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SUMMARY

Neocortical pyramidal neurons regulate firing around a stable mean firing rate (FR) that can differ by orders of
magnitude between neurons, but the factors that determine where individual neurons sit within this broad FR
distribution are not understood. To access low- and high-FR neurons for ex vivo analysis, we used Ca®*- and
UV-dependent photoconversion of CaMPARI2 in vivo to permanently label neurons according to mean FR.
CaMPARI2 photoconversion was correlated with immediate early gene expression and higher FRs ex vivo
and tracked the drop and rebound in ensemble mean FR induced by prolonged monocular deprivation.
High-activity L4 pyramidal neurons had greater intrinsic excitability and recurrent excitatory synaptic
strength, while E/I ratio, local output strength, and local connection probability were not different. Thus, in
L4 pyramidal neurons (considered a single transcriptional cell type), a broad mean FR distribution is achieved

through graded differences in both intrinsic and synaptic properties.

INTRODUCTION

Decades of research have convincingly demonstrated that the
activity of neuronal circuits is tightly controlled, despite many
forces that dynamically perturb circuit excitability (Davis, 2013;
Marder, 2011; Turrigiano, 2008). To enable this stability, rodent
neocortical pyramidal neurons actively maintain their mean firing
rates within a target range, termed their firing rate set point
(FRSP) (Dhawale et al., 2017; Hengen et al., 2016; Keck et al.,
2013; Torrado Pacheco et al., 2019, 2020). Remarkably, while
FRSPs of pyramidal neurons can span several orders of magni-
tude (Buzsaki and Mizuseki, 2014), individual neurons reliably re-
turn to their own specific FRSP following activity perturbations,
indicating that these individual set points are actively maintained
(Hengen et al., 2016; Torrado Pacheco et al., 2020). The factors
that generate this broad distribution of FRSPs in vivo are poorly
understood, so we developed an approach for permanently la-
beling pyramidal neurons according to their in vivo mean firing
rates that permits subsequent ex vivo analysis of their synaptic
and intrinsic properties.

This broad distribution of mean FRs is a ubiquitous feature of
cortical circuits that likely contributes to the information carrying
capacity of these networks (Buzsaki and Mizuseki, 2014).
Disruptions in the homeostatic regulation of network activity
have been proposed to contribute to a wide range of neurolog-
ical disorders, including Alzheimer’s disease, epilepsy, and
autism spectrum disorders (Ebert and Greenberg, 2013; Nelson
and Valakh, 2015; Styr and Slutsky, 2018), supporting the central
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importance of network stability in proper circuit function. High-
and low-FR neurons in rodent frontal cortex and hippocampus
are differentially modulated by sleep states, suggesting that
they are functionally distinct and may play unique roles in infor-
mation storage and transmission (Miyawaki and Diba, 2016;
Miyawaki et al., 2019; Watson et al., 2016). The restoration of in-
dividual mean FR following perturbations can be driven by ho-
meostatic changes in synaptic strength, intrinsic excitability, or
both (Gainey and Feldman, 2017; Hengen et al., 2013; Lambo
and Turrigiano, 2013; Maffei et al., 2004; Nataraj and Turrigiano,
2011; Torrado Pacheco et al., 2020), and in vitro data suggest
that excitatory synaptic strengths and intrinsic excitability are
jointly regulated as a means of maintaining different FRSPs (Jo-
seph and Turrigiano, 2017). The overall balance between excita-
tion and inhibition (E/I) has also been proposed to play an impor-
tant role in differentiating high- from low-activity neurons (Yassin
et al., 2010), and in the homeostatic stabilization of network ac-
tivity (Keck et al., 2017).

Despite this progress, it is currently unknown how intrinsic
excitability, excitatory synaptic strength, and E/I balance
contribute to the broad distribution of FRSPs seen even within
single cell types in vivo, in part because of the difficulty of iden-
tifying individual neurons ex vivo after recording their activity
in vivo. Targeted approaches for labeling individual neurons
based on their in vivo responses are low throughput and prone
to sampling bias (Gilbert and Wiesel, 1979; Lien and Scanziani,
2011; Pinault, 1996). Reconstruction of serial sections following
in vivo Ca?* imaging is possible but requires unambiguous
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realignment of acute slices with in vivo images (Ko et al., 2011).
Labeling neurons based on immediate early gene (IEG) expres-
sion can identify active subsets of cells (Yassin et al., 2010),
but the relationship between IEG expression and firing rate is
not linear (Tyssowski and Gray, 2019).

Therefore, to permanently label neurons in monocular visual
cortex (Vim) of freely behaving mice in vivo based on their
mean firing rate, we developed an approach that uses the per-
manent green-to-red Ca?*- and UV-dependent photoconversion
of CaMPARI2 as a proxy for mean neuronal activity (Fosque
et al., 2015; Moeyaert et al., 2018; Zolnik et al., 2016). Following
a paradigm that transiently increases neuronal activity, we found
a correlation between cFos expression and in vivo CaMPARI2
photoconversion. The red/green ratio of individual neurons was
lognormally distributed, similar to the distribution of firing rates.
Neurons with greater in vivo photoconversion had higher firing
rates ex vivo, and during ex vivo photoconversion, neurons
with higher firing rates underwent a greater change in CaMPARI2
red/green ratio. Prolonged monocular deprivation (MD), a
manipulation known to first induce a drop and then a restoration
of ensemble firing rates (Hengen et al., 2016), caused first a
decrease and then a restoration in ensemble CaMPARI2 red/
green ratios. Taken together, these data indicate that CaMPARI2
labeling is sensitive enough to detect differences in mean firing
rates, and thus to differentiate between neurons with low and
high FRSPs. We went on to characterize the properties that
differentiate high- from low-FR neurons and found that high-ac-
tivity layer 4 (L4) pyramidal neurons had greater intrinsic excit-
ability and received stronger inputs from other L4 pyramidal neu-
rons, although there were no consistent differences in total E/I
ratio between these neurons. These data demonstrate that CaM-
PARI2 can be used to permanently label cells based on their
in vivo mean firing rates and suggest that intrinsic excitability
and intralaminar excitatory synaptic strength are important con-
tributors to the broad range of FRSPs observed within single cell
types in vivo.

RESULTS

CaMPARI2 photoconversion rate in vivo is correlated
with IEG expression and ex vivo firing rate

The Ca®* dependence, titratability, and irreversibility of CaM-
PARI2 photoconversion makes it an attractive candidate for ac-
tivity-dependent labeling of neurons in freely behaving animals
in vivo. While CaMPARI2 has previously been used to identify
neurons that transiently respond to specific sensory stimuli
(Moeyaert et al., 2018), its usefulness as a permanent marker
of average activity in vivo over longer time windows (~30 min)
has not been assessed. To this end, we injected an adeno-asso-
ciated virus (AAV) that expresses CaMPARIZ2 into the monocular
portion of primary visual cortex (V1m) of mice at postnatal day 15
(P15) and 1 week later implanted a fiberoptic probe in the same
craniotomy hole used for virus injection. One to 2 weeks after
cannula implantation, freely behaving mice were subjected to
in vivo photoconversion. We found that, with low UV light power
(~0.20 mW), 30 min of UV illumination was sufficient to cause
robust photoconversion. Due to the light-scattering properties
of brain tissue, light intensity attenuates with increasing distance
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from the source, especially at shorter wavelengths (Al-Juboori
et al., 2013). We found that the average red/green CaMPARI2
photoconversion ratio was quite constant within approximately
200 pum of the center of the exposed section of the fiberoptic
probe (Figures 1A and S1), so all subsequent experiments
were performed on neurons within this distance. To further con-
trol for differences in light intensity, all recordings following in vivo
photoconversion were performed from pairs of nearby neurons,
and statistical comparisons were made within these pairs.

