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SUMMARY

Capacitance of biological membranes is determined by the properties of the lipid portion of the
membrane as well as the morphological features of a cell. In neurons, membrane capacitance is a
determining factor of synaptic integration, action potential propagation speed, and firing frequency
due to its direct effect on the membrane time constant. Besides slow changes associated with
increased morphological complexity during postnatal maturation, neuronal membrane capacitance
is considered a stable, non-regulated, and constant magnitude. Here we report that, in two
excitatory neuronal cell types, pyramidal cells of the mouse primary visual cortex and granule
cells of the hippocampus, the membrane capacitance significantly changes between the start and
the end of a daily light-dark cycle. The changes are large, nearly 2-fold in magnitude in pyramidal
cells, but are not observed in cortical parvalbumin-expressing inhibitory interneurons. Consistent
with daily capacitance fluctuations, the time window for synaptic integration also changes in
pyramidal cells.

In brief

Severin et al. describe time-of-day changes in membrane capacitance in excitatory neurons
from the visual cortex and hippocampus. Membrane capacitance is usually stable. These daily
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variations could profoundly impact neuronal physiology because of capacitance’s influence on
the membrane time constant. Consistent with this, the authors show strong changes in synaptic
integration.
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INTRODUCTION

Capacitance is a so-called passive property of the membrane and is a determining factor
of fundamental neuronal properties, such as action potential propagation speed, synaptic
integration,2:3 and action potential firing frequency.* As summarized in the following
equation

(Equation 1)

capacitance depends not only on the dielectric constant (&) of the insulating material

(the phospholipid bilayer in biological membranes) but also on the distance between the
intracellular and the extracellular conductive milieu (¢) and the membrane area (A). In
most neurons, total membrane capacitance increases as the membrane area increases during
the maturation of structural complexity. In some neuronal types, the capacitance becomes
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smaller as 4 increases due to myelin wrapping® or perineuronal net (PNN) encapsulation.*
Because of its assumed stability, it is common practice to report changes in capacitance as

a proxy for changes in membrane surface.5-9 In juveniles and adults, altered capacitance

has only been reported for some mouse models of some neurological conditions or after
traumatic insult.#10-13 After maturation is completed, membrane capacitance is largely
considered to be a constant biophysical property of the neurons and to be physiologically
unregulated, since 4 and the properties of membrane lipids, captured by e, are also thought to
be stable.14

Here we report a 60%-100% daily oscillation of membrane capacitance in excitatory
pyramidal cells of the mouse visual cortex from layers 2/3 and hippocampus dentate gyrus
granule cells. In contrast, parvalbumin-positive (PV*) inhibitory interneurons of the same
visual cortex region show no such variations. We used an optogenetic approach to test

the effect of such capacitance changes on the synaptic integration of inputs to apical and
basal dendrites and confirmed the prediction that increased capacitance widens the synaptic
integration window.

Membrane capacitance varies as a function of time of day

We evaluated daily changes in membrane capacitance, C,, in three types of identified
neurons: pyramidal cells (Figure 1A) and PV* inhibitory neurons (Figure 1C) located

in layers 2/3 of the primary visual cortex and granule cells (GCs) from the

hippocampus dentate gyrus (Figure 1B). In each case, C, was calculated from current-
clamp measurements of the membrane time constant, which was determined with multi-
exponential fits to current pulse-induced voltage responses as described in STAR Methods
(Figure 1D). Surprisingly, we observed a large C, decrease from the end of the dark/
beginning of the light period (Zeitgeber Time 0, ZT0) to the middle (ZT6) and end (ZT12)
of the light period in pyramidal cells (Figure 2A, left). In hippocampal GCs, we also
observed a large and significant C, decrease between ZT0 and ZT12 (Figure 2A, center).
These changes are highly statistically significant in both cell types (Figure 2; Table S1).

Since pyramidal and GCs are both excitatory, we asked whether the total membrane
capacitance of identified inhibitory cells might also vary as a function of the time of day.
Previous work has shown small but significant daily changes in PNN wrapping around PV*
inhibitory cells in many brain areas, including the cortex and hippocampus, that could result
in membrane capacitance changes.® We recorded the time constant and calculated total C,,
in identified inhibitory PV* neurons from layers 2 and 3 of the visual cortex. In contrast

to the excitatory neurons, cortical inhibitory PV* neurons did not show any significant
membrane capacitance change during the course of a 24-h day/light cycle (Figure 2A, right;
Table S1).

