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In this valuable study the authors use electrophysiology in brain slices and computer
modeling and suggest that layer 2/3 pyramidal neurons of the mouse cortex have
functional HCN channels on the proximal apical dendrite which allows distinct
processing of input at that location from the input to distal apical dendrites. The
revisions improved the solid paper but some of the concerns were not addressed
sufficiently and many of these concerns could be addressed by further revision.
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Abstract

Layer 2/3 pyramidal cells (L2/3 PCs) play a crucial role in cortical information transfer.
Although the dendritic arbors of L2/3 PCs are impressive, they often lack the distinct
anatomical compartments characteristic of deeper L5 PCs. For example, many L2/3 PCs do not
display an apparent distal tuft region. However, L2/3 PCs receive inputs from both thalamic
(bottom-up) and cortical (top-down) inputs, which preferentially synapse onto their proximal
and distal dendrites, respectively. Nonuniform organization of channels and NMDA receptors
in L2/3 dendrites could serve to independently modulate these information streams to affect
learning and behavior, yet whether L2/3 PC dendrites possess this capability has not been
established. Here we found a previously unappreciated, non-uniform HCN channel
distribution in L2/3 PCs, allowing for pathway-specific gating of NMDA receptor recruitment
at bottom-up (proximal) but not top-down (distal) synapses. HCN availability shifted
depending on developmental stage and neuromodulation, suggesting that the gain of
thalamic and cortical-cortical signals in L2/3 may be independently modified in vivo across
different timescales.
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Introduction

Layer 2/3 pyramidal cells (L2/3 PCs) are the most numerous excitatory neurons in the neocortex.
As a major component of the canonical circuit, L2/3 PCs are thought to play crucial roles in
information transfer and gain control of cortical output(1     ). Thus, disambiguating the afferent
circuit connections of L2/3 PCs has been a significant focus of neuroscience research in the past
decade(2     –5     ). However, understanding cellular mechanisms by which L2/3 PCs transform
information is equally important (6     –9     ). Like their more extensively studied counterparts
(e.g., L5 PT-type PCs, hippocampal CA1 PCs), L2/3 PCs are equipped with an array of dendritic
nonlinearities(10     , 11     ), enabling complex subcellular computations. Nonetheless, L2/3 PCs
exhibit marked disparities from other PC types as well. Their morphology is less segmented due to
the lack of a distinctive apical tuft (except for the deepest layer 3 cells (12     )). Their dendritic
protrusions are also shorter and consequently possess less surface area over which specialized
nonlinear operations may be actualized. Therefore, the applicability of currently established
neuronal dynamics to L2/3 PCs is questionable.

Dendritic voltage-gated channels and receptors are crucial for diversifying the computational
power of neuronal cells, by allowing for nonlinear processing of arriving synaptic inputs(13     ).
Nonlinear processing is essential for proper brain function and has been implicated in critical
tasks such as conscious perception(14     –16     ) and processing of sensory and motor input(17     ).
Therefore, a more comprehensive understanding of subcellular signal processing dynamics in
L2/3 PCs is warranted. Dendritic hyperpolarization-activated nonselective cation (HCN) channels
are a staple of several PC classes(18     , 19     ), playing essential roles in regulating resting
membrane potential, the normalization of synaptic events arriving at spatially mismatched
locations, and establishing oscillation frequency-selectivity(16     ). Beyond exerting control over
the general excitability of neurons, HCN channels contribute to synaptic plasticity, and can
regulate working memory(16     ). HCN dysfunction can also contribute to epilepsy and pain(20     ).
Electrophysiological detection of this current often relies on identification of a characteristic ‘sag’
potential, elicited by hyperpolarizing current injections. In L2/3 PCs, this sag potential is negligible
in most cortical areas (but see (21     )) thus HCN channels are often presumed to be missing from
mouse L2/3 PCs (22     ). However, it has recently been proposed that HCN is a key determinant of
L2/3 PC passive properties at membrane potentials close to rest, despite the lack of traditional HCN
channel physiological markers (23     ). In contrast to mice, the presence of HCN channels in L2/3
PCs of primates and humans is unambiguously supported by functional and anatomical evidence
as well (24     , 25     ) (26     ).

Here we report that L2/3 PCs throughout the cortex express functionally relevant HCN channels
with unexpected functions. We found that HCN channels robustly influence the overall excitability
of L2/3 PCs. Interestingly, we found that HCN channel availability in L2/3 PCs is biased in a unique
proximal somato-dendritic manner, which is inverted with respect to L5 PT-type and hippocampal
CA1 PCs (but see (27     )), where HCN is enriched within their distal apical tufts(19     , 28     ). In
cooperation with local NMDA receptors, we found this L2/3 HCN organization could gate the
amplification of proximal ‘bottom-up’ dendritic inputs, without affecting distal ‘top-down’
dendritic inputs. Furthermore, we found that HCN expression is robustly upregulated during early
postnatal development, and that neuromodulation in adulthood can rapidly adjust HCN channel
availability. Our results demonstrate that L2/3 PCs not only express dendritic HCN channels, but
also employ these conductances in a previously unappreciated synaptic input-selective manner.

https://doi.org/10.7554/eLife.96002.2
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Results

HCN channel expression in L2/3 PCs
HCN channels have been extensively documented and rigorously characterized in several cortical
PC types(18     ), however, whether PCs residing in layer 2/3 of the mouse cortex express
functionally relevant HCN channels remains ambiguous. Nonetheless, open-source snRNAseq
(29     ) shows comparable HCN subunit mRNA levels in all cortical PC types of the visual cortex
(Fig. 1a     ). Therefore, we investigated whether this mRNA signature translated to HCN surface
expression. Immunohistochemical staining against HCN1 showed discernible somatic fluorescent
signal in many cells residing in superficial layers of the cortex (Fig. 1b     ) along with staining of
putative dendrites. To examine the potential functional role for HCN channels in L2/3 PCs, we
performed ex vivo cell-attached recordings from visually identified L2/3 PCs in primary visual
cortex slices from mature mice. Spike output upon extracellular stimulation (50 Hz) in layer 4 was
then measured in control conditions and following pharmacological HCN channel block (Fig.
1c     ). We found that bath application of ZD-7288 (50 µM), a conventional blocker of HCN
channels, significantly increased their firing (Fig. 1d,e     ). Similar results were obtained using
another well-accepted HCN channel blocker; external Cs+ (2 mM, Fig. 1f,g     ). This effect was
unlikely due to presynaptic modulation of these synapses, as the paired-pulse ratio was
unchanged in a set of separate whole-cell recordings coupled with stimulation in layer 4 (Fig.
1h     ). Together, these results indicate that L2/3 PCs express a functionally relevant set of HCN
channels which can modulate AP firing following synaptic stimulation.

HCN channels constrain the overall excitability of L2/3 PCs
To investigate the role of HCN channels in regulating the excitability of L2/3 PCs, we performed
further L2/3 PC whole-cell recordings. A conventionally used assessment of HCN channel function
is the characterization of the sag potential(18     ). This hallmark of Ih activation is measured as the
amount of rectification detected in response to hyperpolarizing current injections. In line with
previous reports(30     ), we found that L2/3 PCs exhibited an unremarkable amount of sag
potential at ‘typical’ current commands. However, upon larger negative current injections, a
discernable rectification was revealed (Fig. 2a     ). In addition, the rectification of the steady-state
responses was abolished in the presence of external Cs+, which could be restored by artificial Ih
supplementation by dynamic clamp (Fig. 2b     ). Similarly, sag became non-detectable when Ih was
blocked, which could then be online restored during recordings by dynamic clamp (Fig. 2c,d     ).
Furthermore, we found that passive electrical properties were also significantly modulated by
HCN blockade (Fig. 2e,f     , Supplementary Fig. 1     ), however, action potential halfwidth was
unaffected (1.04 ± 0.09 ms vs. 1.12 ± 0.17 ms for control vs. CsMeSO4 bath application; p=0.324,
t(6     )=-1.073, Student’s paired t-test; n=7. Together, these results explain the dramatic effect of
HCN blockade on L2/3 excitability (Fig. 1     ). The non-apparent sag potential at conventional
hyperpolarizing current steps is thus surprising, suggesting a markedly faster occurrence of the Ih
effect exists in L2/3 PCs which occludes the biphasic nature of the sag response. To investigate this
possibility, we measured the time constant of the immediate voltage responses. We found a strong
positive correlation between the amplitude of a passive current command and the voltage
response time constant, which was abolished by Cs+ bath application (Fig. 2g     ). This confirms
that Ih has a strong effect during the initial phase of hyperpolarizing voltage responses, which may
contribute to the lack of detectable sag potential at modest current injections. However, other
biophysical mechanisms may also contribute to the muted sag effect in L2/3 PCs.

Next, we examined the voltage dependence and kinetic properties of Ih in L2/3 PCs in voltage
clamp (Fig. 2h     ). Significant Cs+-sensitive (1mM) currents were activated at subthreshold
membrane potentials, with half-activation voltages more negative than the resting membrane

https://doi.org/10.7554/eLife.96002.2
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Fig 1.

HCN expression and effect of Cs+ on AP firing in cortical L2/3 PCs

a. HCN gene subunits show uniform expression pattern among cortical PC types. Data is collected from the online available
dataset(29     ). b. HCN1 immunohistochemistry reveals dense somatic expression in layer 2/3 of the visual cortex c. HCN
channels control the excitability of L2/3 PCs. Schematic illustration of the experimental arrangement of cell attached
recordings during extracellular stimulation of L4, and the shape of the elicited action potential. d. Representative traces
showing increased firing upon ZD-7288 application. e. ZD-7288 increases the firing of L2/3 PCs upon electrical stimulation (0.1
± 0.03 spikes/stimuli vs 0.4 ± 0.12 spikes/stimuli in control vs ZD-7288 application, respectively, p=0.04, t(4     )=-3.0, Student’s
paired-sample t-test, n=5). f. Increased spiking of L2/3 PC upon blockade of HCN channels with 2 mM CsMeSO4 (right). g.
Pharmacological block of Ih significantly increases the firing response of L2/3 PCs (0.22 ± 0.06 spikes/stimuli vs. 0.48 ± 0.09
spikes/stimuli for control vs CsMeSO4 bath application, p=0.002, t(9)=-4.42, Student’s paired t-test, n=10. h. Presynaptic
contributions were examined using the paired-pulse ratio (PPR) in whole cell current clamp recordings (1.09 ± 0.12
spikes/stimuli vs. 1.17 ± 0.15 spikes/stimuli for control vs CsMeSO4 bath application, p=0.422, t(6)=-0.8612, Student’s paired t-
test, n=7).

https://doi.org/10.7554/eLife.96002.2
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Fig 2.

Functionally relevant Ih in L2/3 PCs

a. Whole cell current clamp recordings showing the presence and absence of sag response to very negative current
commands in control conditions (black) and upon Cs+ application (red). b. Steady-state voltage response rectification upon
hyperpolarizing current injections is mediated by Ih. c. Sag voltage is abolished by blocking Ih. d. Sag amplitude is Cs+

sensitive (0.7 ± 0.49 mV vs. 0.05 ± 0.1 mV for control vs CsMeSO4 application, p=2.46-4, t(22)=4.37, Student’s two-sample t-test,
n=13 and 11). e. Resting membrane potential is modulated by Ih (-76.75 ± 6.37 mV vs. -80.29 ± 6.48 mV for control vs CsMeSO4
bath application, p=1.98-4, t(9)=6.02, Student’s paired t-test, n=10). f. Input resistance is altered by Ih (74.78 ± 42.34 mV vs.
104.99 ± 52.91 mV for control vs CsMeSO4 bath application, p=0.048, t(6)=-2.48, Student’s paired t-test, n=7). g. The time
course of voltage responses to hyperpolarizing current on the magnitude of the current injection is abolished by Cs+. h.
Example voltage clamp recording of cesium sensitive currents in a L2/3 PC. i. Voltage dependence of cesium sensitive current
activation, j. Voltage dependent activation kinetics of cesium sensitive currents.
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potential, and with relatively fast activation kinetics (Fig. 2i,j     ). Overall the pharmacological
profile, effects on passive electrical properties, and voltage dependence all point to previously
published data describing HCN channels (31     ). Together these results indicate that L2/3 PCs
express a functionally relevant population of HCN channels, which constrain the excitability of
these cells. Similar responses were observed in voltage clamp recordings across several cortical
regions (e.g., in S1, M1, and A1; Supplementary Fig. 2     ), suggesting that HCN channels are a
consistent feature in L2/3 PCs.

Noncanonical subthreshold signal processing in L2/3 PCs by Ih
Electrical signals at different dendritic compartments undergo distance-dependent distortion
(28     , 32     ), which has a major effect on neuronal function in cells with extensive dendritic
branching (33     ). To counteract these effects, larger L5 PT-type PCs and CA1 PCs express HCN
channels with nonuniform distributions (19     , 31     ). As L2/3 PCs have a much more compact
morphology, synaptic input distortions might be less severe, raising the possibility of an
alternative function of HCN channels in these cells. Thus, to investigate the distance-dependence
of HCN on L2/3 synaptic inputs, we made whole-cell patch recordings from Alexa-594 filled L2/3
PCs and performed extracellular minimal stimulation at different dendritic locations guided with
2P microscopy (Fig. 3a     ). Elicited EPSPs likely reflect the activation of a single axon, as stimulus
intensity was set to achieve an ∼50% failure rate(34     ). As HCN deactivation has been shown to
strongly impact the duration of synaptic events(28     , 32     ), we quantified changes in the half-
width of locally evoked EPSPs, here using the HCN-selective blocker ZD-7288 (50 μM). Surprisingly,
our results were in contrast to previous reports in L5 PT-type and CA1 PCs, in that Ih block had a
far smaller effect on the time-course of distally-evoked (>100 μm distance from the soma) synaptic
responses. In contrast, proximal inputs (<100 μm) were markedly more broadened after Ih
blockade (Fig. 3b,c     ). These results suggest that L2/3 PCs are equipped with a distinctive
subcellular HCN distribution, potentially contributing to noncanonical distance-dependent input
amplification along the dendritic axis of L2/3 cells.

Pathway-specific modulation of synaptic information
L2/3 PCs receive information from distinct brain regions, such as “top-down” (cortical-cortical)
axons, generally arriving to layer 1(35     ) and “bottom-up” (thalamocortical/layer 4) axons,
terminating on proximal dendrites located in layer 4 and 2/3 (36     ). Due to the stronger proximal
effect of HCN on L2/3 PC EPSPs, we explored whether this modulation yielded input-pathway-
specific differences. Whole- cell recordings were again obtained from L2/3 PCs, and EPSPs were
elicited by minimal stimulation with electrodes situated to preferentially stimulate either layer 4
or layer 1 axons (electrode placement ∼200μm laterally from recorded PC in either layer).
Inhibition was left intact in these experiments. While most evoked EPSPs were small (< 0.5 mV), a
subset evoked with minimal stimulation was outsized (we deemed these here as L4-Type I and L4-
Type II inputs, respectively; Fig. 3d     , Supplementary Figure 3     ). The L4-Type II events were
substantially larger than previous reports(3     ) but see (37     ).

