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ABSTRACT

Background: Fluorescence imaging is a widely used technique that permits for cell-type-specific recording from
hundreds of neurons simultaneously. Often, to obtain cell-type-specific recordings from more than one cell type,
researchers add an additional fluorescent protein to mark a second neuronal subpopulation. Currently, however,
no consensus exists on the best expression method for multiple fluorescent proteins.

New Method: We optimized the coexpression of two fluorescent proteins across multiple brain regions and mouse
lines.

Results: The single-virus method, a viral injection in a double transgenic reporter mouse, results in limited
fluorescent coexpression. In contrast the double-virus method, injecting a mixture of two viruses in a Cre driver
mouse, results in up to 70 % coexpression of the fluorescent markers in vitro. Using the double-virus method
allows for population activity recording and neuronal subpopulation determination.

Comparison with Existing Method: The standard for expressing two fluorescent proteins is to use a double trans-
genic reporter mouse with a single viral injection. Injecting two viruses into a Cre driver mouse resulted in
significantly higher coexpression compared to the standard method. This result generalized to multiple brain
regions and mouse lines in vitro, as well as in vivo.

Conclusion: Efficiently coexpressing multiple fluorescent proteins provides population activity while identifying a
neuronal subpopulation of interest. The improved coexpression is applicable to a wide breadth of experiments,
ranging from engram investigation to voltage imaging.

1. Introduction

The mammalian brain is comprised of a diverse population of neu-
rons, which together form neural circuits enabling cognitive function.
Different types of neurons exist within small spatial volumes, each with
unique morphology, electrophysiology, and connectivity (Zeng and
Sanes, 2017; Luo et al., 2018). Individual subpopulations across various
brain regions have been shown to play specific computational roles and
are implicated in numerous disease states (Hnasko et al., 2012; Tan
et al., 2012; Urban-Ciecko and Barth, 2016; Ferguson and Gao, 2018;
Adler et al., 2019; Surmeier, 2018). Diseases such as major depression
and schizophrenia are linked to dysregulation of excitation and inhibi-
tion, which are mediated by distinct classes of neurons (Benes and
Berretta, 2001; Gao and Penzes, 2015; Fogaca and Duman, 2019). While
the properties of single excitatory and inhibitory neurons have been
established, how these neurons interact to perform computations re-
mains unclear. Furthermore, the set of inhibitory neurons is not homo-
geneous. For example, parvalbumin-positive (PV) interneurons are
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generally fast firing and provide direct inhibition to cell bodies, while
somatostatin-positive (SOM) interneurons generally project to pyrami-
dal cell dendrites and other inhibitory neurons (Hertag and Sprekeler,
2019; Swanson and Maffei, 2019). Understanding the dynamics and
interactions of different classes of neurons in local circuits is crucial for
unraveling neuronal processing in the brain and elucidating mechanisms
underlying neurological disease states.

Molecular biology provides tools to distinguish and record from
subpopulations of neurons based on their genetic profile. The Cre-Lox
system leverages cell-type-specific genes to restrict expression of exog-
enous genetic material to a desired set of neurons (Sauer, 1998; Gong
et al., 2007; Feil et al., 2009). A distinct neuronal subpopulation can be
marked fluorescently, providing anatomical and physiological data.
These investigations have aided researchers in unraveling the network
dynamics of specific neuronal subpopulations, including ocean and is-
land cells in the medial entorhinal cortex (Kitamura et al., 2014, 2015)
and mossy cells in the dentate gyrus (Danielson et al., 2017). Although
imaging subpopulations allows for characterization of the specific cell
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type, it ignores the relationship between the cell type of interest and the
population.