We observed a similar time-of-day dependence of the time constant, z,, that closely tracks
the membrane capacitance changes in both cortical pyramidal and hippocampal GCs (Figure
2B). The changes of 7, with the time of day were statistically significant (Table S2), with
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the main differences arising from differences between ZT0-ZT12 and ZT6-ZT18 (p < 0.05;
Figure 2B, left) for pyramidal cells. However, as with C,, 7, did not significantly vary in PV*
neurons (Figure 2B, right; Table S2).

Finally, z, is the product of the membrane capacitance and the membrane resistance, R,
(Equation 1). Therefore, we calculated R, (the resistive component of the exponential term
that yields ,16) in all three cell types to examine to what extent it may affect the temporal
properties of the membrane in these cells. We observed that only in pyramidal cells is there
a significant effect of time of day on R, (Figure 2C, left; Table S3). Both GCs and PV* cells
show no significant /,, changes (Figure 2C, center and right; Table S3). Importantly, the R,
changes observed in pyramidal cells run opposite to the changes in membrane time constant
and capacitance (Figure 2C, left), suggesting that z,, changes are primarily due to membrane
capacitance and not membrane resistance changes.

These results are unexpected, as the membrane capacitance is normally thought to be very
stable. These changes are expected to have a number of functional consequences, which we
explore below. We first examine the possible role of PNNs in driving (or occluding) these
changes.

Role of PNNs in regulating membrane capacitance changes

Our observation that C, in PV* interneurons seemingly does not change during the day
raised the possibility that daily changes in PNNs® might mask intrinsic capacitance
changes in these cells. We used chondroitinase ABC from Proteus vulgaris (ChABC; STAR
Methods) to digest the PNN and measured the capacitance in the treated PV* neurons.
Nearly all PV* cells in the visual cortex express high levels of Wisteria floribunda agglutinin
(WFA)-positive staining surrounding their somata and proximal dendrites (Figure 3A).
Similarly, nearly all PV* cells lose all visible evidence of the presence of PNNs (no WFA
green staining after treatment with ChABC, which is known to disrupt PNNs) (Figure 3B).
Yet, the lack of difference in membrane capacitance between ZTO and ZT12 observed in
control PV* neurons (Figure 2A, right) remains unchanged (Figure 3C). This leads us to
conclude that PNNs are unlikely to be responsible for occluding or significantly affecting
any membrane capacitance changes that PV* cells might express. The results do not exclude
the participation of other extracellular matrix components in the regulation of capacitance
observed in cortical pyramidal and hippocampal GCs but clearly indicate that inhibitory PV*
neurons do not express such regulation.

Functional consequences

The unexpected variation in membrane capacitance throughout the day prompted us to
evaluate whether the larger C,, at ZTO, and, thus, longer time constant, translates into a larger
temporal window for integrating excitatory inputs. To that end, we tested whether pyramidal
cells better integrate, at ZTO, two subthreshold excitatory inputs separated in time and space
(Figure 4A). In these experiments, performed in slices of Emx1-cre; Ai32 mice expressing
ChR2 in excitatory neurons, two square subthreshold light stimuli were applied sequentially:
one above (mimicking apical inputs) and the other below the soma (mimicking basal inputs)
of the recorded pyramidal cell (Optical stimulation). The inter-pulse intervals (IPI) were
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systematically varied from 5 to 60 ms. We expected that the larger the capacitance, and,
thus, the time constant, the longer the effective integration time window would be; i.e. the
longer the IPI that effectively induces firing in the cell after the basal dendrite was activated.
Figure 4 confirms this prediction. The capacitance (and time constant) at ZTO is longer
(Figure 2A, left), and, thus, longer IPIs were able to induce spiking in ZTO cells (Figure

4B, blue traces) compared to ZT12 cells (Figure 4B, orange traces). Figure 4C summaries
these observations by showing the fraction of all cells tested in each condition that fired at
least one action potential after the indicated IPIs. The ZTO cells show a significantly larger
fraction of cells firing than ZT12 cells at each IPI tested (two-way ANOVA, p < 0.0001).