Ih blockade significantly broadened elicited EPSPs when the stimulation electrode was placed in
layer 4, but not in layer 1 (Fig. 3e     ). Consequently, the effect of Cs+ on the EPSP integral was
significant for L4 inputs, but not L1 inputs (Fig. 3f     ). The effect of Cs+ on EPSP half-width and
voltage integral was similar for both L4-Type I and L4-Type II inputs, suggesting intermingled
termination zones(36     ) in proximal dendrites. HCN channels are notable for their ability to
restrain temporal integration of synaptic inputs(28     ). Therefore, we repeated these experiments
using more high- frequency stimulation (5 stimuli at 50 Hz; Fig. 3g     ; inhibition was blocked due
to strong inhibitory recruitment at 50Hz). In accordance with the effect on single EPSPs,
summation of L1 (i.e., distal) inputs was unaltered with HCN block. In contrast, HCN blockade led

https://doi.org/10.7554/eLife.96002.2
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Fig 3.

Noncanonical effect of Ih block on EPSPs in L2/3 PCs

a. Experimental arrangement of extracellular targeted stimulation of a L2/3 PC dendrite. b. Application of ZD-7288 revealed a
proximal bias for EPSP modulation by Ih (Exponential fit τ=104.7 µm, R2=0.33, n=18). Inset shows a stimulating location 28 µm
away from the soma in control conditions (black trace) and upon Z-7288 application (green trace). c. EPSP halfwidth is
significantly modulated along the dendritic axis by Ih, (proximal dendritic locations: 17.42 ± 1.68 ms vs. 40.95 ± 24.78 ms for
control vs 50µm ZD-7288 bath application, p=0.03, t(6)=2.84, Student’s paired t-test, n=7, distal dendritic locations: 22.68 ± 1.78
ms vs. 28.65 ± 2.17 ms for control vs 50µm ZD-7288 bath application, p=2.1- 4, t(8)=-6.39, Student’s paired t-test, n=9). d.
Schematic illustration of the experimental arrangement. L2/3 PCs were recorded in whole-cell current clamp mode, and a
stimulating electrode was placed either in L1 or L4. e. Ih modulates EPSP halfwidth for L4 stimulation, but not for L1 (13.87 ±
1.37 ms vs. 15.8 ± 1.67 ms for control vs CsMeSO4 bath application in L1, p=0.38, t(18)=-0.89, Student’s two- sample t-test,
n=10 each, 10.65 ± 0.64 ms vs. 20.17 ± 2.88 ms for control vs CsMeSO4 bath application for L4-Type I inputs, p=0.005,
t(18)=-3.22, Student’s two-sample t-test, n=10 each, 11.01 ± 0.85 ms vs. 17.05 ± 2.41 ms for control vs CsMeSO4 bath
application for L4-Type II, p=0.03, t(18)=-2.36, Student’s two-sample t-test, n=10 each). f. Pathway-specific Ih effect on unitary
EPSP voltage integral (9.35 ± 2.54 mV*ms vs. 12.9 ± 2.04 mV*ms for control vs CsMeSO4 bath application in L1, p=0.3,
t(19)=-1.07, Student’s two-sample t-test, n=11 and n=10 respectively, 7.85 ± 1.24 mV*ms vs. 17.39 ± 2.5 mV*ms for control vs
CsMeSO4 bath application for L4-Type I inputs, p=0.002, t(20)=-3.6, Student’s two-sample t-test, n=12 and n=10 respectively,
28.01 ± 3.45 mV*ms vs. 44.89 ± 6.42 mV*ms for control vs CsMeSO4 bath application for L4-Type II inputs, p=0.03, t(18)=-2.31,
Student’s two-sample t-test, n=10 each). g. Representative recordings of 50 Hz repeated extracellular stimuli (L1 – grey, L4-
Type I – blue, putative L4-Type II -green). h. Temporal summation of L4-Type I input stimulation in control conditions (black)
and during CsMeSO4 application (red). i. Pathway-specific Ih modulation of synaptic summation (81.05 ± 14.5 mV*ms vs.
71.07 ± 11.19 mV*ms for control vs CsMeSO4 bath application in L1, p=0.6, t(18)=0.54, Student’s two-sample t-test, n=10 each,
60.06 ± 9.03 mV*ms vs. 95.15 ± 11.29 mV*ms for control vs CsMeSO4 bath application for L4-Type I, p=0.03, t(18)=-2.42,
Student’s two-sample t-test, n=10 each, 182.08 ± 23.36 mV*ms vs. 182.05 ± 28.59 mV*ms for control vs CsMeSO4 bath
application for L4-Type II, p=0.99, t(18)=8.74*10-4, Student’s two-sample t-test, n=10 each). j. Schematic illustration of the
experimental setup. Mice were injected with AAV.CAMKII.C1V1/eYFP either in the latermodial visual area (LM, to label axons
arriving to L1) or in the LGN (to label proximal targeting axons). k. Example trace showing optogenetic activation of LM (top)
and LGN (bottom) axons in control conditions (black) and upon Cs+ application (red). Traces are normalized. Blue line marks
the timing of the optogenetic stimulus. l. Cs+ effect on optogenetically elicited EPSPs from cortico-cortical (LM, left; 35.06 ±
3.06 vs. 31.04 ± 3.82 for control vs Cs+ respectively, p=0.99, t(7)=0.001, Student’s paired-sample t-test, n=8) and thalamic (LGN,
right; 29.31 ± 3.68 vs. 40.11 ± 3.95 for control vs Cs+ respectively, p=0.01, t(10)=- 2.95, Student’s paired-sample t-test, n=11)
sources.

https://doi.org/10.7554/eLife.96002.2
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to increased temporal summation of L4-Type I inputs (Fig. 3h,i     ). Summation of L4-Type II inputs
was not affected by HCN channel block, suggesting further diversification between L4-Type I and
L4-Type II inputs as well.

To more accurately evaluate whether synaptic signaling from bone fide bottom-up and top- down
axons are differentially regulated by HCN, we next injected a CaMKII-driven, C1V1-expressing AAV
into either the LGN or the lateromedial visual (LM) areas in separate experiments (LM, Fig.
3j,k     ). LGN and LM-originating axons are thought to preferentially synapse onto proximal and
distal L2/3 dendrites, respectively (38     –41     ). In these experiments, short LED-directed amber
light pulses could reliably elicit EPSPs in L2/3 PCs (Fig. 3k     ). We used a ‘minimal’ opto stim
approach for these experiments, meaning we used as low light power as possible to reliability (1
ms pulses at 0.2 Hz) evoke EPSPs, while avoiding AP firing and thus further network recruitment.
Inhibition was not blocked during optical stimulation. These optogenetic experiments revealed a
negligible effect of Cs+ on top-down, LM-driven EPSPs. Conversely EPSPs were significantly
broadened following Cs2+ of bottom-up, LGN-originating EPSPs (Fig. 3k,l     ). Together these results
suggest that HCN channels preferentially regulate thalamic-originating, bottom-up nonlinear
signaling in proximal dendritic regions of L2/3 PCs.

Ih channels constrain NMDA receptor-dependent

synaptic boosting in proximal dendrites
In a passive environment, dendritic filtering(42     ) creates attenuated (i.e., wider) EPSPs when
originating further from the soma. Yet our results show an opposite phenomenon with HCN
channels blocked. It has been described that reduced HCN availability can facilitate dendritic
boosting mechanisms via activation of either voltage-gated(43     ) or NMDA(44     ) channels. To
investigate possible contributions of dendritic voltage-dependent processes, we next performed
NEURON computational simulations using a realistic L2/3 PC dendritic morphology(45     ).
Inserting voltage-gated sodium or potassium channels with various distributions could not
recapitulate our distance-dependent EPSP observations (Supplementary Figure 4     .). Thus, we
next investigated whether NMDA receptors might play a role in the observed phenomenon due to
their described overwhelming contribution to in vivo activity in L2/3 PCs (8     , 46     ).

We first tested whether NMDA receptors contribute to spontaneously occurring synaptic inputs
(sEPSPs) in L2/3 PCs(47     ) in slice experiments. Due to potential alterations in spontaneous release
and overall circuit activity, extracellularly applied NMDA blockers may introduce significant
confounds for this line of investigation especially as spontaneous synaptic potentials show
tremendous variability in frequency, amplitude, and kinetics. To overcome this conundrum, we
designed a custom-built pipette attachment through which the intracellular solution could be
stably exchanged during whole- cell recordings (48     ). We recorded sEPSPs in L2/3 PCs first using
control intracellular solution, which was then exchanged to a 50 µM MK-801 (non-competitive
NMDA receptor antagonist) containing intracellular solution (Fig. 4a     ). To also capitalize on the
voltage-sensitivity of NMDA receptors, average peak amplitudes were recorded at two different
membrane potentials for each intracellular condition; -80 mV and -55 mV (resting membrane
potential, and a somatic membrane potential depolarized enough to partially unblock NMDA
receptors (49     )). Due to the small nature of L2/3 PC sEPSPs, quantification of other waveform
parameters (i.e., EPSP width) was avoided. After quantifying the mean sEPSP peak at -80 mV, we
calculated the expected (linear) sEPSP peak at -55 mV and compared this prediction to our
observations of -55 mV. We found that sEPSPs were significantly larger than predicted after
depolarization (Fig. 4b     ), alluding to the presence of a nonlinear subthreshold amplifying
mechanism. We found that intracellular MK-801 solution exchange could severely dampen this
synaptic amplification (Fig. 4c     ), indicating that NMDA receptors actively contribute to shaping
naturally occurring sEPSPs in L2/3 PCs. The effect of pipette perfusion itself on our measurements
was negligible (Supplementary Fig. 5     )

https://doi.org/10.7554/eLife.96002.2
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Fig 4.

Pathway-specific NMDA receptor boosting of synaptic information

a. Schematic illustration of intracellular pipette solution perfusion during whole-cell patch clamp recordings. Briefly, the
pipette was filled with control recording solution (black trace), which was exchanged to an intracellular solution containing 50
µM MK-801 (purple trace) during the recording. b. Mean peak amplitude of sEPSPs measured at two different membrane
potentials and two different recording conditions (ctrl -80 mV vs. ctrl prediction: p=4.72*10-6, t(10) = 8.86, ctrl -80 mV vs ctrl
-55 mV: p=0.02, t(10) = -2.81, ctrl prediction vs ctrl -55 mV: p=1.63*10-5, t(10) = -7.71, MK-801 -80 mV vs. MK-801 prediction:
p=1.15*10-6, t(10) = 10.36, MK-801 -80 mV vs MK-801 -55 mV: p=0.58, t(10) = 0.57, MK-801 prediction vs MK-801 -55 mV:
p=2.69*10-3, t(10) = -3.95, Student’s paired-sample t-test, n = 11 for each). c. Synaptic amplification estimated by dividing the
predicted peak amplitude from the hyperpolarized recordings and the measured peak at depolarized membrane potentials
(1.69 ± 0.09 and 1.43 ± 0.1 for ctrl and MK-801 amplification respectively, p=0.01, t(10) = 3.04, Student’s paired-sample t-test,
n=11). d. Schematic illustration of the multiparameter NEURON fitting procedure for dendritic NMDA. Conductance
localization, dispersions, and conductance densities of NMDA were varied along a somato-dendritic axis as set by a Gaussian
curve, which was shifted in space, in peak, and in width (top panel). Simulations were carried out using fully reconstructed
L2/3 PC from the Allen Institute open-source database (bottom panel). e. Inserting NMDA receptors into proximally located
simulated synapses recreated the experimentally determined distance-halfwidth relationship. Notice the best fit of the
control conditions (where proximal/distal EPSP halfwidth is similar), is characterized by a Gaussian curve with proximal peak
center with a moderate width (dispersion). f. Best fit of the distance-dependent EPSP halfwidth with no HCN in the system.
Red asterisk denotes the best fit parameter-space on panel. Proximally (gray) and distally (black) originating EPSPs from the
model are shown in the inset. e. g. Amplitude-normalized EPSPs recorded from L2/3 PCs by minimal stimulation in either in
L1 (dark color tones) or L4 (light color tones) in different recording conditions (ctrl: black, extracellular cesium: green,
extracellular cesium + intracellular MK-801: red, intracellular MK-801: purple). Cells were recorded for each pharmacological
condition independently with L4 and L1 stimulation occurring in each recording. h. As predicted (panel f) proximal inputs
from L4-originating EPSPs were faster than those from distal L1 synapses in control conditions. The broadening effect of
cesium on L4 (proximal) originating EPSPs is occluded by NMDA receptor block (14.25 ± 1.17 ms and 10.11 ± 0.56 ms for L1 vs
L4 stimuli in control conditions, p=6.73*10-3, t(9)=3.5, Student’s paired-sample t-test, n=10 each, 16.22 ± 1.91 ms and 23.61 ±
4.04 ms for L1 vs L4 stimuli during Cs bath application, p=0.03, t(9)=-2.67, Student’s paired-sample t-test, n=10 each, 19.92 ±
2.65 ms and 11.8 ± 1.55 ms for L1 vs L4 stimuli during Cs bath application and MK-801 intracellular application, p=0.02,
t(7)=3.01, Student’s paired-sample t-test, n=8 each, 13.62 ± 1.43 ms and 8.97 ± 0.72 ms for L1 vs L4 stimuli during MK-801
intracellular application, p=0.025, t(7)=2.84, Student’s paired-sample t-test, n=8 each).
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Having established that NMDA receptors play an active role in modulating sEPSPs, we next utilized
computational simulations to explore whether non-uniform NMDA recruitment could explain the
subthreshold boosting in proximal L2/3 synapses, as described earlier following HCN channel
blockade (Fig. 3b     ). Accordingly, this initial model did not include HCN channels. NMDA was
inserted into a NEURON model with varying distributions and conductance densities (Fig 4d     ) to
systematically evaluate a large parameter space. These simulations (Fig. 4e     ) revealed that a
proximally-biased NMDA distribution (50     ) could indeed produce local EPSP boosting (Fig.
4e,f     ) similar to our experimental findings in an HCN-lacking condition.

Because HCN channels can reduce NMDA recruitment during synaptic signaling, we next explored
whether proximal enrichment of HCN allows for bottom-up-specific gating of NMDA amplification
(Fig. 4e,f     ) now using complimentary slice experiments. To accomplish this, we recorded L2/3
EPSPs originating from both proximal L4 and distal L1 inputs during each recording (i.e., two
stimulation locations for each cell; Fig. 4g     ). For each recording, one pharmacological condition
was evaluated to sequentially explore the interplay between HCN and NMDA (Fig. 4g     ). In
control conditions, L4-evoked EPSPs were slightly narrower than L1-evoked EPSPs. This layer-
specific relationship was inverted following extracellular Cs+ to block HCN (Fig. 4g,h     ). This
result recapitulated our NEURON simulation best-fit prediction, where a proximally-biased NMDA
distribution was necessary (Fig. 4f     ).

To confirm that this L4-specific EPSP broadening after HCN channel block was indeed due to
NMDA-inducted boosting, as predicted in our simulations (Fig. 4f     ), we next examined L4 and
L1- evoked EPSPs using Cs+ and intracellular MK-801. In the presence of internal MK-801, the
broadening effect of Cs+ on L4-evoked EPSPs was abolished, thereby reverting the L4-L1 EPSP
relationship to a control-like state. (Fig. 4g,h     ). The NMDA receptor contribution is unlikely
related to different event amplitudes in proximal and distal sources, as the peak and halfwidth of
the elicited EPSPs in our dataset showed no correlation (Supplementary Fig. 6     ). Together, our
modeling and experimental results indicate that NMDA-directed amplification of L4 inputs is
strongly constrained by a proximal HCN bias in L2/3 PCs dendrites, allowing for pathway-specific
modulation of ‘bottom-up’ inputs without affecting those arriving from ‘top-down’ L1 axons.