To verify that neurons with a higher red/green CaMPARI2 ratio
after in vivo photoconversion represent neurons with greater
average activity, we wanted to compare this ratio to an estab-
lished in vivo marker of neuronal activity. Labeling with IEGs
such as cFos is a common approach for identifying neurons
that have recently undergone activity-dependent gene transcrip-
tion (Barth et al., 2004; Sagar et al., 1988; Yap and Greenberg,
2018), although the precise relationship between neuronal activ-
ity and cFos expression is often nonlinear (Tyssowski and Gray,
2019). Recent work in rodent V1 revealed that 60 h of dark expo-
sure followed by 1 h of light re-exposure drives an elevation in
firing and robust expression of cFos (Torrado Pacheco et al.,
2019). Therefore, we subjected mice to this protocol while
photoconverting CaMPARI2 during the first 30 min of light re-
exposure, when firing is elevated (Torrado Pacheco et al,
2019). In mice housed on a normal 12/12 light/dark cycle, we
saw only a weak correlation between cFos protein levels and
CaMPARI2 photoconversion (r = 0.23, Figure 1B), but after light
re-exposure the correlation between these two activity markers
was robust (r = 0.65, Figures 1C and 1D).

Our primary motivation for using CaMPARI2 to label neurons
based on their in vivo activity was to be able to subsequently
interrogate electrophysiological differences between high- and
low-activity neurons. Therefore, it was essential to determine
whether neurons with different firing rates in vivo retained these
properties in acute slices. To this end, we photoconverted
CaMPARI2 in vivo as above and then prepared acute slices
from V1m and obtained cell-attached recordings from pyrami-
dal neurons across all layers in active artifical cerebrospinal
fluid (ACSF) (Maffei et al., 2004) to measure spontaneous firing
rates (Figures 2A-2C). We found that the distribution of firing
rates ex vivo was lognormal and very similar to the distribution
observed from chronic in vivo recordings that spanned all layers
(Figure 2D, data from Hengen et al., 2016 were used to generate
the in vivo plot). The distribution of red/green ratios was also
lognormal, though over a narrower range than the firing rate dis-
tribution (Figure 2E). To verify that neurons with high in vivo pho-
toconversion have higher firing rates ex vivo than low photocon-
version neurons, we recorded from pairs of nearby neurons with
different red/green ratios; in almost all cases, the higher red/
green ratio neuron (indicating greater in vivo activity) had a
higher ex vivo firing rate (Figures 2F and S2A). Conversely,
when neurons within each pair were sorted by ex vivo firing
rate, higher firing rate neurons had a higher red/green ratio (Fig-
ures S2B and S2C). Further, the magnitude of differences in
firing rate and red/green ratio within each pair were positively
correlated (Figure 2G). Thus, many of the factors that cause a
neuron to have a high or low firing rate in vivo are preserved
in the active acute slice preparation.
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Figure 1. CaMPARI2 photoconversion

1.0 in vivo is correlated with cFos protein levels

0.3 * (A) Total CaMPARI2 red and green fluorescence

: values (left axis) and red/green ratio (right axis) as a

0.64 function of distance from the center of the fiber-

l_ optic cannula. The green channel is endogenous

044 T+ : CaMPARI2 green immunofluorescence, and the

e red channel is immunolabeled red-CaMPARI2

0.2 % (Moeyaert et al., 2018). Data are represented as
° mean + SEM, n = 6 slices.

0.0- (B) Experimental paradigm (top), example immu-

12/iz DRzl: nofluorescence of cFos (cyan) and red and green

forms of CaMPARI2 for mice housed in conven-
tional 12/12 light/dark housing (left), and correla-
tion between red/green ratios and cFos expression
(right). Scale bar: 20 um. n = 132 cells from 4 ani-
mals, r = Spearman’s rank correlation coefficient.
(C) Experimental paradigm (top), example immu-
nofluorescence of cFos (cyan), and red and green
forms of CaMPARI2 for mice subjected to 60 h of
dark exposure followed by 1 h of light re-exposure
(left), and correlation between red/green ratios and
cFos expression (right). Scale bar: 20 um. n = 134
cells from 4 animals. r = Spearman’s rank corre-
lation coefficient.

(D) Correlations between red/green ratios and
cFos expression for control and elevated firing
conditions. Data are represented as mean + 95%
Cl. n = 4 animals/condition, 23-45 cells/animal.

T T * .
05 1.0 p < 0.05, Mann-Whitney U test.
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these neurons every 5 min. We found
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CaMPARI2 ex vivo photoconversion rate is correlated
with firing rate

We next sought to directly confirm that CaMPARI2 photocon-
version rate is well correlated with firing rate. To test this, we
devised an ex vivo photoconversion protocol in active acute sli-
ces (Figures 3A and 3B; see STAR methods for details). This
approach has the advantage that illumination is uniform in the
X-Y plane, so we are not limited to comparing pairs of nearby
neurons and thus can directly compare several neurons from
a given slice. As above, we used cell-attached recordings to re-
cord the spontaneous firing of individual or pairs of neurons
during photoconversion and measured the red/green ratio of

mechanisms) or photoconversion ratios,
we examined the relationship between
total CaMPARI2 fluorescence and spon-
taneous firing or photoconversion. We
found no correlation between CaMPARI2 expression and firing
rate (Figure S2D) or between CaMPARI2 expression and photo-
conversion (Figures S2E and S3A). Notably, Fano factor, a mea-
surement of variability in spike timing and therefore “bursti-
ness” (Eden and Kramer, 2010; Shadlen and Newsome,
1998), was not correlated with the change in red/green ratio,
suggesting that the pattern of firing is a less important for pho-
toconversion than the number of spikes (Figure S3B). Thirty mi-
nutes of UV exposure at levels sufficient for photoconversion
did not influence mean spontaneous neuronal activity rates
(Figure S3C), suggesting this paradigm does not cause signifi-
cant photodamage.
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Figure 2. CaMPARI2 photoconversion
in vivo labels neurons based on their activity
levels

(A) Cartoon of experimental paradigm for in vivo
CaMPARI2 photoconversion followed by ex vivo
analysis.

(B) Representative ex vivo image after in vivo
CaMPARI2 photoconversion, showing neurons
with different red/green ratios. Scale bar: 20 um.
(C) Representative cell-attached recordings from
neurons with low (left, green) and high (right,
magenta) in vivo photoconversion.

(D) Cumulative distribution of firing rates of putative
excitatory neurons measured in acute slices in
active ACSF (ex vivo) or from chronic in vivo re-
cordings from all layers or only from electrodes
positioned in L4. n = 52 cells from all layers from 11
mice ex vivo, 96 cells from all layers from 11 rats
in vivo, 32 cells from L4 from 11 rats in vivo (data
from Hengen et al., 2016 were used to generate the
in vivo plots).

(E) Cumulative distribution of red/green ratios for
pyramidal neurons. Neurons were photoconverted
in vivo, and red/green ratio was measured in acute
slices. n = 52 cells from all layers from 11 animals.
(F) Difference between ex vivo firing rates for pairs
of excitatory neurons photoconverted in vivo. For
each pair, the neuron with the higher red/green
ratio was designated the high photoconversion
(PC) neuron. n = 22 pairs of cells from all layers
from 11 animals. ***p < 0.001, paired t test. Mean of
differences: —6.977; Cl: —11.35 to —2.608.
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(G) Correlation between the difference between
red/green ratios from in vivo photoconversion and
ex vivo firing rate ratios between pairs of neurons.
Line represents linear best fit. r = Spearman’s rank
correlation coefficient. n = 22 pairs of cells from all
layers from 11 animals.

See also Figure S2.
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that CaMPARI2 red/green ratio can be
used to reliably differentiate neurons with
different mean activity levels.

r=0.71
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PC ratio between cell pairs

As a final confirmation that greater photoconversion is corre-
lated with higher firing rates, we compared the activity of pairs
of simultaneously recorded neurons during ex vivo photoconver-
sion for 10 min. In each case, the neuron with a higher red/green
ratio was the one with a greater mean firing rate in the previous
10 min (Figure 3D). The converse was true as well, as neurons
with a greater mean firing rate always had a higher red/green ratio
(Figure S3D). As with the 30-min photoconversion experiments
described above, we found that neurons with high and low red/
green ratios did not have different Fano factors (Figure 3E), and
that mean firing rate was not significantly affected by CaMPARI2
expression levels (Figure S3E). Together, these data demonstrate
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CaMPARI2 can be used to detect
changes in firing induced by
prolonged visual deprivation

It is well established that brief (3 day)
monocular deprivation (MD) via monoc-
ular lid suture during the classic visual system critical period
(roughly postnatal days 21-33) induces a drop in activity in the
monocular portion of primary visual cortex relative to the unma-
nipulated hemisphere (Gordon and Stryker, 1996; Mrsic-Flogel
et al., 2007). Further, activity is gradually homeostatically
restored if MD is continued, so that by 6 days of MD activity in
the deprived and control hemispheres are indistinguishable
(Hengen et al., 2013, 2016; Tatavarty et al., 2020). To determine
whether CaMPARI2 is sensitive enough to detect this drop and
restoration of activity, we labeled L4 pyramidal neurons using a
Cre-dependent pan-neuronal CaMPARI2 virus in Scnni1a-Cre
mice, in which Cre expression is restricted to L4 excitatory
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Figure 3. CaMPARI2 ex vivo photoconversion rate is correlated with
firing rate

(A) Cartoon of experimental paradigm for ex vivo CaMPARI2 photoconversion.
(B) Representative image of ex vivo CaMPARI2 photoconversion. Scale
bar: 20 pm.