A simplified computational model of a pyramidal cell (Figure 4D) confirmed that increases
in capacitance are sufficient to increase the window for temporal integration of distinct
inputs (Figures 4D-4F). In the simplified (cartoon) model pyramidal cell, each dendrite
was stimulated with a synapse at its center with subthreshold synaptic conductance as in
the experimental case (STAR Methods). The results very closely mimic the experimental
observations, with the curves separated by approximately 25 ms for a 2-fold change in
capacitance (and, thus, time constant).

These results strongly suggest that integration of inputs from different regions feeding into
the main excitatory neurons in the visual cortex is likely to greatly vary between day and
night.

DISCUSSION

Here, we report that the membrane capacitance in two types of excitatory neurons,

visual cortex pyramidal cells and hippocampus GCs, exhibits a surprising daily oscillation
(exceeding 60% change between peak and trough). These changes occur with a maximum
around ZTO0 (end of the dark phase/beginning of the light phase) and a minimum around
ZT6-ZT12 (middle to end of the light phase). In contrast, membrane capacitance did not
change in visual cortical PV inhibitory neurons. Thus, in a manner highly reminiscent of
our recent report of large daily changes in excitation/inhibition balance,’ the capacitance
changes are not restricted to a single brain region, yet, within a region, they do not occur
in all neuron types. Together, both observations reveal an unexpected degree of complex
neural remodeling in fundamental membrane properties previously considered stable. The
amplitude of the membrane capacitance changes is surprising, exceeding by almost an order
of magnitude membrane capacitance changes observed in previous studies.410-13

Multiple independent cellular mechanisms could potentially contribute to the daily
modulation of capacitance. One candidate could be daily changes in membrane area
resulting from the turnover of cortical synaptic spines, which are known to exhibit a
circadian-like regulation of number and shape.18-1° However, surface changes alone are
highly unlikely to account for the 60%—100% daily change in total membrane capacitance
reported here, since these synaptic changes affect a relatively small fraction of spines.
Similarly, the dendritic arborization of pyramidal neurons in the mouse visual cortex can
increase substantially in length and complexity, but only for a short postnatal period in a
process that is nearly completed by post-natal day 21 (P21) in V1, which is the age of the
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youngest of our subjects.2® Furthermore, dendritic length and number changes as a function
of visual experience are much smaller than the observed C,, changes.20

Another possibility to consider is the recent report that conditioning artificial phospholipid
membranes with voltage stimulation induces persistent, yet reversible, changes in the area
and thickness of artificial bilayers, therefore affecting their capacitance.?! If this mechanism
also operates in the brain, then the changes in membrane capacitance would be expected to
reflect daily oscillations in total neuronal activity.

A perhaps more plausible mechanism relates to changes in the extracellular space (ECS)
volume and extracellular matrix (ECM) organization. Consider a simple scenario in which
current injected into a neuron sequentially crosses its own membrane, then an ECS of
variable thickness and a layer of glial membrane and/or specialized ECM,22 to finally reach
the reference electrode. In that case, the estimated C,, strongly depends on the ECS width, as
it would impact the effective & (Equation 1). This scenario would predict local but extensive
changes in ECS around cortical pyramidal and hippocampal GCs, with ECS expanding (or
ECM changing composition) during the light phase (when C, drops) and shrinking during
the dark phase (inducing C, increases). The changes would need to be local since, otherwise,
they would not explain the lack of C, change in PV* interneurons. One form of specialized
ECM that has been shown to affect membrane capacitance around epileptic foci is the

PNN that prominently encapsulates PV* interneurons#23.24 (Figure 3A). One intriguing
possibility we considered is the idea that the unique C, stability in PV* interneurons relates
to their tight encapsulation by PNNs, perhaps related to the loss of neuronal plasticity
thought to be due to PNN encapsulation.23:25 This is not supported by our experimental
observations (Figure 3). We found that dissolving the PNNs surrounding cortical PV cells
with ChABC (Figure 3B) does not modify the capacitance levels (Figure 3C) observed under
control conditions (Figure 2A) at ZT0 and ZT12. It is important to point out that PNNs are
not observed in either cortical pyramidal or hippocampal GCs.#24.26 Thus, this particular
form of ECM cannot be part of the mechanism that gives rise to the observed changes.