Noncanonical HCN distribution predicted in L2/3 PCs
We next carried out a more complete computational simulation which included both HCN and
NMDA in a L2/3 PC. To test whether our results could be explained due to a non-uniform HCN
distribution, HCN channels were inserted into the model with varying distributions and
conductance densities (Fig 5a     ) to evaluate a large parameter space. Our simulations revealed
that proximal bias in HCN channel distributions could best recapitulate our observations of
proximally and distally originating EPSP waveforms in control conditions (Fig. 5b,c     ). This is in
line with the proximal HCN1 channel staining (Fig. 1     ) revealed by immunohistochemistry.
Together our results indicate that L2/3 PCs have a proximal HCN channel bias, whereas previous
studies found a distal dendritic HCN bias in L5 PT-type PCs and CA1 PCs(19     , 31     ), which could
constrain NMDA receptor amplification in an input-specific manner.

Tight developmental upregulation of Layer 2/3 HCN channels
Due to the ability of HCN channels to regulate NMDA boosting shown earlier, modifying HCN
availability or expression may represent an important activity or plasticity gate in L2/3. Previously
we found that HCN recruitment was upregulated in interneurons during early
development(51     ). Indeed, several ion channels show postnatal maturation in their biophysical
properties and surface expression(52     ), raising the possibility of a different proximo-distal HCN
bias in young L2/3 PCs compared to adult animals. To examine this possibility, L2/3 PCs were
recorded at three developmental time points (1st, 2nd and 6th postnatal week) in S1 cortex. Our
assessment showed that a rapid developmental HCN upregulation occurs between 1 and 2 weeks
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Fig 5.

Proximal bias in HCN channel expression dampens proximal NMDA
receptor-dependent synaptic boosting in a NEURON model simulation.

a. Schematic illustration of the multiparameter NEURON fitting procedure for dendritic HCN. Simulations here included the
NMDA dendritic parameters established in Fig. 4     . HCN conductance localization, dispersions, and conductance densities
were varied along the somato-dendritic axis as set by a Gaussian curve, which was shifted in space, in peak, and in width as
well (top panel). Simulations were carried out using fully reconstructed L2/3 PC from the Allen Institute open-source database
(bottom panel). b. A proximal abundance bias of HCN channels recapitulates experimental findings in control conditions. Best
fit in the parameter space tested is denoted with red asterisk, where a high density of HCN channels were proximally
localized. c. Model-derived data showing the effect of HCN blockade in the best-fit scheme when NMDA is also included as
shown in Fig. 4     . Note that the effect of HCN removal in this model closely recapitulates our experimental findings using
ZD-7288 earlier.
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old. We also found that 1 week old L2/3 PCs displayed markedly different passive properties, while
2-week-old cells were quite similar to mature cells (Fig. 6a     ). The non-quantifiable sag potential
in 1 week old animals implies the lack of Ih current at this developmental time point, however, the
disproportionately large input resistance and elevated resting membrane potential also suggests
that other background leak channels may also be missing at this developmental window (Fig.
6b     ). Subsequent voltage clamp recordings confirmed that in 1 week old animals, L2/3 PCs do not
possess a considerable amount of Ih in contrast to 2 and 6 week old animals (Fig. 6c,d     ). We
found that both the resting membrane potential and peak Ih conductance changes throughout
development were tightly (negatively) correlated (Fig. 6e     ). This provides additional evidence for
parallel maturation of HCN with other leaky channels, as HCN channel expression alone would be
predicted to shift the membrane to more depolarized potentials (Fig. 2e     ).

Next, we mapped the distance-dependence dendritic EPSP kinetics in 1 week old animals (Fig.
6f     ). We found a surprising ‘non-Rallian’ negative correlation between EPSP halfwidth and
stimulation distance from the soma (Fig. 6g, h     ), similar to our previous results from mature
neurons with HCN channels blocked (Fig. 3a,b     ). This suggests the presence of nonlinear
boosting mechanisms (e.g., NMDA) in proximal dendrites of developing L2/3 PCs, similar to mature
cells, but which are unabated due to the lack of HCN at this early developmental stage.

Ih dependent neuromodulation of

L2/3 PC activity by serotonergic inputs
Whether the mature brain possesses mechanisms to modulate HCN in L2/3 PCs is unknown.
Nonetheless, previous work in cortical L5 PT-type PCs shows that Ih currents can be modulated
following 5-HT7 serotonergic receptor activation(53     ). L2/3 PCs are extensively innervated by
serotonergic axons from the dorsal raphe (54     ), providing a potential framework to modify HCN
availability. Single-cell RNA-seq (29     ) showed that L2/3 PCs do express 5-HT7 receptors,
interestingly, at higher levels than all other cortical PCs (Fig. 7a     ). We pharmacologically
evaluated a potential role of serotonergic HCN regulation by bath application of 5-
carboxamidotryptamine (5-CT; 30 nM), a specific 5-HT7 agonist. 5-CT application significantly
reduced evoked firing of L2/3 PCs during extracellular stimulation in L4 (Fig. 7b     ). Current clamp
experiments revealed that the rectification of steady-state voltage responses to hyperpolarizing
current injection was amplified with 5-CT (Fig. 7c     ), likely due to the increased availability of
HCN channels due to a rightward shift in their activation voltage-dependence (Fig. 7d     ). 5-CT
also reduced L2/3 input resistance potentially via HCN regulation, however, did not yield a
depolarizing effect on the resting membrane potential nor affect AP threshold (Fig. 7e     ).
Importantly, 5-CT had no impact on the firing responses of L2/3 PCs when Ih currents were blocked
with background Cs+ throughout the experiment (Fig. 7f     ). Furthermore, the dampening of
neuronal output was not related to an downregulating effect of 5-HT7 on NMDA receptors (Fig.
7g     , (55     )). Together these results indicate that neuromodulation represents an endogenous
mechanism by which HCN availability can be altered in L2/3 PCs. Further studies on the input-
specific effects of neuromodulation on dendritic nonlinearities in L2/3 PCs should thus be
considered.

Discussion

Precise communication between cortical neurons relies on discrete pre- and postsynaptic forms of
information transfer at synapses. The majority of cortical synapses terminate along the dendritic
tree (56     ) where, based on local active and passive electrical properties, various types of
nonlinear transformations occur. The spatially and electrically disjointed nature of dendrites
(57     ) from the rest of the cell allows for local, soma-independent computation. For example,
perturbing active dendritic elements (i.e., local conductances) can impair several fundamental

https://doi.org/10.7554/eLife.96002.2


Viktor János Oláh et al., 2025 eLife. https://doi.org/10.7554/eLife.96002.2 13 of 50Viktor János Oláh et al., 2025 eLife. https://doi.org/10.7554/eLife.96002.2 13 of 50

Fig 6.

Developmental regulation of Ih expression

a. Representative firing patterns recorded from one week old (left, blue), two weeks old (middle, grey) and six weeks old L2/3
PCs. b. Developmental regulation of sag ratio (0.0 ± 0.0, 0.12 ± 0.01 and 0.07 ± 0.01 for one- (n=8), two- (n=5) and six week old
L2/3 PCs (n=6), respectively, p=0 for one week old vs two weeks old cells, p=0.01, t(9)=3.04 for two vs six weeks old cells and
p=0 for one vs six weeks old cells, Student’s two-sample t-test), input resistance (450.6 ± 57.91 MΩ, 175.66 ± 13.66 MΩ and
98.34 ± 18.86 MΩ for one- (n=8), two- (n=5) and six week old L2/3 PCs (n=7), respectively, p=0.004, t(11)=3.65 for one week old
vs two weeks old cells, p=0.01, t(10)=3.06 for two vs six weeks old cells and p=1.11*10-4, t(13)=5.54 for one vs six weeks old
cells, Student’s two-sample t-test) and resting membrane potential (-56.05 ± 2.33 mV, -73.13 ± 2.55 mV and -79.47 ± 1.33 MΩ
for one- (n=8), two- (n=5) and six week old L2/3 PCs (n=7), respectively, p=5.9*10-4, t(11)=4.76 for one week old vs two weeks
old cells, p=0.04, t(10)=2.39 for two vs six weeks old cells and p=1.36*10-6, t(13)=8.37 for one vs six weeks old cells, Student’s
two-sample t-test). c. Representative voltage clamp recordings of hyperpolarization activated currents in one week old (left,
blue), two weeks old (middle, gray) and six weeks old L2/3 PCs (right, black). d. Voltage dependence of hyperpolarization
activated currents in one week old (blue), two weeks old (gray) and six weeks old L2/3 PCs (black). e. Negative correlation
between measured hyperpolarization activated current and resting membrane potential during development (Linear fit (red)
slope: -2.84 mV/nS, intercept: -57.67 mV, R2=0.71, n=20). f. Two- photon microscopy image depicting a proximal and a distal
extracellular stimulating location positioned closely to an Alexa-594 filled L2/3 PC dendrite (left), and the resulting EPSPs
(proximal – black, distal – green). g. EPSP halfwidth decreases with dendritic distance (Linear fit (red) slope: -0.42 ms/µm,
intercept: 161.01 ms, R2=0.4, n=35). h. EPSPs were significantly slower in proximal dendritic locations (147.07 ± 12.87 ms and
85.57 ± 6.83 ms for proximal and distal events, respectively, p=5.31*10-5, t(33)=4.64, Student’s two-sample t-test, n=13 and 22,
respectively).
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Fig 7.

Neuromodulation shifts L2/3 PC excitability via HCN channels

a. 5HT7 receptor mRNA is abundantly expressed in L2/3 PCs. Data is collected from the online available dataset(29). b.
Example cell attached recording of a L2/3 PC (left) upon 50 Hz extracellular stimulation in L4 in control conditions (black) and
5-CT bath application (orange). 5-CT significantly reduced L2/3 PC spiking (0.2 ± 0.04 spike/stimuli vs. 0.1 ± 0.04 spike/stimuli
for control vs 5-CT application, p=3.57*10-6, t(11)=7.92, Student’s paired-sample t-test, n=12 each) c. Example current clamp
recording of voltage responses to hyperpolarizing current injections (left; control – black, 5-CT – orange). Steady-state voltage
response rectification is amplified by 5HT7R blockade (right). d. 5-CT shifts the voltage dependence of hyperpolarization
activated currents (-109.06 ± 0.47 mV vs -102.35 ± 1.09 mV half activation for control vs 5-CT bath application, R2 = 0.99 for
both). e. 5-CT did not alter resting membrane potential (-82.41 ± 1.43 mV vs -80.14 ± 1.38 mV in control vs 5-CT bath
application, respectively, p=0.89, t(5)=-1.41, Student’s paired-sample t-test, n=6 each), sag ratio at -2 pA/pF current injection
(0.02 ± 2.55*10-3 vs 0.03 ± 0.01 in control vs 5-CT bath application, respectively, p=0.82, t(5)=-1.01, Student’s paired-sample t-
test, n=6 each) and action potential threshold (-41.13 ± 2.6 mV, -40.08 ± 3.05 mV in control vs 5-CT bath application,
respectively, p=0.64, t(4)=-0.4, Student’s paired-sample t-test, n=5 each), but significantly reduced input resistance (108.21±
10.3 mΩ, 92.29 ± 9.9 MΩ in control vs 5-CT bath application, respectively, p=0.02, t(5)=2.75, Student’s paired-sample t-test, n=6
each). f. Example recording showing no effect of 5-CT bath application when HCN channels were blocked (left: example
recordings, right: 0.3 ± 0.11 spike/stimuli vs 0.34 ± 0.12 spike/stimuli in control vs 5-CT bath application, respectively, p=0.13,
t(5)=-1.81, Student’s paired-sample t-test, n=6 each). g. NMDA independent 5-CT effect on L2/3 PC excitability (0.27 ± 0.03
spike/stimuli vs 0.14 ± 0.04 spike/stimuli in control vs 5-CT bath application, respectively, p=0.01, t(7)=3.66, Student’s paired-
sample t-test, n=7 each).
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cortical circuit tasks (36     ) such as perception (14     ), underlining the necessity for
compartmentalized information processing. Further, single-subunit model simulations are unable
to reproduce in vivo observed activity patterns of L2/3 PCs(9     ). Here, by combining ex vivo
current clamp, synaptic stimulation, and ion channel recordings with empirically informed,
biophysically realistic simulations, we demonstrate that L2/3 PCs in sensory cortex express a
previously unappreciated, proximally-biased HCN channel distribution. Due to an apparent
universal HCN expression in L2/3 cells from each cortical region, this arrangement should allow
for modification of synaptic gain across all primary sensory areas of cortex. One of the basic
functions of L2/3 PCs in sensory cortex is to encode first-order information, such as the orientation
of visual input(2     , 58     , 59     ). Several investigations propose that arithmetic summation of a
number of similarly tuned synapses will dictate whether these neurons will fire in response to
sensory input (60     ). However, numerous dendritic nonlinearities have been established in L2/3
PCs, such as NMDA receptors (8     ), sodium channels (11     ), and calcium channels (10     , 61     ),
which also contribute to this process. Here we demonstrate that L2/3 PCs express a functionally
relevant population of HCN channels well situated to modify the gain of cortical sensory and
contextual information processing.

We report that HCN channels in L2/3 constrain fundamental aspects of cellular excitability, such as
input resistance and resting membrane potential. This is likely due to a strong proximal somato-
dendritic distribution of HCN channels, as observed in immunohistochemical experiments here.
Likely due to their influence on input resistance, HCN blockade resulted in greatly increased AP
firing during extracellular stimulation. L2/3 HCN channels strongly dampened excitatory synaptic
inputs, however, only to those arriving at proximal dendritic locations. In line with this result,
HCN channels reduced the timecourse of synaptic inputs following local stimulation in L4, but left
those following L1 stimulation unaffected. Together with additional input-specific
pharmacological experiments, NEURON simulations demonstrated that this input-specific synaptic
phenomenon could indeed be explained by a proximal HCN channel distribution in dendrites
putatively situated in L4 and L2/3. This was apparently only possible with a concurrent proximal
NMDA recruitment bias. This predicted global organization should not be confused with observed
differences in NMDA recruitment along the axis of individual L2/3 basal dendrites (47     ). Our
predictions of NMDA distributions require further evaluation at the spine-synapse level. Although
a proximal-basal dendrite NMDA receptor distribution is in line with findings from L5 PT-type PCs
(62     ), HCN channels are instead enriched distal dendritic compartments in these PC types (19     ,
31     ). Thus the unique proximal HCN recruitment in L2/3 PCs permits pathway-specific control of
synaptic amplification, as bottom-up (i.e., L4 originating) inputs target proximal dendritic
compartments homogeneously (36     ). This was in opposition to top-down inputs, whose axons
largely target distal dendrites in L2/3 PCs (63     ), as these synapses were unaffected by HCN
channel blockade. To fully understand how compartment-specific pathways are functionally
regulated, further anatomical and in vivo imaging experiments are needed to establish the
distribution and synaptic dynamics of L4 and L1 inputs along the L2/3 PC dendritic tree.

