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Inhibitory interneurons expressing parvalbumin (PV) play critical roles throughout the brain. Their rapid spiking enables them to
control circuit dynamics on a millisecond time scale, and the timing of their activation by different excitatory pathways is critical
to these functions. We used a genetically encoded hybrid voltage sensor to image PV interneuron voltage changes with sub-millisecond
precision in primary somatosensory barrel cortex (BC) of adult mice. Electrical stimulation evoked depolarizations with a latency that
increased with distance from the stimulating electrode, allowing us to determine conduction velocity. Spread of responses between
cortical layers yielded an interlaminar conduction velocity and spread within layers yielded intralaminar conduction velocities in
different layers. Velocities ranged from 74 to 473 pm/ms depending on trajectory; interlaminar conduction was 71% faster than
intralaminar conduction. Thus, computations within columns are more rapid than between columns. The BC integrates thalamic and
intracortical input for functions such as texture discrimination and sensory tuning. Timing differences between intra- and interlaminar
PV interneuron activation could impact these functions. Imaging of voltage in PV interneurons reveals differences in signaling dynamics
within cortical circuitry. This approach offers a unique opportunity to investigate conduction in populations of axons based on their
targeting specificity.
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Introduction

Expression of the Ca?*-binding protein parvalbumin (PV) defines
a broad class of inhibitory interneurons that have been implicated
in psychiatric and neurological disorders including schizophre-
nia, bipolar disorder, and autism spectrum disorder (Liu et al.
2012; Gonzalez-Burgos et al. 2015; Lauber et al. 2018). Because
PV interneurons fire rapidly and have a short membrane time
constant, they play a critical role in controlling the temporal
integration window of their targets (Pouille and Scanziani 2001;
Galarreta and Hestrin 2002; Cardin 2018; Ferguson and Gao 2018).
PV interneurons are distributed throughout the cortex, including
the whisker-responsive primary somatosensory cortex, or barrel
cortex (BC), where their anatomy, circuitry, and function have
received much attention (Staiger and Petersen 2021). BC is divided
into visually distinct cytoarchitectural units, or barrels, giving the
region its name (Woolsey and Van der Loos 1970). Each barrel
receives input from one vibrissa. Barrel column boundaries, vis-
ible in L4, can be extended through supragranular and infragran-
ular layers (Lefort et al. 2009; Staiger and Petersen 2021). Whisker
inputs follow the canonical circuit, passing through the lemniscal
pathway from the ventral posteromedial thalamus to a distinct
barrel in L4 before being relayed to L2/3 and then L5. However,
BC also contains a number of noncanonical pathways, including
those extending between two or more columns, and receives long-
range inputs from a variety of areas including multiple thalamic
regions, primary motor, auditory, and visual cortices, and sec-
ondary motor and somatosensory cortices (Staiger and Petersen

2021). Functionally, BC has been implicated not only in touch and
whisking (Feldmeyer 2012; Staiger and Petersen 2021) but also in
sensing movement (Ayaz et al. 2019), texture discrimination (Allitt
etal. 2017; Isett et al. 2018; Vecchia et al. 2020), object localization
(O’Connor et al. 2010), and social interactions (Lenschow and
Brecht 2015). However, many questions remain about the roles of
PV interneurons in these processes.

PV interneurons are present in L2-6 in BC and participate
in essentially all BC functions, enhancing spatial and temporal
resolution, enforcing sparse coding, and providing both feedback
and feedforward inhibition (Staiger and Petersen 2021; Yeganeh
et al. 2022). PV interneurons also contribute to computations
across columns and cortical layers. Excitation/inhibition balance
and gamma oscillation frequency, both linked to PV interneuron
function, differ between cortical layers (Xu et al. 2016; Adesnik
2018). Due to the fast-spiking nature of PV interneurons, these
cells are likely to influence rapid computations. Measurement of
conductance velocity in the activation of PV interneurons across
cortical layers and columns will advance our understanding of
the determinants of their timing and thus their roles in these
computations.