(C) Correlation between the percentage change in red/green ratio and total
action potential number during 30 min of photoconversion, measured at 5 min
intervals. Line represents linear best fit. r = Spearman’s rank correlation co-
efficient. n = 5 cells from L4 from 4 animals.

(D) Comparison of firing rates between pairs of neurons during 10 min of ex vivo
photoconversion. n = 6 cells from L4 from 4 animals.

(E) Comparison of Fano factors between pairs of neurons sorted by red/green
ratio following 10 min of ex vivo photoconversion. n = 6 cells from L4 from 4
animals.

See also Figure S3.

neurons (Madisen et al., 2010; Miska et al., 2018). We chose to
restrict this analysis to L4 pyramidal neurons because they are
considered a single transcriptional cell type (Tasic et al., 2018),
and below we characterize this cell type in more detail.
Following 3 or 6 days of MD, we used our ex vivo photocon-
version paradigm to permanently label neurons from both
hemispheres of monocular V1 based on their activity and

¢? CellPress

then quantified the red/green ratio (Figure 4A); we normalized
the red/green ratio to the total fluorescence for each cell to
minimize any effect of different expression levels between
hemispheres. With this approach, we were able to sample a
large number of identified neurons (>480) in each condition.
After 3 days of MD, there was a significant reduction in the
red/green ratio in the deprived population relative to the con-
trol population (Figures 4B and 4C). The magnitude of the
drop (median deprived value was 72% of control) was similar
to that detected previously using extracellular recordings in
rats and mice (~60% of control; Hengen et al., 2013, 2016; Ta-
tavarty et al., 2020). Also consistent with published firing rate
data, after 6 days of MD the red/green ratios in the control
and deprived populations were not different from each other
(Figures 4D and 4E). Thus, CaMPARI2 is sensitive enough to
capture changes in firing rates across a large population of
neurons in monocular V1.

High-activity pyramidal neurons in L4 have greater
intrinsic excitability than low-activity neurons

It is unknown what factors determine whether a neocortical
neuron has a high or low firing rate set point. RNA sequencing
(RNA-seq)-based (Hrvatin et al., 2017; Saunders et al., 2018; Ta-
sicetal., 2018; Zeisel et al., 2015) and morphological/anatomical
cell-type classification (Bortone et al., 2014; Gouwens et al.,
2019; Hattox and Nelson, 2007; Kim et al., 2015) have revealed
that there are several subtypes of pyramidal neurons in visual
cortex, even within most layers. It is therefore possible that
some of the variation in mean firing rates seen in vivo could be
explained by differences between cell types. On the other
hand, excitatory neurons in L4 cluster into a single transcriptional
cell type (Tasic et al., 2018) yet have a distribution of mean in vivo
firing rates that is just as broad as the distribution across all
layers (Figure 2D). This suggests that mean firing rates are
broadly distributed even within a single excitatory cell type.
Therefore, we sought to determine which factors endow L4
excitatory neurons with high or low firing rate set points: differ-
ences in intrinsic excitability, differences in synaptic inputs,
or both.

To accomplish this, we injected our Cre-dependent CaM-
PARI2 virus into V1 of Scnnia-Cre mice. Using the paired
approach described above, we began by measuring the
intrinsic excitability of L4 excitatory neurons in acute slices after
in vivo CaMPARI2 photoconversion. We generated firing rate
versus current (F-1) curves in the presence of synaptic blockers
for each neuron in a pair (Figures 5A and 5B) and found that
high-activity L4 excitatory neurons have higher intrinsic excit-
ability than low-activity neurons (Figures 5C, 5D, and S4A).
This difference can be partially attributed to lower rheobase cur-
rent (minimum current needed to elicit a spike) in high-activity
neurons (Figures 5E and S4B). However, even when F-I curves
were normalized to rheobase, a difference in intrinsic excitability
was still present (Figures S4C-S4E). This rheobase-indepen-
dent difference in excitability was accompanied by a difference
in spike frequency adaptation: for current steps yielding similar
initial firing rates, low-activity neurons showed a greater degree
of adaptation than high-activity neurons (Figure 5F). This effect
was present regardless of how spike trains were selected for
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Figure 4. CaMPARI2 photoconversion ratio ex vivo recapitulates
population changes in mean firing rate measured in vivo

(A) Experimental timeline for monocular deprivation and ex vivo photo-
conversion. For 3-day MD, lid suture was performed on P26-P27. For 6-day
MD, lid suture was performed on P21-P22. All photoconversion and imaging
was performed ex vivo at P26-P28.

(B) Representative images of CaMPARI2 photoconversion for control and
deprived hemispheres following 3 days of MD. Scale bar: 30 um.

(C) Violin plot comparing red/green ratios for neurons in L4 from control and
deprived hemispheres following 3 days of MD. Red/green fluorescence ratio is
normalized by the total amount of red and green fluorescence for each cell.
Horizontal line represents median. n = 623 cells from control neurons, 487 cells
from deprived neurons, all from L4, from 4 animals; p < 0.001, Mann-Whitney
U test.

(D) Representative images of CaMPARI2 photoconversion for control and
deprived hemispheres following 6 days of MD. Scale bar: 30 um.

(E) Violin plot comparing red/green ratios for neurons in L4 from control and
deprived hemispheres following 6 days of MD. Red/green fluorescence ratio is
normalized by the total amount of red and green fluorescence for each cell.
Horizontal line represents median. n = 493 cells from control neurons, 482 cells
from deprived neurons, all from L4, from 4 animals; p = 0.312, Mann-Whitney
U test.

668 Neuron 709, 663-676, February 17, 2021

Neuron

comparison (Figures 5G and S4F). In contrast to the correlation
between input resistance and rheobase, and between input
resistance and area under the non-adjusted F-I curve (Figures
S4G and S4H), there was no correlation between input resis-
tance and spike frequency adaptation (Figure 5H), suggesting
that there are at least two distinct facets of intrinsic excitability
that differ between high- and low-firing-rate neurons. There
were no significant differences in other aspects of action poten-
tial waveform or kinetics, or in afterhyperpolarization or voltage
sag (Table S1).

If differences in intrinsic excitability are important for the dif-
ferences in mean firing rate in vivo, and activity profiles
ex vivo accurately reflect in vivo activity, then neurons with
higher ex vivo firing rates should also have greater intrinsic
excitability. To test this, we measured the intrinsic excitability
of 4-6 neurons per slice after 30 min of ex vivo photoconversion
in active ACSF (Figure 6A). We found a strong correlation be-
tween greater photoconversion and higher intrinsic excitability
(Figures 6B and 6C), demonstrating that differences in intrinsic
excitability play an important role in determining each neuron’s
mean activity level.

High- and low-activity excitatory neurons in L4 receive
similar net synaptic excitation and inhibition

Previous work suggests that neurons with high IEG expression
have an elevated E/I ratio (Yassin et al., 2010), so we next sought
to test whether there was a relationship between E/I ratio and
mean firing rate. To measure the total excitatory and inhibitory
drive onto pairs of L4 excitatory neurons with high and low firing
rates, we used voltage clamp to hold neurons at the experimen-
tally determined reversal potential for either inhibition or excita-
tion (typically —60 and +5 mV, respectively) in an active slice
preparation following in vivo photoconversion, while blocking ac-
tion potentials intracellularly. This allowed us to sequentially
measure the total excitatory and inhibitory synaptic charge
onto individual neurons (Figures 7A and 7B). Strikingly, there
were no consistent differences in either excitatory or inhibitory
charge between pairs of high- and low-activity neurons. The ratio
of excitatory to inhibitory charge was also broadly distributed
across neurons, and there was no correlation between this ratio
and whether the neuron had a high or low mean firing rate (Fig-
ures 7C, 7D, and S5A). Thus, net E/I ratio was not predictive of
mean firing rate.