HCN channels appear well suited to regulate the synaptic and intrinsic properties of L2/3 PCs, for
example, if their availability is plastic or developmentally regulated. Previously, we found that
HCN channel availability was upregulated in GABAergic interneurons during development,
resulting in reduced propagation of subthreshold signals in mature axons (51     ). Interestingly, we
found that L2/3 PCs in young animals (1 week old) lacked HCN currents. Together, these results
suggest a universal developmental HCN upregulation across neuron types. In L2/3 PCs, the HCN
channel maturation window was rapid and almost complete by the second postnatal week.
Therefore critical period plasticity (64     ) and developmental Ih upregulation occur during a
similar developmental window, suggesting a causal relationship. In addition to the robust
developmental regulation of HCN channels, we also found that modification of HCN channel
availability was also possible in the adult cortex, following serotonergic (5-HT7) receptor-mediated
biophysical regulation. This was likely due to a metabotropic process that increases cytosolic cAMP
levels by stimulating adenylate cyclase(65     ) which in turn modulates HCN channel properties.
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This raises the intriguing possibility that neuromodulation could induce nonstationary conditions
in mature L2/3 circuits, for example, in re-biasing of bottom-up vs. top-down information,
experience-dependent plasticity (66     ), or even for reopening of critical window-like states
(67     ). A recent finding demonstrated increased spine density and stability during early
development due to enhanced 5-HT release in L2/3 PCs of the prefrontal cortex(68     ), which
suggests that serotonin is responsible for not only the morphological, but the physiological
regulation of L2/3 PC spines as well.

As L2/3 PCs are one of the most abundant cell populations of the neocortex, HCN channels in these
cells may exert overwhelming control over cortical excitability and thus cognition and memory.
Cell non-autonomous HCN channel dysregulation manifests in clear behavioral changes, such as
altered spatial learning (69     ) or impaired working memory (70     ). Curiously, higher HCN1
protein levels in the postmortem brain also correlate with cognitive resilience in aging humans
(71     ). Therapeutic HCN channel modulation aimed at restoring healthy brain function in distinct
pathophysiological states has consequently garnered significant interest (72     –74     ), as both
HCN1 and HCN2 are linked to neuropathic pain (75     ) and for treating major depressive disorder
(73     , 74     , 76     ). Here we demonstrate that activation of the serotonergic receptor 5-HT7 alters
HCN channel function in L2/3 PCs, resulting in reduced PC excitability, similar to L5 PT-type PCs
(53     ). 5-HT7 receptor targeting agents are highly effective psychopharmacological compounds.
Agents such as the antidepressant vortioxetine has a relevant therapeutic concentration that
functionally suppresses 5-HT7 (77     ), and the mood-stabilizing antipsychotic agent lurasidone
possesses an even higher binding affinity to 5-HT7 (78     ). Commonly used anesthetic drugs also
modulate HCN channel action (79     , 80     ), implying the need to investigate anesthesia-related
mechanisms and confounds in L2/3 in both therapeutic and experimental settings. Together, we
argue that HCN channels are present and functionally relevant in L2/3 PCs. As L2/3 PCs are one of
the largest cell populations in the brain, and as HCN channels are the target of several current
therapeutics, future research should consider their role in these cells in basic and clinical studies.

Methods

Acute slice preparation
All animal procedures were approved by the Emory University IACUC. Acute slices from cortex
were prepared from mature C57Bl/6J mice (6–10 weeks old). Male and female mice were used for
all experiments with data collected from ≥3 mice per experimental condition. Mice were first
anesthetized with isoflurane and perfused with ice-cold cutting solution (in mM) 87 NaCl, 25
NaHO3, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2, 1 CaCl2, 10 glucose, and 75 sucrose. Thereafter, mice were
terminated by decapitation and the brain immediately removed by dissection. Brain slices (250
μm) were sectioned in the coronal plane using a vibrating blade microtome (VT1200S, Leica
Biosystems) in the same solution. Slices were collected from V1 and from S1, M1 and A1 for a
subset of experiments. Slices were transferred to an incubation chamber and maintained at 34°C
for ∼30 min and then at 23–24°C thereafter. During whole-cell recordings, slices were
continuously perfused with (in mM) 128 NaCl, 26.2 NaHCO3, 2.5 KCl, 1 NaH2PO4, 1.5 CaCl2,
1.5MgCl2, and 11 glucose, maintained at 30.0°C ± 0.5°C. All solutions were equilibrated and
maintained with carbogen gas (95% O2/5% CO2) throughout.

Intracranial viral injections
5-8 week old mice were injected with AAV.CAMKII.C1V1/eYFP (0.2 µl total) in the lateromedial
visual area (LM) or the lateral geniculate nucleus (LGN). During intracranial injections mice were
head-fixed in a stereotactic platform (David Kopf Instruments) using ear bars, while under
isoflurane anesthesia (1.5-2.0%). Thermoregulation was provided by a heating plate using a rectal
thermocouple for biofeedback, thus maintaining core body temperature near 37°C. Bupivacaine
was subcutaneously injected into the scalp to induce local anesthesia. A small incision was opened
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5-10 minutes thereafter and a craniotomy was cut in the skull (< 0.5 μm in diameter) to allow
access for the glass microinjection pipette. Coordinates (in mm from Bregma) for microinjection in
the LM were X = ± 3.5; Y = -3.87; α = 45°; Z = 0.7, coordinates for the LGN were X = ± 2.0, Y = -2.0; α =
0°; Z = -2.45. Viral solution (titer 1 x 1013 vg/mL) was injected slowly (∼0.02 μL min-1) by using a
Picospritzer (0.2 μL total). After ejection of virus, the micropipette was held in place (5 min) before
withdrawal. The scalp was closed with surgical sutures and Vetbond (3M) tissue adhesive and the
animal was allowed to recover under analgesia provided by injection of carprofen and
buprenorphine SR. After allowing for onset of expression, animals were sacrificed acute slices
were harvested.

Electrophysiology
L2/3 PCs were targeted for somatic whole-cell recording in the layer 2/3 region of primary visual
cortex by gradient-contrast video microscopy. Electrophysiological recordings were obtained using
Multiclamp 700B amplifiers (Molecular Devices). Signals were filtered at 6–10 kHz and sampled at
50 kHz with the Digidata 1440B digitizer (Molecular Devices). For whole-cell recordings,
borosilicate patch pipettes (2.5-3.5 MΩ tip resistance) were filled with an intracellular solution
containing (in mM) 124 potassium gluconate, 2 KCl, 9 HEPES, 4 MgCl2, 4 NaATP, 3 l-ascorbic acid,
and 0.5 NaGTP. Pipette capacitance was neutralized in all recordings and electrode series
resistance was compensated using bridge balance in current clamp. Liquid junction potentials
were uncorrected.

For cell attached recordings seal resistance of >1GΩ was established, for accurate measurement of
action potentials. Cells were held at -80 mV. A stimulating electrode (2.5-3.5 MΩ tip resistance,
filled with extracellular solution) was placed in either layer 4 or layer 1 region of the visual cortex,
at least 200 µm away from the recorded soma. Stimulation intensities were calibrated to reliably
elicit at least 3, but no more than 10 action potentials during the 20 consequent stimuli (50 Hz, 30 s
inter-trace intervals, 10-50 µs stimulus length). Stability of the elicited responses was confirmed by
an initial 15 repeated measurements. Recordings were post hoc filtered at 2 kHz to remove
stimulation artifacts.

Recordings had a series resistance <20 MΩ. Membrane potentials were maintained near –80 mV
during current-clamp recordings using constant current bias. AP trains were initiated by somatic
current injection (300 ms) normalized to the cellular capacitance in each recording measured
immediately in voltage clamp after breakthrough (81     ). Cellular electrical and firing parameters
were established by recording voltage responses to current steps between -6 pA/pF and 20 pA/pF.
Sag potential was measured at the -6 pA/pF step, by comparing the negative peak within the first
100 ms of the hyperpolarized voltage response and the mean voltage during the last 50 ms of the
stimuli. Input resistance was measured by averaging voltage responses to a 20 pA prepulse current
step. Sag ratio was determined as the ratio between the sag amplitude and the steady-state
response at the -6 pA/pF current step, except when cells were recorded for measuring
neuromodulation (Fig 7     .), as those experiments were significantly more time-consuming. In
these cases, -2 pA/pF current injection was provided.

To establish distance dependent EPSP kinetics, cells were filled with 10 µM Alexa-594. Dendrites
were visualized after cell fill with Alexa 594 (10μM) with two-photon laser scanning microscopy
using a commercial scan head (Ultima; Bruker Corp) fitted with galvanometer mirrors using a 60x,
1.0 NA objective. The fluorophore was allowed to equilibrate for at least 10 minutes before
imaging. The stimulating electrode, filled with extracellular recording solution, was placed in close
proximity (<5 µm) of the two-photon visualized dendrite. Stimulation intensity was calibrated to
elicit an EPSP with <1 ms delay and approximately 50% failure rate (54.21 ± 8.72%, n= 41). The 50%
failure rate was necessary in order to maximize the possibility of stimulating a single input. For
L1, L4-Type I, and L4-Type II input stimulations the procedure was the same. Synaptic summation
was probed by eliciting 5 consequent responses at 50 Hz. Stimulation intensity was elevated
during these recordings to elicit synaptic responses every time for the first stimuli as failures
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introduced by lower stimulation intensities can yield inconsistent input activation during the 5
stimuli. Inhibitory blocker SR95531 (10 µM) was only included during signal summation (50 Hz
stim) experiments, as our intention was to examine single inputs in an intact system. However,
repeated stimuli recruited significant inhibitory components as well, therefore the use of
inhibitory blockers was warranted for the uncontaminated analyses of our recordings for the
50Hz repetitive stimulation experiments. Z-stacks were created from the stimulated dendritic
region and the connected soma as well for 3D reconstruction in order to establish exact dendritic
distances. The group of distal dendritic branches only included a fraction of apical dendrites,
however proximal dendrites included both a fraction of apical and basal dendrites, for two
reasons; first, basal dendrites are significantly shorter than apical dendrites and our recordings
did not include any basal dendrites extending beyond 200 µm, and second, in superficial L2
pyramidal cells classifying dendrites that extend radially into apical or basal classes in ambiguous.

For voltage-clamp recordings, cells were patched in normal extracellular solution to first record
their firing patterns. Voltage protocols for Ih current measurements consisted of 300 or 500 ms
long voltage steps between −150 and −60 mV. Activation time constant was measured by fitting the
initial 100 ms of the current response with a single exponential function. In a subset of recordings
CsMeSO4 (2 mM) was bath applied after recording control current responses, to establish cesium-
sensitive Ih current kinetics and voltage dependence by subtraction. Series resistances were
between 6–20 MΩ (75–80% compensated with 53 µs lag) and were constantly monitored. Data
were discarded if the series resistance changed more than 25%.

The dynamic clamp system was built in-house based on a previous publication(82     ), related
online available materials available here: (http://www.dynamicclamp.com/     ). The equations
governing the implemented gHCN were identical to those used in the NEURON model construction.
Synaptic conductances were built-in predefined conductances available from http://www
.dynamicclamp.com/     .

Intracellular solution perfusion
Intracellular solution was perfused by a custom-built tubing and relay system attached to the
pipette holder. Briefly, the pipette was filled with normal intracellular solutions to measure firing
patterns and subsequent control measurements of spontaneous and elicited EPSPs. Next, a second
intracellular solution was introduced to the pipette through a small tube drilled through the
pipette holder, by applying miniscule positive pressure. The intracellular fluid levels were marked
before the recording and through a second tube the intracellular solution was siphoned out, to not
alter established pipette capacitance. During initial trial experiments using fluorophores in the
second intracellular solution it was determined that two minutes is enough for complete exchange
of the intracellular solution and intracellular equilibration as well. Data were discarded if the
series resistance or pipette capacitance changed more than 20%.

Immunohistochemistry
Two-month-old mice were anesthetized with Nembutal (50mg/mL, i.p.) and perfused
transcardially with 4% paraformaldehyde (PFA), 0.05% glutaraldehyde in phosphate buffered
saline (PBS). After perfusion, brains were removed from the skull and immersed in 4% PFA
overnight at 4°C. Coronal 100 μm-thick sections were then cut on a Vibratome (Leica V1000). Brain
slices were permeabilized and incubated in blocking buffer for one hour at room temperature.
After blocking, sections were overlaid with primary antibody to HCN1 (1:200, Thermo Fisher
Scientific) overnight at 4 °C, then subjected to a 1 h incubation with secondary antibody (Goat anti-
Rabbit IgG, 1:200, Thermo Fisher Scientific) at room temperature. Stained sections were mounted
with DAPI-containing mounting solution and sealed with glass coverslips. Confocal imaging was
carried out on a Leica SP5 MP.
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NEURON modeling
Computer simulations were performed using the NEURON simulation environment (versions 7.5
and 7.6, downloaded from http://neuron.yale.edu     ). A constrained NEURON model with an active
somatic compartment was downloaded from the publicly available Cell Type Database of the Allen
Institute (http://celltypes.brain-map.org/experiment/electrophysiology/487661754     ). Passive
properties (axial resistance, specific membrane capacitance and leak conductance density) were
altered manually to recreate passive membrane potential responses of whole-cell recorded L2/3
PCs for given stimulus intensities. Both transient and persistent potassium channels were taken
out of the model to gain simulation speed as the aim of the simulations was to reproduce
subthreshold EPSP dynamics. Final simulations were rerun with intact sodium currents as well to
confirm the lack of alterations introduced by these channels. The Ih conductance was based on the
built-in Hodgkin–Huxley model of NEURON with freely adjustable sets of parameters(83     ). Ih
model parameters were constrained by our whole-cell voltage clamp recordings. The steady-state
activation was governed by the following equation:

where v is the local membrane potential. Due to the lack of apparent inactivation, the model
operated with a single gate (activation).

The activation and deactivation time constant was defined as

To simulate EPSP kinetics, a movable spine (length: 0.6 µm, diameter: 0.6 µm, axial resistance: 150
Ωcm), with spine neck (length: 2 µm, diameter: 0.1 µm, axial resistance: 100 Ωcm) was created.
Leak conductance was inserted into both compartments, along with the fitted conductance model.
Synaptic inputs were supplemented by using NEURON’s built-in AlphaSynapse class. To probe the
contribution of specific dendritic conductances to shaping the distance-EPSP halfwidth
relationship, selected conductance models were inserted into both apical and basal dendrites with
a Gaussian distribution. This curve was selected as modulation of the Gaussian curve’s width and
y-offset can reproduce a wide variety of feasible distributions such as linear, exponential, or hot-
zone-like expression. To model the contribution of dendritic sodium, potassium, and calcium
channels to input modulation, NaTs, Kv3_1 and Ca_LVA models were selected. Distribution
approximation was done by grid search to avoid local fitting minimums. NMDA receptors were
implemented based on a previous publication (84     ). During the fitting procedure, NMDA
activation voltage and AMPA:NMDA ratios were adjusted by a grid search algorithm.

Statistics
Averages of multiple measurements are presented as mean ± SD. Data were statistically analyzed
by ANOVA test using Origin software and custom-written Python scripts. Normality of the data was
analyzed with Shapira-Wilks test.

Data and software availability
All code used for simulating single and multicompartmental NEURON models will be made
available on GitHub and public repositories upon VOR.
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Supplementary Figure 1.

