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Abstract

Inducible and reversible regulation of gene expression is a powerful approach
for unraveling gene functions. Here, we describe the generation of a system to
efficiently downregulate in a reversible and inducible manner the Pvalb gene
coding for the calcium-binding protein parvalbumin (PV) in mice. We made use
of an IPTG-inducible short hairpin RNA to activate Pvalb transcript knockdown
and subsequently downregulate PV. The downregulation was rapidly reversed
after withdrawal of IPTG. In vitro and in vivo experiments revealed a decrease in
PV expression of >50% in the presence of IPTG and full reversibility after IPTG
removal. We foresee that the tightly regulated and reversible PV downregulation in
mice in vivo will provide a new tool for the control of Pvalb transcript expression in a
temporal manner. Because PV protein and PVALB transcript levels were found to be
lower in the brain of patients with autism spectrum disorder and schizophrenia, the
novel transgenic mouse line might serve as a model to investigate the putative role of

PV in these neurodevelopmental disorders.
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years due to their emerging role in neuropsychiatric disorders
such as schizophrenia and autism spectrum disorder (ASD)

For decades, mouse models are considered as powerful re-
search tools, due to the genome similarity they share with hu-
mans (Yue et al., 2014) and the possibility to correlate results
from mouse experiments to human biology. Furthermore, the
mouse genome is easily accessible to manipulation and since
1974 (Jaenisch & Mintz, 1974), the number of transgenic
mouse lines carrying mutations that lead to a gain- or loss-of-
function for a specific gene is constantly increasing.

The subpopulation of PV-immunoreactive (PV*') neu-
rons, hereafter called Pvalb neurons (irrespective of PV ex-
pression levels), have become very popular in the last few
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(Ferguson & Gao, 2018; Marin, 2012). The study of Pvalb
neurons is facilitated by the availability of several transgenic
mouse lines; up to date, fluorescent protein expression such
as GFP or RFP have been targeted to Pvalb neurons to fa-
cilitate their direct identification (Kaiser, Ting, Monteiro,
& Feng, 2016; Meyer, Katona, Blatow, Rozov, & Monyer,
2002); in addition, mouse lines expressing the Cre-recombi-
nase (Hippenmeyer et al., 2005) selectively in Pvalb neurons,
as well as PV-knockout (PV_/_) mice (Schwaller et al., 1999)
are available from common repositories.

Nevertheless, studying PV function in mice is still chal-
lenging. The difficulty is based on the fact that, despite the
availability of knockout models and/or Cre-expressing lines,
a temporal-inducible and reversible control of the Pvalb gene
expression is still missing. Here, we report a method for Pvalb
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transcript knockdown in an inducible and reversible manner,
combining the use of short hairpin RNA and lentiviral-me-
diated transgenesis. We provide evidence for the efficacy of
our system in vitro, in ex vivo fibroblasts isolated from mice
carrying the transgene and finally, present proof-of-princi-
ple data that reversible Pvalb regulation is also occurring in
transgenic mice in vivo.

2 | METHODS AND MATERIALS
2.1 | Generation of Phage2-PV and Short
hairpin RNAs

The plasmids for lentivirus (LV) production were ob-
tained from Addgene and included Phage2—Cre reporter
(plasmid #62732 (D'Astolfo et al., 2015)), mRFP1-C1
coding for monomeric red fluorescent protein (Plasmid
#54764 (Campbell et al., 2002)), envelope vector
pMD2.G-VSVG, and packaging vector psPAX2 (gift
from Didier Trono, plasmids #12259 and #12260, re-
spectively). Briefly, the rat Pvalb coding sequence
(CDS) was cloned into Phage2 using the Notl and
BamHI sites. Pvalb CDS (330 bp) was amplified from
the pCMV-PV plasmid (D'Orlando et al., 2001) using
the primers Notl-PV (5'-AGTCGCGGCCGCATGTCG
ATGACAGACTT-3") and BamHI (5'-AGTCGGATCC
TTAGCTTTCGGCCACCAGAGT-3") and inserted into
the Phage2 vector to produce the final lentiviral plasmid

(@
+  Switch OFF (No shRNA induction)

NO IPTG
translation

named Phage2-PV. A Phage2-mRFP-PV LV was also
created to visualize PV distribution in live cells, more
precisely of the fusion protein RFP-PV. Pvalb CDS was
first subcloned into the mRFP-CI1 plasmid using Sall
(5'-ATCAGTCGACTCGATGACAGACTTGCTC) and
BamHI (5'-AGTCGGATCCTTAGCTTTCGGCCACCAG
AGT) sites. Then, the mRFP-PV insert was cloned into the
Phage2 vector as described above.

The Isopropyl-p-D-thio-galactoside (IPTG)-inducible LV-
shRNA plasmid coding for sShRNA against mouse Pvalb named
3X-LacO-pLKO.1-shPV22 (named according to the last two dig-
its of The RNAi Consortium number TRCN0000104822) was
purchased from Sigma-Aldrich, Buchs, Switzerland. An IPTG-
inducible shRNA plasmid coding for shRNA against Turbo-GFP
and not complementary to any mouse sequence was used as
control. To facilitate the identification of cells transfected with
the shRNAs both in vitro and in vivo, the puromycin resistance
cassette was replaced with the one coding for the enhanced green
fluorescent protein (eGFP), using BamHI and SbfI sites. Plasmid
maps of the inducible vectors are depicted in Figure 1. The eGFP
plasmid was obtained from Prof. Trono's lab (EPFL, Lausanne,
Switzerland). All plasmids were verified by DNA sequencing.