Here we use the genetically encoded hybrid voltage sensor
hybrid voltage sensor (hVOS) to investigate the timing of activa-
tion of PV interneurons within a column between layers (interlam-
inar), as well as within a layer between columns (intralaminar).
Imaging reveals responses from many cells distributed through
multiple cortical layers and columns with sub-millisecond
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precision (Chanda et al. 2005; Wang et al. 2010; Ghitani et al. 2015).
Velocities of conduction in efferents to the somatosensory cortex
have been well studied (Swadlow 1990, 1991), but conduction of
axons within the cortex has received less attention. By targeting
hVOS probe to PV interneurons (Bayguinov et al. 2017), we were
able to track the temporal spread of their activation by excitatory
axons that run within and between layers. Our measurements of
velocity generally fell in the range of previously reported values
in cortex. We found that interlaminar conduction velocity within
a column is 71% faster than intralaminar conduction velocity
across columns. Thus, PV interneuron-related computations
within columns can be faster than those between columns,
and this is likely to have functional consequences within and
beyond BC.

Materials and methods
Animals

Ai35-hVOS1.5 (C57BL/6-Gt(ROSA)26SortmH(CAGVOSLOMbja /) hitps://
www.jax.org/strain/031102) Cre reporter mice (Bayguinov et al.

2017) were bred with PV Cre driver mice (B6.129P2-Pvalb™!(cre)arbr/;

https://www.jax.org/strain/017320) to create animals with PV
interneuron-specific hVOS probe expression. All animal proce-
dures were approved by the Animal Care and Use Committee
of the University of Wisconsin-Madison School of Medicine and
Public Health (IACUC protocol: M005952).

Hybrid voltage sensor

The hVOS probe used here harbors a cerulean fluorescent protein
(CeFP) tethered to the inner face of the plasma membrane by a
truncated h-ras motif (Wang et al. 2010). Slices are perfused with
4 pM dipicrylamine (DPA), a small anion that partitions into the
cell membrane. Membrane depolarization drives DPA toward the
CeFP to quench fluorescence through Forster resonance energy
transfer, and repolarization drives the DPA away allowing fluo-
rescence to return to baseline (Chanda et al. 2005; Wang et al.
2010). Fluorescence thus reports voltage changes selectively from
PV interneurons because the PV Cre driver used here drives probe
expression specifically and efficiently in these cells (Bayguinov
et al. 2017). DPA has a response time <0.5 ms (Chanda et al. 2005;
Bradley et al. 2009), enabling hVOS fluorescence to track action
potentials in single cells with excellent temporal fidelity (Ghitani
et al. 2015; Ma et al. 2019).

Slice preparation

Six- to ten-week-old male and female mice were deeply anes-
thetized with isoflurane and sacrificed via cervical dislocation.
Brains were dissected and placed into ice-cold cutting solution
(in mM: 10 glucose, 125 NaCl, 4 KCl, 1.25 NaH,PO,, 26 NaHCOs,
6 MgS0Oy, 1 CaCly) bubbled with 95% 0,/5% CO,. Coronal slices
(300 pm) were prepared using a Leica VT1200S vibratome and
placed into artificial cerebrospinal fluid (ACSF, same as cutting
solution except 1.3 mM MgSQOs, 2.5 mM CaCl,,) and bubbled with
95% 0,/5% CO, for at least 1 h. ACSF used for slice storage and
recording contained 4 uM DPA.

Voltage imaging

Slices were continuously perfused with ACSF at room tempera-
ture and viewed using a BX51 Olympus microscope and Olympus
XLUMPlanFl 20 x objective (N.A. 1.0). Layer and barrel boundaries
were visually identified in fluorescence and gradient contrast
images (e.g. Fig. 1A-F). Stimulus pulses (100 pA, 180-ps, except
Fig. 2A-C that used 10-60 wA) were generated by triggering a

stimulus isolator (World Precision Instruments, Sarasota, Florida)
and applied via fire-polished, ACSF-filled KG-33 glass electrodes
(King Precision Glass, Claremont, California) with tip diameter ~6—
8 wm. Stimulus electrodes were positioned in various locations
within BC with a micromanipulator. Displayed traces of fluores-
cence versus time were averages of five trials, at 15 s intervals.
Slices were illuminated with an light emitting diode (LED) light
source (Prizmatix, Holon, Israel) with peak emission at 435 nm.
Gradient contrast images were acquired with a high-resolution
Kiralux CMOS camera (Thorlabs, Newton, New Jersey); fluores-
cence images were acquired with this camera for better visu-
alization, but for voltage imaging we used a CCD-SMQ camera
(RedShirt Imaging, Decatur, Georgia) at a framerate of 2,000 Hz
and 80 x 80 spatial resolution. A movable mirror within a dual-
port adapter was used to switch between cameras while an exper-
iment was underway without mechanical disturbance. Imaging
was controlled with a custom acquisition and analysis program
that gates stimulation and illumination (Chang 2006).

