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Abstract

Cortical neurons respond preferentially to specific network oscillation frequencies—a
phenomenon driven by membrane potential resonance. While well studied in human
pyramidal neurons, adult human interneuron resonance remains largely unexplored.
Using Patch-seq, acute electrophysiology, organotypic cultures, and computational
modeling, we investigated the mechanisms underlying resonance across human
LAMPS5, VIP, PV, and SST interneurons. Resonance is significantly more prevalent
in human versus mouse interneurons, peaking in parvalbumin (PV) cells. Unlike
human pyramidal neurons, interneuron resonance is independent of cortical depth.
Instead, resonance frequency and strength strongly correlate with low input
resistance, prominent membrane voltage sag, and enriched expression of HCN1,
KCNJ16, and CACNA1A ion channel genes. HCN blockade abolished resonance,
while enhanced HCN-mediated sag increased resonance prevalence and strength.
Finally, computational models revealed that human morphological features and ion
channels sharpen frequency tuning, translating into distinct suprathreshold output
under noisy, in vivo-like conditions. These findings reveal fundamental species

differences governing human cortical microcircuit dynamics.
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Introduction

Uncovering the cellular and circuit mechanisms underlying human cortical
function is a central goal of neuroscience. Human cortex features neuron types with
specialized biophysical properties that enhance neuronal computational efficiency,
and the human inhibitory microcircuit has undergone profound evolutionary
adaptations'™. The relative proportion of cortical interneurons is 2.5-fold higher in
humans than in mice®®, accompanied by increased interneuron connectivity’,
strengthened synaptic drive®-'!, and human-specific di-synaptic inhibition motifs®.
These specializations may help large human brains operate efficiently on temporal
scales comparable to smaller rodent brains'?. However, how individual human
interneurons contribute to cortical network dynamics through intrinsic membrane
properties is poorly understood.

In addition to network-level connectivity, cortical network oscillations are
shaped by subthreshold membrane potential resonance’"", a frequency-tuning
mechanism where neurons selectively amplify inputs within a preferred frequency
band'®. Theta-band resonance is prominent in human and non-human primate
pyramidal neurons, representing a major divergence from rodents'®-2'. Yet, while
species differences in excitatory pyramidal neurons are well documented'®?!,
subthreshold resonance in human cortical interneurons remains largely unexplored,
leaving a critical gap in our understanding of microcircuit function.

Subthreshold resonance arises from the interplay between passive membrane
properties (low-pass filtering) and slow, voltage-dependent active conductances (high-
pass filtering)'®2>-24. A prominent active conductance driving resonance is the
hyperpolarization-activated cyclic nucleotide-gated (HCN) channel current (/n)?2.
During hyperpolarization, HCN channels open and inward /, pushes membrane
voltage to more positive potential, producing a characteristic voltage sag and acting
as a biological high-pass filter. Human interneurons, particularly fast-spiking
parvalbumin (PV) cells, exhibit significantly elevated somatic HCN expression with
strong I, compared to mouse counterparts?*. This raises the hypothesis that human
interneurons display robust, specialized resonant properties, but this has not been
tested. Nor is it known whether different interneuron subclasses show substantial
resonance properties.

To bridge this gap, we combined Patch-seq data from human and mouse
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neurons obtained in both acute slice and organotypic culture preparations with
conductance-based modelling to systematically investigate the mechanisms
underlying resonance in human and mouse LAMPS5, VIP, PV, and SST interneurons.
Leveraging the triple modality patch-seq?® dataset that combines transcriptomic,
electrophysiological and morphological signatures of human interneuron subclasses,
we address which resonance-related ion channel genes, conductances and
morphological features drive subthreshold resonance and its prevalence in human
interneurons. Finally, we build detailed computational models of human and mouse
interneurons to systematically interrogate how and which of these mechanisms
influence subthreshold resonance and contribute to frequency tuning in in vivo-like

conditions.
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Results

Human interneurons show widespread and stronger resonance

Subthreshold resonance in interneurons is critical for brain function, enabling
cells to respond preferentially to specific input frequencies, organize the precise timing
of action potentials and synchronize neural networks during cognitive processes'®2.
We first asked how adult human GABAergic interneurons respond to subthreshold
resonant inputs compared with those in mice. To this end, we analyzed previously
published Patch-seq datasets complemented by newly generated Patch-seq
recordings of electrophysiological, morphological, and transcriptomic profiles of
human and mouse cortical GABAergic interneurons®?” (Fig. 1a). In total, our dataset
comprised 1085 human interneurons from 259 subjects (542 acute from 170 donors;
543 cultured from 89 donors; Table S1, Fig. S1a-b) and 619 acutely recorded mouse
interneurons from 293 mice (Fig. 1b, Table S2).

To determine subthreshold resonant properties during a whole-cell patch-clamp
recording, we measured acutely recorded interneuron responses across all cortical
layers to a chirp stimulus — a constant-amplitude sinusoidal injection with increasing
frequency from 0.4 to 40 Hz over 20 seconds. To quantify how a neuron filters different
frequencies, we constructed an impedance profile (Z; Fig. 1a). Neurons can exhibit
either a typical low-pass filtering response (the grey line in Fig. 1a, far-right plot) or a
band-pass filtering response with a distinct peak in the impedance profile (the black
line), indicative of resonance. The frequency at which this peak occurs (Zmax) was
defined as peak resonance frequency (fes), and the strength of resonance (Q) was
calculated as the ratio of the impedance at the peak resonance frequency (Zmax) to the
impedance at the lowest frequency (Zo; Fig. 1a). Interneurons were classified as
resonant if they exhibited a noticeable peak (Q > 1.05%) in the impedance profile at a
non-zero frequency above 1 Hz (fres >1 Hz). The primary resonance metrics did not
differ between cortical regions of surgical resection (frontal, temporal, parietal, or
occipital; Fig. S1c, e-i) or donor’s disease type (epilepsy vs tumor; Fig. S1d, j-n).

We found that both human and mouse interneurons exhibited resonance peaks
roughly in the 2-5 Hz range (Fig. 2a-b). Human cortical interneurons had higher peak
resonance frequencies (fres: p < 0.001), resonance strengths (Q: p < 0.001;

Kolmogorov-Smirnov tests; Fig. 2b), and proportions of resonant cells (fres> 1Hz and
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Q > 1.05) compared to mouse cortical interneurons (32.7% in human vs 9.3% in
mouse; x? (1) = 42.76, p < 0.001; Fig. 2c). Examining differences in resonance
properties between subclasses of human and mouse interneurons (Methods,
Subclass assignment), we found that human LAMPS (p < 0.001), VIP (p <0.001), and
PV interneurons (p < 0.001) were more often resonant than their mouse counterparts
(Fig. 2d). In contrast, SST (p = 0.544) interneurons exhibited similar fractions of
resonant cells between species (Fig. 2d). Human interneurons consistently exhibited
higher resonance prevalence compared to mouse across a range of increasingly
stringent resonance criteria (fres> 1Hz and Q > 1.1 or 1.2; Fig. S2).