Membrane capacitance changes can profoundly impact the physiology of the affected
neurons and the networks they are part of through their effects on the membrane time
constant. Three principal effects that changes in the capacitance and time constant of a
neuron can have are changes in synaptic integration, changes in action potential propagation
speed, and changes in action potential generation frequency. We tested the effect on synaptic
integration experimentally and computationally and found that the changes in capacitance
that we measured greatly affects the window of input integration, with a larger capacitance
and time constant during the dark phase significantly increasing this window (Figure 4).

Synaptic integration is likely the most consequential of the functional effects that
capacitance changes can have because it plays a crucial role in the computation of inputs
coming from different regions of the nervous system onto a target cell.?” Layer 2/3
pyramidal cells receive information from both top-down C, with apical and basal dendrites
handling these incoming signals, respectively. They are thus key integrators of activity
within the cortex and between cortex and basal ganglia. The integration of these inputs,
and, thus, the resulting pyramidal cell output, is strongly affected by the relative timing
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of their arrival and by the membrane time constant.28 Similarly, GCs receive inputs from
the lateral and medial entorhinal cortices in the upper and lower portions of the perforant
path, respectively. In addition, C,, changes will likely alter the velocity and reach of action
potentials back-propagating into apical dendrites. In turn, this can affect the modification
of distal synapses induced via spike timing-dependent plasticity (STDP), because STDP
depends crucially on the coincidence of synaptic activation with the arrival of the action
potential 2

The exact consequences of daily C, changes in the function of actual neural circuits are
not simple to predict because they likely occur in the context of multiple other daily
neuronal changes, such as those affecting ion conductance regulation,3° co-regulation of
active conductance,3! and regulation of the excitation/inhibition balance.l” Whether these
various processes compensate or amplify the consequences of membrane capacitance
changes remains to be determined. In either case, we propose that the observation of large
daily membrane capacitance changes introduces a fundamental variable that needs to be
considered for understanding the dynamics of neuronal activity.

Limitations of the study

The results of this study show clear daily fluctuations in neuronal C,, yet the potential
contribution of multiple plausible cellular mechanisms remains to be determined.

Also unclear is the prevalence of the phenomenon. Do other excitatory cells also exhibit
daily oscillations in C,, and is C, constant in other types of interneurons? Finally, another
aspect that needs further examination is functional consequences. This is because besides
affecting input integration, changes in C,, also affect firing rates and firing delays. Indeed,
how these potential daily changes could influence the dynamics of cortical networks remains
an open question.

In this study, while assessing the functional significance of the capacitance changes that
we discovered, we decided to purposefully not block or inhibit any voltage-gated currents
to keep the cells as close to intact as possible. It is unlikely, but possible, that a similar
functional effect of capacitance changes can be produced by changes in voltage-gated ionic
currents. Preliminary modeling results (unpublished data) suggest that this is very unlikely,
but it remains to be fully tested.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Requests for further information, resources, and reagents should be
directed to and will be fulfilled by the lead contact, Jorge Golowasch (golowasch@njit.edu).

Materials availability—No new biological materials were generated during this study.

Data and code availability

. Data are available upon request.
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. The model built during this study can be found in https://github.com/golowasch/
Pyramidal_ball-2-sticks.

. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Both male and female animals were used. For visual cortex neuronal recordings we used
20-26 days old PV-cre; Ail4 mice (RRID:IMSR_JAX:008069) from Jackson Laboratories,
Bar Harbor, Main, USA.

For hippocampal neuronal recordings we used 114-128 days (~4 months) old C57BL/6 mice
(RRID:IMSR_JAX:000664) from Jackson Laboratories, Bar Harbor, Maine, USA.

To test synaptic integration, we generated double transgenic animals crossing

the Emx1-Cre mouse line (RRID:IMSR_JAX:005628) with the Ai32 mouse line
(RRID:IMSR_JAX:012569) that has a conditional allele of Rosa-CAG-LSL-ChR2(H134R)-
EYFP-WPRE to drive ChR2/EYFP fusion protein expression in principle cells (all mice
from Jackson Laboratories, Bar Harbor, Maine, USA).