Data processing, analysis, and velocity
determination

Fluorescence divided by resting light intensity (AF/F) was passed
through a nine-point binomial temporal filter and a spatial filter
with o = 1. A polynomial baseline correction was calculated using
fluorescence outside of a 20 ms measurement window from 4 ms
before to 16 ms after the stimulus. Signal-to-noise ratio (SNR) was
calculated as the maximum amplitude divided by the standard
deviation of noise in a 50-ms prestimulus window.

Signals in PV interneurons were used to track propagation
through columns and layers by selecting contiguous groups of
pixels as regions of interest (ROIs). A sequence of ROIs ~20 pm
thick was drawn using an automated procedure along the hypoth-
esized direction of propagation, with widths spanning the barrel
({llustrated in Fig. 3C). To ensure accuracy, only ROIs where the
traces had SNR >5 were included. Propagation distances used in
the interlaminar velocity calculations were the distances from
the stimulation site to each ROI center along the propagation
trajectory parallel to the column edges. An analogous process
was employed for intralaminar velocities between columns and
within layers. Within each ROI, traces of fluorescence versus time
were averaged and used to determine latency, defined as the
time from stimulation to half-maximal response (illustration in
Fig. 3D). The average root-mean-square error of the latencies used
in this study was 0.214 ms. Based on the number of pixels with
SNR >5 and the size of a PV interneuron, we estimate an ROI con-
tains 2-15 responsive cells. Because ROIs contain multiple cells,
response half-widths broaden with distance from the electrode
as activation becomes less synchronous. This has also observed
in hVOS imaging experiments of action potential propagation in
populations of axons (Ma et al. 2017).

In addition to monosynaptic responses, stimulation often
evoked disynaptic components and direct responses to electrical
stimulation. Direct responses were generally insensitive to
glutamate receptor blockade (Canales et al. 2022), were confined
to within 45 um of the tip of the stimulating electrode and
had latencies <1 ms after stimulation. Direct and disynaptic
responses identified using sequences of SNR heatmaps and traces
of fluorescence versus time (Fig. S1, Supplemental Material) were
excluded from analysis. Monosynaptic responses exhibited a
clear wavelike pattern of spread with a velocity that was readily
measured from the slope of the observed spread. Conduction
velocity was calculated as the inverse of the slope from fits by
linear regression to plots of distance versus latency (illustrated
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Fig. 1. PV interneurons throughout a slice respond with different spatial patterns to stimulation in different layers. (A)—(C). Gradient contrast images
of slices of BC, all with L2/3 through L5 within the field of view. The tip of the stimulating electrode is visible in L2/3 (A), L4 (B), and L5 (C), and its
position is indicated by black or white stars in panels A-L. (D)—(F). Fluorescence images for the same slices in A-C. In (D)—(L) dashed lines show layer
boundaries, and dotted lines show column boundaries. (G)—(I) Heatmaps of maximum amplitude in 20-ms windows for the corresponding slices above.
Warmer colors correspond to larger peak amplitudes. A few white pixels at the edges reflect saturation due to higher noise with lower light levels. (J)(L)
SNR heatmaps for the corresponding slices above. Both maximum amplitude and SNR heatmaps are based on images acquired using different cameras
than for gradient contrast and fluorescent images, so the fields of view do not align precisely. Warmer colors indicate higher SNR (scales and ranges
indicated in lower right corners). Locations with higher SNR have stimulus-evoked responses in selected traces of fluorescence versus time (M)—(O) from
numbered locations (indicated with white or black squares) in the corresponding SNR heatmaps above. Arrowheads above top traces indicate time of
stimulation.
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Fig. 2. PV interneuron responses to different stimulation currents. Heatmaps of SNR in 20-ms windows following 10 pA (A), 20 pA (B), 60 pA (C), and
100 pA (D) stimulation. As current intensity increases, responses are visible through progressively larger areas. The stimulation site is marked with a

white star in each panel. Heatmap scale in A also applies to B-D.

in Fig. 3F). Plots had at least seven points, and P-values were
corrected for multiple tests using the false discovery rate.