ZD-7288 application results in similar active and passive electrical alterations.

a. Representative effect of ZD-7288 on voltage responses to hyperpolarizing current injections. b. ZD-7288 abolished sag
voltage (0.42 ± 0.07 mV vs 0.1 ± 0.04 mV in control vs ZD-7288 application, respectively, p=4.5*10-4, t(15)=4.47, Student’s
paired-sample t-test, n=16), decreased the resting membrane potential (-75.86 ± 0.84 mV vs -79.73 ± 0.86 mV in control vs ZD-
7288 application, respectively, p=4.41*10-4, t(15)=4.48, Student’s paired-sample t-test, n=16), and increased the input
resistance (92.74 ± 6.59 MΩ vs 140.8 ± 13.07 MΩ in control vs ZD-7288 application, respectively, p=1.79*10-4, t(15)=-4.93,
Student’s paired-sample t-test, n=16).

Supplementary Figure 2.

Similar Ih current and effect in different cortical areas.

a. Steady-state rectification of L2/3 PCs in the primary somatosensory cortex (S1), primary motor cortex (M1), primary
auditory cortex (A1) and primary visual cortex (V1). b. Similar resting membrane potential (left), sag ratio (middle) and input
resistance (right) of L2/3 PCs in different cortical areas. c. Example hyperpolarization activated current recordings from four
cortical areas (left), with similar voltage dependent activation (right).
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Supplementary Figure 3.

L4-Type I and L4-Type II inputs are well separated by k-means clustering

k-means clustering results plotted along the first and second principal component. Ellipses denote the confidence interval;
edges are connected to the cluster center. Hollow circles represent L4 Type II inputs and filled circles represent L4-Type I
inputs determined by the experimenter.

Supplementary Figure 4.

The presence of dendritic sodium and potassium
channels cannot explain wider proximal synaptic inputs

a. Sodium channels cannot explain the distance-EPSP halfwidth relationship observed when Ih was blocked. Color coding
denotes the ratio between proximal and distal EPSP halfwidths. Notice the miniscule range of the color coding. C. Same as
panel b. but for voltage dependent potassium channels.
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Supplementary Figure 5.

Pipette perfusion does not alter spontaneous circuit activity measurements

a. sEPSP frequency is unaltered by pipette perfusion (6.63 ± 0.3 and 6.4 ± 0.44 for ctrl -80 mV and perfused ctrl -80 mV, p=0.57,
t(6) = 0.59, 6.1 ± 0.25 and 6.03 ± 0.33 for ctrl -55 mV and perfused ctrl -55 mV, p=0.83, t(6) = 0.23, n=7 for each, Student’s
paired-sample t-test). b. sEPSP peak amplitudes are stable during pipette perfusion experiments (0.23 ± 0.01 and 0.25 ± 0.01
for ctrl -80 mV and perfused ctrl -80 mV, p=0.43, t(6) = -0.83, 0.16 ± 0.01 and 0.17 ± 0.01 for ctrl prediction and perfused
prediction, p=0.43, t(6) =-0.83, 0.31 ± 0.03 and 0.34 ± 0.02 for ctrl -55 mV and perfused ctrl -55 mV, p=0.24, t(6) = -1.31, n=7
each, Student’s paired-sample t-test). c. Pipette perfusion does not alter measured synaptic amplification (1.92 ± 0.07 and
2.01 ± 0.24 for ctrl and perfused ctrl, p=0.65, t(6) = -0.48, n=7 each, Student’s paired-sample t-test).

Supplementary Figure 6.

Elicited EPSP halfwidth in not dependent on event amplitude

a. EPSPs elicited by electrical stimulation show no correlation between event amplitude and halfwidth (R2= 0.021, n=53). b.
EPSP peak is not dependent on dendritic distance from the soma (R2= 0.021, n=53).
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Senior Editor
Panayiota Poirazi
FORTH Institute of Molecular Biology and Biotechnology, Heraklion, Greece

Reviewer #2 (Public review):

Summary:

This paper by Olah et al., uncovers a previously unknown role of HCN channels in shaping
synaptic inputs to L2/3 cortical neurons. The authors demonstrate using slice
electrophysiology and computational modeling that unlike layer 5 pyramidal neurons, L2/3
neurons have an enrichment of HCN channels in the proximal dendrites. This location
provides a locus of neuromodulation for inputs onto the proximal dendrites from L4 without
an influence on distal inputs from L1. the authors use pharmacology to demonstrate the
effect of HCN channels on NMDA-mediated synaptic inputs from L4. The authors further
demonstrate the developmental time course of HCN function in L2/3 pyramidal neurons.
Taken together, this a well constructed investigation of HCN channel function and the
consequences of these channels on synaptic integration in L2/3 pyramidal neurons.

Strengths:

The authors use careful, well-constrained experiments using multiple pharmacological
agents to asses HCN channel contributions to synaptic integrations. The authors also use
voltage-clamp to directly measure the current through HCN channels across developmental
ages. The authors also provide supplemental data showing that their observation is consistent
across multiple areas of the cerebral cortex.

Weaknesses:

The gradient of HCN channel function is based almost exclusively on changes in EPSP width
measured at the soma. While providing strong evidence for the presence of HCN current in
L2/3 neurons, there are space clamp issues related to the use of somatic whole-cell voltage
clamp that should be considered in the discussion. One omission by the authors is related to
cell morphology. They make a point of normalizing the current injections to cell capacitance
to account for variability in neuronal morphology. It is not clear however, how, if at all, this
variability would affect EPSP propagation and modulation by proximal HCN channels. This
should at least be discussed. Also, if there is high variability in cell morphology, was this
considered in the modeling experiments?

https://doi.org/10.7554/eLife.96002.2.sa2

Reviewer #3 (Public review):

Summary:

The authors study the function of HCN channels in L2/3 pyramidal neurons, employing
somatic whole-cell recordings in acute slices of visual cortex in adult mice and a bevy of
technically challenging techniques. Their primary claim is a non-uniform HCN distribution
across the dendritic arbor with greater density closer to the soma (roughly opposite of the
gradient found in L5 PT-type neurons). The second major claim is that multiple sources of
long-range excitatory input (cortical and thalamic) are differentially affected by the HCN
distribution. They further describe an interesting interplay of NMDAR and HCN, serotonergic
modulation of HCN, and compare HCN-related properties at 1-, 2- and 6-weeks of age. Several
results are accompanied by biophysical simulations.

Strengths:

https://doi.org/10.7554/eLife.96002.2
https://doi.org/10.7554/eLife.96002.2.sa2
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The authors collected data from both male and female mice, at an age (6-10 weeks) that
permits comparison with in vivo studies, in sufficient numbers for each condition, and they
collected a good number of data points for almost all figure panels. This is all the more
positive, considering the demanding nature of multi-electrode recording configurations and
pipette-perfusion. The main strength of the study is the question and focus.

Weaknesses:

Unfortunately, in its present form, the main claims are not adequately supported by the
experimental evidence: primarily because the evidence is indirect and circumstantial, but
also because multiple unusual experimental choices (along with poor presentation of results)
undermine the reader's confidence. Additionally, the authors overstate the novelty of certain
results and fail to cite important related publications. Some of these weaknesses can be
addressed by improved analysis, statistics, resolving inconsistent data across figures,
reorganizing/improving figure panels, more complete methods, improved citations, and
proofreading. In particular, given the emphasis on EPSPs, the primary data (example EPSPs,
overlaid conditions) should be shown much more.

However on the experimental side, addressing the reviewer's concerns would require a very
substantial additional effort: direct measurement of HCN density at different points in the
dendritic arbor and soma; the internal solution chosen here (K-gluconate) is reported to
inhibit HCN; bath-applied cesium at the concentrations used blocks multiple potassium
channels, i.e. is not selective for HCN (the authors have concerns about using the more
selective blocker ZD7288, but did use it in a subset of experiments, some of which show
quantitatively different results). In response to initial review, the authors performed
pathway-specific synaptic stimulation, via optogenetic activation of specific long-range inputs
- this approach is valuable and interesting, however the results are presented very minimally
and only partially match those obtained by layer-specific electrical stimulation.

https://doi.org/10.7554/eLife.96002.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:

Reviewer #1 (Public Review):

The manuscript by Oleh et al. uses in vitro electrophysiology and compartmental
modeling (via NEURON) to investigate the expression and function of HCN channels in
mouse L2/3 pyramidal neurons. The authors conclude that L2/3 neurons have
developmentally regulated HCN channels, the activation of which can be observed when
subjected to large hyperpolarizations. They further conclude via blockade experiments
that HCN channels in L2/3 neurons influence cellular excitability and pathway-specific
EPSP kinetics, which can be neuromodulated. While the authors perform a wide range of
slice physiology experiments, concrete evidence that L2/3 cells express functionally
relevant HCN channels is limited. There are serious experimental design caveats and
confounds that make drawing strong conclusions from the data difficult. Furthermore,
the significance of the findings is generally unclear, given modest effect sizes and a lack
of any functional relevance, either directly via in vivo experiments or indirectly via strong
HCN-mediated changes in known operations/computations/functions of L2/3 neurons.

Specific points:

https://doi.org/10.7554/eLife.96002.2
https://doi.org/10.7554/eLife.96002.2.sa1
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(1) The interpretability and impact of this manuscript are limited due to numerous
methodological issues in experimental design, data collection, and analysis. The authors
have not followed best practices in the field, and as such, much of the data is ambiguous
and/or weak and does not support their interpretations (detailed below). Additionally, the
authors fail to appropriately explain their rationale for many of their choices, making it
difficult to understand why they did what they did. Furthermore, many important
references appear to be missing, both in terms of contextualizing the work and in terms
of approach/method. For example, the authors do not cite Kalmbach et al 2018, which
performed a directly comparable set of experiments on HCN channels in L2/3 neurons of
both humans and mice. This is an unacceptable omission. Additionally, the authors fail to
cite prior literature regarding the specificity or lack thereof of Cs+ in blocking HCN. In
describing a result, the authors state "In line with previous reports, we found that L2/3
PCs exhibited an unremarkable amount of sag at 'typical' current commands" but they
then fail to cite the previous reports.

We thank the reviewer for the thorough examination of our manuscript; however, we
disagree with many of the raised concerns for several reasons, as detailed here:

To address the lack of certain citations, we would like to emphasize that in the introduction
section, we did initially focus on the several decades-long line of investigation into the HCN
channel content of layer 2/3 pyramidal cells (L2/3 PCs), where there has undoubtedly been
some controversy as to their functional contribution. We did not explicitly cite papers that
claimed to find no/little HCN channels/sag- although this would be a significant list of
publications from some excellent investigators, as methods used may have differed from ours
leading to different interpretations. Simply stated, unless one was explicitly looking for HCN
in L2/3 PCs, it might go unobserved. However, we now addressed this more clearly in the
revision:

Just to take one example: in the publication mentioned by the reviewer (Kalmbach et al 2018),
the investigators did not carry out voltage clamp or dynamic clamp recordings, as we did in
our work here. Furthermore, the reported input resistance values in the aforementioned
paper were far above other reports in mice (Routh et al. 2022, Brandalise et al 2022, Hedrick
et al 2012; which were similar to our findings here), suggesting that recordings in Kalmbach
were carried out at membrane potentials where HCN activation may be less available (Routh,
Brager and Johnston 2022).

Another reason for some mixed findings in the field is undoubtedly due to the
small/nonexistent sag in L2/3 current clamp recordings (in mice). We also observed a very
small sag, which can be explained by the following: The ‘sag’ potential is a biphasic voltage
response emerging from a relatively fast passive membrane response and a slower Ih
activation. In L2/3 PCs, hyperpolarization-activated currents are apparently faster than
previously described, and are located proximally (Figure 2 & Figure 5). Therefore, their
recruitment in mouse L2/3 PCs is on a similar timescale to the passive membrane response,
resulting in a more monophasic response. We now include a more full set of citations in the
updated introduction section, to highlight the importance of HCN channels in L2/3 PCs in
mice (and other species).

The justification for using cesium (i.e., ‘best practices’) is detailed below.

(2) A critical experimental concern in the manuscript is the reliance on cesium, a
nonspecific blocker, to evaluate HCN channel function. Cesium blocks HCN channels but
also acts at potassium channels (and possibly other channels as well). The authors do not
acknowledge this or attempt to justify their use of Cs+ and do not cite prior work on this
subject. They do not show control experiments demonstrating that the application of Cs+
in their preparation only affects Ih. Additionally, the authors write 1 mM cesium in the
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text but appear to use 2 mM in the figures. In later experiments, the authors switch to
ZD7288, a more commonly used and generally accepted more specific blocker of HCN
channels. However, they use a very high concentration, which is also known to produce
off-target effects (see Chevaleyre and Castillo, 2002). To make robust conclusions, the
authors should have used both blockers (at accepted/conservative concentrations) for all
(or at least most) experiments. Using one blocker for some experiments and then another
for different experiments is fraught with potential confounds.

To address the concerns regarding the usage of cesium to block HCN channels, we would like
to state that neither cesium nor ZD-7288 are without off-target effects, however in our case
the potential off-target effects of external cesium were deemed less impactful, especially
concerning AP firing output experiments. Extracellular cesium has been widely accepted as a
blocker of HCN channels (Lau et al. 2010, Wickenden et al. 2009, Rateau and Ropert 2005,
Hemond et al. 2009, Yang et al. 2015, Matt et al. 2010). However, it is well known to act on
potassium channels as well at higher concentrations, which has been demonstrated with
intracellular and extracellular application (Puil et al. 1981, Fleidervish et al. 2008, Williams et
al. 1991, 2008).

Although we initially performed ‘internal’ control experiments to ensure the cesium
concentration was unlikely to greatly block voltage gated K+ channels during our recordings,
we recognize these were not included in the original manuscript. These are detailed as
follows: during our recordings cesium had no significant effect on action potential halfwidth,
ruling out substantial blocking of potassium channels, nor did it affect any other aspects of
suprathreshold activity (now reported in results, page 4 - line 113). Furthermore, we
observed similar effects on passive properties (resting membrane potential, input resistance)
following ZD-7288 as with cesium, which we now also updated in our figures (Supplementary
Figure 1). We did acknowledge that ZD-7288 is a widely accepted blocker of HCN, and for this
reason we carried out some of our experiments using this pharmacological agent instead of
cesium.

On the other hand, ZD-7288 suffers from its own side effects, such as potential effects on
sodium channels (Wu et al. 2012) and calcium channels (Sánchez-Alonso et al. 2008, Felix et
al. 2003). As our aim was to provide functional evidence for the importance of HCN channels,
we initially deemed these potential effects unacceptable in experiments where AP firing
output (e.g., in cell-attached experiments) was measured. Nonetheless, in new experiments
now included here, we found the effects of ZD and cesium on AP output were similar as
shown in new Supplemental Figure 1.

Many experiments were supported by complementary findings using external cesium and
ZD-7288. For example, the effect of ZD-7288 on EPSPs was confirmed by similar synaptic
stimulation experiments using cesium. This is important, as synaptic inputs of L2/3 PCs are
modulated by both dendritic sodium (Ferrarese et al. 2018) and calcium channels (Landau
2022), therefore the application of ZD-7288 alone may have been difficult to interpret in
isolation. We thank the reviewer for bringing up this important point.