We next asked whether the resonance frequency differed across interneuron
subclasses and species. A linear mixed-effects model revealed species differences in
peak resonance frequency that were qualified by subclass (p = 0.006; Fig. 2e).
Specifically, we found that human PV (p = 0.003) and VIP (p < 0.001) interneurons
had significantly higher peak resonance frequencies than their mouse counterparts.
On the other hand, human and mouse LAMPS (p = 0.133) and SST (p = 0.701)
interneurons did not differ in peak resonance frequency. Similarly, the species
differences in 3dB cutoff frequency were subclass-specific (p < 0.001; Fig. 2f): Human
LAMPS5 (p < 0.001), PV (p < 0.001), and SST (p = 0.020) interneurons showed lower
3dB cutoffs compared to mouse counterparts, while human and mouse VIP
interneurons showed similar 3dB cutoff distributions (p = 0.427). Additionally, human
PV (p < 0.001), VIP (p < 0.001), and LAMP5 (p < 0.001), but not SST (p = 0.419),
interneurons showed higher resonance strengths compared to mouse counterparts
(Fig. 2g). Together, these results suggest that human cortical interneurons exhibit
widespread, more pronounced resonance and narrower band filtering around the peak

resonance frequency compared to mouse interneurons.

Voltage sag ratio and input resistance relate to resonance properties in human
interneurons

The contribution of / to resonance can be revealed by a characteristic voltage
“sag” during hyperpolarizing current injection — a sudden drop in membrane potential
and subsequent depolarization due to /» (Fig. 3a, b). In addition, passive membrane
properties such as input resistance might also contribute. To test which biophysical
parameters of human interneurons could explain the resonance properties we

observed, we first examined differences in membrane potential sag and input
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resistance across species and interneuron subclasses. We found that species
differences in sag ratio (p < 0.001; Fig. 3c) and input resistance (p < 0.001; Fig. 3d)
were subclass-specific. Sag ratios were higher in human LAMPS (p < 0.001), VIP (p <
0.001), PV (p < 0.001), and SST (p = 0.001) interneurons compared to mouse
counterparts. Furthermore, human LAMPS (p < 0.001) and PV (p < 0.001)
interneurons, but not VIP (p = 0.312) or SST (p = 0.108) interneurons, had higher input
resistances compared to mouse counterparts.

To test whether the sag ratio and input resistance were associated with
resonance properties, we included them as covariates in a linear mixed-effects model.
We found that both sag ratio and input resistance were predictive of peak resonance
frequency in a subclass-specific manner among human interneurons (Sag: p = 0.035,
Fig. 3e; Input resistance: p = 0.029, Fig. 3g). Separate linear mixed-effects models
per subclass showed positive relationships between sag ratio and peak resonance
frequency in human LAMPS5 (B = 3.31, p < 0.001), VIP (8 = 4.79, p < 0.001), and PV
(B=6.13, p<0.001) interneurons (Fig. 3e). Input resistance was negatively related to
peak resonance frequency in human LAMPS (8 = -0.002, p < 0.001) and PV (B = -
0.006, p < 0.001) interneurons (Fig. 3g). In contrast, Sag ratio was not predictive of
peak resonance frequency among mouse interneurons (p = .113, Fig. 3f) and only
input resistance was a significant predictor of peak resonance frequency, and this
effect did not differ between subclasses (Fig. 3h).

Like peak resonance frequency, sag ratio was strongly predictive of resonance
strength among human interneurons (B = .47, p < 0.001), and this effect did not differ
between subclasses (Fig. 3i). Correspondingly, input resistance was negatively
related to resonance strength among human interneurons (8 =-0.0001, p = 0.005; Fig.
3k). In mouse interneurons, sag ratio was weakly related to resonance strength (B8
=.018, p = 0.021, Fig. 3j), and input resistance did not relate to resonance strength
(p = 0.820, Fig. 3l). Taken together, these results show that sag properties and input
resistance of human interneurons are strongly correlated with resonance features,
especially in PV, VIP, and LAMPS5 interneurons, while these correlations are mostly

absent in mouse interneurons.

Resonance dependence on cortical depth locations
In human and non-human primate supragranular pyramidal neurons,

resonance-related properties scale with distance from the pia, with deeper layer 3
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glutamatergic pyramidal neurons showing stronger resonance and a higher sag ratio
than superficial layer 2 neurons'®2'. To test whether this relationship holds for human
and mouse cortical interneurons, we examined whether resonance features depended
on the cell-body location in cortical depth (Fig. 4). The cell body depths in our sample
ranged from 22 to 2379 ym in the human cortex (Fig. 4a), and 12 to 881 ym in the
mouse cortex (Fig. 4H), spanning all cortical layers. Among cells with available
morphological reconstructions®??, we found that total dendritic length increased with
distance from the pia (8 = 1.35, p < 0.002, Fig. 4b).

In contrast to the observed increase in sag ratio with distance from pia in
pyramidal neurons'9-2129.30 sag ratio decreased with larger distance from pia in human
LAMPS5 (p = 0.001), VIP (p = 0.008), and SST (p = 0.002) interneurons, whereas it did
not change in PV (p = .478) interneurons (Fig. 4c). An overall decrease in sag ratio
with cortical depth was also evident in mouse cortical interneurons (p < 0.001) and did
not vary by subclass (p = 0.185, Fig. 4i). Importantly, in contrast to human pyramidal
neurons, the pia-soma distance in human interneurons did not correlate with input
resistance, peak resonance, or 3 dB cutoff frequency (Fig. 4d-g), while resonance
strength even decreased with distance from pia when all interneuron subclasses were
taken together (p = 0.031, Fig. 4g). Resonance strength and frequency were also
unrelated to distance from the pia in a sub-selection of L2/L3 human cortical
interneurons (Fig. S2). Similarly, none of the resonance parameters scaled with
cortical depth in mouse cortical interneurons (all p > .05, Fig. 4k-m). We conclude that,
unlike human L2/L3 pyramidal neurons, human and mouse cortical interneurons do

not display cortical depth-dependent resonance properties.

In supports resonance in human interneurons

To mechanistically test the contribution of /; in resonance generation in human
interneurons, we manipulated /s conductance in surgically resected human cortical
tissue (Fig. 5a). We first blocked HCN channels with ZD7288 (10 uM) in seven human
interneurons sampled across the cortical depth, targeted based on their firing profiles
and cell body shapes (Fig. S3). We measured the sag ratio, input resistance, peak
resonance frequency, and resonance strength in each recorded neuron. Blocking
HCN channels increased input resistance (p = 0.004; Fig. 5¢) and eliminated voltage
sag (p = 0.004, Fig. 5b) as well as resonance (fres: p = 0.031; Q: p = 0.031; Fig. 5d,
e) in human cortical interneurons. Although sag ratio and resonance strength values
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were generally lower in mouse cortical interneurons, HCN channel blockade reduced
sag ratio, resonance strength and frequency measures (Fig. S3). Taken together,
these results suggest that higher /» in human interneurons drives the occurrence of
resonant cells, peak resonance frequency, and resonance strength.