Although neither net excitatory nor inhibitory charge differed
between high- and low-activity neurons, we next tested whether
there were differences in the amplitude or frequency of the un-
derlying spontaneous excitatory postsynaptic currents (EPSCs)
or inhibitory postsynaptic currents (IPSCs). Similar to the total
synaptic charge, we found no difference in the frequency of
excitatory or inhibitory events between high- and low-activity
neurons (Figures S5B-S5F). However, when we restricted our
analysis to well-isolated synaptic events, we were able to detect
a small but significant difference in the distribution of EPSC (but
not IPSC) amplitudes between high- and low-activity neurons
(Figures 7E and 7F). In particular, a subset of EPSC amplitudes
were larger in high-firing-rate neurons (Figure 7E, insert), sug-
gesting that they are driven more strongly by a subset of their
excitatory inputs.
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Figure 5. Intrinsic excitability differs be-
tween high- and low-activity pyramidal neu-
rons in L4

(A) Cartoon of experimental paradigm for in vivo
photoconversion.

(B) Representative current clamp recordings of
intrinsic excitability measurements from a pair of
neurons with low (green) and high (red) photo-
conversion.
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A tween the activity level of the postsynaptic
A neuron and the strength of monosynaptic
excitatory inputs from their neighbors (Fig-
ure 8C), meaning high-firing-rate neurons
receive stronger local inputs than low-
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Recurrent L4 excitatory inputs, but not outputs, differ
between high- and low-activity neurons

To further explore this difference in excitatory synaptic strength
between high- and low-firing rate L4 excitatory neurons, we
measured the strengths of recurrent monosynaptic connections
between them. Following ex vivo photoconversion, we recorded
from up to 4 nearby CaMPARI2-expressing L4 pyramidal neurons
simultaneously (Maffei et al., 2004), stimulating one neuron at a
time to fire short trains of action potentials while voltage clamping
the other cells to —80 mV to record synaptic responses (Figures 8A
and 8B). Consistent with the difference in a subset of spontaneous
EPSC amplitudes, we found a significant positive correlation be-

100 200 300 400
Input resistance (mOhm)

firing-rate neurons.

It is unknown whether high-firing-rate
neurons have weaker output synapses,
which could counteract their dispropor-
tionate impact on network activity. To test this, we examined
the relationship between the firing rate of the presynaptic neuron
and the strength of its outputs onto its neighbor neurons. Inter-
estingly, we saw no difference in synaptic output strength be-
tween high- and low-activity neurons (Figure 8D). We also saw
no consistent differences in the paired pulse ratio onto or from
high- or low-activity neurons (Figures 6E and 6F) nor in the
time course of short-term plasticity during trains of action poten-
tials (Figures S6A and S6B).

Although we found that high-activity neurons tended to
receive stronger synapses, it was not clear whether the absolute
level of postsynaptic firing or the relative difference in activity
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Figure 6. L4 pyramidal neurons with higher activity ex vivo have greater intrinsic excitability

(A) Cartoon of experimental paradigm for ex vivo CaMPARI2 photoconversion.

(B) Mean instantaneous firing rate versus current injection for six L4 neurons from the same slice, photoconverted ex vivo. Darker colors represent cells with a

higher red/green ratio.

(C) Correlation between the area under the F-I curve and the red/green ratio following ex vivo photoconversion. Each point represents one neuron, and each slice
is plotted in the same color. n = 4-6 cells from L4 per slice from 3 animals. r = Spearman’s rank correlation coefficient.

levels between pre- and postsynaptic partners was more impor-
tant. To examine this, we measured the correlation between syn-
aptic strength and the normalized difference between activity
levels across a synapse (Figure 8G). Although synapses were
usually weak when the presynaptic neuron had much greater
activity than its postsynaptic partner, the correlation between
normalized activity differences and synaptic strength was
weaker than the correlation between absolute postsynaptic ac-
tivity and synaptic strength (Figure 8C). Thus, the absolute level
of postsynaptic activity is the factor most strongly correlated
with differences in synaptic strength.

Finally, we sought to determine whether high-activity neurons
were more likely to be connected to each other than to low-ac-
tivity neurons, as would be expected if high-activity neurons
formed hyperconnected subnetworks (Faber et al., 2019; Nigam
et al., 2016; Yassin et al., 2010). After splitting neurons into high-
and low-activity groups based on their CaMPARI2 red/green
ratio relative to the median CaMPARI2 red/green ratio for all
recorded neurons, we found that the connection probability did
not depend on whether the pre- or post-synaptic neurons had
high- or low-activity (Figure 8H). Surprisingly, rather than hyper-
connected high-activity neurons, we found that the high to low
and low to high connection probabilities were greater than the
high to high and low to low connection probabilities, although
these differences did not reach statistical significance. Taken
together, our data show that high-activity L4 excitatory neurons
receive stronger excitatory inputs than low-activity neurons yet
receive a disproportionate fraction of their local input from lower
firing rate neurons. Additionally, intrinsic excitability and local
recurrent excitatory synaptic strength cooperate to determine
whether L4 pyramidal neurons have high or low firing rate set
points.

DISCUSSION
Stable mean firing rates of neocortical neurons in vivo span many
orders of magnitude and can be homeostatically reinstated dur-

ing persistent disruption of inputs (Dhawale et al., 2017; Hengen
et al., 2016; Torrado Pacheco et al., 2020). However, the factors
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that determine where a given neuron’s firing rate set point sits in
this broad firing rate distribution are not understood. Using the
photoconvertible activity marker CaMPARI2, we were able to
permanently label neurons based on their mean activity levels
in vivo in freely behaving mice. This powerful approach allowed
us to explore the differences that underlie the broad, lognormal
distribution of firing rates that is a ubiquitous feature of neuronal
activity in many brain regions (Buzsaki and Mizuseki, 2014).
Investigation of the electrophysiological differences between
high- and low-activity pyramidal neurons in L4 of mouse visual
cortex—considered a single molecular cell type (Tasic et al.,
2018)—revealed that high-activity neurons have greater intrinsic
excitability than low-activity neurons and receive stronger recur-
rent excitatory inputs, whereas total excitation/inhibition ratio is
not consistently different between high- and low-activity neu-
rons. Together, these results argue that intrinsic excitability
and strength of excitatory synaptic inputs influence a feature of
cellular identity (firing rate set point) that is orthogonal to the tran-
scriptional definition of a cell type.

For identifying neurons with different mean firing rates, CaM-
PARI2 has a number of advantages over other common methods
of activity-labeling. First, the mark is permanent and is preserved
in ex vivo preparations, unlike conventional rapid Ca®* indica-
tors. We find quantitatively similar changes in population activity
during prolonged MD when measured with microelectrode ar-
rays and CaMPARI2 labeling (Figure 4; Hengen et al., 2013,
2016), suggesting that it can be a useful high-throughput alterna-
tive to in vivo electrophysiology. Second, although IEGs such as
cFos have been used for decades to identify neurons that have
been recently active (Yap and Greenberg, 2018), cFos expres-
sion seems to better capture changes in activity, rather than ab-
solute activity levels: cFos expression in V1 is only robust after
paradigms that transiently elevate firing (Torrado Pacheco
etal., 2019), and we find a poor correlation between cFos protein
levels and CAMPARI2 signals unless firing is transiently elevated.
In contrast to the thresholding effect of the cFos signal, we found
a broad and lognormal distribution of CAMPARI2 photoconver-
sion ratios after in vivo photoconversion that closely mirrors
the distribution of in vivo firing rates, suggesting that CAMPARI2



2.0

.\

Charge (pC)
E/I charge ratio

High
Excitatory

Low High

Inhibitory

B WWWTWW -60 mV

¢? CellPress

Figure 7. L4 pyramidal neurons with high
and low activity receive similar net synaptic
excitation and inhibition

(A) Cartoon of experimental paradigm for in vivo
CaMPARI2 photoconversion followed by ex vivo
analysis.