2.2 | Lentiviral production, cell
transduction and in vitro tests

Lentiviral vectors for in vitro experiments were produced in
HEK?293T cells according to the protocol described before

- hFI';' | ecFp ﬁ—{ hu%tc: | shRNA |
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Schematic representation of the genetic system used to achieve inducible and reversible ShARNA expression in vitro and in vivo.

(a) The IPTG-inducible vector contains lac operon (LacO) sequences responsible for tight regulation and gene silencing. In the absence of IPTG,

the Lacl repressor binds to LacO preventing the expression of the shRNA. (b) In the presence of IPTG, the Lacl repressor changes conformation,

releasing itself from the LacO sites of the modified human U6 promoter and subsequently allowing for the expression of the Pvalb or TurboGFP

shRNA. eGFP, enhanced green fluorescent protein; shRNA, short hairpin RNA. [Colour figure can be viewed at wileyonlinelibrary.com]
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(Kutner, Zhang, & Reiser, 2009). Briefly, the plasmids car-
rying transgene sequences (see above), the envelope vector
pMD2.G-VSVG and the packaging vector psPAX2 (ratio
10:3:8 pg) were co-transfected in HEK293T cells. LV-con-
taining medium was collected 48 and 72 hr after transfection
and filtered through 0.45 pm polyethersulfone (PES) filters,
then aliquoted and stored at —80°C.

Murine RN5 mesothelioma cells isolated as described be-
fore (Blum et al., 2015) or isolated primary mouse lung fibro-
blasts (Seluanov, Vaidya, & Gorbunova, 2010) (see below),
cultured in DMEM (GIBCO, Basel, Switzerland) supple-
mented with 10% fetal bovine serum (FBS; Gibco) and 100 U/
ml penicillin and 100 pg/ml streptomycin (1% PS; Gibco),
were used for the in vitro/ex vivo experiments, respectively.
RNS cells were seeded in six-well plates and cotransduced
with Phage2-PV resulting in cells hereafter named RN5-PV
cells containing either one of two different inducible lentiviral
constructs: 3X-LacO-eGFP-shPV22, 3X-LacO-eGFP-shTur-
boGFP (negative control). Primary mouse lung fibroblasts
from transgenic mice (lines: 277_F3 and 284_F3, see below)
were transduced with Phage2-PV or Phage2-mRFP-PV.

Cell growth (confluence) and green fluorescence were
monitored by the Incucyte Live Cell Imaging System
(Essen Bioscience, Michigan). Isopropyl-p-p-thio-galacto-
side (IPTG; 1 mM; Sigma-Aldrich) was added to the culture
medium of both RNS5 cells and fibroblasts after eGFP expres-
sion was detectable by the Incucyte Imaging system. Medium
containing fresh IPTG (1 mM) was changed every 2-3 days;
IPTG did not affect cell growth (data not shown). RN5-PV
cells were harvested day by day for five consecutive days. On
the fifth day of harvesting, part of the cells were split and kept
in culture in medium without IPTG and collected day by day
for 5 days. PV downregulation and PV re-expression were
analyzed by western blot and RT-qPCR analyses. Primary
mouse lung fibroblasts were cultured in the presence of IPTG
for 7 days; PV downregulation was analyzed by western blot.

2.3 | Generation of the mouse line
B6PV - Tg(hPGK-eGFP/Rnai; Pvalb)'s™

All experiments were performed with permission of
the local animal care committee (Canton of Fribourg,

Sequence detected Primer pairs

WPRE WPRE _forward
WPRE_ reverse

TITIN Titin_ forward
Titin_ reverse

eGFP eGFP_ forward

eGFP_ reverse

Primer sequence
GGCACTGACAATTCCGTGGT
AGGGACGTAGCAGAAGGACG
AAAACGAGCAGTGACGTGAGC
TTCAGTCATGCTGCTAGCGC
ACG TAA ACG GCC ACA AGT TC
AAG TCG TGC TGC TTC ATG TG

Switzerland) and according to the present Swiss law
and the European Communities Council Directive of 24
November 1986 (86/609/EEC). B6.129P2-Pvalb™!(
AT mice, also known as PV-Cre mice (Hippenmeyer
et al., 2005), were housed in temperature-controlled ani-
mal facilities (24°C, 12:12 hr light/dark cycle), at the
University of Fribourg, Switzerland and fed ad libitum.
Three-week-old female mice and competent male breed-
ers were sent to the Transgenic Core Facilities of EPFL,
Lausanne, Switzerland, where the lentiviral transgenesis
in vivo was performed according to the protocol described
in Barde, Verp, Offner, & Trono, (2011). As the efficiency
of transgenesis strongly depends on the quality and titer
of the lentiviral vectors, 3X-LacO-eGFP-shPV22 and
3X-LacO-eGFP-shTurboGFP vectors for the in vivo ex-
periments were produced and purified at the transgenic
core facilities of EPFL, as described previously (Barde,
Salmon, & Trono, 2010). Transgenic mice were generated
by injection of LV into the perivitelline space of supero-
vulated PV-Cre mice and pups were genotyped by qPCR
(Table 1) to check for the presence and relative quantity
of the transgene, according to the protocol described in
Barde et al. (2011).