Increased sag ratio has been observed in adult human interneurons in
organotypic cultures of surgically resected human cortical brain tissue?. This is
noteworthy since organotypic culturing affords viral targeting of acutely under-sampled
cell types, such as SST interneurons. We tested whether increased sag ratio in
cultured interneurons is paralleled by enhanced resonance properties (Fig. 5f). Indeed,
we observed higher sag ratios in cultured neurons for LAMP5 and PV interneurons
(LAMPS: p < 0.001; PV: p < 0.001). Input resistance did not differ between
preparations (p = 0.095, Fig. 5h). We next asked whether proportions of resonant cells
differed between acute and cultured interneurons. We found a higher proportion of
resonant cells among interneurons in organotypic brain slice culture (60.8% in cultured
vs 32.7% in acute, p < 0.001; Fig. 5i). This was true for LAMPS (p = 0.002), PV (p <
0.001) and SST (p < 0.001) interneurons but not VIP interneurons, which showed
equal proportions of resonant cells (p = 0.100). Moreover, an increase in peak
resonance frequency (LAMP5: p = 0.007, PV: p <0.001; Fig. 5j) and strength (LAMPS5:
p =0.002, PV: p <0.001; SST: p = 0.023; Fig. 5k) paralleled an increase in sag ratio
in cultured tissue. On the other hand, the 3 dB cutoff frequency did not differ between
acute and culture conditions (Fig. 51). Taken together, these results suggest that an
observed increase in sag ratio in cultured interneurons is paralleled by an increase in
occurrence and prominence of resonance, especially among LAMP5, PV, and SST

interneurons.

Voltage-dependent ion channel gene expression associates with resonance
Neuronal resonance arises from the combined activity of several specific
voltage-dependent ion channels'®2?6. At hyperpolarized potentials, resonance is
primarily driven by HCN channels (H-resonance, HCN71-4). Among these, the fast
kinetics of HCN1 subunits contribute most significantly to resonance, compared with
the slower kinetics of HCN4 subunits3'. Notably, HCN7-4 subunits show differential
expression levels in human and mouse single-cell RNA-expression datasets (Fig. 6a;
Allen Brain Atlas; Allen Institute of Brain Science), with HCN1 showing higher levels
in human versus mouse interneurons. Additionally, HCN1 modulator TRIP8b protein
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RNA readout, PEXS5L, levels are elevated in human interneurons (Fig. 6a).

Conversely, M-resonance emerges at depolarized potentials via KCNQ
channels (KCNQZ2-5), which exhibit low activation thresholds and minimal
inactivation®?. Additionally, T-type and P/Q-type voltage-gated calcium channels
generate and amplify resonance in cortical and brainstem neurons®-3¢. While
inductive currents generate resonance, regenerative currents, such as the persistent
sodium current (/nap), mediated by voltage-gated sodium channels such as SCNSA,
increase resonance strength’’.

To address the contribution of these ion channels to resonance, we determined
whether human interneuron subclasses exhibit distinct expression patterns of these
resonance-related ion channel genes. To this end, we used the Patch-seq
transcriptomic data, which provide gene expression profiles for each recorded cell,
enabling analysis of molecular covariates of electrophysiological features in the same
cells. In both acute and cultured human cortical slices, all interneuron types showed
high levels of expression of HCN1, KCNQ3/5, and CACNA1A/G gene transcripts (Fig.
6b, Fig. S4a). Other genes (KCNJ716 and CACNA1G were expressed in most
subclasses with lower mean expression levels. We next correlated the expression
levels of these genes with resonance properties (Q, fres) across interneurons collected
from acute (Fig. 6¢) and culture (Fig. S4a) preparations. After correction for multiple
comparisons (FDR), we found significant positive relationships between KCNJ716 and
resonance strength (n = 204, r = 0.28, p < 0.001) as well as resonance frequency (n
=204, r=0.20, p = 0.004) in the acute dataset. HCN1 (N = 240, r=0.17, p = 0.007)
and CACNA1A (n = 254, r = 0.16, p = 0.009) also positively correlated to resonance
frequency (Fig. 6¢, Table S3). None of the correlations survived multiple correction in
the cultured dataset (Fig. S4a). In contrast, HCNZ2, but none of the other genes was
significantly related to resonance among mouse interneurons (Fig. S4b). Together,
these findings suggest that in human interneurons with strong resonance properties,
higher expression of the cyclic nucleotide-gated channel HCN171 gene, Kir-type
potassium channel gene KCNJ16 and voltage-activated calcium channel gene
CACNA1A may support membrane potential resonance properties.

Large human interneurons require increased active properties for resonance
To assess the contributions of voltage-gated ion channels enriched in human
cortical interneurons to subthreshold resonance, we employed conductance-based
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computational interneuron models. We chose to model human PV interneurons
specifically as they showed strong resonance properties (Fig. 5) and adapted our
multi-compartmental model®, featuring an average idealized human PV interneuron
morphology, several active conductances (Na*, K*, and /) and a passive leak
conductance (for exact parameter values, see Table S5). To investigate the effect of
In on resonance, the maximal I, density (g) in the baseline model (+ /5, pink trace) was
removed (- I, purple trace) or doubled (+ I» *2, orange trace; Fig. 7a), resulting in an
abolished or strengthened voltage sag and chirp response, respectively (Fig. 7a, b).
Additionally, /» scaling affected resonance properties (Fig. 7c-e): The baseline model
showed a detectable, albeit weak (Q = 1.04), resonance peak in the impedance profile,
which was absent in the - [, model (Fig. 7e). Increasing the baseline I, conductance
(+ In * 2, orange trace) increased the resonance frequency and strength (Q = 1.09, Fig.
7e; Fig. S5a-h) and decreased input resistance (Fig. S5a-c, e). To characterize the
effect of passive input resistance on resonance, we additionally varied the passive
leak conductance in the baseline model and found an increased peak resonance
frequency but not resonance strength (Fig. S5i-n). This finding was in line with
previous research showing an inverse relationship between membrane resistivity and
peak resonance frequency, with a simultaneous shunting of resonance strength?*.
Thus, the change in resonance strength with increasing /» could not be explained by
passive input resistance change alone.

Next, we assessed the contribution of calcium channels to resonance by adding
a voltage-gated M-type potassium channel or a low-threshold-activated calcium
channel to the model®. Adding the calcium channel to the model led to the emergence
of rebound spiking after hyperpolarization as well as to a considerable strengthening
of the resonance profile (+/» +Ca, green trace, Fig. 7b and c). Both the M-type
potassium and the calcium conductance increased resonance frequency (fres = 5.89,
Fig. 7d) and resonance strength (Q = 1.25, Fig. 7e), with little change in sag ratio (Sag
ratio+n = 0.22; Sag ratio+n+ca = 0.22) or input resistance (IR+n = 102.42; IR+ih+ca =
108.45). These results indicate that other ion channels can be responsible for strongly
resonant profiles of human cortical interneurons observed in our experimental
recordings.

Most human interneuron types have larger morphologies than their mouse
counterparts?327. We next asked how the cell morphology could affect membrane

potential resonance. To this end, we used the reference (average morphology
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between human and mouse), human, and mouse PV interneuron morphologies?® (See
Table S5; Fig. 7f). The maximal active and passive conductances were kept equal
across the three models and were the same as the baseline model used above? (Table
S5). We found that the sag ratio and resonance strength increased as the morphology
increased in size (Fig. 7f, g, i). In contrast, the 3 dB cutoff and resonance frequencies
decreased (Fig. 7h, j) as the morphology approached the mouse model, with the
human model showing a sharper resonance profile.

To test whether our findings could be attributed to total conductance scaling
due to morphology - as larger human interneurons would have higher total
conductance - we normalized the total conductances across models by scaling the
maximal active conductance in proportion to the change in total area (Table S5).
Consistent with our previous results, we observed a sharper peak in the impedance
profile in the human model and a higher peak resonance frequency in the mouse
model (Fig. S5). However, resonance strength was no longer higher in the human
model compared to the mouse model. Together, these findings suggest that while
active properties of the membrane could determine the strength of resonance,
dendritic morphological features may strongly influence the bandwidth of subthreshold

resonance.