In order to identify network —cell type interactions, researchers
incorporate multiple fluorophores. Typically, a static fluorophore is
used to mark the cell type of interest, while a spectrally distinct dynamic
fluorophore provides population activity data. Early dual-color imaging
studies combined a fluorescent dye with a genetically encoded activity
indicator (Marvin et al., 2013; Tischbirek et al., 2017), while more
recent imaging studies commonly use genetically encoded fluorophores
for both colors. Three methods exist to genetically express two fluo-
rophores: 1) a triple transgenic mouse line, 2) a single viral injection into
a double transgenic reporter mouse line, and 3) an injection of two vi-
ruses into a Cre driver mouse line. Creation of triple transgenic mice
involves complex experimental techniques such as pronuclear injection
and requires extensive validation (Ittner and Gotz, 2007; Dougherty
et al., 2012). Because of the experimental challenges, triple transgenic
mice are not widely used and will not be considered in this work. A
single viral injection into a double transgenic reporter mouse is the most
common form of expressing two fluorophores because reporter mice are
easy to obtain and viral injections are experimentally straightforward
(Peron et al., 2015; Hayashi et al., 2018; Garcia-junco-clemente et al.,
2019; Najafi et al., 2020; Tran et al., 2020). While a single viral injection
into a reporter mouse adequately expresses both fluorophores, often-
times the fluorophores are observed in distinct sets of cells with minimal
overlap. An injection of two viruses into a Cre driver mouse is also
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experimentally straightforward, though it has been used less frequently
(Gritton et al., 2019; Engelhard et al., 2020). Despite using longstanding
experimental techniques, the latter two methods have not been directly
compared.

In this work, we quantitatively investigate the methods for express-
ing two genetically encoded fluorophores in vitro and in vivo. We
compare the methods across mouse lines and brain regions. Our in vitro
and in vivo results indicate that expressing both fluorophores virally
yields optimal coexpression.

2. Results

2.1. tdTomato expression in Gad2-Cre mice is insensitive to injection
volume

Prior to investigating the expression of multiple fluorophores, we
first optimized the expression of a single fluorophore. Gad2-Cre mice
were injected with Flex-tdTomato in the somatosensory cortex. In mouse
cortex, Gad2 is expressed exclusively in GABAergic cells. Although as-
trocytes have been reported to express Gad2 in the brainstem and the
cerebellum, Gad2 positive astrocytes have not been observed in the
mouse cortex (Ishibashi et al., 2019). Additionally, the morphology of
the observed cells matches that of inhibitory neurons. The cortex was
selected because labeled cells were sparse enough to accurately quantify
while numerous enough to provide population estimates. A threefold

HCR

Overlay

Fig. 1. tdTomato expression levels in Gad2-Cre mice. (a) Transfection rates of tdTomato for 100, 200, and 300 nl viral injections of Flex-tdTomato in Gad2-Cre mice,
as well as double transgenic Gad2-Cre:LSL-tdTomato mice (n = 5, 7, 6, and 4 for 100 nl, 200 nl, 300 nl, and double transgenic, respectively. p = .76, Kruskal-Wallis H
Test). (b) Overlays show HCR staining of Gad2 in blue and tdTomato in red. All samples are taken from the somatosensory cortex. Scale bars: 100 pm. (c)
Representative images showing the transfected regions in the injected mice. Scale bars: 1 mm.
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range of injection volumes was tested. All sample groups had medians
between ~80-90 %, with none of the injection volumes resulting in a
significantly different percentage of GABAergic cells expressing tdTo-
mato. (Fig. 1a).

2.2. A single viral injection has similar expression to that of a double
transgenic reporter mouse

After determining that our range of injection volumes of Flex-
tdTomato did not impact expression, we sought to compare the trans-
fection rate of viral injections to that of double transgenic reporter mice.
To create the double transgenic mice, Gad2-Cre mice were crossed with
LSL-tdTomato mice. Hybridization chain reaction (HCR) in situ hybrid-
ization staining showed that the two methods expressed tdTomato at
similar rates. The median double transgenic transfection rate of 89 %
was similar to the median viral injection transfection rate of 88 % and no
statistical difference was found (p = .52). Both the double transgenic
and the viral transfection rates were comparable to the accuracy of HCR
probes, ~80—85 %, which provided evidence that the majority of
GABAergic cells express tdTomato (Choi et al., 2018). HCR in situ hy-
bridization does not label all GABAergic cells because mRNAs are
transient and a detectable amount of hybridization must occur. Due to
the uncertainty in the completeness of HCR in situ hybridization label-
ing, the percentage of tdTomato cells expressing GABA could not be
directly quantified. tdTomato could be expressed in non-GABAergic cells
if the Cre-Lox system were leaky or had germline recombination.
Outside of tamoxifen-inducible systems, minimal leak has been reported
(Stifter and Greter, 2020). Germline recombination results in major
changes in fluorescent reporter expression, though the observed
expression patterns match prior descriptions of GABAergic neurons in
the cortex (Douglas and Martin, 2017; Song and Palmiter, 2018). Since
neither of these potential pitfalls is likely, we concluded that cells
expressing tdTomato are GABAergic.

