female patients aged 21-47 years old. Patients underwent brain resections for the reasons listed in Extended Table
3.
Recruitment Patients were not recruited. Brain tissue was obtained as "discarded tissue" from neurosurgical patients undergoing surgeries

for reasons unrelated to this study.

Ethics oversight Massachusetts General Hospital Internal Review Board & Brigham and Women Internal Review Board

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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