(B) Representative traces showing excitatory (top)
and inhibitory (bottom) current recorded sequen-
tially from the same neuron. To isolate the input
type, recordings were taken at the reversal po-
tential for inhibition (top) or excitation (bottom) in
active ACSF in the absence of synaptic blockers.
(C) Total excitatory (left) or inhibitory (right) syn-
aptic charge measured in pairs of neurons at their
experimentally determined inhibitory (left) or
excitatory (right) reversal potential. p = 0.99 (left);
p = 0.67 (right), Wilcoxon matched-pairs signed-
rank test. Sum of signed ranks: —1; —19.

(D) Ratio of total excitatory to inhibitory charge for
pairs of photoconverted neurons. p = 0.85, Wil-
coxon matched-pairs signed-rank test. Sum of
signed ranks: —9.

(E) Distribution of amplitudes of well-isolated
excitatory synaptic events. Inset: magnified view of
the boxed region. 200 randomly selected events
were included from each cell for each condition.
p = 0.044, Kolmogorov-Smirnov test.

(F) Distribution of amplitudes of well-isolated
inhibitory synaptic events. 200 randomly selected
events were included from each cell for each
condition. p = 0.11, Kolmogorov-Smirnov test.

All recordings and images are from pyramidal
neurons in L4 V1. In (C)—(F), n = 17 pairs of cells
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ratio and firing rate. Second, since the
photoconversion rate of CaMPARI2 de-
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photoconversion ratios capture much of the variation in mean
firing rates seen in vivo.

There are a few factors that could confound the use of
CaMPARI2 for activity labeling, most of which are shared with
rapid Ca?* indicators such as GCaMP. First, its photoconver-
sion is dependent on Ca?* rather than action potentials, so

pends on the amount of UV light
received, it is challenging to use
CaMPARI2 to examine differences in
activity over a wide area in vivo. Im-
provements in cannula design may
somewhat mitigate these issues (Pisanello et al., 2017), though
this will likely remain a fundamental problem with CaMPARI2
use in vivo, where UV transmittance is poor. Third, CaMPARI2
photoconversion has a smaller dynamic range than electrical
recordings. However, this can be overcome by using paired re-
cordings from nearby neurons with distinct red/green ratios
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Figure 8. Recurrent L4 excitatory inputs, but
not outputs, differ between high- and low-
activity neurons

(A) Cartoon of experimental paradigm: ex vivo
CaMPARI2  photoconversion  followed by
quadruple recordings to analyze monosynaptic
EPSCs.

(B) Top: presynaptic spike train. Bottom: repre-
sentative traces showing monosynaptic EPSCs
onto two neurons with low (green) or high (red)
CaMPARI2 photoconversion.

(C) Correlation between red/green ratio of the
postsynaptic cell and the EPSC amplitude in
response to the first spike in a train.

(D) Correlation between red/green ratio of the
presynaptic cell and the EPSC amplitude.

(E) Correlation between red/green ratio of the
postsynaptic cell and the EPSC paired-pulse ratio.
(F) Correlation between red/green ratio of the
presynaptic cell and the EPSC paired-pulse ratio.
(G) Correlation between the activity difference
between post- and presynaptic neurons, normal-
ized by the combined activity of the pre- and
postsynaptic neuron. Positive values indicate a
greater relative activity of the postsynaptic neuron,
and negative values represent greater relative ac-
tivity of the presynaptic neuron.

(H) Comparison of connection probabilities based
on the activity level of the pre- or post-synaptic
neurons. p = 0.065,  test.

C through G: r = Spearman’s rank correlation co-
efficient. C through H: n = 28 pairs of connected
neurons from L4 from 13 animals out of 224 pairs of
neurons from L4 tested from 16 animals. Each
point is the average of 20 traces.

See also Figure S6.

following either photoconversion proto-
col capture meaningful differences in
neuronal activity.

It has been broadly postulated that a
major contributor to neuronal excitability
is the ratio of excitation to inhibition a
neuron receives (Isaacson and Scanziani,
2011). Since IEG-expressing L2/3 neu-
rons in barrel cortex have an increased
E/I ratio relative to IEG-negative neurons
when measured ex vivo (Yassin et al.,
2010), we were surprised to find no sys-
tematic difference in E/I charge ratio be-
tween low- and high-activity neurons. It
is possible that important differences in
synaptic drive are missing in our ex vivo
preparation, which preserves local con-
nectivity but not longer-range connec-
tions, but a few considerations suggest
that this is unlikely to be a major factor.

(greater than 10% difference), or by imaging from large First, we found a lognormal firing rate distribution in our active
populations of neurons. Further, the agreement between our ex vivo preparation similar to that measured in in vivo. Second,
in vivo and ex vivo data (see discussion below) provides within pairs of neurons we found a strong correlation between
confidence that the differences in red/green ratio we observe in vivo photoconversion and spontaneous ex vivo firing rates.
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These observations suggest that many of the factors that
generate this broad firing rate distribution are preserved be-
tween the two preparations. Therefore, our data suggest that
global E/I charge ratio is not a major determinant of mean firing
rate in L4 excitatory neurons. Interestingly, visual deprivation
can induce a homeostatic change in E/I charge ratio onto excit-
atory L4 neurons when measured at the population level (Maffei
et al., 2004), despite this ratio not being predictive of whether in-
dividual neurons have a high or low mean firing rate. This sug-
gests that this homeostatic adjustment happens globally across
the population and is independent of the initial E/I ratio of individ-
ual neurons. Whether there are differences in the mechanisms
that control firing rate homeostasis in high- and low-firing-rate
neurons remains to be determined.

While E/I ratio was not predictive of FRSP, high-firing rate neu-
rons received stronger local recurrent synaptic connections from
other L4 excitatory neurons and had higher intrinsic excitability.
A number of other connectivity features were uncorrelated with
FRSP, including spontaneous IPSC frequency and amplitude,
short-term plasticity of excitatory synapses, and the output
strength of excitatory synapses. Further, in contrast to the idea
that high-firing-rate neurons represent strongly interconnected
“rich club” networks (Faber et al., 2019; Nigam et al., 2016),
the connection probability between high- and low-firing-rate
neurons did not differ significantly. This observation, along with
the lack of correlation between FRSP and output synaptic
strength, suggests that high- and low-firing-rate neurons do
not represent separate information channels but rather share in-
formation extensively. Taken together, these data suggest that
FRSP is predominantly controlled by features of the postsyn-
aptic neuron, such as ion channel complement and the postsyn-
aptic strength of its excitatory synapses. Finally, because output
strength is not negatively correlated with firing rate (and thus is
not normalized), high-firing-rate neurons will still tend to have a
disproportionate influence on network activity. It remains to be
seen whether these findings will generalize to other local and
non-local inputs onto these neurons, to other neuronal subtypes
within V1, or to other neocortical areas.

There are theoretical limits on neuronal firing rates due to en-
ergetic considerations. It has been estimated that average firing
rates across the human brain cannot exceed 0.94 Hz without
generating an unmeetable energy burden (Lennie, 2003), though
this value is likely somewhat higher for the rodent brain (Attwell
and Laughlin, 2001; Howarth et al., 2012). Data from cultured
hippocampal neurons suggest that mitochondrial metabolism
plays an important role in constraining the ensemble firing rate
set point (Frere and Slutsky, 2018; Styr et al., 2019). Consistent
with our data, reducing mitochondrial spare respiratory capacity
reduces both the ensemble FRSP and the intrinsic excitability of
hippocampal neurons (Styr et al., 2019). The molecular mecha-
nisms that link mitochondrial function to intrinsic excitability
are unclear, as is how these metabolic limits on firing allow indi-
vidual neurons to express such a broad range of FRSPs. It is
possible that stochastic differences in mitochondrial function
across neurons causes differences in intrinsic excitability and
FRSP to emerge, but this idea has yet to be tested.