Analysisincluded 31 slices from 13 animals (six male and seven
female). To determine the appropriate statistical tests, normality
was evaluated with Shapiro-Wilk tests (“stats” package in R), and
differences in group variances were evaluated with Levene’s tests
(“car” package in R). Conduction velocity was normally distributed
(W=0.940, P=0.084). Variance did not differ significantly for male
and female animals [F(1, 29)=0.001, P=0.974] or for inter- and
intralaminar velocities [F(1, 29)=1.721, P=0.200]. It also did not
differ for interlaminar conduction velocity from L2/3 to L4 and
L5 (L2/3 — L5), interlaminar conduction velocity from L4 to L2/3
(L4 — L2/3) or L4 to L5 (L4 — L5), interlaminar conduction velocity
from L5 to L2/3 or L4 (LS5 — L2/3), intralaminar L2/3 conduction
velocity, or intralaminar L4 conduction velocity [F(4, 26)=1.437,
P=0.250]. Interlaminar versus intralaminar velocities, and veloc-
ities for male versus female animals were compared with t-tests.
Conduction velocity for different trajectories was compared with
ANOVA. Conduction velocity did not differ significantly between
sexes [t(28.898) =—1.437, P=0.161].

Custom software, Python code (used to draw ROIs automati-
cally), and R code (used for statistical analysis) are available on
request. Data from displayed figures will be made available in
response to reasonable requests.

Results

PV interneuron responses to stimulation in L2/3,
L4, and L5

We crossed PV-Cre driver mice with hVOS-Cre reporter mice to
generate double transgenic PV-Cre;hVOS mice. We have previ-
ously shown that in the brain of PV-Cre;hVOS mice, hVOS probe
is expressed in 83% of PV interneurons with 99.2% specificity
(Bayguinov et al. 2017). Figure 1A-C presents gradient contrast
images of three BC slices from PV-Cre;hVOS mice, and Fig. 1D-F
presents the fluorescence images of these slices (note that the
images were taken with different cameras, so the fields of view
do not align precisely). Cortical layers were identified by cell
density and cell size (Woolsey and Van der Loos 1970; Feld-
meyer 2012) using both gradient contrast (Fig. 1A-C) and fluores-
cence (Fig. 1D-F). The boundaries between layers are marked with
dashed lines (Fig. 1D-L), and fields of view generally contained
L2/3 through L5. We also identified barrels, which are separated by
faint “hollows” (Woolsey and Van der Loos 1970; Feldmeyer 2012)
as well as stronger fluorescence in L4. Boundaries between barrel
columns are marked by dotted lines (Fig. 1D-L). We assessed the
velocity of spread of PV interneuron responses following stim-
ulation in L2/3, L4, and LS. This elicited fluorescence changes
associated with the depolarization of PV interneurons. Responses

were seen throughout the field of view, and the distributions
of peaks within a 20 ms window are illustrated in amplitude
(Fig. 1G-I) and SNR heatmaps (Fig. 1J-L). Warmer colors corre-
spond to larger depolarizations. Compared to the SNR heatmaps,
amplitude heatmaps are less clear due to spatial variations in
noise level within the field of view. Low levels of light in the
weakly illuminated periphery of the field of view (for example,
ROI 21 in Fig. 3C and E), lead to high noise levels and artificially
elevated AF/F values that obscure spatial response patterns in
the rest of the slice. We therefore used SNR heatmaps for visu-
alizing spread. Traces of fluorescence versus time from different
locations (indicated by number and color) reveal corresponding
variations in the magnitude of stimulus-evoked PV interneuron
depolarization, where fluorescence decreases as voltage drives
DPA toward the fluorescent protein of the hVOS probe (Fig. 1M-0).
Dark blue regions of the heatmaps indicate the absence of PV
interneurons with responses above our detection threshold, and
traces from those locations show no discernable stimulus-evoked
fluorescence changes (traces 5 in Fig. 1IM-0).