Mice showing consistent and robust expression of eGFP
(Table 2) were mated with PV-Cre mice to establish geneti-
cally stable lines. Transgene-carrying mice in the offspring
were identified based on eGFP expression of cells obtained
by peritoneal lavage, using a protocol modified from Bot et al.
(2003)). Briefly, mice were anesthetized with isoflurane and
were injected in the peritoneal cavity with 3-5 ml of Ca’*-
and Mg2+-free Dulbecco's PBS (Gibco, Basel, Switzerland)
and peritoneal aspirates were collected. Mice were returned
to their home cage and monitored until complete recovery
to the awaken state. Peritoneal aspirates (200 pl) were then
cultured in DMEM and green fluorescence was monitored by
the Incucyte Live Cell Imaging System.

IPTG was applied i.p. to eGFP" mice from the F2 and
F3 generations at a dose of 1 mg in 200 pl (three injections,
one every 3 days; (modified from Grespi, Ottina, Yannoutsos,
Geley, & Villunger, 2011). Following treatment, mice were
killed via cervical dislocation and brains were harvested, dis-
sected and stored at —80°C until use.

TABLE 1

genotyping of transgenic animals obtained

qPCR primers for the

by lentiviral-mediated transgenesis
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TABLE 2 Transgenic founder mice (FO) from lentiviral-mediated transgenesis

Strain/animal ID eGFP? cells Copy number Strain/animal ID eGFP™ cells Copy number
B6PV-Cre shPV22_ 277 24.7 52 B6PV-Cre shTurboGFP_181 0.2 3.5

B6 PV-Cre shPV22 283 2.6 >10 B6PV-Cre shTurboGFP_236 0.6 >10
B6PV-Cre shPV22_284 13.1 >10 B6PV-Cre shTurboGFP_243 42 0.1

B6PV-Cre shPV22_491 0.2 >10 B6PV-Cre shTurboGFP_522 0.1 2.0
B6PV-Cre shPV22_509 0.1 6.0 B6PV-Cre shTurboGFP_521 0.1 >10
B6PV-Cre shPV22_494 13.5 >10 B6PV-Cre shTurboGFP_524 53 1.3

Note: The F1 generation from the founders (bold) was selected for further breeding.

24 | Immunohistochemistry and western
blot analysis

Mice were perfused to determine the distribution of the con-
stitutive expression of the transgene (eGFP) by immuno-
fluorescence staining on brain sections. Mice were deeply
anesthetized (Esconarkon (1 ml/kg, diluted with NaCl 0.9%),
Streuli Pharma AG, Uznach, Switzerland) and perfused with
0.9% saline solution followed by 4% PFA. Brains were re-
moved and post-fixed for 24 hr in 4% PFA before cryopreser-
vation in 30% sucrose-TBS at 4°C. Coronal sections (40 pm)
were cut using a freezing microtome (Frigomobil, Reichert-
Jung, Vienna, Austria) and first incubated with TBS 0.1 M,
pH 7.6, plus 0.4% Triton X-100 and 10% newborn calf serum
(NBS) for 1 hr at room temperature, then washed three times
with TBS 0.1 M, and incubated with PV antibody (guinea pig
anti-PV72, 1:1000; Swant, Marly, Switzerland), rabbit anti-
GFP (1:1000, Molecular Probes; Thermo Fisher Scientific,
Reinach, Switzerland), guinea pig anti-S 100p (1:500; Synaptic
Systems, Gottingen, Germany) or mouse anti-NeuN (Abcam,
Ab177487, 1:1000) in TBS 0.1 M overnight at 4°C. Sections
were washed once with TBS, then twice with Tris-HCIl, pH
8.2, and incubated protected from light at room tempera-
ture with species-specific fluorophore-conjugated second-
ary antibodies: guinea pig Cy3-conjugated antibody, rabbit
Alexa488-conjugated antibody and mouse Cy3-conjugated
antibody (1:200 dilution; Milan Analytic AG, Switzerland)
in Tris-HCI. Nuclei of fixed cells were stained with DAPI
(1:500 dilution; LuBio Science GmbH, Luzern, Switzerland)
in 0.1 M PBS, pH 7.3. After rinsing, slides were coverslipped
with Hydromount (National Diagnostics, Atlanta, GA, USA).
Western blots were performed as described before (Filice,
Vorckel, Sungur, Wohr, & Schwaller, 2016). Protein extracts
(50 pg) were loaded on SDS-PAGE gels (12.5% polyacryla-
mide) and transferred onto nitrocellulose membranes (MS
solution; Chemie Brunschwig, Basel, Switzerland). The mem-
branes were then blocked in 5% non-fat milk in TBS-T for
60 min at room temperature and incubated with primary anti-
body rabbit anti-PV25 (Swant) diluted 1:10,000 in 2% non-fat
milk in TBS-T overnight at 4°C. Membranes were washed
three times in TBS-T and incubated for 1 hr with secondary

antibody (goat anti-rabbit IgG HRP conjugated; Sigma-
Aldrich) diluted at 1:10,000 in TBS-T. Finally, membranes
were repeatedly rinsed in TBS-T and developed using ECL
(Merck Millipore, Schaffhausen, Switzerland). Bands visual-
ized by ECL were quantified using Alpha VIEW SA software
(CA, USA). The levels of PV signals were normalized using
the integral of total protein signals per sample of the Ponceau
Red-stained membranes as described before (Gilda & Gomes,
2013). Statistical analysis was performed using GraphPad
Prism 7 software (San Diego, CA, USA), applying Student's
t test to compare protein levels between control and IPTG-
treated mice. p-Values < 0.05 were considered statistically
significant.