Human resonant morphologies show firing-level resonance

Thus far, we have shown that human interneurons are proportionally more
resonant and show stronger resonance than their mouse counterparts, but the
functional relevance of this difference is unknown. Hence, we next asked whether
subthreshold resonance in a PV model would translate to firing-level resonance (Table
S5, Fig. 8a). We found that the resonant model (+ /» +Ca?*) was generally more
excitable (rheobase: | = 130 pA, Fig. 7c) than the non-resonant model (- I» -Ca®*)
(rheobase: | = 150 pA, Fig. 8b). While the non-resonant cell showed the highest
excitability in response to the 1Hz stimulus (Fig. 8b (150 pA for 1Hz, 5 pA for 5 Hz),
the resonant cell was most excitable in response to the 5 Hz stimulus (Fig. 8c; 130 pA
for 5 Hz; 136 pA for 1 Hz), which corresponds approximately to its subthreshold
resonance frequency (Fig. 7d).

In the in vivo brain, neuronal membrane potentials are highly dynamic due to
ongoing barrages of synaptic inputs3®4°. This raises the question whether resonant

human interneurons would time their action potential firing to inputs arriving close to
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their preferred frequency. To this end, we injected sinusoidal currents of varying
frequencies (1-20 Hz) together with in-vivo-like background noise current (see Table
S5 and Fig. 8d). Modelled neurons were slightly depolarized to generate action
potentials at an average frequency of 10Hz. The timing of action potential generation
was substantially modulated by the injected sinusoidal current hidden in the noise and
showed a marked phase-dependence, which we quantified as the modulation index
(M/R; Fig. 8d, e). M/R index quantifies how strongly a neuron's spiking is phase-locked
to a periodic stimulus by taking the ratio of its peak modulation magnitude (M) to its
average firing rate (R). The strongly resonating +/s +Ca?* model showed a peak in the
normalized modulation index (Fig. 8e) and the signal gain functions?® (Fig. 8f) which
was absent in the +/, and -/» models. Additionally, while all three models showed
comparable phases of signal gain at 1 Hz, only the strongly resonant model fired in
phase with the 5 Hz stimulus (Fig. 8g). The same was true when baseline firing was
normalized between models (Fig. S6a-d).

Finally, we tested whether the cell morphology could influence firing-level
frequency preference. We injected sinusoidal currents of 1 to 50 Hz, along with the
background noise (Table S5), and compared the resulting peristimulus histograms
across resonant morphological models (Fig. 8h). All three resonant models fired in
phase with the 5 Hz stimulus (Fig. 8k). However, the human interneuron morphology
model showed the strongest response to this input, as reflected by the highest
modulation index and signal gain amplitude at 5 Hz (Fig. 8i-k). While showing a clear
delta-range peak in signal gain, the model of the human morphology failed to keep up
with higher-frequency inputs (Fig. 8h-k). This steep drop in phase-locking (Fig. 8k)
and response reliability was not observed in the mouse, or the reference morphology
models (Fig. 8i, j). All in all, we conclude that the subthreshold resonance properties
can translate into firing-level frequency preference in a morphology-dependent

manner.
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Discussion

In this study, we provide the first systematic investigation of sub-threshold
membrane potential resonance of adult human cortical interneuron types. By recording
and analysing Patch-seq data from 1085 human interneurons and 619 mouse
interneurons, we found that (1) in contrast to adult mouse interneurons, resonance is
widespread and strong in human cortical interneurons, with a narrow bandwidth and
a clear peak detected between 1 and 6 Hz. (2) Resonance is particularly prevalent in
human PV interneurons. (3) Resonance properties of human interneurons are not
cortical depth-dependent, and (4) are strongly related to hyperpolarization-activated
voltage sag and input resistance. (5) HCN channel blockade eliminates resonance in
human interneurons. (6) Human cortical interneurons have high levels of resonance-
related gene expression, where HCN1, CACNA1A and KCNJ16 transcripts are
especially enriched in resonant interneurons. (7) Using conductance-based
computational models with idealized human and mouse morphologies, we
demonstrate that these voltage-dependent ion channels combined with morphological
features afford human interneurons sharper frequency tuning which translates in the
suprathreshold domain under noisy, in vivo-like conditions.

Our findings are in line with reports of delta-theta frequency band subthreshold
resonance in human-specialized L1 interneurons' and putative L2/3-L5 cortical
interneurons®®, suggesting that some interneurons in the human cortex are
preferentially entrained by inputs arriving at these frequencies. Interestingly, the
ranges of preferred frequencies largely overlap between subclasses and do not vary
as a function of depth from pia, in contrast to human pyramidal neurons'®21.29.30,
However, we observe a large spread of peak resonance frequencies within each
subclass, likely reflecting variability in passive and active membrane properties among
interneurons assigned to the same transcriptomic type and subclass identity?. Such
heterogeneity might reflect finer cell-type distinctions?.

Despite the observed variability within subclasses, we consistently found higher
proportions of resonance in human LAMPS5, VIP, and PV interneurons compared to
their counterparts in the rodent brain. Species differences within the SST subclass are
less pronounced and likely reflect limited SST sampling in human acute recordings.
The proportion and strength of resonance was higher in SST neurons in organotypic
adult human brain slice cultures, where virus-mediated EGFP expression in specific
interneuron types aided SST neuron targeting leading to higher SST sample numbers?.
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Proportions and strengths of resonance were also higher in cultured PV and LAMPS
interneurons, which exhibit higher sag ratios compared to acutely recorded
interneurons. Although, we show that general changes in input resistance are unlikely
to be the cause, these differences could still arise from culturing-related changes in
gene expression, dendritic remodeling, or network connectivity remodeling.

Both in acute as well as cultured human brain tissue, we found convergent
correlational and experimental evidence that subthreshold resonance properties in
human interneurons are largely /» -dependent, showing that the HCN-dependent
mechanism of resonance observed in human cortical pyramidal neurons’'® generalises
to the neighbouring inhibitory neurons. Additionally, we found /s;-dependence of
resonance to be weaker in mouse interneurons, which is consistent with the generally
weaker /p-dependent subthreshold properties found in mouse cortical neurons found
in this study, but as was also described by others*'°. Human interneurons displayed
larger sag responses and a stronger contribution of HCN channels to membrane
resistance, both of which suggest greater functional Ih than mouse. The enrichment
of HCN1 gene expression in human interneurons compared to the other slower
subunits provides a plausible kinetic basis for subthreshold resonance, as the fast
HCN1 channel activation is better suited to generating subthreshold resonance?°.
Previous immunohistochemistry examination has confirmed enriched HCN1 and
HCN2 channels in human cortical fast-spiking interneurons compared to mouse®. The
subcellular localisation of HCN channels may further explain the observed species
difference in subthreshold resonance. Human fast-spiking interneurons show enriched
somatic HCN expression, whereas rodent interneurons appear to show stronger
axonal and weaker somatic expression*4%43, Somatic enrichment would make HCN
channels especially effective at shaping the voltage responses measured by somatic
chirp stimulation. However, dendritic resonance may have not been reliably detected
in our somatic recordings'’#4, therefore we take our data as evidence for stronger
somatically detectable HCN-dependent resonance in human interneurons.
Furthermore, differences in the expression of TRIP8b (the gene product of PEX5L)
isoforms may contribute to the species differences in Iq,-related properties we
observed*®. However, Iy is unlikely to explain all the species-dependent differences in
intrinsic properties we observed between mouse and human interneurons. Expression
of voltage-gated calcium channel CACNA71A gene and inward rectifier potassium
channel KCNJ16 gene were associated with resonance strength and frequency of
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human interneurons.