Increasing the stimulation current elicited responses in
more cells over greater distances. SNR heatmaps reflecting
responses within a 20-ms window around the stimulation time
(Fig. 2) revealed that 10 pA stimulation rarely elicited detectable
responses (Fig. 2A). Increasing the stimulus current to 20 pA
(Fig. 2B), 60 pA (Fig. 2C), and 100 pA (Fig. 2D) depolarized more
neurons over larger areas. The observation that stimulation as
weak as 20 pA elicits responses hundreds of micrometers from
the stimulation electrode indicates that action potentials in axons
propagate throughout the slice, to elicit synaptic responses which
have been shown to depend on glutamate receptor activation
(Canales et al. 2022). Axons radiate out from the stimulation site
so there is a lower density of activated axons at greater distances.
This reduces the density of PV interneurons activated at greater
distances by low current. Stronger currents activate more cells
over a larger area. Response patterns varied but often included
interlaminar and intralaminar responses across multiple layers
and columns. These excitatory responses propagated away from
the stimulating electrode and extended to the edges of the field
of view within roughly 10 ms. The time course of this spread was
used to measure conduction velocity.

Determination of conduction velocity

Followingidentification of barrel and layer boundaries in gradient
contrast and fluorescence images (Fig. 3A-B), ROIs were delin-
eated within the stimulated column (for interlaminar velocity) or
within the stimulated layer (for intralaminar velocity) (Fig. 3C; see
Materials and methods). Stimulus-induced fluorescence changes
reported the roughly synchronous depolarization of PV interneu-
rons within each ROI (Fig. 3E), and latency was measured as the
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Fig. 3. Spread of PV interneuron responses and determination of conduction velocity. Gradient contrastimage (A) and fluorescence image (B) of a BC slice
(both taken with the high-resolution Kiralux camera) with stimulating electrode in L5 (black star at the tip). Layer boundaries and barrels are visible in
L4in A. In B, layer boundaries are indicated with dashed lines, and column boundaries with dotted lines (in C as well). (C) Heatmap of response SNR from
the slice shown in A and B. Stimulation site indicated by red star (position differs slightly from A and B due to different cameras). Red outlines define
ROIs ~20 pum thick spanning the stimulated column. Black arrow indicates direction of propagation. (D) Top: Trace of fluorescence versus time for ROI
indicated by asterisk in C and E. Gray shading indicates the 20 ms measurement window expanded below. Bottom: Latency (purple line) is the time from
stimulation (dashed line) to half-maximal change in fluorescence of the rising phase. (E) Traces of fluorescence versus time for 21 ROIs in sequence
from bottom up (increasing distance from stimulation electrode). ROI 1 was closest to the electrode, and ROI 21 was farthest from the electrode. ROIs 1,
13 (star), and 21 are labeled in C. Dashed line indicates stimulation time, and asterisk indicates trace corresponding to the ROI marked with asterisk in
C (thirteenth from bottom). Traces show PV interneuron responses with advancing latency. Higher noise in darker regions closer to the edge of the slice
reduces SNR (e.g. ROI 21). (F) Latency plotted versus distance from the site of stimulation. The relationship between latency and distance was significant
(R=0.94, P=3 x 1078). The inverse of the slope gave an interlaminar conduction velocity of 231 wm/ms.
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time from stimulation to half-maximal change in fluorescence
(Fig. 3D). As stated in Materials and methods, plots of latency ver-
sus distance were fitted by linear regression and the conduction
velocity was taken as the inverse of the slope (Fig. 3F). Despite
showing PV interneuron response propagation, 15 plots of latency
versus distance were not significantly correlated. In seven of these
15 plots, estimated conduction velocity was faster than the high-
est velocity obtained from plots showing significant correlations.
In these cases, the spread within the field of view may have been
too fast to detect differences in latency, as latencies in these plots
varied by only 0.65+0.16 ms (mean =+ SD), and the average root-
mean-square error in latency in this plot was 0.18 ms. The lack
of significant correlation between latency and distance in the
other 8 cases with slower apparent propagation reflects higher
measurement error in these experiments. Examples of these two
kinds of plots and a breakdown are shown in Fig. S2 of Supple-
mentary Material. The analysis presented here is based entirely
on conduction velocity measurements with significant distance-
latency correlations and we recognize that this biases our analysis
uniformly toward slower conduction.