In addition to firing rates, higher-order features of V1 activity
such as the coefficient of variation of inter-spike intervals, pair-

¢ CellP’ress

wise spike correlation structure, and criticality are also stable
over many days and under homeostatic control (Hengen et al.,
2016; Ma et al., 2019; Wu et al., 2020). Modeling work suggests
that distinct homeostatic plasticity mechanisms control these
different features of network function: excitatory synaptic scaling
can serve to preserve the correlation structure of local networks,
while intrinsic homeostatic plasticity is well suited to restore
firing rates after perturbations (Wu et al., 2019). Notably, these
two mechanisms work on similar timescales. In contrast, inhibi-
tory synaptic plasticity has recently been implicated in regulating
criticality, which is homeostatically regulated on a faster time-
scale than mean firing rate (Ma et al., 2019). Consistent with
this modeling work as well as recent experimental data from
cultured cortical neurons (Joseph and Turrigiano, 2017), our
data support a model where excitatory synaptic strength and
intrinsic excitability are jointly regulated to generate a wide range
of FRSPs and are then modulated to constrain firing rates around
these set points, while inhibitory synaptic strength is separately
regulated and likely critical for generating other features of
neuronal responsiveness (Isaacson and Scanziani, 2011).

Recently, there has been a strong push to catalog and sort all
of the neurons in various brain regions, or even the entire brain,
using various approaches to separate cells into classes (Econ-
omo et al., 2018; Gouwens et al., 2019; Phillips et al., 2019; Sa-
unders et al., 2018; Sugino et al., 2019; Tasic et al., 2018; Zeisel
et al., 2015, 2018). Most popular have been techniques that sort
cells based on their transcriptional profile or projection targets,
though efforts are ongoing to incorporate this anatomical and
transcriptional data with electrophysiological data (Gouwens
et al., 2019). Given the characteristic lognormal distribution of
firing rates across multiple regions of cortex (Buzsaki and Mizu-
seki, 2014) and the stability of individual neurons within this dis-
tribution (Dhawale et al., 2017; Hengen et al., 2016; Torrado Pa-
checo et al., 2020), we argue that FRSP represents a feature of
cellular identity that is orthogonal to anatomical or transcriptional
cell type. llluminating the determinants of FRSPs requires a
method of labeling neurons based on their mean activity in vivo.
Activity labeling with CaMPARI2 allows this in vivo labeling of
neurons followed by ex vivo analysis of excitability and connec-
tivity, a crucial step for understanding of the genesis, regulation,
and function of FRSPs.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-red-CaMPARI2 (1:1000) Moeyaert et al., 2018 N/A

anti-cFos (1:1000)

Goat anti-Mouse 1gG Alexa Fluor
555 (1:300)

Goat anti-Rabbit IgG Alexa Fluor
647 (1:300)

Cell Signaling
ThermoFisher

ThermoFisher

Cat #: 2250; RRID:AB_2247211
Cat #: A-21424; RRID:AB_141780

Cat #: A-21245; RRID:AB_141775

Bacterial and virus strains

PAAV_hSyn1_NES-his-CaMPARI2-F391W-
WPRE-SV40 (AAV9)
PAAV_CaMKI|_NES-his-CaMPARI2-
F391W-WPRE-SV40 (AAV9)
PAAV_hSyn1_Flex_NES-his-CaMPARI2-
F391W-WPRE-SV40 (AAV9)

Moeyaert et al., 2018

This manuscript

This manuscript

N/A

N/A

N/A

Chemicals, peptides, and recombinant proteins

PTX
DNQX
DL-AP5

Sigma Aldrich
Sigma Aldrich
Tocris

Cat #: P1675-5G
Cat #: D0540
Cat #: 0105

Experimental models: organisms/strains

Mouse: C57BL/6J
Mouse: B6;C3-Tg(Scnn1a-cre)3Aibs/J

Jackson Labs
Jackson Labs

RRID: IMSR_JAX:000664
RRID: IMSR_JAX:009613

Recombinant DNA

PAAV_CaMKII_NES-his-CaMPARI2-
F391W-WPRE-SV40
PAAV_hSyn1_Flex_NES-his-CaMPARI2-
F391W-WPRE-SV40
PAAV-hSyn1-Flex-mRuby2-GSG-P2A-
GCaMP6s-WPRE-pA

This manuscript

This manuscript

Rose et al., 2016

N/A

N/A

Addgene: 68720

Software and algorithms

Prism

MATLAB

ImageJ/Fiji

Custom MATLAB Software

GraphPad
MathWorks

Fiji

This manuscript

RRID:SCR_002798
RRID:SCR_001622
RRID:SCR_002285

https://github.com/ntrojanowski/
CaMPARI2_Neuron2020

Other

Photoconversion light source
Fiberoptic Cable
Blue Fluorescent Protein Filter Cube

Prizmatix
Prizmatix
ThorLabs

Silver-LED-390B
Optogenetics Fiber-500-1.25
TLV-U-MF2-BFP

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact (turrigiano@

brandeis.edu)

Materials availability

Plasmids generated by this study have been deposited to Addgene (Addgene: 163698 and Addgene: 163699).

Neuron 709, 663-676.e1-e5, February 17, 2021 el


mailto:turrigiano@brandeis.edu
mailto:turrigiano@brandeis.edu
https://github.com/ntrojanowski/CaMPARI2_Neuron2020
https://github.com/ntrojanowski/CaMPARI2_Neuron2020

¢? CellPress Neuron

Data and code availability

The published article includes all data generated during this study. The raw electrophysiology and imaging data supporting the cur-
rent study have not been deposited in a public repository because there is currently no standardized format or repository for such
data, but are available from the corresponding author on request (turrigiano@brandeis.edu). All code has been deposited at
https://github.com/ntrojanowski/CaMPARI2_Neuron2020.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All procedures were approved by the Institutional Biosafety Committee and the Institutional Animal Care and Use Committee at
Brandeis University, and conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
C57BL/6J and B6;C3-Tg(Scnnla-cre)3Aibs/J mice were housed on a 12/12 light/dark cycle in a dedicated, climate-controlled
facility unless otherwise indicated. Food and water were available ad libitum, and animals were housed in groups of 2-4,
except for in the 24 hours following surgery. Mice of both sexes between postnatal days (P) 22 and 40 were used for all
experiments.

METHOD DETAILS

Virus construction
pPAAV_hSyn1_NES-his-CaMPARI2-F391W-WPRE-SV40 (AAV9), used in Figures 2, 5, and 7, was a gift from Benjamin Moeyaert and
Eric Schreiter, Janelia Research Campus.

pAAV_CaMKII_NES-his-CaMPARI2-F391W-WPRE-SV40 (AAV9), used for Figure 1, was made by the replacing the hSyn1 pro-
moter in pAAV_hSyn1_NES-his-CaMPARI2-F391W-WPRE-SV40 with a 0.4 kb CaMKII promoter fragment (Prakash et al., 2012),
then ligating CaMKII-CaMPARI2-WPRE-SV40 into a pAAV-MCS backbone (gift from Yasuyuki Shima and Sacha Nelson, Brandeis
University).

pAAV_hSyn1_Flex_NES-his-CaMPARI2-F391W-WPRE-SV40 (AAV9), used for Figures 3, 4, 6, and 8, was constructed by a ligating
vector inserts containing hSyn1-Flex-CaMPARI2-WPRE-SV40 (gift from Benjamin Moeyaert and Eric Schreiter) into the pAAV-
hSyn1-Flex-mRuby2-GSG-P2A-GCaMP6s-WPRE-pA backbone in place of the Flex-GCaMP6s-WPRE-pA (Addgene: 68720).

pAAV_CaMKII_NES-his-CaMPARI2-F391W-WPRE-SV40 (AAV9) and pAAV_hSyn1_Flex_NES-his-CaMPARI2-F391W-WPRE-
SV40 (AAV9) were packaged by Duke University Viral Vector Core.

Recording Solutions
All values are in mM. For ACSFs, osmolarity was adjusted to 310 mOsm with dextrose, and pH was adjusted to 7.35. For internal
recording solutions, osmolarity was adjusted to 295 mOsm with sucrose, and pH was adjusted to 7.35 with KOH or CsOH.

Standard ACSF: 126 NaCl, 25 NaHCOQ3, 3 KClI, 2 CaCl,, 2 MgSO,, 1 NaH,PO,, 0.5 Na-ascorbate (Miska et al., 2018).