A proposed role of I, in human interneurons is of a compensatory nature,
evolved to overcome slow membrane kinetics inherent to large interneuron
morphologies®. Our findings indirectly support this proposed role. In fact, given equal
In channel densities and kinetics, our computational models predicted that models with
larger but less complex human-like morphological features would exhibit lower peak
resonance and 3 dB cutoff frequencies and resonance strength than models with
smaller but more complex mouse-like morphological features. In contrast scaling
channel densities along with morphologies - such than human-like models carried a
larger total /» density — resulted in predictions of stronger resonance responses among
human-like morphological models. Irrespective of conductance scaling, however,
computational models consistently predicted lower 3dB cutoffs in human-like
morphological models, consistent with the sharp frequency tuning found in
experimental recordings of human cortical interneurons.

Unlike human interneurons, mouse cortical interneurons exhibited largely flat
and wide impedance profiles. However, a resonant peak was still detected in 9.3% of
these interneurons, and this peak could be eliminated with HCN channel blockade.
Notwithstanding some inconsistencies in definitions of resonance versus non-
resonance, our findings are generally lower than the estimated 50% of resonance in
cortical interneurons found in juvenile mice3346. Other rodent studies find little to no
resonance in FS interneurons in multiple brain areas?4647  consistent with the near
absence of HCN channel expression in mouse FS interneurons*. Thus, although other
mechanisms have been proposed to generate subthreshold resonance in mouse
interneurons?3, the evidence of /,-dependent resonance was weak in mouse cortical

interneurons at the membrane potentials sampled in this study.

Limitations

Our findings have a few limitations that are inherent to studying human brain tissue at
this level of analysis. First, our computational insights rely on idealized morphologies.
Future work using morphologically detailed, multi-compartment reconstructions will be
essential to evaluate dendritic resonance and its specific contributions to local
dendritic integration®'”. Second, while human tissue was obtained during resections
for deep tumors or epilepsy—conditions linked to altered HCN channel expression—
resonance properties did not correlate with patient pathology (Fig. S1l-n), giving
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confidence in their relevance. Finally, subthreshold resonance is state-dependent.
While controlling for baseline membrane potential, our measurements likely represent
conservative estimates of resonance capacity at more hyperpolarized potentials??47-48.
Moreover, peak resonance frequencies in the intact brain are likely higher due to
elevated basal temperatures*®5° and lower input resistance under high-conductance

in vivo synaptic background?®.

Functional implications

The increased subthreshold resonance of human interneurons has
suprathreshold implications. It was previously shown that low-frequency subthreshold
resonance can be coupled to firing-rate resonance either within a single neuron,
wherein highly noisy or low input amplitudes push the membrane voltage just over the
firing threshold'®26:51 or within in vivo networks, where theta-resonance is shown to
emerge from I, -mediated post-inhibitory spiking in mice'4. Here, we show that human
neuron models with pronounced resonance profiles exhibit greater excitability around
the peak subthreshold resonance frequency under noisy conditions in silico, likely
mediating information transfer between distant, coincident networks'#. Furthermore,
the human morphology, more so than the mouse morphology, tunes to the theta
frequency of inputs, possibly explaining how human interneurons tune to theta
frequencies, as previously described in the human cortex in vitro®2.

The spiking activity of human cortical interneurons may be tuned to specific
frequencies of synaptic input, and this selectivity may vary with interneuron type. The
presence of subthreshold resonance in human, but not mouse, cortical interneurons,
suggests a species difference in how inhibitory cells participate in ongoing network
activity. Low-pass filtering properties in mouse interneurons indicate that they may
primarily follow rhythms imposed by the circuit, whereas resonant human interneurons
may bias the timing of inhibition within cortical rhythms'6.1853_ Since interneurons form
intricate connectivity patterns with pyramidal neurons, which are also tuned by
resonance properties to specific input frequency patterns, human cortical networks are
prone to generate activity in specific bandwidths, potentially contributing to the
dominant delta/theta band oscillations apparent in human supragranular cortex®*. The
2—6 Hz resonance observed here aligns with slow oscillations that peak in the cortex
when cognitive control is required, such as upon surprising events or decision points,

that involves integrating information from multiple brain regions®. This cognitive
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context is consistent with the broader idea that slow brain oscillations help coordinate
neural activity across spatial and temporal scales'. Such rhythms can support long-
range cortical communication through mechanisms including travelling waves, as well
as through coordinating cross-frequency interactions, which are indeed strongly
regulated by the rhythmic inhibition of cortical interneurons®2%57. These converging
observations may suggest that human cortical interneurons have adapted to the
expanded human brain with stronger and widespread resonance properties to

preserve temporal scaling of rhythmic oscillations.



19 of 37

524 Methods and Materials

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Alexa 488 ThermoFisher A10436
Deposited data

Experimental models: organisms/strains

Human neurosurgical samples Table S1 N/A

Mouse brain samples Table S2 C57Bl/6J

Software and algorithms

Python (v3.7.5)

Anaconda

Spyder (v5.2.2)

NumPy (v1.20.3)

Pandas (v1.3.5)

Matplotlib (v3.4.2)

Seaborn (v0.12.2)

IPFX (v2.0.0)

Scipy (v1.7.3)

Statsmodels (v0.13.2)

Jupyter Notebooks (v7.0.8)

Python Software

Foundation

Anaconda Inc.

Spyder Website

Harris, C.R. et al, 2020
DOI:10.1038/s41586-
020-2649-2

Wes McKinney, 2010
doi.org/10.25080/Major
a-92bf1922-00a
Hunter, 2007
doi.org/10.1109/MCSE
.2007.55

Waskom, 2021
doi.org/10.21105/joss.
03021

Allen Institute for Brain
Science

Virtanen et al., (2020)
DOI: 10.1038/s41592-
019-0686-2.

Seabold, S., &
Perktold, J. (2025)
DOI: 10.25080/Majora-
92bf1922-011

Kluyver, et al., 2016

RRID:SCR_008394
https://www.python.org/downloads/rel
ease/python-3122/
RRID:SCR_016142
https://www.anaconda.com/
RRID:SCR_017585
https://www.spyder-ide.org
RRID:SCR_008633
https://numpy.org/

RRID:SCR 018214
https://pandas.pydata.org/

RRID:SCR_008624
https://matplotlib.org/

RRID:SCR 018132
https://seaborn.pydata.org/

N/A
https://github.com/Alleninstitute/ipfx
RRID:SCR_008058
https://scipy.org/

RRID:SCR_016074

https://www.statsmodels.org/stable/ind

ex.html
RRID: RRID:SCR 018413
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NEURON (v8.2.6)

BluePyOpt (v1.14.18)

NEURON model

Igor Pro
MIES

Adobe lllustrator

SPSS (v29.0.2.0)

Prism 10

Neurolucida

Neurolucida Explorer

Author’s own code

DOI: 10.25080/Majora-
629e541a-00c

Hines & Carnevale,
2001

DOI:
10.1177/10738584010
0700207

Van Geit et al., 2016
DOI:
10.3389/fninf.2016.000
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Wilbers et al., 2023
(DOI:
10.1126/sciadv.adf070
8)

Adobe Systems

IBM Corp

GraphPad Software

MBF Bioscience
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https://jupyter.org/

RRID:SCR_005393

https://www.neuronsimulator.org/en/9.