Interlaminar and intralaminar conduction
velocity

We next assessed conduction velocity for different propagation
trajectories. Inter- and intralaminar conduction velocities were
determined for stimulation in L2/3, L4, or L5. For the velocity of
L2/3 — L5 conduction, we identified slices with clear propagation
of PV interneuron responses within the stimulated column. Of
five slices with seven or more ROIs containing responses, two
had significant correlations between latency and distance. In both
slices, responses spanned L2/3 — L5, and their conduction veloci-
ties were 360 and 372 pm/ms. Figure 4A displays three sequential
SNR heatmaps at 1 ms intervals. Note that these are snapshots
at specific times rather than peak SNR heatmaps as in Figs. 1-
3. This sequence of snapshots illustrates L2/3 — L5 conduction
and Fig. 4B displays the associated plot of latency versus distance,
yielding a velocity for this experiment of 360 um/ms.

For interlaminar responses to L4 stimulation, three of six
slices yielded plots with significant correlations. The velocity
of L4 — L2/3 interlaminar conduction was 223487 pm/ms
(mean+SD, N=2, example in Fig. 4C and D), and for the one
experiment with L4 — L5 interlaminar conduction the velocity
was 414 wm/ms. Overall, combined L4 — L2/3 and L4 — L5
conduction velocity was 286 + 127 um/ms (mean + SD, N=3).

In response to L5 stimulation, 16 of 18 slices produced sig-
nificant correlations, and responses spread to L2/3 in all cases.
L5 — L2/3 conduction velocity was 296 + 122 pm/ms (mean + SD,
N =16, example in Fig. 4E and F). The greater number of inter-
laminar velocity measurements compared to other trajectories
was primarily due to less interference from disynaptic responses
(Fig. S2, Supplementary Material).

Of the nine slices showing 12/3 intralaminar conduction,
latency, and distance were significantly correlated in six, yielding
a conduction velocity of 200493 pm/ms (mean=+SD, N=6).
Responses were restricted to the stimulated and immediately
adjacent columns (Fig. 5A and B) in all but one slice. In that
slice responses extended to one additional column. Of 6 slices
exhibiting L4 intralaminar conduction, latency, and distance were
significantly correlated in four, yielding a conduction velocity of
142476 pm/ms (mean + SD, n=4). Responsive ROIs spanned the
home and neighboring columns in two slices (Fig. 5C and D) and
extended to an additional adjacent column in two more slices.
Finally, in the two slices exhibiting L5 intralaminar conduction,

the latency-distance plots were uncorrelated and no velocity was
determined.

Combining measurementsin 21 slices from 11 animals, average
interlaminar conduction velocity to stimulation in L2/3, L4, and
L5 was 3024115 pm/ms (mean =+ SD). L2/3 and L4 intralaminar
conduction velocity in 10 slices from seven animals was
177 £87 pm/ms (mean =+ SD). Interlaminar conduction velocity
was therefore ~71% faster than intralaminar conduction velocity
(Fig. 6A), and this difference was significant [t(22.996)=3.344,
P=0.003, Welch’s two-sample t-test]. L4 — L2/3 or L5 and
L5 — L2/3 conduction velocities were not significantly different
[t(2.740)=-0.124, P=0.910, Welch’s two-sample t-test, Fig. 6B].
L2/3 and L4 intralaminar conduction velocities also were not
significantly different [t(7.506)=1.086, P=0.311, Welch's two-
sample t-test, Fig. 6B]. In one slice exhibiting both interlaminar
and intralaminar conduction, both velocities could be measured.
In this slice, L4 — L5 conduction (414 pm/ms) was more than
twice as fast as intralaminar L4 conduction (159 pum/ms), in
keeping with the trend of more rapid interlaminar conduction. In
summary, we measured conduction velocity of excitatory axons
targeting PV interneurons across multiple trajectories, and found
that interlaminar conduction within columns is significantly
faster than intralaminar conduction between columns.