3 | RESULTS

3.1 | Generation and characterization
of plasmids allowing for modulation of PV
expression

We aimed to generate a transgenic mouse model, in which
the Pvalb gene can be regulated in an inducible and revers-
ible manner. For this, a commercially available and validated
shRNA against mouse Pvalb was cloned into a plasmid con-
sisting of an IPTG-inducible lentiviral backbone engineered to
contain: (a) a reporter cassette encoding eGFP independently
translated through the commonly used human 3-phosphoglyc-
erate kinase (hPGK) promoter, (b) a Lacl repressor and (c) a
modified human U6 shRNA promoter with LacO (operator)
sequences (Figure 1). The shPvalb sequence is complemen-
tary to the region from 156 to 174 of the CDS of the mouse
Pvalb sequence (NM_001330686.1; CDS: 93-425). To deter-
mine the efficiency of the IPTG-inducible system in vitro, we
stably overexpressed PV in RNS5 cells. RN5-PV cells were
then transfected either with the inducible 3X-LacO-eGFP-
shPV22 (hereafter shPV22) or 3X-LacO-eGFP-shTurboGFP
plasmids (control vector, hereafter shTurboGFP). In the
transfected cells, eGFP expression was detectable after 24 hr
(Figure 2a). Cells were then treated with IPTG for 5 days;
such a treatment had no effect on PV protein expression lev-
els in RN5-PV cells transfected with the plasmid coding for
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FIGURE 2

(a) Murine RN5-PV cells transfected with LV carrying shRNA (shPV22 or shTurboGFP) express the eGFP reporter protein. (al)

control RN5-PV cells (a2) RN5-PV cells transduced with LV containing the shPV22 sequences. (a3) RN5-PV cells transduced with LV containing
the shTurboGFP sequences. In all cases a brightfield (BF), a fluorescence (Fluo) and the merged (Merge) images are shown. (b) western blot
analysis (left) of PV protein levels in cultured RN5-PV cells (control (CTRL) defined as 100%; black bar) co-transfected with the inducible shPV22
cultured in the presence of 1 mM IPTG (gray bars) and after removal of IPTG (blue bars). GAPDH western blot signals were used as loading

controls and for normalization. In parallel, relative Pvalb mRNA levels (right) in LV-transduced RN5-PV cells were determined by RT-qPCR.
The Pvalb mRNA level of control RN5-PV cells was defined as 1.0. 18S rRNA RT-qPCR signals were used for normalization. *, *¥% and *#**
indicates significance (p < 0.05, p < 0.001 and p < 0.0001, respectively) versus non-IPTG-treated. A indicates significance (p < 0.05) versus

IPTG-treated day 5. eGFP, enhanced green fluorescent protein. [Colour figure can be viewed at wileyonlinelibrary.com]

shTurboGFP (Supporting Information Figure S1, upper part).
Quantification of PV signals with GAPDH serving as normal-
ization signal revealed no significant changes in PV expres-
sion levels (Supporting Information Figure S1, lower part);
also, eGFP fluorescence was not affected by the induction of
the shTurboGFP (not shown), as the target sequence of the
latter is not complementary to the eGFP sequence of the LV
construct used for transgenesis.

While eGFP expression remained stable also in RN5-PV
cells transfected with the shPV22, IPTG led to a time-de-
pendent decrease in PV protein levels; a significant decrease
by ~80% was observed from day 2 on, and remained similar
until day 5 under continuous IPTG treatment (Figure 2b,
gray bars), as evidenced by western blot analysis. When
cells were subsequently grown in medium without IPTG,
PV levels recovered to ~50% 2 days later (day 7) and to PV
levels prior to IPTG induction from day 9 on (Figure 2b,
blue bars). The time course of changes in Pvalb mRNA
levels determined by RT-qPCR showed an almost identical
profile: a rapid decrease to ~5% of control RN5-PV in the
presence of IPTG at day 4, followed by a rather quick recov-
ery after IPTG removal (Figure 2b, right part).

3.2 | Production of transgenic mice with
adjustable PV expression

Having verified the proper functioning of the lentiviral
shRNA vectors in vitro, transgenic mice were produced by
lentiviral transgenesis in vivo that is, injection of the vec-
tor-containing (shPV22 and shTurboGFP) LV beneath the