0.0/quide/what _is neuron.html

RRID:SCR 014753
https://github.com/BlueBrain/BluePyO

pt

PMID: 37824618
https://dataverse.nl/dataset.xhtml?per
sistentld=doi:10.34894/TONOHA
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Multi-Clamp 700B Molecular Devices N/A



https://jupyter.org/
https://www.neuronsimulator.org/en/9.0.0/guide/what_is_neuron.html
https://www.neuronsimulator.org/en/9.0.0/guide/what_is_neuron.html
https://github.com/BlueBrain/BluePyOpt
https://github.com/BlueBrain/BluePyOpt
https://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/illustrator.html
https://www.ibm.com/products/spss-statistics
https://www.ibm.com/products/spss-statistics
https://www.graphpad.com/features
https://github.com/nsham2/Shamugia_et_al_2026/tree/main
https://github.com/nsham2/Shamugia_et_al_2026/tree/main

526

527

528
529
530
531
532
533
534
535
536
537
538
539

540
541
542
543
544

545
546
547
548
549
550
551

552

553
554

21 of 37

Experimental Model and Study Participant Details
Human and mouse specimens

All ethical regulations on human and animal research were followed. Most of
the human data were obtained from previously published manuscripts??’. Newly
generated human recordings (21 patients) were collected from apparently non-
pathological neurosurgical tissue specimens collected during removal of deeper
pathological tissue. This tissue was deemed non-essential for the diagnostic purposes
and would have been discarded otherwise. All patients gave informed consent to the
use of materials in this study. Tissue from 12 participants was obtained by the Allen
Institute for Brain Science, and tissue from nine participants was obtained by the Vrije
Universiteit Amsterdam with approval of the Vrije Universiteit Ethical Board. All
patients had provided informed consent, and procedures were performed in
accordance with the Declaration of Helsinki and with the approval of the VU Medical

Centre Ethical Committee.

The data were collected from temporal, frontal, parietal, and occipital cortices
(Fig. S2). Together, the study includes data from 224 donors aged 19-83 (Acute: Mage:
45.26 + 1.64; Culture: Mage = 50.45 + 2.83; Fig. S1, Table S1) and 292 mice (129
female: Mage P55.7 + 6.7; 163 males: Mage P54.2 + 6.2; Table S2). Pathology type or
brain area of origin did not consistently relate to resonance features (Fig. S2-3).

Additional patch-clamp mouse data was obtained from male (n = 9) and female
(n = 9) juvenile (P4-6 weeks) wild-type C57BI/6J mice. Whole brains were surgically
removed following decapitation without the use of anaesthesia. All animals were
housed < 5 per cage and had ad libitum access to food and water. Cages were
maintained on a 12-hour light/dark cycle, at a temperature of 21.1°C and 45 to 70%
humidity. All procedures were performed in accordance with the animal welfare
guidelines and approval of the Vrije Universiteit Amsterdam Animal Ethical Committee.

Method Details

Patch-seq datasets
See Lee, Dalley et al., 2023 and Chartrand et al., 2023 for detailed tissue-
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processing methods. We processed and analysed the unpublished data in accordance
with Lee, Dalley et al., 2023 and Chartrand et al., 2023.

Subclass assignment

The human interneuron subclass assignments (LAMPS/PAX6/Other
(henceforth referred to as LAMPS), VIP, PV, SST subclasses) are largely based on
the middle temporal gyrus (MTG) single-nucleus transcriptomic reference taxonomy?®2,
updated with insights from Patch-seq data?. For example, based on combined
morphological, electrophysiological and transcriptomic data, the SST FRZB cell type
is classified within the PV subclass. Mouse interneuron subclasses were either aligned
to human subclasses based on their transcriptomic expression profile?” or were
assigned a subclass identity based on the mouse lines from which they were recorded

(e.g., pv, sst cre-lines).

Patch-clamp ZD7288 experiments

Acute human surgically resected tissue was processed in accordance with the
Patch-seq experimental workflow?>. We targeted Interneurons across the cortical
column and brain regions. Interneuron identity was determined upon visual inspection
of Alexa Fluor 488-filled cells under the microscope and upon inspection of
electrophysiological traces®®. In the mouse cortex, interneurons were selectively
targeted in the prefrontal cortex.

The experimental data was collected and saved in Igor software (Neurodata
Without Borders (NWB) format) and analysed using IPFX python package and
custom-built Python scripts. Voltage sag, input resistance, and resonance properties
were measured at baseline (-65 mV) before and after a 10 uM ZD7288 wash-in.

To measure subthreshold membrane resonance, we injected the chirp stimulus
- a sinusoidal current with a constant amplitude and a logarithmically increasing
frequency of 0.4 Hz to 40 Hz over 20 seconds. The amplitude of the sinusoidal current
injection was adjusted to produce a subthreshold membrane voltage response of +5
mV. The cell membrane potential was biased to -65 mV for the duration of the chirp
recordings, unless otherwise specified.

Impedance amplitude profiles (ZAP) were derived by taking the ratio of the fast
Fourier transform (FFT) of the voltage response (Vm) over the FFT of the injected
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current (Fig. 1A). The resulting impedance profile was smoothed (LOWESS) for further
analysis. The peak resonance frequency (fs) was defined as the frequency
corresponding to peak impedance (Zmax). The 3 dB cutoff frequency was defined as
the frequency at which the impedance reduced to 1N2 of its maximum value.
Resonance strength (Q) was defined as the ratio of maximal impedance over initial
impedance (Zmax /Zo).

Gene expression analyses
RNA-seq

RNA transcript levels of HCN(1-4) and PEX5L genes were obtained from a
publicly available dataset (Allen Brain Map RNA-Seq; htips://portal.brain-

map.org/atlases-and-data/rnaseq). Specifically, single-nucleus SMART-seq data of all

interneurons from human medial temporal gyrus (MTG; 2018), and mouse primary
visual (V1) and anterior lateral motor cortices (ALM; 2018) were used for the analysis.

Linear mixed-effects models, with species as fixed effect and donor/animal as
random intercept, were used to compare gene expression levels per gene
(In(CPM+1)) between human (n = 4,164 from 8 donors) and mouse (n = 10,534 from
210 mice) GABAergic interneurons. Both introns and exons were included in the
analysis. Benjamini-Hochberg false discovery rate (FDR) correction was applied to
account for multiple testing.

Patch-seq

Counts per million (CPM) expression values of a number of resonance-related
genes ("HCN1", "HCNZ2", "HCN3","HCN4", "KCNJ2", "KCNJ5, KCNJ11", "KCNJ16",
"KCNQ2", "KCNQ3", "KCNQ5", "SCN1A", "SCN8A", "CACNA1A", "CACNATH"
"CACNA1G", "CACNA1!") were obtained from acute and cultured human specimens.
Per gene and subclass and preparation type, the proportion of expressing cells (CPM
> 1.0) and mean expression levels were computed. Expression levels of a subset of
prevalent genes were correlated with resonance parameters (Table S3). Benjamini—
Hochberg false discovery rate (FDR) correction was applied per family of tests (acute
and cultured datasets).
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Computational modelling
FS model configurations

Computational modelling was performed using NEURON®® and BluePyOpt
softwares®'. A previously published FS neuron model® was adapted for subthreshold
and suprathreshold analysis (Table S5). To study the effect of calcium and potassium
channel conductances on resonance, calcium® and potassium® channels were
inserted into to the model.