Discussion

This study used voltage imaging from PV interneurons to investi-
gate propagation through interlaminar and intralaminar circuits
in the BC. Response patterns recapitulated circuitry across known
pathways. Canonically, thalamic input enters the cortex through
L4, and L4 then drives L2/3 PV interneurons (Helmstaedter et al.
2008; Xu and Callaway 2009; Adesnik et al. 2012; Staiger and
Petersen 2021). We determined L4 — L2/3 conduction velocity
to be 223 £87 um/ms. While both basket cells and chandelier
cells are present in L2/3, L4 neurons do not target L2/3 chandelier
cells (Xu and Callaway 2009). This velocity therefore reflects
conduction along axons specifically targeting L2/3 basket cells.
In addition to the canonical L4 — L2/3 path, spiny stellate cells
in L4 project to PV interneurons in L5 (Pluta et al. 2015). We
determined L4 — LS conduction velocity to be 414 pm/ms based
on one slice, and it was faster than both L4 — L2/3 conduction
velocities (161 and 284 pm/msec). Continuing along the canonical
circuit, L2/3 pyramidal cells project to L5 excitatory and inhibitory
cells,including PV interneurons (Lourenco et al. 2020). Stimulating
L2/3 excited PV interneurons in both L4 and L5. With velocities
of 360 and 372 pm/ms, L2/3 — L5 conduction was the fastest
found in the present study. Finally, L5 conduction to L4 and L2/3
had a velocity of 296 +£122 pm/ms. L2/3 chandelier cells receive
especially strong input from L5A (Xu and Callaway 2009). Because
we stimulated mainly in the upper portion of L5, this velocity may
reflect this projection. Overall, the basic patterns of spread we see
recapitulate the known functional connectivity between cortical
layers in BC, and our work provides velocities for conduction along
these projections.

Our findings are also consistent with intralaminar connectivity
in BC. L2/3 pyramidal cell axons extend horizontally into
neighboring columns (Narayanan et al. 2015), and stimulating
L2/3 inrat somatosensory cortex can elicit intralaminar responses
up to 2 mm away (Telfeian and Connors 2003). L4 spiny
stellate cell axons also sometimes cross into a neighboring
barrel (Egger et al. 2008; Staiger and Petersen 2021). We report
L2/3 (200£93 pm/ms) and L4 (142476 pm/ms) intralaminar
conduction velocity through these circuits. Intralaminar PV
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Fig. 4. Interlaminar conduction. (A) SNR heatmaps at 1-ms intervals showing the spread of PV interneuron responses to stimulation in L2/3. (B) Latency
versus distance within the stimulated column in the slice shown in A (R=0.91, P=0.005) yielded a conduction velocity of 360 pm/ms. (C) SNR heatmaps at
1-ms intervals showing PV interneuron responses to stimulation in L4. (D) Latency versus distance within the stimulated column in the slice shown in C
(R=0.78,P=0.036) yielded a conduction velocity of 161 pum/ms. (E) SNR heatmaps at 0.5-ms intervals showing PV interneurons responses to stimulation
in LS. (F) Latency versus distance within the stimulated column in the slice shown in E (R=0.84, P=8 x 10~°) yielded a conduction velocity of 412 um/ms.
In all SNR heatmaps, white stars mark stimulation site and solid white arrows show propagation trajectories used for velocity determination; dashed
lines show layer boundaries, and dotted lines show column boundaries. Time after stimulation is shown in the upper right corner of each heatmap on

yellow background.

interneuron responses remained within the stimulated column
and a neighboring column in seven experiments but spread to
an additional column in three experiments. This supports the
concept of transcolumnar axons emerging from an “intracortical
unit” spanning three-barrel columns (Narayanan et al. 2015).
Although L5 axons can extend intralaminarly through up to two
neighboring columns, we observed intralaminar L5 conduction
in only two slices and were unable to measure the velocities.
We were able to image conduction along previously described
interlaminar and L2/3 and L4 intralaminar circuits within BC, and
again provided velocities of propagation along these trajectories.

Our conduction velocity range from 74 to 473 pm/ms is
broadly consistent with previous measurements in murine
hippocampus and cortex determined by various methods,
including antidromic activation (300 pm/ms, Shlosberg et al.
2008), microelectrode arrays (330 pm/ms, Bakker et al. 2009),
patch clamp recording (363 pm/ms, Salami et al. 2003; 150-
550 pm/ms, Murakoshi et al. 1993; 400 pm/ms, Telfeian and
Connors 2003; 200 pm/ms, Helmstaedter et al. 2008), voltage
sensitive dye (50-450 pm/ms, Popovic et al. 2011), and axon-
targeted hVOS (94 and 228 pm/ms, Ma et al. 2017). We report that
interlaminar conduction (302+115 um/ms) is 71% faster than