Active ACSF: 126 NaCl, 25 NaHCO3, 3.5 KCI, 1 CaCl,, 0.5 MgCl,, 1 NaH,PO,, 0.5 Na-ascorbate (Maffei et al., 2004).

Choline ACSF: 110 Choline-Cl, 25 NaHCO3, 11.6 Na-ascorbate, 7 MgCl,, 3.1 Na-pyruvate, 2.5 KClI, 1.25 NaH,PO,4, and 0.5 CaCl,
(Ting et al., 2014).

K-Gluconate internal: 100 K-gluconate, 10 KCI, 10 HEPES, 5.37 biocytin, 10 Nay-phosphocreatine, 4 ATP-Mg, and 0.3 GTP-Na
(Lambo and Turrigiano, 2013; Miska et al., 2018).

Cs-methanesulfonate internal: 115 Cs-methanesulfonate, 10 HEPES, 10 BAPTA.4Cs, 5.37 biocytin, 2 QX-314 CI, 1.5 MgCl2, 1
EGTA, 10 Nas-Phosphocreatine, 4 ATP-Mg, and 0.3 GTP-Na (Miska et al., 2018).

Dark exposure and light re-exposure

Animals were raised normally until P21, then placed into a custom-built light-tight dark box for 60 hours (Torrado Pacheco et al.,
2019). After 60 hours, animals were either re-exposed to 1 hour of light before being anesthetized with ketamine/xylazine/aceproma-
zine and transcardially perfused, or were anesthetized and perfused immediately following removal from darkness.

Monocular deprivation

At either P21-P22 or P23-P24 (for 6- or 3-day MD, respectively), animals were lightly anesthetized with isoflurane and one eyelid was
sutured shut (as previously described, Miska et al., 2018; Hengen et al., 2013). Sutures were checked daily for integrity, and only mice
in which the sutures remained intact were used for experiments.

Stereotaxic virus injection surgery

Stereotaxic viral injections were performed between P15 and P17 under ketamine/xylazine/acepromazine anesthesia (Miska et al.,
2018). VIm was targeted using stereotaxic coordinates after adjusting for the measured lambda-bregma distance (3.7 mm caudal
from bregma, 2.5 mm lateral from midline, assuming a lambda-bregma distance of 4.2 mm). A glass pipette pulled to a fine point
delivered 400 nL of virus at the target depth of 3 mm through a targeted craniotomy.
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Cannula implantation surgery

Cannula implantation was performed between P22 and P25 under isoflurane anesthesia. Two small machine screws (303 Stainless
Steel Machine Screw, Antrin) were inserted into the skull for stability, then a fiberoptic cannulafabricated in-house (core diameter
250 pm, cannula diameter 1.25 mm, NA 0.66, length ~1 mm protruding from cannula, supplies from Prizmatix) was placed through
the craniotomy previously used for virus injection. Cannulas were inserted through the skull such that they entered the cortex, but did
not reach L5, with the goal of maximizing the light that reached L5 (where virus expression was highest) while minimizing cortical
damage (Figure S1). Cannulas were constructed by cutting fiberoptic fibers with 250 pm diameter to a length approximately
1.5 mm longer than the cannula. Fibers were then inserted into cannulas and glued such that the fiber protruded from the cannula
by ~1 mm on the side to be inserted into the animal, and the excess fiber on the other end of the cannula was removed. Finally, dental
cement was used to cover the skull and screws to anchor the cannula in place.

CaMPARI2 in vivo photoconversion

For in vivo photoconversion, a fiberoptic cable (Optogenetics Fiber —500-1.25, Prizmatix) was connected to the implanted cannula
and mice were transferred to a photoconversion arena containing ad libitum food and water. After at least 10 minutes of acclimation
to the arena, a 390 nm LED connected to the fiberoptic cannula (Silver-LED-390B, Prizmatix) was turned on for 30 minutes at
~0.25 mW.

Immunostaining

Animals used for immunostaining were deeply anesthetized with a ketamine/xylazine/acepromazine solution following photoconver-
sion, then transcardially perfused with chilled 4% paraformaldehyde (PFA) in 0.01M PBS. Brains were removed, then post-fixed in
PFA overnight before slicing into 50 pm thick coronal slices the following day. Slices were washed three times before being stored in
PBS with 0.05% NaNj at 4 C.

Slices were incubated in a blocking and primary antibody solution (0.3% Triton X-100, 0.05% NaNs, 1% BSA, anti-cFos (9F6, Cell
Signaling #2250, rabbit, 1:1000) in 0.01M PBS) for 24 hours. Anti-redCaMPARI2 (mouse, 1:1000, Janelia Research Campus) was then
added and slices were incubated overnight. The following day, slices were rinsed three times in PBS, then incubated for 2 hours in a
secondary antibody solution (1% BSA, AlexaFluor goat anti-rabbit 647 (Invitrogen, 1:300), AlexaFluor goat anti-mouse 555 (Invitro-
gen, 1:300) in 0.01M PBS). Slices were then rinsed three times, then mounted and coverslipped using Fluoromount-G (SouthernBio-
tech). Slides were allowed to dry overnight before imaging with 488 nm, 543 nm, and, 647 nm lasers on a Leica SP5 confocal
microscope.

Acute slice preparation

For acute slice experiments, mice were deeply anesthetized with isoflurane immediately following CaMPARI2 photoconversion (for
in vivo photoconversion experiments). 300 pm thick coronal slices containing V1 were obtained using a vibratome. After slicing in
carbogenated (95% O,, 5% CO,) standard ACSF (see above), the 300 um slices were immediately transferred to a warm (34 C) cham-
ber filled with a continuously carbogenated choline-based recovery solution (Choline-ACSF, see above). After 5 min, slices were then
transferred to warm (34 C) carbogenated standard ACSF and incubated another 30 min before being moved to room temperature.
Slices were used for electrophysiology within 6 hours of slicing.

CaMPARI2 ex vivo photoconversion

For ex vivo photoconversion experiments, slices were prepared as above. After incubation, a slice was placed on the recording rig in
carbogenated active ACSF (see above), then uniformly illuminated through a Blue Fluorescent Protein filter cube (TLV-U-MF2-BFP,
Thorlabs) at ~0.20 mW light (measured at 390 mn, the peak excitation frequency of the filter cube) for 30 minutes. The uniformity of
illumination allowed us to compare the red/green ratio between all neurons at similar slice depth. Active ACSF was replaced with
regular ACSF or regular ACSF containing synaptic blockers (see below) before starting the recordings.

Electrophysiology

Neurons were visualized on an Olympus BX51QWI upright epiflouresence microscope with a 10x air (0.13 NA) and 40x water immer-
sion objectives (0.8 NA) with infrared differential interference contrast (DIC) optics and an infrared CCD camera. V1m was identified
by the shape and morphology of the white matter. For experiments where CaMPARI2 photoconversion occurred either in vivo or
ex vivo, images of the relevant regions of each slice were captured in the red and green channels (mCherry and GFP filter cubes)
with the 40x objective before each experiment using a Hamamatsu C4742-95-12ERG camera. In experiments using a pan-neuronal
promoter driving CaMPARI2 expression, excitatory neurons were identified by their apical dendrite and teardrop shaped soma. All
recordings were performed on slices continuously perfused with carbogenated 34 C ACSF. Blockers and variations in ACSF compo-
sition used for each experiment are described below. Data were lowpass filtered at 6 kHz and acquired at 10 kHz with a Multiclamp
700B amplifier and a CV-7b headstage (Molecular Devices). Data were acquired using WaveSurfer (v0.953, Janelia Research
Campus, Louden County, VA), and were analyzed using custom MATLAB scripts (Hengen et al., 2013; Lambo and Turrigiano,
2013; Miska et al., 2018). Potentials were not adjusted for the liquid junction potential. In vivo firing rate data in Figure 2D from Hengen
et al., 2016 were reanalyzed by layer position of electrode, and plotted separately for all layers or for units from layer 4 only.
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Loose patch recordings

To measure spontaneous firing, neurons were recorded in a loose-patch configuration in active ACSF (see above). Pipettes with a 2-5
mQ resistance were filled with active ACSF, then used to form a weak seal (10-50 mQ) with the targeted neuron (Maffei et al., 2004).
Spontaneous spiking was then recorded from pairs of nearby neurons (either simultaneously or sequentially) for 15 minutes.