zona pellucida of fertilized oocytes of PV-Cre mice (Barde
et al., 2011). The selection of PV-Cre mice instead of wild-
type C57B1/6J mice allows crossing these mice at later stages
with transgenic lines with floxed genes, to enable specific
targeting of selected genes in Pvalb neurons. The copy num-
ber of the transgene, as well as the percentage of eGFP-posi-
tive (eGFP™) cells was determined in founder mice (F0) as
follows: 100 pl of blood were collected from the tail vein
of each transgenic animal; leucocytes were isolated and
analyzed by flow cytometry to measure the percentage of
eGFP* cells. The number of integrated transgene copies was
analyzed by qPCR using genomic DNA from white blood
cells, using the sequence of the woodchuck hepatitis virus
post-transcriptional response element (WPRE), present in
the lentiviral plasmid. For normalization, sequences of the
mouse Ttn gene coding for titin, known to be present at two
copies per genome (two alleles), were amplified (for a de-
tailed protocol see Barde et al., 2011). eGFP levels varied
considerably between founders (Table 2), likely due to po-
sitioning effects of the transgene and the copy number of
the integrated plasmid (Wilson, 1990). Within the group of
transgene-expressing FO mice, we chose the ones showing
highest eGFP* expression for further breeding. Six founders
(four for shPV22 and two for shTurboGFP, see Table 2) were
subsequently used to establish transgenic lines by breeding
them with PV-Cre mice. Three lines (#277 and #284 for
shPV22; #236 for shTurboGFP) were further bred to PV-Cre
mice until having offspring of the third generation (F3), as
transgene inheritance is generally unstable in early genera-
tions (Morton, Chaston, Baillie, Hill, & Matthaei, 2014). The
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identification of mice carrying the transgene in these genera-
tions was based on the visualization of eGFP" cells (using
the Incucyte Imaging system) from peritoneal aspirates. On
average, half of the progenies of >F3 generations were posi-
tive for eGFP, in line with Mendelian inheritance given that
the transgene is integrated at a single locus.

3.3 | Exvivo experiments with primary
fibroblasts from transgenic mice

As the hPGK promoter driving eGFP expression and the
hU6 2xLacO promoter driving shRNA (Pvalb or TurboGFP)
function independently (Stewart et al., 2003), the presence of
eGFP is not directly correlated with the functionality/levels
of the shRNA. It is known that transgene expression in the
offspring of transgenic breeders may be decreased or pre-
vented by positional effects and/or DNA methylation mech-
anisms (Curradi, Izzo, Badaracco, & Landsberger, 2002;
Whitelaw et al., 2001). We assessed the absence of in vivo
silencing of the shPV22 in ex vivo isolated lung fibroblasts
from transgenic offspring. eGFP fluorescence was detected
in the nucleus of cultured fibroblasts after 48 hr (data not
shown), indicating that the hPGK promoter driving the re-
porter cassette was not silenced in vivo. To demonstrate the
functionality of Pvalb shRNA in fibroblasts from transgenic
mice, we infected these cells with a LV leading to the ectopic
expression of either PV (lentiviral construct Phage-PV) or a

mRFP-PV )}

fusion protein consisting of the monomeric red fluorescence
protein mRFP as the N-terminal part followed by the amino
acids of PV (Phage-mRFP-PV). Expression levels of mRFP-
PV were directly monitored by fluorescence microscopy. In
the absence of IPTG, essentially all fibroblasts showed red
fluorescence to variable degrees (Figure 3a, top right). After
IPTG treatment for 1 week, the red fluorescence was consid-
erably decreased in most cells, with only few cells still show-
ing strong fluorescence (Figure 3a, lower right). On western
blots, protein extracts from LV-mRFP-PV fibroblasts main-
tained in the absence of IPTG showed a strong signal at ap-
proximately 40 kDa, the expected size of the mRFP-PV fusion
protein. The signal was significantly reduced (>80% down-
regulation) in extracts from cultured fibroblasts subjected to
IPTG treatment (Figure 3b, red bars). The lower band slightly
below 40 kDa is likely a degradation product of mRFP-PV
or due to a pre-terminal stop. Essentially identical results
were obtained in cells infected with LV-PV; Figure 3b, black
bars). Thus, as in RN5-PV cells, the entire transgene (eGFP
expression + shPV22 production) was functional also in iso-
lated primary fibroblasts from transgenic mice.

3.4 | Invivo experiments with
transgenic mice

Due to the ubiquitous expression of the PGK promoter, the
eGFP reporter should be (theoretically) expressed in all the
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FIGURE 3 Ex vivo experiments with isolated primary lung fibroblasts from shPV22 #284_F2 mice. (a) Left panels: Brightfield (BF) images
of fibroblasts transfected with the LV expressing the fusion protein mRFP-PV. Right panels: Fluorescence images of the same cells. Fluorescent

intensity decreases upon IPTG (1 mM) treatment for 1 week, indicating a downregulation of mRFP-PV levels (lower image). (b) Upper panel:

western blot analysis of mRFP-PV and PV downregulation in isolated fibroblasts expressing mRFP-PV (left lanes) or PV (right lanes), before (—)

and after (+) IPTG treatment. The intensity of the Ponceau Red-stained membrane was used as loading control (L.C.). Lower part: Quantification

of the western blot signals above and one additional blot. ** and *** indicates significance (p < 0.01 and p < 0.001, respectively) versus non-

IPTG-treated (—) cells. [Colour figure can be viewed at wileyonlinelibrary.com]
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cells of transgenic mice; however, its expression levels might
vary depending on the activity of the promoter in various cell
types and tissues. In order to get insight on the spatial and
cellular distribution of the transgene, or more precisely, on
the activity of the hPGK promoter driving eGFP expression,
we performed immunostaining on brain slices using antibod-
ies against eGFP. eGFP™ cells were detected throughout the
brain, in both glial (S100f™) and neuronal (NeuN™) cells, as
shown in Supporting Information Figure S2. As we were pri-
marily interested whether the transgene is expressed in the
population of Pvalb neurons, where we intended to down-
regulate Pvalb mRNA and thus PV expression, we checked
to what extent eGFP* cells overlapped with PV" neurons.
Double-stained cells (PV*/eGFP*) were observed in multiple
brain areas, such as cortex, cerebellum, hippocampus, thala-
mus and striatum. In particular, a strong co-localization of
eGFP and PV was observed in the cerebellum, cortex and
thalamus (Figure 4a,c,e), while a weaker co-staining was pre-
sent in the striatum and hippocampus (Figure 4b,d).