All experiments were performed in accordance with the U.S. Public Health Service Policy
on Humane Care and Use of Laboratory Animals, the National Institutes of Health
Guidelines for the Care and Use of Animals in Research and approved by the Institutional
Animal Care and Use Committee at Johns Hopkins University, where the recordings were
performed.

We observed no significant effects of sex on our results. However, the number of samples is
limited when the sexes are segregated at each ZT, and this remains a limitation of this study
that deserves future examination.

METHOD DETAILS

Animal light entrainment and slice preparation—Mice were “entrained” for =2
weeks with 12-h light/dark cycles. For slice preparations, the mice were removed from their
cages ~10 min before the chosen circadian time of study (Zeitgeber, ZT = 0/24, 6, 12 or

18 h). The mice were first deeply anesthetized with isofluorane within 10 min after removal
from their cages and then perfused transcardially with cold dissection buffer (5 mL at 10
mL/min) containing 212.7 mM sucrose, 5.0 mM KCI, 0.5 mM CaCl2,10 mM MgS0O4 1.25
mM NaH2P0O4, 26 mM NaHCO3, and 10 mM glucose. After decapitation, brains were
quickly removed, and acute sagittal brain ~300 pm thick slices were made for visual cortex
slices, and hippocampal slices (also ~300 um thick) were made as described in,32 both in
ice-cold dissection buffer bubbled with a mixture of 5% CO2 and 95% O2. The slices were
allowed to recover for 30 min at 30°C in dissection buffer and then for 30 min at room
temperature in artificial cerebrospinal fluid (ACSF): 124 mM NaCl, 5 mM KClI, 1.25 mM
NaH2PO4, 26 mM NaHCO3, 1.5 mM MgCI2, 2.5 mM CaCl2, and 10 mM dextrose, and
bubbled with a mixture of 5% CO2 and 95% O2.
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All recordings were performed in a submerged recording chamber superfused with

ACSF (30 = 0.5°C, 2 mL/min). Synaptic blockers were included in the bath: 25 uM
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) to block AMPA/kainate receptors, 100 uM
DL-2-amino-5 phosphonopentanoic acid (APV) to block NMDA receptors, and 10 uM
gabazine to block GABAA receptors. Whole-cell voltage-clamp recordings were obtained
from pyramidal cells identified by their shape and firing response to depolarizing current
pulses (Figure 1A) in cortical layers 2 and 3, and from identified parvalbumin (PV) cells
(fluorescent in PV-cre; Ail4 mice). Hippocampal granule cells (GCs) were identified by
their shape and position in the upper blade of the dentate gyrus (DG). We used borosilicate
glass patch pipettes (3—-6 MQ) filled with intracellular solution containing the following:
130 mM K-gluconate, 10 mM KCI, 0.2 mM EGTA, 10 mM HEPES, 4 mM MgATP, 0.5
mM Na3GTP, 10 mM Na-phosphocreatine (pH 7.2—7.3, 280-290 mOsm). Average input
resistance of pyramidal cells was 81.9 + 21.7 MQ (range: 64.4 to 115.0 MQ), of PV cells
was 148.7 + 41.3 MQ (range: 51.2 to 306.0 MQ), and of granule cells was 249.2 + 79.9
MQ (range: 153.0 to 512.8.0 MQ). Series resistance was <20 MQ (range 6-20MQ), which
was compensated at least 80% in every case. All drugs were purchased from either Sigma
Aldridge (RRID:SCR_008988) or Tocris (RRID:SCR_003689).

Capacitance measurements—Membrane capacitance was measured as described

in Golowasch et al.1® using current clamp pulses, which we showed give a better
approximation to the actual total membrane capacitance that voltage clamp methods. We
used small depolarizing or hyperpolarizing current pulses from a voltage around the resting
potential of the cells (Resting potentials: Pyramidal cells: —70.2 + 6.5 mV, /= 39; PV*
cells: —=63.9 £ 5.2 mV, N=45; GCs: —64.0 £ 8.6 mV, V= 30). The rationale for the