Intrinsic excitability measurements

To measure intrinsic excitability, we performed whole cell recordings with a K-Gluconate-based internal recording solution (see
above). Patch pipettes had resistances between 4 and 8 mQ. Synaptic currents were blocked by adding picrotoxin (PTX) at
25 uM, 6,7-dinitroquinoxaline-2,3-dione (DNQX) 25 uM, and (2R)-amino-5-phosphonovaleric acid (APV) at 50 uM to standard
ACSF to block y-aminobutyric acid (GABA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and N-methyl-d-
aspartate (NMDA) receptors, respectively. A small dc bias current was injected to maintain resting membrane potential around
—70 mV, and 500 ms current injections of increasing amplitude ranging from —100 pA to 400 pA in intervals of 20 pA were delivered
every 4 s (Desai et al., 1999). Neurons were excluded from analysis if they displayed Rs > 25 mQ, Vm > —50 mV, or Rin < 80 mQ.

Synaptic charge measurements

To measure excitatory and inhibitory synaptic charge, we performed whole cell voltage clamp recordings in active ACSF with a Cs-
methanesulfonate-based internal recording solution (see above). Patch pipettes had resistances between 4 and 8 mQ. In voltage
clamp, the reversal potential for inhibition was determined by first holding the cells at —50 mV, then decreasing the holding potential
in 5 mV increments until outward currents were not detectable. The procedure was then repeated for excitation, starting at —10 mV
and increasing in 5 mV increments. Cells were then held at the experimentally determined reversal potential for inhibition (between
—65mV and —50 mV) for 2 minutes, then switched to the experimentally determined reversal potential for excitation (between —5mV
and +10 mV) for 2 minutes. Three independent measurements at each potential were averaged for each neuron.

Paired recordings

To measure the strength of monosynaptic connections between L4 excitatory neurons, we performed whole cell recordings from up
to 4 neurons simultaneously with a K-Gluconate-based internal solution (see above). Following ex vivo photoconversion (see above),
the perfusion solution was switched back to regular ACSF to block background activity. After establishing stable recordings, we held
the postsynaptic neurons in voltage clamp at —80 mV, and switched the presynaptic neuron to current clamp. We then elicited 5 ac-
tion potentials at 10 Hz, and repeated this stimulation 10 times at 10 s intervals. Each neuron was treated as the presynaptic neuron
for one round of this protocol, then the entire protocol was repeated to obtain 20 traces for each cell and averaged. Neurons were
considered connected if a postsynaptic response exceeding 2 pA was detected in the averaged traces.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spontaneous firing rates

Spontaneous firing rates were measured by dividing the total number of action potentials detected during a 15-minute period by the
total recording duration. Neurons that did not fire any action potentials during the recorded period were discarded, as their health
could not be verified with loose patch recordings. Thus, we are likely undersampling very low firing rate neurons with this procedure.
If only one of the pair of neurons fired action potentials during the recording period, this pair was excluded from the paired analysis
though the active neuron was still included when calculating the firing rate distribution.

Intrinsic excitability measurement

Mean instantaneous firing rates were calculated by taking the inverse of the mean interval between action potentials. Rheobase was
defined as the minimum current (in 20 pA intervals) necessary to drive action potential firing within 500 ms. Action potential threshold
was defined to be the voltage at which the action potential slope first exceeded 20 V/s. Spike and after-hyperpolarization amplitudes
were calculated relative to action potential threshold. Mean rise and decay slopes were calculated between threshold and peak de-
polarization, and between peak depolarization and trough after-hyperpolarization. Sag percentage is 1 minus the percentage change
between peak hyperpolarization and steady state hyperpolarization for a —100 pA current injection. Adaptation index was calculated
by dividing the difference between consecutive inter-spike intervals by the sum of those intervals, then average those values across
the spike train.

Synaptic charge and event measurement

To measure the total synaptic charge, it was necessary to first subtract the baseline current. To ensure that we were still capable of
detecting small synaptic events, we sought to remove the contributions of noise transients as accurately as possible. We first plotted
a histogram of all current values, after correcting for baseline drift. For excitatory events, all values on the positive side of the peak of
the histogram represent noise, since only inward currents are observed at the experimentally determined reversal potential.
Assuming that the noise was symmetrically distributed around the peak of the histogram, we then calculated the integral under
the negative side of the histogram, then subtracted the values equivalent to the positive-going noise. We used an equivalent
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approach to calculate the total inhibitory current. To measure amplitudes of well-isolated synaptic events, all events in which the start
point was more than 10 pA from the baseline were removed.

Paired recordings

For paired recordings, each neuron was stimulated 20 times while recording the postsynaptic responses in up to 3 other neurons from
the same layer. These synaptic amplitudes were averaged across trials. To quantify short term plasticity, we fit a single exponential
decay curve to the 5 peaks of the averaged current traces.

CaMPARI2 photoconversion ratio measurement in acute slices

Except for simutaneous recording and photoconversion experiments, CaMPARI2 photoconversion ratio in acute slices was
measured in standard ACSF so that the Ca?*-dependent fluorescence changes, which are independent of Ca?*-dependent photo-
conversion (Moeyaert et al., 2018), were minimized. Using the AAV9 serotype, we found that virus expression was strongest in L5,
using either the hSyn1 or CaMKII promotor. Since acute slices are relatively thick and CaMPARI2 is not localized to the soma, we
observed considerable background when using these pan-neuronal or pan-excitatory promotors. Therefore, to more accurately
measure the green and red fluorescence from each cell we used Imaged to perform rolling ball subtraction to reduce the background
fluorescence. We then manually outlined the somas of cells that we recorded from and calculated their red/green ratio. For electro-
physiology experiments, pairs of cells were only used for analysis if their red/green ratio differed by more than 10%. For MD exper-
iments, red/green ratio for each cell was normalized to the total (red + green) fluorescence of each cell.

Immunohistochemistry quantification

Red CaMPARI2 fluorescence is quenched by PFA fixation, but can be recovered with an antibody for the red form. Therefore, for all
experiments using fixed tissue, we measured green endogenous fluorescence and red immunolabeled fluorescence. To measure the
intensity of CaMPARI2 green and red signals and cFos staining, we manually traced the area around all cells in an ROI selected
directly below the cannula, in L5. Each region contained approximately 30 neurons. Cell somas were outlined in the green channel,
and the mean fluorescence was measured across all three channels. Values for each channel were then normalized to the cell with the
lowest expression level. The red/green ratio was calculated by taking the ratio of these values.

To measure CaMPARI2 red and green levels in fixed tissue following in vivo photoconversion, adjacent 40 um by 80 um regions of
interest were selected from L5, in the region below the cannula (Figure S1), starting underneath the center of the cannula. These rect-
angular regions were used to allow us to account for out of focus neurons and fluorescence of background processes, as well as cell
somas that were in focus, in order to provide a more accurate representation of the red and green CaMPARI2 levels at each position.
Red and green fluorescence intensity was normalized according to the brightest values in each slice.

Statistical Analysis

Exact sample sizes, definition of sample sizes (cells, pairs, number of slices, number of animals), and statistical tests used are listed in
each figure legend. Data analysis was performed using in house scripts in MATLAB, or using GraphPad Prism (Hengen et al., 2013;
Miska et al., 2018). Individual data points indicate measurements from single neurons, unless otherwise noted. Error bars represent
SEM. Statistical significance was defined as a p value less than 0.05. Data were tested for normality using a Shapiro Wilk normality
test, and compared with a paired t test (for paired, normally distributed data), Wilcoxon signed rank sum test (paired, non-normally
distributed data), Mann Whitney U test (non-paired, non-normally distributed data), or Spearman’s rank correlation (non-normally
distributed regression analysis). To measure the differences in paired connectivity, we used a %2 for contingency test. For measuring
the distributions of synaptic event amplitudes and inter-event intervals in Figures 7 and S5, respectively, an equal number of events
were then randomly selected from recordings from each neuron. This random selection was performed 1000 times, then the average
cumulative distributions of these trials were used to calculate statistical significance using the Kolmogorov-Smirnov test. Violin plots
were created using publicly available MATLAB code (Hoffman, 2015).
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