2.3. The experimental design to compare the expression of multiple
fluorescent proteins

After establishing parameters for expressing a single fluorophore, we
investigated two methods of introducing multiple fluorophores. In the
single-virus method, one virus is injected into a double transgenic
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reporter mouse, while in the double-virus method, a mixture of two
viruses is injected into a Cre driver mouse. In our experiments, tdTomato
was expressed in the Cre-producing neuronal subpopulation while
GCaMP, being under the Synapsin promoter, targeted all neurons
(Fig. 2). We next quantified the performance of the single- and double-
virus methods.

2.4. The double-virus method has higher coexpression than the single-
virus method in Gad2 mouse somatosensory cortex

To determine whether the single-virus method or the double-virus
method optimally expresses multiple fluorophores, we quantified the
coexpression for both methods in vitro. Only neurons expressing tdTo-
mato were considered for quantification because all tdTomato positive
cells should express GCaMP, while only a fraction of the GCaMP positive
cells should express tdTomato. The double-virus method resulted in a
significantly higher (p < .0001) percentage of neurons coexpressing
tdTomato and GCaMP. Samples in the single-virus method group had a
median coexpression of 14 %, while samples in the double-virus method
group had a median coexpression of 55 % (Fig. 3a).

Dual-color imaging is dependent on fluorophore coexpression
because both fluorophores must be present in order to classify a cell in
the subpopulation of interest and to record its activity. Dual-color im-
aging with minimal coexpression provides only population activity data,
which could be done with single color imaging. Low coexpression in the
single-virus method group thus eliminates the information gained by
including a cell-type-specific fluorophore. Alternatively, the double-
virus method shows high coexpression, allowing for subpopulation
identification and, when used in vivo, collection of population activity
data.

2.5. The double-virus method results in higher coexpression across mouse
lines and brain regions

After a disparity in coexpression was observed in Gad2 mouse cortex,
other mouse lines and brain regions were investigated. The double-virus
method resulted in higher coexpression in PV mouse cortex with 19 %
coexpression, while the single-virus method averaged 13 % coexpression
(Fig. 4a). Gad2 mouse hippocampus also showed higher coexpression
using the double-virus method, which averaged 28 % compared to 15 %
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Fig. 2. Schematic of the single-virus and double-virus methods. In the single-virus method, a double transgenic reporter mouse expressing tdTomato in the cell type
of interest is injected with Syn-GCaMP virus. In the double-virus method, a Cre driver mouse is injected with both Flex-tdTomato and Syn-GCaMP viruses.
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Expression in Gad2-Cre Mouse Somatosensory Cortex
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Fig. 3. In vitro comparison of coexpression in the somatosensory cortex of Gad2-Cre mice. (a) The double-virus method resulted in significantly more overlap than
the single-virus method (n = 13 and 15 slices for the single-virus and double-virus methods, respectively. p < .0001, Wilcoxon Rank Sum Test). (b) Representative
images of the single-virus and the double-virus methods. Circles indicate neurons expressing both GCaMP and tdTomato. Scale bars: 100 pm.

for the single-virus method (Fig. 4c). The difference in coexpression for
both sample groups reached statistical significance (p < .05). CaMKII-
Cre mice also showed more coexpression using the double-virus
method than the single-virus method. Due to the high density of CaM-
KII positive cells in the cortex, individual cells could not be reliably
identified for quantification (data not shown). Investigation of addi-
tional variables such as the fluorescent proteins expressed and the AAV
serotype are left to future studies, though we would expect results
consistent with our findings.