Next, we evaluated the efficiency of PV downregulation
after IPTG administration in transgenic mice in vivo. Due to
the highly heterogeneous expression of PV in different brain
regions, we measured PV levels in dissected regions of the
mouse brain, in order to obtain more accurate information on
the extent of PV downregulation. The following regions were
dissected and analyzed separately: cerebellum, cortex, hip-
pocampus and thalamus. Comparison of IPTG-treated (three
i.p. injections at intervals of 3 days at days PND18, 21 and
24, dissection at day 25) transgenic mice with sham-treated
(saline) controls showed efficient downregulation of PV by
~50%—60% in the cerebellum, cortex, hippocampus and thal-
amus (Figure 4f), to similar levels as present in PV heterozy-
gous (PV+/_) mice (see Schwaller et al., 2004).

To further verify the specificity of our approach in vivo,
transgenic mice carrying the shTurboGFP transgene were
treated with IPTG. Brains were only separated into forebrain
and cerebellum. In protein extracts from both regions, addi-
tion of IPTG in vivo had no effect on PV expression levels
determined at PND25 (Supporting Information Figure S3).

Finally to test the reversibility of the inducible system
in vivo, mice treated with IPTG were then maintained for
a period of 3 weeks without IPTG; PV levels returned to
basal (initial) levels (Figure 4g), indicating that PV levels
can be manipulated in vivo in an inducible and reversible
manner.

3.5 | Immunohistochemical analysis of
PV expression in control and IPTG-treated
transgenic shPV22 mice

After having established IPTG-induced downregulation of
PV and Pvalb mRNA expression in fibroblasts (Figure 3)
and of PV protein levels in various brain regions from trans-
genic mice (Figure 4), we investigated the distribution of
PV™ neurons in the brain of transgenic mice with a focus on
the cortex, striatum and reticular thalamic nucleus (RTN).
The former two regions were selected based on the reported
decrease in PV expression in ASD mouse models including
PV+/_, Shank1™ ., Shank3B™~ and Cntnap2_/_ and in utero
VPA-exposed mice (Filice et al., 2016; Lauber, Filice, &
Schwaller, 2016, 2018). In control (untreated) transgenic
mice, the typical laminar distribution of PV™ cells, as well
as the relative density of PV' neurons in the different cor-
tical layers was observed (Figure 5); the staining pattern
was indistinguishable from the one reported before in many
studies (e.g., fig. 2 in Schwaller et al., 2004). The density
of PV* neurons in the striatum was clearly lower than in
the cortex with a higher proportion of PV* neurons in the
lateral part compared to the medial part, as reported before
(e.g., fig. 1 in Russo, Nieus, Maggi, & Taverna, 2013). In
the IPTG-treated transgenic mice, no evident changes in
the distribution of PV*' neurons were observed, however,
staining intensities of PV* cells were globally decreased.
A comparison of brain sections from a PVt~ mouse, where
PV levels are constitutively decreased by ~50% in com-
parison to a WT (PV**) mouse (Schwaller et al., 2004),
with a shPV22 transgenic mouse treated with IPTG from
PND 18-24 and killed at PND 25, revealed a very similar

FIGURE 4

(a—e) eGFP* (green) and PV* (purple) cell distribution in different brain regions of shPV22 mice (line #277). (a) Cerebellum:

eGFP is detected in the molecular layer (ML), Purkinje cell layer (P) and the granule cell layer (GL). (b) Hippocampus: fluorescent cells are

visible in the dentate gyrus (DG), as well as in the hilus (h). m, stratum moleculare; g, stratum granulosum. (c) Neocortex: eGFP™ cells are visible

throughout all layers (I to VI). (d) Striatum and (e) Reticular thalamic nucleus (RTN): eGFP™ cells are detected in all regions. For all brain regions,

co-immunostaining with PV (purple) and the merged image (Merge) is shown. TH, thalamus; LVe, lateral ventricle; int, internal capsulae. (f)

Western blot analysis (upper part) and quantification of PV downregulation (lower part) after i.p. IPTG treatment at PND18, 21 and 24. Different

brain regions were dissected at PND25. Dots represent values from three independent blots (each containing samples from six mice); p-values

are indicated for the IPTG-mediated PV downregulation in the various regions. (g) Reversibility of PV expression in vivo. Forebrain western blot
analysis of PV downregulation after IPTG i.p. injection from PND18-24, brain collection at PND25 (+IPTG) and 3 weeks after IPTG withdrawal
(=IPTG). For the normalization of the western blot signal (left panel), the intensity of the Ponceau Red-stained membrane (L.C.) was used. Right

panel: IPTG treatment reduces PV levels by approx. 50% (white bar). 3 weeks after IPTG removal PV levels return to the control (—IPTG) situation

(green bar). ** indicates p < 0.01 NO IPTG versus IPTG-treated mice; A indicates significance (p < 0.05) for comparison of IPTG-treated versus

IPTG withdrawal. eGFP, enhanced green fluorescent protein. [Colour figure can be viewed at wileyonlinelibrary.com]
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staining pattern (Figure 5). While the decrease in staining
intensity of PV* neurons was highly evident in cortical
and striatal PV™ neurons, the effect was less pronounced
in the RTN, possibly due to the very high PV expression
levels in those neurons. Yet globally, PV immunostain-
ing results indicate that the distribution of PV* neurons

«IPTG  IPTG remaoval

is not altered in the transgenic mice and, moreover, that
PV downregulation by IPTG-induced shPV22 synthesis is
rather homogenous in PV* neurons throughout the brain
and thus closely resembling the state prevailing in pv*-
mice. As expected, we found no indication of ectopic PV
expression in the transgenic mice and also no brain regions,
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where PV downregulation was over-proportionally strong,
i.e., resulting in an apparent “loss” of PV* neurons or vice
versa, regions where staining intensities remained as high
as in PV mice. Thus, in all investigated aspects, PV ex-
pression levels and localization was principally identical in
IPTG-treated transgenic mice and PV*~ mice.