intralaminar conduction (177 £87 wm/ms). Because functions
differ for interlaminar and intralaminar circuits, these differences
likely have functional implications. L4 — L2/3 conduction impacts
integration of intracortical and thalamic input in L2/3 (Staiger
and Petersen 2021). Optogenetic inhibition of L4 excitatory cells
broadens L5 sensory tuning curves by increasing responses to
nonpreferred stimuli, and this effect is likely mediated by L5 PV
interneurons (Pluta et al. 2015). Stress decreases PV interneuron
activity across L2-L5, reduces dendritic spines on L5 pyramidal
cells, and impairs texture discrimination. Stimulation of PV
interneurons ameliorates these deficits (Chen et al. 2018). Finally,
PV interneurons are hypothesized to decrease synchrony between
L4 and L5 during active sensory periods (Jang et al. 2020), and
small changes in conduction velocity can have large impacts on
synchrony (Pajevic et al. 2014; Ivanov et al. 2019).

Timing of intralaminar input to PV interneurons from neigh-
boring columns likely plays a role in multi-whisker integration.
In visual cortex both pyramidal cells and inhibitory interneu-
rons show directional preference (Andermann and Moore 2006),
and L2/3 intralaminar axons might connect regions with sim-
ilar preferred directions (Gilbert 1992). L3 and L4 neurons in
columns corresponding to whiskers along the same arc have
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Fig. 5. Intralaminar conduction. (A) SNR heatmaps at 1-ms intervals showing the spread of PV interneuron responses within L2/3 to stimulation in
that layer. Responses spread within the stimulated column and to a neighboring column. (B) Latency versus distance for the slice shown in A (R=0.97,
P=8 x 107°) yielded a conduction velocity of 112 pm/ms. (C) SNR heatmaps at 1-ms intervals showing PV interneuron responses within L4 to stimulation
in that layer. (D) Latency versus distance for the slice shown in C (R=0.86, P=0.005) yielded a conduction velocity of 159 pm/ms. In all heatmaps, white
stars mark stimulation site and white arrows show PV interneuron response propagation trajectories; dashed lines show layer boundaries, and dotted
lines show column boundaries. Time after stimulation shown in upper right corner of each heatmap on yellow background.
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Fig. 6. Interlaminar and intralaminar conduction velocity. (A) Interlami-
nar velocity (302 + 115 pm/ms, 21 slices) was ~71% faster than intralami-
nar velocity [177 87 um/ms, 10 slices; £(22.996) = 3.344, P=0.003, Welch’s
two-sample t-test]. Symbol shapes indicate velocity trajectory (in leg-
end), and group mean=+SE are shown in red. (B) L4 — L2/3 or LS
(286 £127 pm/ms, three slices), L5 — L2/3 (296 £ 122 pm/ms, 16 slices),
L2/3 intralaminar (200+93 pm/ms, six slices) and L4 intralaminar
(142 £76 um/ms, four slices) velocity. Error bars indicate SE.

similar preferred whisker stimulation frequencies (Andermann
et al. 2004), and L2/3 excitation spreads across columns related
to whiskers along rows before arcs (Petersen et al. 2003). L2/3 and
L4 intralaminar conduction velocity may therefore impact multi-
whisker integration of frequency and direction preferences differ-
entially. Our finding that interlaminar conduction is faster than
intralaminar conduction will make computations within a barrel
column faster than across columns. Thus, multi-whisker inte-
gration, which depends on intralaminar communication between
barrel columns, will occur more slowly than computations within
columns related to intracortical synchrony, sensory tuning, and
texture discrimination.

hVOS imaging offers a powerful approach to the study of
conduction velocity, not only in the axons of defined cell types
(Ma et al. 2017), but also in the axons defined by their targets.
Although DPA increases membrane capacitance and thus slows

propagation, this effect is small as increasing DPA from 2 to 4 pM
reduced conduction velocity by only 15% in mossy fibers (Ma et al.
2017). Furthermore, this nonspecific effect should reduce con-
duction velocity proportionally in different populations of axons.
Voltage imaging has historically provided a powerful method for
the measurement of axonal conduction velocity (Grinvald et al.
1981; Sakai et al. 1991; Popovic et al. 2011; Hamada et al. 2017),
and genetically encoded voltage indicators have extended this
approach (Ma et al. 2019; Panzera and Hoppa 2019). Targeting
hVOS probes to different types of neurons thus has the potential
to reveal additional axonal specializations adapted to different
forms of neuronal computation.

Supplementary material

Supplementary material is available at Cerebral Cortex Journal
online.
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