chosen baseline voltage and the pulse amplitude was to avoid or minimize entering a voltage
range where voltage-dependent currents are activated during the pulse,33 thus remaining
within levels where the cells respond passively. 1 second-long pulses were repeated at least
5 times, averaged to reduce noise and then baseline subtracted. We used a window of
around the first 250 ms and fitted the resulting trace with a double exponential function
starting 0.5-1 msec after the onset of the pulse, thus avoiding the initial Rs-driven membrane
potential transient (Figure 1D). The slowest exponential component corresponds to the cell’s
membrane charging curve,3* from which the time constant (z,) can be obtained, and the total
membrane capacitance (C,) and the total membrane resistance (R,) can be calculated.16:34
Note that R, is derived from the amplitude of this slow exponential component and is not
the same as the input resistance, R,,.., of the cell.16:34 In practice, it was typical that a much
slower time constant arose from this procedure due to small amounts of noise or drift, in
which case we used the second exponential component parameters. To ensure the use of
healthy cells, we used pyramidal cells with R,,,, = 100MQ, granule cells with R,,,. = 80MQ,
and PV* cells with R,,,, = 50MQ.

Optical stimulation—A 470 nm digital micromirror device (Polygon, Mightex) was used
to excite channelrhodopsin 2 (ChR2) in visual cortex pyramidal cells of 8 mice. The light
was delivered to the top of the slice through a Nikon LWD 16x/0.80w objective of a Nikon
Eclipse EGOOFN microscope. The 3 msec-long light pulses covered a square of 65 x 65 pm?
on each dendrite (see Figure 4A) and were applied every 15 s, first to the apical then to the
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basal dendrite separated by a varying inter-pulse-interval (IPI). Importantly, 10 uM CNQX,
10 uM APV, and 10 uM Gabazine were added to the ACSF to prevent unintended synaptic
activation from off-target sources. To quantify input integration, we used sub-threshold
intensities for both ChR2-activated conductances calculated as follows: we measured the
slope of the light-induced response 3 msec after initiating the light pulse. We identified the
slope of the smallest response that could generate an action potential separately in each
dendrite (threshold slope). We then used light intensities to stimulate each dendrite at 80%
of the threshold slope. Finally, we determined the maximal apical-basal IPI that triggered an
action potential in cells from ZT0 and ZT12-entrained mice. We repeated this several times
at each IPI for each cell and determined the fraction of times each cell fired at least one
action potential (Figure 4B). The values on Figure 4C correspond to the average of firing
across multiple cells.

Modeling—A simplified compartmentalized conductance-based pyramidal cell model was
built using MATLAB (R2023b, MathWorks), which can be found in https://github.com/
golowasch/Pyramidal_ball-2-sticks. All parameters used to build a cell can be found in the
file cell_parameters_v3.m, and all conductance equations can be found in https://github.com/
golowasch/Pyramidal_ball-2-sticks/blob/main/biophys_eqs_v3.m. The essence of the model
cell is as follows: a 15um diameter spherical soma is connected to one apical (180 pm

long, 2 um diameter) and one basal dendrite (150 um long, 2 um diameter) (Figure 4D).

The specific membrane resistance was adjusted to yield an input resistance of 116 MQ.
Only the soma was endowed with active properties: Hodgkin-Huxley-type equations for a
voltage-gated Na* (I,,) and a voltage-gated delayed rectifier K* current (I,). The threshold
for action potential firing (~—40mV) and firing frequency at rheobase of around 20 Hz,
which is what we (Figure 1A) and others have observed3®) were set by adjusting several
parameters of Iy, and Iy, (Figure 4D). After adjusting these parameters, we set the specific
membrane capacitance to yield membrane time constants comparable to the maxima and
minima we measured (Figure 1A, left). One synapse was placed on the apical (synl) and
one on the basal dendrite (syn2) at a position approximately equivalent to those used for

our optical stimulation experiments (Figure 4A), 7.e., ~50% of the length of each dendrite
(Figure 4D). We reproduced light-activated ChR2 (apical dendrite first) with a synaptic
current following an alpha function with time constant 5 msec and reversal potential 0 mV
and adjusted the synaptic conductance in exactly the same way as for the adjustment of light
intensity for the biological experiments (previous section). To simulate the variability in the
threshold voltage of the biological cells, we randomly increased or decreased by a maximum
of 5% the half-maximal activation voltage of both Iy, (i.e. max £1.65mV) and I, (i.e. max
+0.8mV) in each run.