2.6. The double-virus method results in higher coexpression in vivo

After establishing that the double-virus method resulted in better
coexpression in vitro, we investigated the functionality in vivo. Both the
single-virus method and the double-virus method were used to observe
awake spontaneous activity in layer 2/3 somatosensory cortex. Cells
without at least one calcium event were excluded from analysis because
cells only expressing tdTomato cannot be distinguished from inactive
cells expressing both tdTomato and GCaMP. The percent of active,
GCaMP positive neurons expressing tdTomato was significantly higher
when using the double-virus method. The single-virus method had a
median coexpression of 1 % while the double-virus method had a me-
dian coexpression of 9 % (Fig. 5a). Sample traces were shown from cells
expressing only GCaMP and from cells coexpressing GCaMP and tdTo-
mato (Fig. 5b). Traces from cells exclusively expressing tdTomato were
not shown because tdTomato is a static fluorophore and thus the fluo-
rescence trace does not change over time. These data align with the in
vitro results and confirm that the double-virus method should be used
when expressing multiple fluorophores.

2.7. Determination of excitatory and inhibitory neurons using the double-
virus method

Using the data from the double-virus method group, we investigated
whether neurons could be classified as excitatory or inhibitory. In order
to discriminate excitatory and inhibitory neurons, tdTomato positive
cells must be GABAergic and tdTomato negative cells must be non-
GABAergic. As discussed previously, all of the tdTomato expressing
cells are GABAergic because the Cre-Lox system has very low leak levels.

Next, ~10 % of GCaMP positive cells expressed tdTomato, which is
comparable but below the 15-20 % of neurons reported to be GABAergic
in layer 2/3 somatosensory cortex (Tremblay et al., 2016). Because the
observed range of tdTomato-positive cells was below the reported
literature value, some GABAergic cells may not express tdTomato and
would then be erroneously classified as excitatory. Due to the high
number of excitatory neurons relative to the number of GABAergic
neurons, this small number of misclassifications should not impact
population level conclusions. Consequently, cells expressing tdTomato
were labeled as inhibitory and cells not expressing tdTomato were
labeled as excitatory. These data demonstrate one example of the
additional functionality provided by dual-color imaging using the
double-virus method.

3. Discussion

As experiments increasingly incorporate multiple fluorescent pro-
teins, determining the optimal expression method will allow for more
robust characterization of activity in specific cell types. Here we estab-
lished the double-virus method as the optimal method for introducing
multiple fluorescent proteins. Higher coexpression using the double-
virus method occurred in multiple brain regions and across mouse
lines. When using one static and one dynamic fluorophore, expressing
both fluorophores from viruses enabled activity data to be collected
from a greater number of cells in the population of interest. Physiolog-
ical measures of activity and coexpression in vivo confirmed the in vitro
results. Using the double-virus method, coexpression was robust enough
that cells could be classified as inhibitory or excitatory based on whether
the cell did or did not express tdTomato, respectively. The double-virus
method is significantly more effective than the single-virus method for
simultaneously collecting population and cell-type-specific activity.

The single-virus method expresses the two fluorophores in distinct
sets of cells, though, in contrast to the double-virus method, both fluo-
rophores were rarely observed in the same cell. We believe the lack of
coexpression in the single-virus method stems from asymmetric access
to cellular resources between fluorophores. Robust fluorophore
expression in separate cells verifies viral expression in double transgenic
mice, thus narrowing the potential mechanisms causing low coex-
pression to those involved in producing detectable levels of multiple
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Expression in PV-Cre Mouse Somatosensory Cortex
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Fig. 4. In vitro comparison of coexpression across mouse lines and brain regions. (a) In PV mouse cortex, coexpression is significantly higher using the double-virus
method than the single-virus method (n = 24 and 8 slices for the single- and double-virus methods, respectively. p < .05, Wilcoxon Rank Sum Test). (b) Repre-
sentative images of PV mouse cortex. Circles indicate neurons expressing both GCaMP and tdTomato. Scale bars: 100 pm. (¢) Gad2 mouse hippocampus showed
significantly higher coexpression using the double-virus method than the single-virus method (n = 22 and 7 for the single- and double-virus methods, respectively. p
< .05, Wilcoxon Rank Sum Test). (d) Representative images of Gad2 mouse hippocampus. Circles indicate neurons expressing both GCaMP and tdTomato. Scale bars:

100 pm.

fluorescent proteins in the same cell. Cells have a limited capacity to
produce and store proteins (Li et al., 2014; Kintaka et al., 2016), and
when this threshold is approached additional proteins are not expressed
(Buttgereit and Brand, 1995; Shah et al., 2013; Qian et al., 2017).
Double transgenic reporter mice express cell-type-specific fluorescent
proteins as juveniles (Lopez-Bendito et al., 2004; Besser et al., 2015),
resulting in mature mice containing high fluorophore levels prior to the
viral injection. Strong transgenic fluorophore expression occupies pro-
tein production capacity, which subsequently reduces the translation of
additional fluorophores in the subpopulation of interest. Viral expres-
sion is then limited to cells outside the subpopulation of interest. With at
most one fluorophore produced per cell, both fluorophores are observed

in the samples but coexpression is minimal. Because transgenic fluo-
rophore expression and viral fluorophore expression have inherently
different time courses, any combination of reporter mouse and viral
injection will have low coexpression, regardless of the mouse line or the
AAV serotype. To directly test the impact of asynchronous fluorophore
production on coexpression, two viruses could be injected at different
points in time with varying intervals between the injections. We predict
that longer intervals would increase resource asymmetry, resulting in
reduced coexpression.

In contrast to the single-virus method, the double-virus method in-
troduces both fluorophores simultaneously. Ideally the fluorophores
would express independently of each other, though the observed
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Expression in Gad2-Cre Mouse Cortex in vivo

a) b) Single-Virus

o arsas g st it i ] GCAMP |
A\\(M’\MM/‘WMW GCaMP+

Journal of Neuroscience Methods 351 (2021) 109064

Fig. 5. In vivo comparison of coexpression in the somatosen-
sory cortex of Gad2-Cre mice. (a) The percent of GCaMP neu-
rons expressing tdTomato is significantly higher using the
double-virus method than using the single-virus method (n =
4 and 6 mice for the single- and double-virus methods,
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coexpression indicates that negative effects between fluorophores exist.
The literature reports that 15-20 % of GCaMP positive cells should have
expressed both fluorophores (Tremblay et al., 2016), but when using the
double-virus method in vivo, only 8-12 % of cells were identified as such
(Fig. 5a). The lower coexpression is likely caused by variability in viral
transfection among the cells, which is unavoidable with a bolus injec-
tion. Some cells receive a high amount of one virus, which causes high
expression of the corresponding fluorophore (Cohen and Kobiler, 2016).
As demonstrated previously, strong fluorophore expression consumes
cellular resources, thus impairing production of a second fluorophore.
Despite lower fidelity when incorporating multiple fluorophores,
expression with the double-virus method remains high enough to record
population activity and identify the subpopulation of interest.

Beyond calcium imaging in two identified neural populations, the
double-virus method described here would be useful for other experi-
ments involving multiple genetically encoded proteins. Here, we high-
light two additional applications: voltage imaging and the study of
engrams. Voltage imaging resolves sub-threshold membrane fluctua-
tions, which provide insight into the internal state of the cell (Hochbaum
et al., 2014; Gong et al., 2015; Abdelfattah et al., 2019; Piatkevich et al.,
2019). When combined with a static cell-type-specific marker, voltage
indicators could elucidate the effect of population activity on the in-
ternal state of cells in the subpopulation of interest. Subsequently, these
data would also illuminate how millivolt fluctuations in specific cell
types impact network dynamics and animal behavior. To further un-
derstand the role of individual cell types, dual-color imaging could be
incorporated in engram studies. An engram is a physical memory trace
distributed throughout the brain (Liu et al., 2012; Roy et al., 2019).
Engram experiments traditionally involve behavior and histology (Liu
et al., 2014; Kitamura et al., 2017; Josselyn and Tonegawa, 2020),
though imaging has become increasingly prevalent as head-fixed setups
incorporate more behavioral accommodations (Milczarek et al., 2018;
Ghandour et al., 2019). Dual-color imaging provides the multi-faceted
information necessary to explore the relationship between cell types
and memory traces. In fact, one group already used dual- color imaging
to investigate the role of PV cells in engram formation across hippo-
campal subregions (Hainmueller and Bartos, 2018). Voltage imaging
and engram investigation represent just a few of the many experimental
areas which could incorporate dual-color imaging and the double-virus
method. As imaging technologies continue to advance, new
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opportunities to utilize multiple fluorophores will emerge.
4. Methods
4.1. Ethics