(3) A stronger case could be made that HCN is expressed in the somatic compartment of
L2/3 cells if the authors had directly measured HCN-isolated currents with outside-out or
nucleated patch recording (with appropriate leak subtraction and pharmacology).
Whole-cell voltage-clamp in neurons with axons and/or dendrites does not work. It has
been shown to produce erroneous results over and over again in the field due to well-
known space clamp problems (see Rall, Spruston, Williams, etc.). The authors could have
also included negative controls, such as recordings in neurons that do not express HCN
or in HCN-knockout animals. Without these experiments, the authors draw a false
equivalency between the effects of cesium and HCN channels, when the outcomes they
describe could be driven simply by multiple other cesium-sensitive currents. Distortions
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are common in these preparations when attempting to study channels (see Williams and
Womzy, J Neuro, 2011). In Fig 2h, cesium-sensitive currents look too large and fast to be
from HCN currents alone given what the authors have shown in their earlier current
clamp data. Furthermore, serious errors in leak subtraction appear to be visible in
Supplementary Figure 1c. To claim that these conductances are solely from HCN may be
misleading.

We disagree with the argument that “Whole-cell voltage-clamp in neurons with axons and/or
dendrites does not work”. Although this method is not without its confounds (i.e. space
clamp), it is still a useful initial measure as demonstrated countless times in the literature.
However, the reviewer is correct that the best approach to establish the somatodendritic
distribution of ion channels is by direct somatic and dendritic outside-out patches. Due to the
small diameter of L2/3 PC dendrites, these experiments haven’t been carried out yet in the
literature for any other ion channel either to our knowledge. Mapping this distribution
electrophysiologically may be outside the scope of the current manuscript, but it was hard for
us to ignore the sheer size of the Cs+ sensitive hyperpolarizing currents in whole cell. Thus,
we will opt to report this data.

Also, we should point out that space clamp-related errors manifest in the overestimation of
frequency-dependent features, such as activation kinetics, and underestimation of steady-
state current amplitudes. The activation time constant of our measured currents are
somewhat faster than previously reported; reducing major concerns regarding space clamp
errors. Furthermore, we simply do not understand what “too large… to be from HCN
currents” means. Our voltage-clamp measured currents are similar to previously reported
HCN currents (Meng et al. 2011, Li 2011, Zhao et al. 2019, Yu et al. 2004, Zhang et al. 2008,
Spinelli et al. 2018, Craven et al. 2006, Ying et al. 2012, Biel et al. 2009).

Furthermore, we should point out that our measured currents activated at hyperpolarized
voltages, had the same voltage dependence as HCN currents, did not show inactivation,
influenced both input resistance and resting membrane potential, and are blocked by low
concentration extracellular cesium. Each of these features would point to HCN.

(4) The authors present current-clamp traces with some sag, a primary indicator of HCN
conductance, in Figure 2. However, they do not show example traces with cesium or
ZD7288 blockade. Additionally, the normalization of current injected by cellular
capacitance and the lack of reporting of input resistance or estimated cellular size makes
it difficult to determine how much current is actually needed to observe the sag, which is
important for assessing the functional relevance of these channels. The sag ratio in
controls also varies significantly without explanation (Figure 6 vs Figure 7). Could this
variability be a result of genetically defined subgroups within L2/3? For example, in
humans, HCN expression in L2/3 varies from superficial and deep neurons. The authors
do not make an effort to investigate this. Regardless of inconsistencies in either current
injection or cell type, the sag ratio appears to be rather modest and similar to what has
already been reported previously in other papers.

We thank the reviewer for pointing out that our explanation for the modest sag ratio might
have not been sufficient to properly understand why this measurement cannot be applied to
layer 2/3 pyramidal cells. Briefly: sag potential emerges from a relatively (compared to Ih) fast
passive membrane response and a slower HCN recruitment. The opposing polarity and
different timescales of these two mechanisms results in a biphasic response called “sag”
potential. However, if the timescale of these two mechanisms is similar, the voltage response
is not predicted to be biphasic. We have shown that hyperpolarization activated currents in
our preparations are fast and proximal, therefore they are recruited during the passive
response (see Figure 2g.). This means that although a substantial amount of HCN currents are
activated during hyperpolarization, their activation will not result in substantial sag.
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Therefore, sag ratio measurement is not necessarily applicable to approximate the HCN
content of mouse L2/3 PCs. We would like to emphasize that sag ratio measurements are
correct in case of other cell types (i.e. L5 and CA1 PCs_,_ and our aim is not to discredit the
method, but rather to show that it cannot be applied similarly in the case of mouse L2/3 PCs.

Our own measurements, similar to others in the literature show that L2/3 PCs exhibit modest
sag ratios, however, this does not mean that HCN is not relevant. Ih activation in L2/3 PCs
does not manifest in large sag potential but rather in a continuous distortion of steady-state
responses (Figure 2b.). The reviewer is correct that L2/3 PCs are non-homogenous, therefore
we sampled along the entire L2/3 axis. This yielded some potential variability in our results
(i.e., passive properties); yet we did not observe any cells where hyperpolarizing-
activated/Cs+-sensitive currents could not be resolved. As structural variability of L2/3 cells
does result in variability in cellular capacitance, we compensated for this variability by
injecting cellular capacitance-normalized currents. Our measured cellular capacitances were
in accordance with previously published values, in the range of 50-120 pF. Therefore, the
injected currents were not outside frequently used values. Together, we would like to state
that whether substantial sag potential is present or not, initial estimates of the HCN content
for each L2/3 PC should be treated with caution.

(5) In the later experiments with ZD7288, the authors measured EPSP half-width at
greater distances from the soma. However, they use minimal stimulation to evoke EPSPs
at increasingly far distances from the soma. Without controlling for amplitude, the
authors cannot easily distinguish between attenuation and spread from dendritic
filtering and additional activation and spread from HCN blockade. At a minimum, the
authors should share the variability of EPSP amplitude versus the change in EPSP half-
width and/or stimulation amplitudes by distance. In general, this kind of experiment
yields much clearer results if a more precise local activation of synapses is used, such as
dendritic current injection, glutamate uncaging, sucrose puff, or glutamate
iontophoresis. There are recording quality concerns here as well: the cell pictured in
Figure 3a does not have visible dendritic spines, and a substantial amount of membrane
is visible in the recording pipette. These concerns also apply to the similar developmental
experiment in 6f-h, where EPSP amplitude is not controlled, and therefore, attenuation
and spread by distance cannot be effectively measured. The outcome, that L2/3 cells
have dendritic properties that violate cable theory, seems implausible and is more likely
a result of variable amplitude by proximity.

To resolve this issue, we made a supplementary figure showing elicited amplitudes, which
showed no significant distance dependence and minimal variability (new Supplementary
Figure 6). We thank the reviewer for suggesting an amplitude-halfwidth comparison control
(now included as new Supplementary Figure 6).). To address the issue of the non-visible
spines, we would like to note that these images are of lower magnification and power to
resolve them. The presence of dendritic spines was confirmed in every recorded pyramidal
cell observed using 2P microscopy at higher magnification.

We would like to emphasize that although our recordings “seemingly” violated the cable
theory, this is only true if we assume a completely passive condition. As shown in our
manuscript, cable theory was not violated, as the presence of NMDA receptor boosting
explained the observed ‘non-Rallian’ phenomenon.

(6) Minimal stimulation used for experiments in Figures 3d-i and Figures 4g-h does not
resolve the half-width measurement's sensitivity to dendritic filtering, nor does cesium
blockade preclude only HCN channel involvement. Example traces should be shown for
all conditions in 3h; the example traces shown here do not appear to even be from the
same cell. These experiments should be paired (with and without cesium/ZD). The same
problem appears in Figure 4, where it is not clear that the authors performed controls
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and drug conditions on the same cells. 4g also lacks a scale bar, so readers cannot
determine how much these measurements are affected by filtering and evoked amplitude
variability. Finally, if we are to believe that minimal stimulation is used to evoke
responses of single axons with 50% fail rates, NMDA receptor activation should be
minimal to begin with. If the authors wish to make this claim, they need to do more
precise activation of NMDA-mediated EPSPs and examine the effects of ZD7288 on these
responses in the same cell. As the data is presented, it is not possible to draw the
conclusion that HCN boosts NMDA-mediated responses in L2/3 neurons.

As stated in the figure legends, the control and drug application traces are from the same cell,
both in figure 3 and figure 4, and the scalebar is not included as the amplitudes were
normalized for clarity. We have address the effects of dendritic filtering above in answer (5),
and cesium blockade above in answer (2). To reiterate, dendritic filtering alone cannot
explain our observations, and cesium is often a better choice for blocking HCN channels
compared to ZD-7288, which blocks sodium channels as well.

When an excitatory synaptic signal arrives onto a pyramidal cell in typical conditions,
neurotransmitter sensitive receptors transmit a synaptic current to the dendritic spine. This
dendritic spine is electrically isolated by the high resistance of the spine neck and due to the
small membrane surface of the spine, the synaptic current can elicit remarkably large voltage
changes. These voltage changes can be large enough to depolarize the spine close to zero
millivolts upon even single small inputs (Jayant et al. 2016). Therefore, to state that single
inputs arriving to dendritic spines cannot be large enough to recruit NMDA receptor
activation is incorrect. This is further exemplified by the substantial literature showing
‘miniature’ NMDA recruitment via stochastic vesicle release alone.

(7) The quality of recordings included in the dataset has concerning variability: for
example, resting membrane potentials vary by >15-20 mV and the AP threshold varies by
20 mV in controls. This is indicative of either a very wide range of genetically distinct cell
types that the authors are ignoring or the inclusion of cells that are either unhealthy or
have bad seals.

Although we are aware of the diversity of L2/3 PCs, resolving further layer depth differences
is outside the scope of our current manuscript. However, as shown in Kalmbech et al, resting
membrane potential can greatly vary (>15-20 mV) in L2/3 PCs depending on distance from
pia. We acknowledge that the variance in AP threshold is large and could be due to
genetically distinct cell types.

(8) The authors make no mention of blocking GABAergic signaling, so it must be assumed
that it is intact for all experiments. Electrical stimulation can therefore evoke a mixture of
excitatory and inhibitory responses, which may well synapse at very different locations,
adding to interpretability and variability concerns.

We thank the reviewer for pointing out our lack of detail regarding the GABAergic signaling
blocker SR 95531. We did include this drug in our recordings of (50Hz stim.) signal
summation, so GABAergic responses did not contaminate our recordings. We now included
this information in the results section (page 5) and the methods section (page 15)

(9) The investigation of serotonergic interaction with HCN channels produces modest
effect sizes and suffers the same problems as described above.

We do not agree with the reviewer that 50% drop in neuronal AP firing responses (Figure 7b)
was a modest effect size. Thus, we opted to keep this data in the manuscript.
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(10) The computational modeling is not well described and is not biologically plausible.
Persistent and transient K channels are missing. Values for other parameters are not
listed. The model does not seem to follow cable theory, which, as described above, is not
only implausible but is also not supported by the experimental findings.

The model was downloaded from the Cell Type Database from the Allen Institute, with only
minor modifications including the addition of dendritic HCN channels and NDMA receptors-
which were varied along a wide parameter space to find a ‘best fit’ to our observations. These
additions were necessary to recapitulate our experimental findings. We agree the model
likely does not fully recapitulate all aspects of the dendrites, which as we hope to convey in
this manuscript, are not fully resolved in mouse L2/3 PCs. This is a previously published
neuronal model, and despite its potential shortcomings, is one among a handful of open-
source neuronal models of a fully reconstructed L2/3 PC.

Reviewer #2 (Public Review):

Summary:

This paper by Olah et al. uncovers a previously unknown role of HCN channels in shaping
synaptic inputs to L2/3 cortical neurons. The authors demonstrate using slice
electrophysiology and computational modeling that, unlike layer 5 pyramidal neurons,
L2/3 neurons have an enrichment of HCN channels in the proximal dendrites. This
location provides a locus of neuromodulation for inputs onto the proximal dendrites
from L4 without an influence on distal inputs from L1. The authors use pharmacology to
demonstrate the effect of HCN channels on NMDA-mediated synaptic inputs from L4. The
authors further demonstrate the developmental time course of HCN function in L2/3
pyramidal neurons. Taken together, this a well-constructed investigation of HCN channel
function and the consequences of these channels on synaptic integration in L2/3
pyramidal neurons.

Strengths:

The authors use careful, well-constrained experiments using multiple pharmacological
agents to asses HCN channel contributions to synaptic integrations. The authors also use
a voltage clamp to directly measure the current through HCN channels across
developmental ages. The authors also provide supplemental data showing that their
observation is consistent across multiple areas of the cerebral cortex.

Weaknesses:

The gradient of the HCN channel function is based almost exclusively on changes in EPSP
width measured at the soma. While providing strong evidence for the presence of HCN
current in L2/3 neurons, there are space clamp issues related to the use of somatic
whole-cell voltage clamps that should be considered in the discussion.

We thank the reviewer for pointing out our careful and well-constrained experiments and for
making suggestions. The potential effects of space clamp errors are detailed in the extended
explanations under Reviewer 1, Specific points (3).

Reviewer #3 (Public Review):

Summary:

The authors study the function of HCN channels in L2/3 pyramidal neurons, employing
somatic whole-cell recordings in acute slices of visual cortex in adult mice and a bevy of
technically challenging techniques. Their primary claim is a non-uniform HCN
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distribution across the dendritic arbor with a greater density closer to the soma (roughly
opposite of the gradient found in L5 PT-type neurons). The second major claim is that
multiple sources of long-range excitatory input (cortical and thalamic) are differentially
affected by the HCN distribution. They further describe an interesting interplay of NMDAR
and HCN, serotonergic modulation of HCN, and compare HCN-related properties at 1, 2
and 6 weeks of age. Several results are supported by biophysical simulations.

Strengths:

The authors collected data from both male and female mice, at an age (6-10 weeks) that
permits comparison with in vivo studies, in sufficient numbers for each condition, and
they collected a good number of data points for almost all figure panels. This is all the
more positive, considering the demanding nature of multi-electrode recording
configurations and pipette-perfusion. The main strength of the study is the question and
focus.

Weaknesses:

Unfortunately, in its present form, the main claims are not adequately supported by the
experimental evidence: primarily because the evidence is indirect and circumstantial, but
also because multiple unusual experimental choices (along with poor presentation of
results) undermine the reader's confidence. Additionally, the authors overstate the
novelty of certain results and fail to cite important related publications. Some of these
weaknesses can be addressed by improved analysis and statistics, resolving inconsistent
data across figures, reorganizing/improving figure panels, more complete methods,
improved citations, and proofreading. In particular, given the emphasis on EPSPs, the
primary data (for example EPSPs, overlaid conditions) should be shown much more.

However, on the experimental side, addressing the reviewer's concerns would require a
very substantial additional effort: direct measurement of HCN density at different points
in the dendritic arbor and soma; the internal solution chosen here (K-gluconate) is
reported to inhibit HCN; bath-applied cesium at the concentrations used blocks multiple
potassium channels, i.e. is not selective for HCN (the fact that the more selective blocker
ZD7288 was used in a subset of experiments makes the choice of Cs+ as the primary
blocker all the more curious); pathway-specific synaptic stimulation, for example via
optogenetic activation of specific long-range inputs, to complement / support / verify the
layer-specific electrical stimulation.