For morphological comparisons, three morphologies were applied (Table S5).

To vary conductances, each maximal conductance (g ) was scaled accordingly.

CHIRP Experiments
Subthreshold resonance was examined using a long (D = 62 seconds; dt = 0.1)

chirp stimulus sweeping from 0.4 Hz (fstart) to 40 Hz (fena) on a logarithmic time scale

p(t) = 2n (fsmrftD) (e%t — 1)

To avoid neuronal firing, the amplitude of injected current was auto calibrated

(C = |Og(fend /fstart))Z

such that the maximal initial deflection lay between + 5 mV. The magnitude of
impedance at any given frequency was calculated by dividing the fast-Fourier
transform of voltage output by the fast-Fourier transform of current input:
_ FFT(V)
FFT(D)
The resulting impedance profile was LOWESS smoothed (frac = 0.04) and the

frequency corresponding to peak impedance (Zmax) was taken as peak resonance

frequency (fres), Whereas the frequency corresponding to the 3 dB threshold (Zmax A/2)
was taken as the 3 dB cutoff frequency. Resonance strength was defined as a ratio of

peak and baseline impedances:

Zmin

Q:

Zm ax

Modulation of firing

To evaluate the modulation of firing at different frequencies of input, a sinusoid
of amplitude / and frequency f was applied simultaneously with a DC baseline /p and
randomly fluctuating noise based on*':
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I(t) = Iy + I, sin(2nFt) + Lyise(t)
Exponentially filtered noise I,,,;.(t) was defined as a zero-mean function with

a standard deviation sd and correlation length of 5 msec sampled at 40 kHz.

dt 2-dt
Inoise(t + dt) = Inoise(t) . <1 — _) + sd - . ft
TI TI

Where &, represents a sequence of pseudo-random numbers with a mean of O

and standard deviation of 1. Sd was chosen to mimic a highly noisy synaptic
background. Each sinusoidal current stimulus swept through 10 cycles, and the
number of replicates (trials) per current injection were 10 * f. The exact parameter
definitions per model are given in Table S5.

To estimate the firing rate modulation at any given frequency, trial-averaged
instantaneous firing rates were computed for each bin (20 bins per cycle). This peri-
stimulus time histogram (PSTH) was fitted with a sinusoidal function of the same
frequency as the stimulation current. Modulation index was calculated as the ratio
between the peak of the fitted sine function and the baseline firing (offset of the fitted
sine). And the phase of signal gain (¢ ) was calculated as the delay of the sine function
fit.

Amplitude of signal gain is taken as a firing-domain equivalent of neuronal
frequency preference?* and is defined as a ratio between peak frequency of firing and
the magnitude of input current.

Quantification and Statistical Analysis

Statistical tests were conducted on SPSS (IBM) and Python software. For all
statistical models and tests, see Table S3.

Kolmogorov-Smirnov tests were used to compare the distributions of peak
resonance frequency and resonance strength between human and mouse
interneurons.

Chi-square tests were used to compare the proportions of resonant cells (Fres
> 1, Q > 1.05) between acute human and mouse interneurons or human acute and
cultured interneurons. The expected counts in human acute contingency tables were
based on the observed counts in mouse interneurons, and expected counts in human

cultured contingency tables were based on human acute observed counts.
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Linear mixed-effects models: Due to clustering in the data, where repeated
measurements were collected from single donors, the data was fitted with a linear
mixed-effects model with a random intercept for donor ID. Species, subclass, and their
interaction were entered as fixed factors to evaluate the differences in subthreshold
resonance properties. To account for the variability in these properties due to baseline
membrane potential differences (Vm), this variable was included as a continuous
covariate. Type Ill Wald F-tests with Satterthwaite’s approximation was used to assess
the main and interaction effects. Due to the deviations from Normality observed in Q-
Q plots of residuals, the results from mixed linear models were confirmed using
generalized estimating equations which do not rely on the assumption of normal
residuals. Post-hoc contrasts between species on each level of subclass were
conducted using Mann-Whitney U tests to account for non-Normality of data.

To evaluate the predictive power of active and passive membrane properties,
subthreshold resonance estimates (frs, Q) were fitted with a mixed linear model with
donor ID entered as a random intercept to account for clustering in the data. Sag ratio
and input resistance were entered as continuous covariates. Subclass identity as well
as subclass ~ sag ratio and subclass ~ input resistance interactions were entered as
fixed factors. Due to the deviations from Normality observed in Q-Q plots of residuals,
the results from mixed linear models were confirmed using generalized estimating
equations which do not rely on the assumption of normal residuals. To follow up on
significant interaction effects, we ran linear mixed-effects models on each level of
subclass with sag ratio and input resistance as continuous covariates as donor ID as
random intercept. The same approach was used to establish the relationships
between pia-soma distance and passive membrane properties of interest.

Wilcoxon signed-rank tests: To analyze within-interneuron ZD7288
experiments, we performed Wilcoxon signed-rank tests for testing two non-parametric

paired groups.
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Fig. 1 | Patch-seq data description.

a Experimental workflow. Patch-seq recordings were obtained from human (acute
and cultured) and mouse (acute) cortices for subthreshold and CHIRP analysis.
From an averaged CHIRP sweep, an impedance profile was derived to calculate
peak resonance frequency (frs), 3 dB cutoff frequency (f3 48) and resonance strength
(Q = Zmax/Zo). Transcriptomic profiling and gene expression data was obtained by

RNA sequencing the nuclei of the patched cells.

b Cell counts (n) of published and newly generated data by species (human, mouse)

and preparation (acute, cultured).
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Fig. 2 | A high proportion of resonant cells among human PV interneurons.

a Representative CHIRP voltage responses (top) and impedance profiles (bottom)

by subclass and species. Dashed lines: fes (dark) and f3 g5 (light).

b fs (left) and Q (middle) distributions for human (n = 297) and mouse (n = 268)
interneurons, with corresponding cumulative probability plots (right; K-S test).

Dashed lines: resonance threshold (f.es > 1Hz and Q > 1.05).

c-d Proportion of resonant cells overall (c) and stratified by subclass (d). Chi-square

tests.

e-g fres (€), f3a8 (f), and Q (g) compared across species (n = 286 from 92 human
donors; n = 245 from 137 mice) and subclasses (n.amps = 253, nvip= 108, npy = 114,
nsst= 56). (Linear mixed-effects (LME) models (Fixed: Species, Subclass, Vm;
Random: Donor. Mann-Whitney U tests per subclass). Box plots: median and

interquartile ranges. Open circles represent mouse recordings.

*p<0.05 " p<0.01," p<0.001
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Fig. 3 | Sag ratio and input resistance relate to strength and peak of resonance
a Representative voltage responses to hyperpolarizing current injections.

b Schematic of sag ratio and input resistance calculations.



c-d Sag ratio (c) and input resistance (d) across species (Human, Mouse; n = 541
from 130 human donors; n = 619 from 289 mice) and subclasses (nLamps= 711, nvip

= 215, npy = 169, nssr = 65).

(Linear mixed-effects (LME) models (Fixed: Species, Subclass, Vm; Random: Donor.