All experimental protocols were approved by the Boston University
Institutional Animal Care and Use Committee.

4.2. Surgeries

Mice were induced with 3.0 % isoflurane, then anesthesia was
reduced throughout surgery. The mouse’s body temperature was
maintained at 37 °C throughout the surgery using a temperature
monitored heating pad. The mouse’s eyes had ointment applied to
prevent drying. Mice used for in vitro experiments had a borehole drilled,
while mice that were imaged in vivo had a cranial opening (3 mm in
diameter) drilled above the somatosensory cortex. Viruses were injected
according to the viral injection procedure described in Section 4.3 and
left to diffuse throughout the tissue for 10 min before the syringe was
withdrawn. For in vivo imaging mice, a 1 mm aluminum cannula with a
glass coverslip attached was placed above the brain and dental cement
was used to secure the window. A custom headbar was attached to the
skull and the remainder of the exposed skull was covered with dental
cement. When applicable, the window was covered with tape to prevent
debris from entering. Mice received analgesia Buprenorphine (0.1-0.2
mg/kg) post-surgery every 12 h for 48 h.

4.3. Viral injections

Mice between two to six months of either gender were used for ex-
periments. The single-virus method used Gad2-Cre mice (The Jackson
Laboratory, stock #028867) or PV-Cre mice (The Jackson Laboratory,
stock #017320) with a C57BL/6 J background crossed with lox-stop-lox
tdTomato reporter mice (The Jackson Laboratory, stock #007914). Mice
were injected with 600 nl AAV9.Syn.jGCaMP7f.WPRE. The double-virus
method used Gad2-Cre mice (The Jackson Laboratory, stock #028867)
or PV-Cre mice (The Jackson Laboratory, stock #017320) with a C57BL/
6 J background injected with 600 nl AAV9.Syn.jGCaMP7{f.WPRE and
200 nl AAV9.FLEX.tdTomato. Viral titer experiments used Gad2-Cre
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mice specified previously injected with 100-300 nl of AAV9.FLEX.
tdTomato. Injections were placed stereotaxically at 1.4 mm posterior,
+/- 2 mm medial, and 500 pm below Bregma for cortical experiments
and 2 mm posterior, +/- 1.4 mm medial, and 1.6 mm below Bregma for
hippocampal experiments. A 10 pl syringe (World Precision In-
struments) with a 33-gauge needle (NF33BL; World Precision In-
struments) injected at 50 nl/min for the somatosensory hip experiments
and 100 nl/min for hippocampal experiments controlled by a micro-
syringe pump (UltraMicroPump 3-4; World Precision Instruments).

4.4. Transcardial perfusion and slicing

Three to six weeks post surgery, animals were sacrificed via trans-
cardial perfusion. Mice were anesthetized and .1 ml of Euthasol was
administered via intraperitoneal injection. When the mouse could no
longer feel pain, cold phosphate buffered saline (PBS) and then 4%
paraformaldehyde (Thermo Fisher Scientific) were transcardially
perfused through the mouse. The brain was extracted and kept in 4%
paraformaldehyde overnight before being transferred to PBS. 50 pm
coronal slices were obtained between -1 mm and -2 mm posterior from
Bregma for somatosensory cortex experiments and between -1.5 mm and
-2.5 mm posterior from Bregma for hippocampal experiments.