Chondroitinase treatment, staining and confocal imaging—A set of slices was
treated for 45 min with chondroitinase ABC from Proteus vulgaris (ChABC, Sigma, St.
Louis; Cat# C3667) together with a group of control slices obtained from the same litter

of animals. Treatment was conducted after a recovery of 45 min post-slicing in 0.5 U
ChABC 0.001% Bovine Serum Albumin (Fisher BioReagents; Cat# 9048-46-8) at 33 £
0.5°C followed by patch clamping to measure membrane capacitance and then fixation with
0.4% paraformaldehyde overnight at 4°C. Slices were then washed in blocking solution

Cell Rep. Author manuscript; available in PMC 2025 January 20.


https://github.com/golowasch/Pyramidal_ball-2-sticks
https://github.com/golowasch/Pyramidal_ball-2-sticks
https://github.com/golowasch/Pyramidal_ball-2-sticks/blob/main/biophys_eqs_v3.m
https://github.com/golowasch/Pyramidal_ball-2-sticks/blob/main/biophys_eqs_v3.m

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Severin et al.

Page 11

(normal goat serum in phosphate buffer (PBS) for 60 min at room temperature on a gentle
rocker and then placed for 6 h at room temperature in fluorescein-conjugated Wisteria
Floribunda Lectin (WFA, Vector Laboratories, FL-1351) under gentle rocking. Slices were
finally washed 3 times in PBS for 10 min each and mounted on glass slides in ProLong Gold
Antifade Mountant (Life Technologies). The PV-cre; Ail4 mouse strain expresses td-Tomato
in all cortical PV* cells. We imaged the slices with a Leica SP8 confocal microscope
(excitation 554 nm, emission: 581 nm, red staining) and WFA (excitation 495 nm, emission
515 nm, green) (Figures 3A and 3B). Each slice was imaged over 9 optical sections, each ~1
pm thick, and images show the collapsed z stack.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were statistically compared with one-way or two-way ANOVA tests for independent
samples when normally distributed and non-normally distributed data were compared using
Kruskal-Wallis ANOVA or Mann-Whitney Rank Sum £test. These statistical analyses

were performed using SigmaStat and graphs were made with SigmaPlot (Systat Software,
Inc., San Jose, CA. USA; RRID:SCR_010285) and CorelDraw (Corel Inc., Austin, TX,
RRID:SCR_014235).

Figures show means and standard deviations unless otherwise indicated, and detailed
statistical data are listed in Tables S1-S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Neuronal membrane capacitance, C,, is not highly stable, as often assumed
C,, changes daily up to 2-fold in two types of glutamatergic cells
In cortical parvalbumin* interneurons, ¢, does not change

C,, changes strongly affect the temporal window for integrating distinct
synaptic inputs
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Figure 1. Typical neuronal activity of pyramidal cells, PV* cells, and GCs in response to current
pulses

(A-C) Cortical pyramidal neurons (A) and hippocampal GCs (B) display a low frequency
of action potential firing compared to cortical PV* cells (C). A range of current pulses was
applied, and a subthreshold voltage response (red traces) in each case was fitted with a
double exponential function from which membrane capacitance was derived, as described in
STAR Methods.

(D) Example of a double exponential fit. The vertical lines indicate the limits for the
2-exponential fit (red trace) to a data trace (black). The boxed portion of the trace is

shown amplified, with a 2-exponential fit (red trace) and a single exponential fit (blue trace)
superimposed to illustrate the improved goodness of the fit with two over one exponential.
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Figure 2. Changes with time of day of C,,, T,,, and R,

(A-C) ¢, changes (A), z, changes (B), and R,, changes (C) of visual cortex layer 2/3
pyramidal cells (left), hippocampus GCs (center), and visual cortex inhibitory PV* cells
(right). ¢, of both excitatory neurons (cortical pyramidal and hippocampal GCs) are highest
at ZTO (dark phase, gray area) and lowest at ZT6-ZT12 (light phase, white area). z,, tracks
these changes of C, and peaks at around ZTO, while R, does not change significantly with
time of day in either GCs or PV* cells. Only pyramidal cells show a significant change of
R, monotonically increasing with time of day. Average = SD is shown as red squares and

Cell Rep. Author manuscript; available in PMC 2025 January 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Severin et al.