Mann-Whitney U tests per subclass). Box plots: median and interquartile ranges.

e-l fres (e-h) and Q (i-1) against sag ratio and input resistance per species (Human: n
= 287 from 92 donors, where niamps= 135, nvip= 59, npv= 78, nsst= 15; Mouse: n =

245 from 137 mice, where niamps= 118, nvip= 49, npy= 36, nsst= 42).

(Linear mixed-effects (LME) models (Fixed: Sag, Input resistance, Subclass;

Random: Donor. Post-hoc analysis: LME per subclass).

*p<0.05 " p<0.01," p<0.001
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Fig. 4 | Resonance features across cortical depth locations

a (Left) Interneuron cell body distances from pia plotted for LAMP5 (n = 241), VIP (n
=116), PV (n = 107), SST (n = 19) interneurons. (Right) Example morphologies of
more (dark trace) and less (light trace) superficial cells per subclass in the human
cortex. Examples taken from the MTG are plotted alongside corresponding chirp and

subthreshold voltage traces per neuron.



b Pia-soma distance (um) plotted against total dendritic length (TDL, mm). (Linear

mixed-effects model. Fixed: pia-soma distance; Random: donor).

c-g Pia-soma distance plotted against passive (n.amps= 218, nvip= 107, npy= 106,
nsst= 18; from 93 donors) and resonance-related membrane properties (nLamves =
110, nvip= 56, npy= 57, nsst= 11; from 64 donors) of interest in human acutely
recorded interneurons. (Linear mixed-effects (LME) models (Fixed: pia-soma

distance, subclass. Random: donor. Post-hoc analysis: LME per subclass).

h (Left) Interneuron cell body distances from pia plotted for LAMPS (n = 396) and
VIP (n = 91) interneurons. (Right) Example morphologies of more (dark trace) and
less (light trace) superficial cells for mouse LAMPS and VIP interneurons plotted

alongside corresponding chirp and subthreshold voltage traces per neuron.

i-m Pia-soma distance plotted against passive (ncamps = 391, nvie = 90; from 228
mice) resonance-related features (n.amps = 105; nvie = 41; from 98 mice) of interest
in mouse acutely recorded interneurons. (Linear mixed-effects (LME) models (Fixed:

pia-soma distance, subclass. Random: donor).

*p < 0.05; **p < 0.01, ***p < 0.001
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Fig. 5 | Voltage sag properties support resonance in human interneurons



a Bath application of 10 yM of ZD7288 in acutely recorded human cortical
interneurons. Representative voltage trace in response to CHIRP stimulus before
(grey) and after (red) ZD7288 application (n = 7, top), corresponding impedance
profiles (middle) and voltage traces in response to hyperpolarizing current (-100 pA)

injections (bottom). Dashed lines represent peak resonance frequencies.

b-e Sag ratio, input resistance, peak resonance frequency (frs), and resonance
strength (Q) values for each cell before and after ZD7288 application (Wilcoxon

matched-pairs signed rank tests). Solid lines: repeated measures.

f Representative voltage responses to CHIRP stimulus in cultured LAMPS (pink, n =
21), VIP (blue, n = 28), PV (red, n = 125), and SST (yellow, n = 94) interneurons with
impedance profiles (middle) and voltage traces in response to hyperpolarizing
current (-110 pA) injections (bottom). Red dashed lines: fes. Green dashed lines: f3

aB-

g-h Sag ratio (g) and input resistance (h) values across subclasses (n.ampes = 314,
nvip = 164, npv = 405, nsst= 194) and preparations (nacute = 541, Ncuiture = 536 from

192 donors).

(Linear mixed-effects (LME) models (Fixed: Preparation, Subclass, Vm; Random:
Donor. Mann-Whitney U tests per subclass). Box plots: median and interquartile

ranges.

i Proportions of resonant cells in acute and cultured interneurons per subclass. Chi-

square tests.

j-I fres (j), Q (k), and 3 dB cutoff frequencies () across subclasses (ncampes = 155, nvip

= 86, npv = 201, nsst = 106) and preparations (nacute = 286, Ncuiture = 262, from 145



donors). (Mann-Whitney U tests per subclass). Box plots: median and interquartile

ranges.

*p<0.05 " p<0.01,"™ p<0.001
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Fig. 6 | Resonance-related gene enrichment in human cortical interneurons

a Violin plots showing counts per million (CPM) values of HCN1-4 and PEX5L gene

transcripts among interneurons in human middle temporal gyrus (MTG) (n = 4,164

cells; 8 donors), and mouse primary visual cortex (VISp) and anterior lateral motor

cortex (ALM) (n = 10,534 cells, 210 animals).



(Linear mixed-effects (LME) models. Fixed: Species; Random: Donor. Significance

annotations: BH-corrected p-values).

b Patch-seq expression levels (CPM) of resonance-related genes in human cortical
interneurons across subclasses (LAMP5 (n = 256), VIP (n = 116), PV (n = 121), SST
(n = 20)). Fill color and size represent mean CPM values and fraction of expressing

cells per subclass, respectively.

¢ Gene expression (CPM > 1) across acutely recorded interneurons correlated
against resonance parameters (Q and frs). Pearson correlation coefficients are
depicted against -log1o FDR-adjusted significance value per gene. Dashed line:
significance threshold. Insets: Expression levels of significantly correlated genes
(KCNJ16, HCN1, CACNA1A) plotted against resonance strength (Q) and resonance
frequency (fres).

*p < 0.05 **p < 0.01, **p < 0.001
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Fig. 7 | Human morphological features are associated with sharper frequency

tuning

a-e Show results of active conductance manipulations in human-like FS interneuron
model. Voltage traces in response to hyperpolarizing current injections (a) and
logarithmic chirp stimulus (0.4 - 40 Hz; 65 s) (b) with corresponding impedance
profiles (c). Peak resonance frequency (frs) (d) and strength (Q) (e) values are

depicted for each model.

f-j FS interneuron morphological features varied in dendritic size and complexity (left
panel). Plotted are corresponding voltage responses to hyperpolarizing current

injections (middle panel) and logarithmic chirp stimuli (0.4 - 40 Hz; 65 s) (right panel)
and corresponding impedance profiles (g). fres (h), Q (i), and 3 dB cutoff frequency (j)

values are depicted for each model.
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Fig. 8 | From subthreshold to firing rate resonance

a Experimental protocol.

b-c Voltage responses of a non-resonant (b) and a strongly resonant (c) interneuron

to 1, 5, and 10 Hz sinusoidal stimuli (150 pA and 130 pA, respectively). Insets: 1 Hz

and 5 Hz stimuli rheobase injections overlaid for comparison.

d-g Noisy signal detection protocol. Peristimulus histograms depict trial-averaged

firing rates. Modulation index (M) and baseline excitability (R) and delay between

peaks (Phi) are indicated (d). Resulting normalized modulation index (M/R) (e),

signal gain (M/1) (f), and phase of signal gain (Phi) (g) values are given for each

frequency stimulus for each model.



h-k FS-models with mouse-like and human-like idealized morphologies (h, left
panel). Trial-averaged peristimulus histograms derived from voltage responses to 5
and 50 Hz sinusoidal current injections for comparison (h, right panel). Resulting
normalized modulation index (M/R) (i), signal gain (M/l) (j), and phase of signal gain

(Phi) (k) are given for each stimulus frequency for each model.
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