4.5. Hybridization chain reaction in situ hybridization

All reagents were purchased from Molecular Instruments. Samples
were pre-hybridized in probe hybridization buffer for 30 min. Samples
were then incubated in the probe solution overnight at 37 °C. Samples
were transferred to amplification buffer and left at room temperature for
30 min. Hairpins for Gad2 were snap cooled by heating them to 95 °C for
90 s and cooling them at room temperature for 30 min. Samples were
then transferred from the amplification buffer to the hairpin solution,
which was left at room temperature overnight. Samples were succes-
sively transferred to solutions of 25 %, 50 %, 75 %, and 100 % SCCT
(saline-sodium citrate buffer with Triton X) in probe solution for 10 min
each at room temperature. Throughout all steps, samples were covered
in foil. Prior to imaging, samples were stored at 4 °C.

4.6. Immunohistochemical staining and confocal imaging

Slices were blocked in with 5 % normal goat serum (Thermo Fisher
Scientific) and 95 % PBST (PBS with .2 % v/v Triton X) for 1 h. Slices
were then transferred to wells containing primary antibody (1:1000
rabbit anti GFP:PBST (Thermo Fisher Scientific)) and left at 4 °C for 24
h. Slices were washed three times for 10 min in PBST. They were then
transferred to wells containing secondary antibody (1:500 Alexa 488
goat anti-rabbit:PBST, Thermo Fisher Scientific) and left in the dark for 2
h. Slices were mounted on slides using Vectashield (Vector Laboratories)
and sealed with a coverslip. Slides were left to dry for at least one day
prior to imaging. Imaging was conducted on an Olympus FV3000 mi-
croscope using a 20x air objective. Z stacks with 5 pm step size were
acquired starting at the bottom of the tissue and ending at the top of the
tissue.

4.7. Two photon in vivo imaging

Mice were handled for 10 min per day for 3 days prior to imaging to
reduce stress associated with head fixation. Mice were then head fixed to
a custom aluminum frame and placed on a low-friction treadmill to
allow the mouse to run freely during imaging. A dark and quiet imaging
environment was maintained throughout imaging. Thorlabs software
controlled a mode locked Ti:Sapphire laser (Chameleon Ultra II;
Coherent) which was used to image the mice at wavelengths between
900 and 920 nm. Two photo-multiplier tubes (Hamamatsu) with red and
green filters were used to simultaneously collect the respective wave-
length activation. Images were obtained using a 16x, .8 numerical
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aperture water immersion objective at 29.2 frames per second with a
field of view of 500 x 500 pm. Imaging sessions were 5000 frames long.

4.8. Image analysis

Confocal image analysis was completed using ImageJ and the open
source CellCounting package (https://github.com/ZachPenn/CellCount
ing). ImageJ was used to project the Z stacks into a single plane based on
the image standard deviations throughout the stack. Images were then
transferred to the CellCounting software, where the provided scripts
were modified and the parameters were fit to each image set. Only re-
gions containing fluorescence were considered for quantification. Cells
with at least 50 % overlap were considered as coexpressing both
fluorophores.

Two photon image analysis was completed using a pre-published
package, CalmAn (Giovannucci et al., 2019), in the Python program-
ming language. CalmAn implements a combination of rigid motion
correction to correct for brain motion as well as calcium image source
separation based on constrained non-negative matrix factorization to
identify regions of interest. Both spatial and temporal patterns are used
to identify regions of interest. dF/F fluorescence traces were extracted
from each region of interest. The green channel was used for region of
interest identification and trace extraction while the red channel was
used for classification of regions of interest as tdTomato-positive or
-negative. To determine whether a cell expressed tdTomato, the
weighted regions of interest were multiplied by the corresponding in-
tensities in the red channel summary image. Summary images were
produced by taking the mean fluorescence over time. If the resulting
tdTomato intensity in the cell was more than two standard deviations
above the mean fluorescence in the red channel summary image, then
the cell was considered tdTomato-positive.
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