4 | DISCUSSION

In the early 1980s, the generation of the first “transgenic
mouse” by Brinster and Palmiter (reviewed in Hanahan,
Wagner, & Palmiter, 2007), inaugurated a new era in many
biological fields and provided a new methodology to model
human diseases in an animal context. Up to date, several
transgenic mouse lines targeting the Pvalb gene (www.jax.
org, Table 3) have been generated, resulting in animals with
abolished gene function (knockout mice) or expressing Cre-
recombinase/channelrhodopsins/reporter fluorescent proteins
(GFP, tdTomato) selectively in Pvalb neurons. Nevertheless,
none of these models allows for temporal modulation of
Pvalb/PV expression.

Due to the implication of Pvalb neurons in neurodevel-
opmental diseases, such as ASD and schizophrenia, (Marin,
2012; Volk et al., 2012), we have developed, combining lenti-
viral-mediated transgenesis and RNA interference (RNAI), a
new reversible and inducible system for Pvalb gene downreg-
ulation in mice, where the temporal control of Pvalb gene ex-
pression (switch on/off) is tightly regulated by the presence/

FIGURE 5 PV immunofluorescence
staining of cortex (left panel), reticular
thalamic nucleus (RTN) and striatum (right
panel) of an untreated (-IPTG) shPV22
mouse (line #277), a shPV22 transgenic
mouse treated with IPTG (experimental

Striatum

conditions as shown in Figure 4) and

a PV~ mouse, the latter expressing
approximately 50% of PV protein levels
compared to PV™" or untreated shPV22
mice. Cortex regions boxed with white lines
are shown at higher magnification in the

Striatum middle panel

Striatum

absence of IPTG and, moreover, allows to modulate PV pro-
tein expression (in a reversible way) over a long period of
time.

Several regulatable systems have been developed in the
last 30 years for transgene expression often derived from
prokaryotic organisms (reviewed in Yamamoto, Hen, &
Dauer, 2001; Matthaei, 2007). The system most widely ap-
plied is the tetracycline response system (tet on/off), where
a tetracycline-responsive transactivator protein tTa (tet-
off) or a reverse transactivator (rTa; tet-on) is expressed
in transgenic mice, sometimes also under the control of a
tissue-specific promoter. Of note, tetracycline (T,) and the
more often used doxycycline (dox) are antibiotics; side ef-
fects in humans including diarrhea, nausea and vomiting
are well known, the former likely caused by the effect of
the antibiotics on the intestinal microbiota. However, the
effects of long-term exposure and/or of prenatal T, expo-
sure in mice are still uncertain. T, is also stored in bones
and thus slowly cleared from the body of treated mice. For
these reasons, an alternative system based on the lac operon
of E. coli was developed and successfully tested in mice
(Cronin, Gluba, & Scrable, 2001). In this system, transgene
expression is induced by the lactose analog IPTG, which
can be added to the drinking water. IPTG is well tolerated
also after long exposure with no noticeable side effects
(Cronin et al., 2001). IPTG is taken up rapidly by all tissues
including the endothelium (Morton et al., 2014) and brain
tissue, as it crosses the blood—brain barrier and is highly
stable intracellularly (Wyborski & Short, 1991). As with
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TA BL E 3 Transgenic mouse lines STRAIN
targeting the Pvalb gene

B6;129P2-Pvalbtm1(cre)Arbr/J

B6.129P2-Pvalbtm1Swal/J

B6.Cg-Pvalbtm1.1(cre/ERT2)

Hze/]

C57BL/6N-

Tg(Pvalb-tdTomato/
RNAi:Gad1)3Mirn/J

B6;SJL-Tg(Pvalb-
COP4*H134R/
EYFP)15Gfng/J

B6(Cg)-Pvalbtm1(cre/ERT2)

Zjh/y

all systemic application methods (oral, i.p.), it is difficult
to estimate the real IPTG concentration in the extracellular
space surrounding the Pvalb neurons. It is very likely to be
lower than in the medium (1 mM IPTG) to which RN5-PV
cells were exposed in vitro. The literature concerning puta-
tive adverse systemic effects of IPTG is still sparse; higher
systemic IPTG application (concentration/frequency) than
that used in this study may be necessary, if a more effi-
cient knockdown of PV is required for particular in vivo
experiments.