We thank the reviewer for their very careful examination of our manuscript and helpful
suggestions. We addressed the concerns raised in the review and presented more raw traces
in our figures. Although direct dendritic HCN mapping measurements are outside the scope
of the current manuscript due to the morphological constraints presented by L2/3 PCs (which
explains why no other full dendritic nonlinearity distribution has been described in L2/3 PCs
with this method), we nonetheless supplemented our manuscript with additional suggested
experiments as suggested. For example, we included the excellent suggestion of pathway-
specific optogenetic stimulation to further validate the disparate effect of HCN channels for
distal and proximal inputs. We agree that ZD-7288 is a widely accepted blocker of HCN
channels. However, the off-target effects on sodium channels may have significantly
confounded our measurements of AP output using extracellular stimulation. Therefore, we
chose low concentration cesium as the primary blocker for those experiments, but now
validated several other Cs+-based results with ZD-7288 as well.

Recommendations for the authors:
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Reviewer #2 (Recommendations For The Authors):

I have some issues that need clarification or correction.

(1) On page 3, line 90, the authors state "We found that bath application of Cs+ (1mM)..."
but the methods and Figure 1 state "2mM Cs+". Please check and correct.

Correct, typo corrected.

(2) Related to Cs+ application, the methods state that "CsMeSO4 (2mM) was bath
applied..." Is this correct? CsMeSO4 is typically used intracellularly while CsCl is used
extracellularly. If so, please justify. If not, please correct.

It is correct. The justification for not using CsCl selectively extracellularly is that introducing
intracellular chloride ions can significantly alter basic biophysical properties, unrelated to
the cesium effect. However, no similar distinction has been made for CsMeSO4, which would
exclude the use of this drug extracellularly.

(3) The authors normalize the current injections by cell capacitance (pA/pF). Was this
done because there is a significant variance in cell morphology? A bit of justification for
why the authors chose to normalize the current injection this way would help. If there is
significant variation in cell capacitance across cells (or developmental ages), the authors
could also include these data.

Indeed, we choose to normalize current injection to cellular capacitance due to the markedly
different morphology of deep and superficial L2/3 PCs. Deeper L2/3 PCs have a pronounced
apical branch, closely resembling other pyramidal cell types such as L5 PCs, while superficial
L2/3 PC lack a thick main apical branch and instead are equipped with multiple, thinner
apical dendrites. This morphological variation would yield an inherent bias in several of the
reported measurements, therefore we corrected for it by normalizing current injection to
cellular capacitance, similar to our previous recent publications (Olah, Goettemoeller et al.,
2022, Goettemoeller et al. 2024, Kumar et al. 2024).

(4) On page 15, line 445, the section heading is "PV cell NEURON modeling". Is this a
typo? The models are of L2/3 pyramidal neurons, correct?

Correct, typo corrected.

(5) Figures 3F and 3I are plots of the voltage integral for different inputs before and after
Cs+. The y-axis label units are "pA*ms". This should be "mV*ms" for a voltage integral.

Correct, typo corrected.

(6) On page 9, line 273, the text reads "Voltage clamp experiments revealed that the
rectification of steady-state voltage responses to hyperpolarizing current injection was
amplified with 5-CT (Fig. 7c)". Both the text and Figure 7C describe current clamp, not
voltage clamp, recordings. Please check and correct.

Correct, typo corrected.

(7) Figure 2i looks to be a normalized conductance vs voltage (i.e. activation) plot. The y-
axis shows 0-1 but the units are in nS. Is that a coincidence or an error?

Correct, typo corrected.
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Reviewer #3 (Recommendations For The Authors):

This is your paper. My comments are my own opinion, I don't expect you to agree or to
respond. But I hope that what I wrote below will help you to understand my perspective.

Please pardon my directness (and sheer volume) in this section - I have a lot of
notes/thoughts and hope you may find some of them helpful. My high-level comments
are unfortunately rather critical, and in (small) part that is because I encountered too
many errors/typos/ambiguities in figures, legend, and text. I expect many would be
caught with good proofreading, but uncorrected caused confusion on my part, or an
inability to interpret your figures with confidence, given some ambiguity.

The paper reads a bit like patchwork - likely a result of many "helpful" reviewers who
came before me. Consider starting with and focusing on the synaptic findings, expanding
the number of figures and panels dedicated to that, showing example traces for all
conditions, and giving yourself the space to portray these complex experiments and
results. While I'm not a fan of a large number of supplemental figures, I feel you could
move the "extra" results to the supplementals to improve the focus and get right to the
meat of it.

For me, the main concern is that the evidence you present for the non-uniform HCN
distribution is rather indirect. Ideally, I'd like to see patch recordings from various
dendritic locations (as others have done in rats, at least; I'm not sure if L2/3 mice have
had such conductance density measurements made in basal and apical dendrites).
Otherwise, perhaps optical mapping, either functional or via staining. I also mention
some concerns about the choice of internal and cesium. More generally, I want to see
more primary data (traces), in particular for the big synaptic findings (non-uniform, L1-
vs-L4 differences, NMDAR).

We thank the reviewer for the helpful suggestions. Indeed, direct patch clamp recording is
widely considered to be the best method to identify dendritic ion channel distribution,
however, we choose an in silico approach instead, for several reasons. Undoubtedly, one of
the main reasons to omit direct dendritic recordings was that due to the uniquely narrow
apical dendrites this method is extremely challenging, with no previous examples in the
literature where isolated dendritic outside-out patch recordings were achieved from this cell
type. However, there are theoretical considerations as well. In primates, it has been
demonstrated that HCN1 channels are concentrated on dendritic spines (Datta et al., 2023)
therefore direct outside-out recordings are not adequate in these circumstances. In future
experiments we could directly target L2/3 PC dendrites for outside out recordings in order to
resolve dendritic nonlinearity distribution, although a cell-attached methodology may be
better suited due to the HCN biophysical properties being closely regulated by intracellular
signaling pathways.

The introduction and Figures 1 and 2 are not so interesting and not entirely accurate:
L2/3 do not have "abundant" HCN, nor is there an actual controversy about whether they
have HCN. It's been clear (published) for years that they have about the same as all other
non-PT neocortical pyramidal neurons (see e.g. Larkum 2007; Sheets 2011). Your own
Figure 1A has a logarithmic scale and shows L2/3 as having the lowest expression (?) of
all pyramidals and roughly 10x lower than L5 PT, but the text says "comparable", which
is misleading.

We thank the reviewer for this comment. Although there are sporadic reports in the
literature about the HCN content of L2/3 PCs, most of these publications arrive to the same
conclusion from the negligible sag potential (as the mentioned Larkum et al., 2007

https://doi.org/10.7554/eLife.96002.2


Viktor János Oláh et al., 2025 eLife. https://doi.org/10.7554/eLife.96002.2 40 of 50

publication); namely that L2/3 PCs do not contain significant amount of HCN channels. We
have shown with voltage and current clamp recordings that this assumption is false, as sag
potential is not a reliable indicator of HCN content in L2/3 PCs. With the term “controversial”
we aimed to highlight the different conclusions of functional investigations (e.g. Sheets et al.,
2011) and sag potential recordings (e.g. Larkum et al., 2007), regarding the importance of HCN
channels in L2/3 PCs.

Non-uniform HCN with distal lower density has already been published for a (rare)
pyramidal neuron in CA1 (Bullis 2007), similar to what you found in L2/3, and different
from the main CA1 population.

We thank the reviewer for this suggestion. We have now included the mentioned citation in
the introduction section (page 3).

Express sag as a ratio or percentage, consistently. Figure out why in Figure 7 the average
sag ratio is 0.02 while in Fig. S1 it is 0.07 (for V1) - that is a massive difference.

The calculation of sag ratio is consistent across the manuscript (at -6pA.pF), except for
experiments depicted in Fig. 7 where sag ratio was calculated from -2pA/pF steps.
Explanation below:

Sag should be measured at a common membrane potential, with each neuron receiving
a current pulse appropriate to reach that potential. Your approach of capacitance-based
may allow for the same, but it is not clear which responses are used to calculate a single
sag value per cell (as in Figure 2d).

Thank you, we now included this info in the methods section. Sag potential was measured at
the -6 pA/pF step peak voltage, except for Fig. 7 as noted above. We have now included this
discrepancy detail in the methods section (page 14 ). These recordings in Fig. 7 took
significantly longer than any other recording in the manuscript, as it took a considerable time
to reach steady-state response from 5-CT application. -6pA/pF is a current injection in the
range of 400-800 pA, which was proven to be too severe for continued application in cells
after more than an hour of recording. Accordingly, we decided to lower the hyperpolarizing
current step in these recordings. The absolute value of sag is thus different in Fig. 7, but
nonetheless the 5-CT effect was still significant. Notably, we probably wouldn’t have noticed
the small sag in L2/3 here (and thus the entire study), save for the fact that we looked at
-6pA/pF to begin.

In a paper focused on HCN, I would have liked to see resonance curves in the passive
characterization.

We thank the reviewer for the suggestion. Resonance curves can indeed provide useful
insights into the impact of HCN on a cell’s physiological behavior, however, these
experiments are outside the scope of our current manuscript as without in vivo recordings,
resonance curves do not contribute to the manuscript in our opinion.

How did you identify L2/3? Did you target cells in L2 or L3 or in the middle, or did you
sample across the full layer width for each condition? A quantitative diagram showing
where you patched (soma) and where you stimulated (L1, L4) with actual measurements,
would be helpful (supplemental perhaps). You mention in the text that some L2/3 don't
have a tuft, suggesting some variability in morphology - some info on this would be
useful, i.e. since you did fill at least some of the neurons (eg 3A), how similar/different are
the dendritic arbors?
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We sampled the entire L2/3 region during our recordings. It has been published that deep and
superficial L2/3 PCs are markedly different in their morphology, and a recent publication
(Brandelise et al. 2023) has even separated these two subpopulations to broad-tufted and
slender tufted pyramidal cells, which receive distinct subcortical inputs. Although this
differentiation opens exciting avenues for future research, examining potential layer
gradients in our dataset would warrant significantly higher sample numbers and is currently
out of the scope of our manuscript.

Distal vs proximal: this could use more clarification, considering how central it is to your
results. What about a synapse on a basal dendrite, but 150 or 200 um from the soma, is
that considered proximal? Is the distance to the soma you report measured along the 3D
dendrite, along the 2D dendrite, as a straight line to the soma, or just relative to some
layers or cortical markers? (I apologize if I missed this).

We thank the reviewer for pointing out the missing description in the results section. We
have amended this oversight (p15). Furthermore, although deeper L3 PCs have characteristic
apical and basal dendritic branches, when recordings were made from more superficial L2
cells, a large portion of their dendrites extended radially, which made their classification
ambiguous. Therefore, we did not use “apical” and “basal” terminology in the paper to avoid
confusion. Distances were measured along the 3D reconstructed surface of the recovered
pyramidal cells. This information is now included in the methods.

Line 445, "PV cell NEURON modeling" ... hmm. Everyone re-uses methods sections to
some degree, but this is not confidence-inspiring, and also not from a proofreading
perspective.

We have corrected the typo.

It seems that you constructed a new HCN NEURON mechanism when several have been
published/reviewed already. Please explain your reasons or at least comment on the
differences.

There are slight differences in our model compared to previously published models.
Nevertheless, we took a previously published HCN model as a base (Gasparini et al, 2004),
and created our own model to fit our whole-cell voltage clamp recordings.

Bath-applied Cs+ can change synaptic transmission (in the hippocampus; Chevaleyre
2002). But also ZD7288 has some such effects. Also, see (Harris 1995) for a Cs+ and
ZD7288 comparison. As well as (Harris 1994) for more Cs+ side-effects (it broadens APs,
etc). Bath-applied blockers may affect both long-range and local synapses in your
recordings, via K-channels or perhaps presynaptic HCN (though I am aware of your Fig.
1e). Since you can do intracellular perfusion, you could apply ZD7288 postsynaptically
(Sheets 2011), an elegant solution.

We thank the reviewer for the suggestion. We were aware of the potential presynaptic effects
of cesium (i.e., presynaptic Kv or other channel effects) and did measure PPR after cesium
application (Fig. 1h), noting no effect. At Cs+ concentrations used here, we now also include
new data in the results showing no effect on somatically recorded AP waveform (i.e.,
representative of a Kv channel effect). As stated earlier for reviewer 1, we now performed
additional experiments using either cesium or ZD-7288 for comparison (e.g., see updated Fig.
1; Supplementary Figure 1; Fig. 3b-e). Intracellular ZD re-perfusion is an elegant solution
which we will absolutely consider in future experiments.
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K-Gluconate is reported to inhibit Ih (Velumian 1997), consider at least some control
experiments with a different internal for the main synaptic finding - maybe you'll find no
big change ...

We thank the reviewer for the suggestion. Although K-Gluconate can inhibit HCN current, the
use of this intracellular solution is often used in the literature to measure this current (Huang
& Trussel 2014). We have chosen this intracellular solution to improve recording stability.

(Biel 2009) is a very comprehensive HCN review, you may find it useful.

We thank the reviewer for bringing this to our attention, we have now included the citation
in the introduction.

"Hidden" in your title seems too much.

We changed the title to more accurately describe our findings and removed ‘hidden’.

While I'm glad you didn't record at room temperature, the choice of 30C seems a bit
unfortunate - if you go to the trouble to heat the bath, why not at least 34C, which is
reasonably standard as an approximation for physiological temperature?

We thank the reviewer for pointing this out. The choice of 30C was made to approach
physiological temperature levels, while preserving the slices for extended amounts of time
which is a standard approach. Future experiments in vivo be performed to further
understand the naturalistic relevance at ~37C.

Line 506: do you mean "Hz" here? It's not a frequency, is it? I think it's a unitless ratio?

Correct, we have amended the typo.

Line 95: you have not shown that HCN is "essential" for "excess" AP firing.

We have corrected the phrasing, we agree.

Fig. 2b,c: is this data from a single example neuron, maybe the same neuron as in 2a? Or
from all recorded neurons pooled?

The data is from several recorded cells pooled.

Fig. 3 (important figure):

Why did you not use a paired test for panels e and f? You have the same number of
neurons for each condition and the expectation is that you record each neuron in control
and then in cesium condition, which would be a paired comparison. Or did you record
only 1 condition per neuron?

This figure presents your main finding (in my opinion). You should show examples of the
synaptic responses, i.e. raw traces, for each condition and panel, and overlaid in such a
way that the reader can immediately see the relevant comparison - it's worth the space it
requires.

We thank the reviewer for the suggestions. Traces are only overlaid in the paper when they
come from the same cell. For Fig. 3d-i, EPSPs in every neuron were evoked in 2-3 different
locations (i.e., 1-2 ‘L4’ locations for Type-I and Type-II synapses, and one ‘L1’ location in each)
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with the same stimulation pipette and one pharmacological condition per cell. Therefore two-
sample t-test were used since the control and cesium conditions came from separate cells (i.e.,
separate observations). This was necessary, as we can never assume that the stimulating
electrode can return back to the same synapse after moving it. We were not comfortable with
showing overlaid traces from different cells, however, we did show representative traces
from control and the Cs+ conditions in Fig. 3h. Complementary ZD-7288 experiments can be
found on panel b and c, where we did perform within-cell pharmacology (and thus used paired
t-tests) from one stimulation area/cell. We hope these complementary experiments increase
overall confidence as neither pharmacological approach is 100% without off-target effects.
We now also included more overlaid traces where appropriate (i.e., Fig. 3b, and in the new
Fig. 3k experiments using within-cell pharmacology comparisons). We do realize these
complementary approaches could cause confusion to the reader, and have now done our best
to make the slightly different approaches in this Figure clearer in the results section.