Page 17

connecting lines, slightly displaced from the individual data for clarity. Statistical details are
listed in Tables S1-S3, but p values from one-way ANOVAs (pyramidal, PV* cells) and
Student’s t tests (GCs) are given here at the top right corners. Horizontal bars with vertical
wings represent a post-hoc test (*p < 0.05) for the difference of the indicated pair.
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Figure 3. PNNs surrounding PV" neurons do not regulate daily C,, changes

(A) Confocal image of the V1 region of a mouse cortical slice (region in the white square
magnified). All td-tomato expressing, red-stained PV* cells are clearly surrounded around
the somata and proximal dendritic regions by a halo of WFA-positive material, indicative of
the presence of a PNN.

(B) After 45 min of ChABC treatment, the WFA staining is nearly completely eliminated.
(C) The membrane capacitance of the individual ChABC-treated cells (black symbols for
individual ZT0 and hollow symbols for individual ZT12 cells) and the average + SD
(slightly displaced red squares and whiskers) do not depend on ZT (p = 0.578, Student’s t
test). Note that the C, values are not only indistinguishable between ChABC-treated ZT0
and ZT12 cells but also indistinguishable from the untread controls in Figure 2A.
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Figure 4. Synaptic integration is significantly affected by membrane capacitance changes
(A) Experimental setup. Two 65 x 65 um squares of 470-nm-wavelength light pulses were

sequentially applied (apical dendrite first) on approximately the center of the main apical
and basal dendrites. The light intensity of each square pulse was adjusted to evoke a
response at 80% of the spike threshold. The time between these pulses (IPI) was modified
to be between 5 and 60 ms. The pulses were repeated several times, and the percentage of
firing at each IP1 was computed for each cell.
(B) Example responses of individual cells collected at ZTO (blue) and ZT12 (orange).
Indicated is the fraction of times that each particular cell fired action potentials at each IPI.
Stars identify the points in (C).
(C) Summary graph of all experiments (9 cells at ZTO, 13 cells at ZT12, 4 mice each),
showing that probability of firing decreases as the IPI increases, but more slowly and at
higher IPIs in ZTO cells, which has the largest C,. Faint traces correspond to individual cells;
stars label the points for which the voltage traces are shown in (B). Two-way ANOVA, p<
0.0001. Data are means + SE of the means.
(D) Schematic of a simplified model pyramidal cell with activity in response to current
pulses (STAR Methods).
(E) Examples of model cell runs (5 each) for models with time constants comparable to
those in pyramidal cells at ZT0 (24 ms) and ZT12 (12-18 ms) with different IPIs.
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(F) Graph summarizing the model’s results for three different time constants, showing that
cells with the largest C, and, thus, 7, integrate the two excitatory postsynaptic potentials over
a wider window of IPIs. Data are means + SE of the means.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Wisteria Floribunda Lectin

Vector Laboratories, USA

Chondroitinase ABC from Proteus vulgaris Sigma-Adrich, St. Louis, USA

(ChABC)

Bovine Serum Albumin

Fisher BioReagents, USA

Cat# FL-1351; RRID:AB_2336875
Cat# C3667

Cat# 9048-46-8

Chemicals, peptides, and recombinant proteins

ProLong™ Gold Antifade Mountant Thermo Fisher Scientific, USA

RRID:SCR_015961

Experimental models: Organisms/strains

PV-cre; Ail4 mice
C57BL/6 mice
Emx1-Cre mouse line

Ai32 mouse line

Jackson Laboratories, Bar Harbor, Maine, USA
Jackson Laboratories, Bar Harbor, Maine, USA
Jackson Laboratories, Bar Harbor, Maine, USA

Jackson Laboratories, Bar Harbor, Maine, USA

RRID:IMSR_JAX:008069
RRID:IMSR_JAX:000664
RRID:IMSR_JAX:005628
RRID:IMSR_JAX:012569

Software and algorithms

SigmaPlot
CorelDraw
MATLAB 2023b
Model pyramidal cell

Systat Software, Inc., San Jose, CA, USA
Corel Inc., Austin, TX, USA

The Mathworks Inc. USA

This paper

RRID:SCR_010285
RRID:SCR_014235
NA

https://github.com/golowasch/
Pyramidal_ball-2-sticks
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