We first confirmed the inducing ability and reversibil-
ity of Pvalb knockdown in vitro; in cell models, that is,
PV-expressing RNS5 cells and isolated primary fibroblasts
from transgenic mice, IPTG (at a concentration of 1 mM)
efficiently induced shPV22 expression and consequently the
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Description

PV-Cre knock-in mice express Cre recombinase in
parvalbumin-expressing neurons, such as interneurons in
the brain and proprioceptive afferent sensory neurons

Parvalbumin knockout mice exhibit a prolonged
contraction—relaxation cycle in fast-twitch muscle, as
well as multiple behavioral phenotypes associated with
autism spectrum disorder (ASD)

Pvalb-2A-CreERT2-D mice have Cre-ERT?2 fusion gene
expression directed to Pvalb-expressing cells by the
endogenous promoter/enhancer elements of the Pvalb
locus. These mice serve as a “Cre-lox tool” that allows
inducible Cre expression of genes in Pvalb-expressing
cells/tissues

The Pvalb-tdTomato-miGADG67 line 3 BAC transgenic
mouse line is a hybrid reporter/miRNA knockdown
model, where parvalbumin interneuron expression
of a synthetic Gadl miRNA precursor results in
Gadl transcript downregulation (silencing of GAD1
expression) via endogenous miRNA processing
mechanisms. These mice may be useful in studying Pvalb
GABAergic interneurons in behavioral and molecular
processes, as well as cell-type specific GABAergic
disturbances in manifestations of schizophrenia

Prv-mhChR2-YFP BAC transgenic mice express an
improved channelrhodopsin-2/EYFP fusion protein
(mhChR2::YFP) directed to neuronal populations
by the mouse Pvalb promoter/enhancer on the BAC
transgene. Illuminating mhChR2-expressing neurons with
blue light (450-490 nm) leads to rapid and reversible
photostimulation of action potential firing/neural activity
in these cells. These transgenic mice can be used in
optogenetic studies for in vivo control of motor behavior
by addition or removal of blue light

The PV-CreERT2 knock-in allele in these mice both
abolishes Pvalb gene function and expresses the
CreERT?2 fusion protein directed to Pvalb neurons in
the neocortex and cerebellum by the endogenous Pvalb
promoter/enhancer elements

downregulation of PV expression to <20% of the initial lev-
els. The degree of inducible downregulation was similar to
levels obtained by a constitutive lentiviral sShRNA against PV
used previously in MDCK cells (Henzi & Schwaller, 2015).
Removal of IPTG completely restored the initial situation in
about 5 days, confirming the reversibility of our system.

We next generated the transgenic mouse line via lentiviral-
mediated transgenesis. Overall, shPV22-PV-Cre mice (lines
#277 and #284) as described here, bred normally and showed
no changes in gross morphological aspects and also no ob-
vious behavioral phenotype. That is, under standard housing
conditions, no phenotype was discernible, even to experi-
enced animal caretakers. The presence of the eGFP cassette
in the vector allowed for monitoring transgene expression in
the brain: eGFP™" cells were detected principally in neuronal
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cells, with very limited expression in other cell types (e.g.,
glial cells); this is consistent with the eGFP reporter being
driven by the hPGK promoter (Naldini et al., 1996). To
confirm that in the selected transgenic lines, PV downreg-
ulation is achievable, we treated the animals with IPTG.
Intraperitoneal IPTG administration at days PND18, 21 and
24 induced the expression of the shPV22, which eventually
led to an efficient downregulation of PV protein expression
levels detected at PND25. Of importance for future behav-
ioral experiments, PV levels after IPTG-mediated downreg-
ulation, as well as the distribution and staining intensities
of PV* cells were similar to those observed in well-known
ASD mouse models such as Shank3B'/', VPA-exposed,
CntnapZ_/_ and PV~ mice (~50% of WT (see Schwaller
et al., 2004; Wohr et al., 2015; Filice et al., 2016; Lauber
et al., 2016, 2018)). Moreover, strongly in support of the im-
portance of the reversibility of shRNA-mediated PV down-
regulation, we had shown that the ASD-related phenotype in
PV~ mice (Wohr et al., 2015) was attenuated following the
upregulation of PV levels via estradiol (E2) administration
during early postnatal development (Filice, Lauber, Vorckel,
Wohr, & Schwaller, 2018). However, reduced expression of
PV has been reported not only in postmortem brains from
patients suffering from ASD, but also in brains from schizo-
phrenic individuals (Gonzalez-Burgos, Cho, & Lewis, 2015;
Hashemi, Ariza, Rogers, Noctor, & Martinez-Cerdeno,
2017). Furthermore, alterations of Pvalb neuron circuitry are
recapitulated in animal models of such psychiatric disorders
(Gandal, Nesbitt, McCurdy, & Alter, 2012).

Being well established that ASD and schizophrenia have
different temporal trajectories, that is, later onset in schizo-
phrenia (DeLisi, 1992; Minshew, 1996) and that PV down-
regulation is common to both, the validation in this study of
this new transgenic line makes these mice particularly inter-
esting for further investigation of the temporal profile of PV
expression, that is, at which time point PV downregulation
might lead to an ASD-like phenotype, rather than a schizo-
phrenic-like phenotype.

The mouse model allows for a transient and inducible
silencing/downregulation of PV during particular neuro-
developmental periods, including the “critical” period, in
which the formation of neuronal circuits in the brain occurs
(Hensch, 2005). We hypothesize that these newly generated
mouse lines may provide a powerful tool to get further in-
sights into the mechanisms of diseases (ASD, schizophrenia)
characterized by dysfunctions of Pvalb neurons and Pvalb
neuron circuits and possibly might pave the way for testing
new therapies in such neurodevelopmental diseases.
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