Consider repeating at least some of these critical experiments with ZD7288 instead of Cs+
(and not K-gluc), or even with ZD7288 pipette perfusion, if it's technically feasible here.

We thank the reviewer for the suggestions. Although many of our recordings using Cs+

already had complementary experiments (such as synaptic experiments Figure 3e vs Figure
3b), we recognize the need to extend the manuscript with more ZD-7288 experiments. We
have now extended Figure 1 with three panels (Figure 1 c,d,e), which recapitulates a
fundamental finding, the change in overall excitability upon HCN channel blockade, using
ZD-7288 as well.

Fig. 3a, why show a schematic (and weirdly scaled) stimulating electrode? Don't you have
a BF photo showing the actual stimulating electrode, which you could trace to scale or
overlay? Could you use this panel to indicate what counts as "distal" and what as
"proximal", visually?

The stimulating electrode was unfortunately not filled with florescent materials, therefore it
was not captured during the z-stack.

Fig. 3b: is the y-axis labeled correctly? A "100% change" would mean a doubling, but
based on the data points here I think y=100% means "no change"?

The scale is labeled correctly, 100% means doubling.

Fig. 3b, c: again, show traces representing distal and proximal, not just one example
(without telling us how far it was). And use those traces to illustrate the half-width
measurement, which may be non-trivial.

We have extended Figure 3b with an inset showing the effect of ZD-7288 on a proximal
stimulating site. The legend now includes additional information indicating stimulating
location 28 µm away from the soma in control conditions (black trace) and upon Z-7288
application (green trace).

Line 543, 549: it seems you swapped labels "h" and "i"?

Typo corrected.

Fig. 4b: to me, MK-801 only *partially* blocks amplification, but in the text L198 you
write "abolish".
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We thank the reviewer for pointing this out. Indeed, there are several other subthreshold
mechanisms that are still intact after pipette perfusion, which can cause amplification. We
have now clarified this in the text (p7).

Fig. 4e,f: what is the message? Uniform NMDAR? The red asterisk in (e) is at a
proximal/distal ratio of roughly 1. I don't understand the meaning of the asterisk (the
legend is too basic) and I'm surprised to see a ratio of 1 as the best fit, and also that the
red asterisk is at a dendritic distance of 0 um in (f). This could use more explanation (if
you feel it's relevant).

We thank the reviewer for pointing this out. We have now included a better explanation in
the results and figure legend. We have also updated the figure to make it clearer and added
model traces in Fig. 4f, which correspond to example data from slices in Fig. 4g (both green).
The graph suggests nonuniform, proximally abundant NMDA distribution. The color coding
corresponds to the proximal EPSP halfwidth divided by distal EPSP halfwidth. It is true that
the dendritic distance ‘center’ was best-fit very close to the soma, but also note the dispersion
(distribution) half-width was >150mm, so there is quite a significant dendritic spread despite
the proximal bias prediction. Based on this model there is likely NMDA spread throughout the
entire dendrite, but biased proximally. Naturally, future work will need to map this at the
spine level so this is currently an oversimplification. Nonetheless, a proximal NMDA bias was
necessary to recapitulate findings from Fig. 3, and additional slice recordings in Fig. 4 were
consistent with this interpretation.

Fig. 4g: I feel your choice of which traces to overlay is focusing on the wrong question. As
the reader, what I want to see here is an overlay of all 4 conditions for one pathway. If
this is a sequential recording in a single cell (Cs, Cs+MK801, wash out Cs, MK801), then
the overlay would be ideal and need not be scaled. Otherwise, you can scale it. But the
L1/L4 comparison does not seem appropriate to me. I find myself trying to imagine what
all the dark lines would look like overlaid, and all the light lines overlaid separately. Also,
the time axis is missing from this panel. Consider a subtraction of traces (if appropriate).

In these recordings, all EPSPs cells were measured using a stimulating electrode that was
moved between L1 and L4 (only once, to keep the exact input consistent) to measure the
different inputs in a single neuron. In separate sets of experiments, the same method was
used but in the presence of Cs+, Cs+ + MK-801, or MK-801 alone. This was the most controlled
method in our hands for this type of approach, as drug wash outs were either impractical or
not possible. Overlaying four traces would have presented a more cluttered image, and were
not actually performed experimentally. As our aim was to resolve the proximal-distal
halfwidth relationship, therefore we deemed the within-cell L1 vs. L4 comparison
appropriate. We have nonetheless added model traces in Fig. 4f, which correspond to
example data from slices in Fig. 4g (both green). The bar graphs should serve also serve to
illustrate the input-specific relationship- i.e., that the only time the L1 and L4 EPSP
relationship was inverted was in the presence of Cs+ (green bars) and that this effect was
occluded with simultaneous MK-801 in the pipette (red bars).

Line 579: should "hyperpolarized" be depolarized?

Corrected

Fig. 5a: it looks like the HCN density is high in the most basal dendrites (black curve
above), then drops towards the soma, then rises again in the apicals (red curve). Is that
indeed how the density was modeled? If so, this is completely at odds with the impression
I received from reading your text and experimental data - there, "proximal" seems to
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mean where the L4 axons are, and "distal" seems to mean where the L1 axons are, in
other words, high HCN towards the pia and low HCN towards the white matter. But this
diagram suggests a biphasic hill-valley-hill distribution of HCN (meaning there is a
second "distal" region below the soma). In that case, would the laterally-distant basal
dendrites also be considered distal? How does the model implement the distribution - is it
1D, 2D or 3D? As you can probably tell, this figure raised more questions for me and
made me wonder why I don't have a better understanding yet of your definitions.

We thank the reviewer for pointing this out. We agree our initial cartoon of the parameter
fitting procedure was not accurate and should have just been depicted a single ‘curve’. We
have now simplified it to better demonstrate what the model is testing, and also made the
terms more consistent and accurate. There is no ‘second’ region in the model. We hope this
better illustrates it now. We also edited the legend to be clearer. Because the model
description in Fig. 4d suffered from similar shortcomings, we also modified it accordingly as
well as the figure legend there.

Fig. 5b: why is the best fit at a proximal/distal ratio of 1, yet sigma is 50 um?

Proximal/distal bias on this figure was fitted to 0.985 (prox/distal ratio) as we modeled control
conditions, with intact NDMA and HCN channels, which closely approximated the control
recording comparisons.

Fig. 6h, Line 662: "vs CsMeSO4 ... for putative LGN events" The panel shows proximal vs
distal, not control vs Cs+. What's going on here?

Typo corrected.

Fig. 7e: the ctrl sag ratio here averages 0.02, while in Fig. S1 the average (for V1 and
others) is about 0.07. Please refer to our answer given to the previous question regarding
sag ratio measurements. Briefly, recordings made with 5-CT application were made
using a less severe, -2 pA/pF current injection to test seg responses. This more modest
hyperpolarization activated less HCN channels, therefore the sag ratio is lower compared
to previously reported datapoints.

We have included this explanation in the methods section (page 14)

Now hear you are using a paired test for this pharmacology, but you didn't previously
(see my earlier comments/questions).

Paired t-test were used for these experiments as these control and test datapoints came from
the same cell. Cells were recorded in control conditions, and after drug application.

Line 137: single-axon activation: but cortical axons make multi-synaptic contacts, at least
for certain types of pre- and post-synaptic neurons, and (e.g. in L5-L5 pairs) those
contacts can be distributed across the entire dendritic arbor. In other words, it's possible
that when you stimulate in L1, you activate local axons, and the signal could then
propagate to multiple synaptic contact locations, some being distal and some proximal.
Maybe you have reasons to believe you're able to avoid this?

We thank the reviewer for this question. Cortical axons often make distributed contacts,
however, top-down and bottom-up pathways innervating L2/3 PCs are at least somewhat
restricted to L2/3/L4 and L1, respectively (Shen et al. 2022, Sermet et al. 2019). Therefore, due
to the lack evidence suggesting a heavily mixed topographical distribution for top-down and
bottom-up inputs, we have reason to believe that L1 stimulation will result in mainly distal
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input recruitment, while L4 stimulation will mainly excite proximal dendritic regions. The
resolution of our experiments was also improved by the minimal stimulation and visual
guidance (subset of experiments) of the stimulation. Furthermore, new optogenetic
experiments stimulating LGN and LM axons, which have been anatomically defined
previously as biased to deeper layers and L1, respectively, were now also performed (Fig. 3j-l)
with analogous cesium effects as our local electrical stimulation experiments. Future work
using varying optogenetic stimulation parameters will expand on this.

L140: "previous reports" ==> citation needed.

We have inserted the citation needed.

L149: "arriving to layer 1"; but I think earlier you noted that some or many L2/3 neurons
lack a dendritic tuft; do they all nevertheless have dendrites in L1? Note that cortico-
cortical long-range axons still need to pass through all cortical layers on their way up to
L1.

We thank the reviewer for the question. Although the more superficial L2/3 PCs lack distinct
apical tuft, their dendrites reach the pia similarly to deeper L2/3 PCs. All of our recorded and
post-hoc recovered cells had dendrites in L1, except in cases where they were clearly cut
during the slicing procedure, which cells were occluded from the study.

When you write "L4 axons" or "L4 inputs", do you specifically mean long-range thalamic
axons? Or axons from local L4 neurons? What about axons in L4 that originate from L5
pyramidal neurons?

In case of ‘L4’ axons, we cannot disambiguate these inputs a priori, as they are both part of
the bottom-up pathway, and are possibly experimentally indistinguishable. Even with
restricted opto LGN stimulation, disynaptic inputs via L4 PCs cannot be completely ruled out
under our conditions. On the other hand, the probability of L5 PC axons to terminate on L2/3
PCs is exceedingly low (single reported connection out of 1145 potential connections; Hage et
al. 2022). We did find two clearly different synaptic subpopulations (Supp. Fig 3) in L4- which
was tempting to classify as one or the other. However we felt there was not enough evidence
in the literature as well as our additional optogenetic experiments to make a classification on
the source of these different L4 inputs. Thus we deemed them as Type-I or Type-II for now.

Do you inject more holding current to compensate for the resting membrane potential
when Cs+ or ZD7288 is in the bath?

We thank the reviewer for the question. We did not inject a compensatory current, as we
wanted to investigate the dual, physiologically relevant action of HCN channels (George et al.
2009)

I'd like to see distributions (histograms) of L4 and L1 EPSP amplitudes, under control
conditions and ideally also under HCN block.

We have now extended the manuscript with a supplementary figure (Supplementary Figure
6) to show that EPSP peak was not distance dependent in control conditions, and there was
no relationship between peak and halfwidth in our dataset.

Line 186, custom pipette perfusion: why not use this for internal ZD7288, to make it cell-
specific?

https://doi.org/10.7554/eLife.96002.2
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We thank the reviewer for the question, this is a good point. In future work we will consider
this when applicable. It is certainly a way to control for bath application confounds in many
ways.

L205: "recapitulate our experimental findings" - which findings do you mean? I think a bit
of explanation/referencing would help.

Corrected.

Line 210: L4-evoked were narrower than L1-evoked: is this not expected based on
filtering?

We thank the reviewer for pointing this out, the word “Intriguingly” has been omitted.

Line 231 and 235: "in L5 PCs" should be restricted to L5 PT-type PCs.

We have corrected this throughout the manuscript.

Neuromodulation, Fig. 7, L263-282: the neuromodulation finding is interesting. However,
a bit like the developmental figure, it feels "tacked on" and the transition feels a bit
awkward. I think you may want to discuss/cite more of the existing literature on
neuromodulatory interactions with HCN (not just L2/3). Most importantly, what I feel is
missing is a connection to your main finding, namely L1 and L4 inputs. Does serotonergic
neuromodulation put L1 and L4 back on equal footing, or does it exaggerate the
differences?

We thank the reviewer for the question. We agree with the reviewer that Figure 7 does not
give a complete picture about how the adult brain can capitalize on this channel distribution,
as our intention was to show that HCN channels are not a stationary feature of L2/3 PC, but a
feature which can be regulated developmentally and even in the adult brain via
neuromodulation. In other words, the subthreshold NMDA boosting we observed can be
gated by HCN, depending on developmental stage and/or neuromodulatory state of the
system. We have now added some brief language to better introduce the transition and its
relevance to the current study in the results (p8), and discussed the implications in the
discussion section of the original manuscript.

General comment: different types/sources of synapses may have different EPSP kinetics. I
feel this is not mentioned/discussed adequately, considering your emphasis on
EPSPs/HCN.

See points above on input-specific synaptic diversity.

Line 319/320: enriched distal HCN is found in L5 PT-type, not in all L5 PCs.

Corrected

L320: CA1 reportedly has a subset of pyramidal neurons that have higher proximal HCN
than distal (I gave the citation above). In light of that, I think "unprecedented" is an
overstatement.

Corrected.

Methods:
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L367: What form of anesthesia was used?

Amended.

Which brain areas, and how?

Amended.

Why did you first hold slices at 34C, but during recording hold at 30C?

We held the slices at 34C to accelerate the degradation of superficial damaged parts of the
slice, which is in line with currently used acute slice preparation methodologies, regardless of
the subsequent recording temperature.

Pipette resistance/tip size?

Amended.

Cell-attached recordings (L385): provide details of recordings. What was the command
potential (fixed value, or did you adjust it per neuron by some criteria)?

Amended.

What type of stimulating electrode did you use? If glass, what solution is inside, and what
tip size?

We thank the reviewer for pointing these out, the specific points were added to the methods
section.

L392/393: you adjusted the holding (bias) current to sit at -80 mV. What were the range
and max values of holding current? Was -80 mV the "raw" potential, or did it account for
liquid junction? If you did not account for liquid junction potential, then would -80 in
your hands effectively be between -95 and -90 mV? That seems unusually hyperpolarized.

All cells were held with bias holding currents between -50 pA and 150 pA. To be clear, as
mentioned below, we did not change the bias current after any drug applications. We did not
correct for liquid junction potential, and cells were ‘held‘ with bias current at -80 mV as
during our recordings, as 1) this value was apparently close to the RMP (i.e. little bias current
needed at this voltage on average) (Fig. 2e) and 2) to keep consistent conditions across
recordings. The uncorrected -80 mV is in the range of previously reported membrane
potential values both in vivo and in vitro (Svoboda et al. 1999, Oswald et al. 2008, Luo et al.
2017), which found the (corrected) RMP to be below -80mV. Naturally this will not reflect
every in vivo condition completely and further investigation using naturalistic conditions in
the future are warranted.

Did you adjust the bias current during/after pharmacology?

Bias current was not adjusted in order to resolve the effect on resting membrane potential.

L398: sag calculation could use better explanation: how did you combine/analyze
multiple steps from a single neuron when calculating sag? Did you choose one level
(how) or did you average across step sizes or ...?
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Sag ratio was measured at -6 pA/pF current step except for one set of experiments in Fig. 7.
Methods section was amended.

L400, 401: 10 uM Alexa-594 or 30 um Alexa-594, which is correct?

10 µM is correct, typo was corrected

L445: "PV cell" seems like a typo?

Typo is corrected.

L450: "altered", please describe the algorithm or manual process.

Alterations were made manually.

L474: NDMA, typo.

Typo is fixed.

L474: "were adjusted", again please describe the process.

Adjustments were made by a grid-search algorithm.
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