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Abstract

Circadian rhythms are programmed by the suprachiasmatic nucleus (SCN), which relies on
neuropeptide signaling to maintain daily timekeeping. Vasoactive intestinal polypeptide (VIP) is critical
for SCN function, but the precise role of VIP neurons in SCN circuits is not fully established. To
interrogate their contribution to SCN circuits, VIP neurons can be manipulated specifically using the
DNA-editing enzyme Cre recombinase. Although the Cre transgene is assumed to be inert by itself, we
find that VIP expression is reduced in both heterozygous and homozygous adult VIP-IRES-Cre mice (JAX
010908). Compared with wild-type mice, homozygous VIP-Cre mice display faster reentrainment and
shorter free-running period but do not become arrhythmic in constant darkness. Consistent with this
phenotype, homozygous VIP-Cre mice display intact SCN PER2::LUC rhythmes, albeit with altered period
and network organization. We present evidence that the ability to sustain molecular rhythms in the
VIP-Cre SCN is not due to residual VIP signaling; rather, arginine vasopressin signaling helps to sustain
SCN function at both intracellular and intercellular levels in this model. This work establishes that the
VIP-IRES-Cre transgene interferes with VIP expression but that loss of VIP can be mitigated by other
neuropeptide signals to help sustain SCN function. Our findings have implications for studies employing
this transgenic model and provide novel insight into neuropeptide signals that sustain daily
timekeeping in the master clock.

Keywords

VIP-IRES-CRE mice (JAX 010908), circadian, vasoactive intestinal polypeptide, suprachiasmatic
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Daily rhythms in behavior and physiology are programmed by the circadian system, which is a
hierarchical collection of clocks coordinated by a master pacemaker in the anterior hypothalamus
(Moore, 2013). At the molecular level, circadian rhythms are generated by transcriptional-translational
feedback loops that regulate the daily expression of clock genes and their protein products (Buhr and
Takahashi, 2013; Partch et al., 2014). At its core, this involves a 24-h negative feedback loop in which
CLOCK-BMALZ1 activates Period (Per1, Per2) and Cryptochrome (Cry1, Cry2) genes, which are translated
into protein products that repress their own transcription (Buhr and Takahashi, 2013). This molecular
mechanism operates in nearly every cell to regulate cellular physiology in a tissue-specific manner
(Zhang et al., 2014). At the system level, these numerous tissue clocks rely on signals from the master
clock in the suprachiasmatic nucleus (SCN) to maintain internal synchrony and entrainment with the
24-h environment. Like other cells of the body, SCN cells possess an intrinsic molecular clock; however,
intercellular coupling is necessary for master clock function (Evans, 2016; Hastings et al., 2018). Thus,
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to understand the daily control of behavior and physiology, it is critical to delineate the circuits and
signals by which SCN neurons communicate with one another.

The SCN neuropeptide vasoactive intestinal polypeptide (VIP) plays an important role in sustaining
circadian rhythms at the behavioral, cellular, and molecular levels (Evans, 2016; Hastings et al.,

2018; Vosko et al., 2007). Mice lacking VIP or its cognate receptor VPAC2 display locomotor rhythms
that are arrhythmic or low amplitude with a short period in constant darkness (Aton et al.,

2005; Ciarleglio et al., 2009; Colwell et al., 2003; Harmar et al., 2002; Power et al., 2010). In addition,
VIP-deficient mice also display aberrant responses to photic stimuli, including accelerated recovery
from simulated jetlag (Colwell et al., 2003; Harmar et al., 2002; Hughes et al., 2015; Hughes et al.,
2004; Hughes and Piggins, 2008; Lucassen et al., 2012). Consistent with these behavioral deficits, SCN
molecular and electrical rhythms are compromised in Vip”- and Vipr27/- knockout mice (Cutler et al.,
2003; Harmar et al., 2002) because of deficits at the intracellular and intercellular levels (Aton et al.,
2005; Brown et al., 2005; Ciarleglio et al., 2009; Maywood et al., 2006). Although recognized as an
important neuropeptide, the precise role of VIP remains unclear since other SCN peptides are also
altered in Vip”- and Vipr2”/- knockout mice (Bedont et al., 2018; Harmar et al., 2002). Thus, a deeper
understanding of VIP signaling can be gained by genetic approaches employing targeted and
conditional mutagenesis. A commonly used method for conditional mutagenesis is the Cre/loxP
system, in which expression of the DNA-editing enzyme Cre recombinase is targeted to specific cellular
populations (Matthaei, 2007). Technical advances have led to widespread use of this technique and
refinements designed to mitigate off-targets effects (e.g., insertion of the IRES sequence). However, it
has been noted that the transgene can interfere with gene expression even in the most well-
constructed models (Cheng et al., 2019; Hoffmann et al., 2019; Taniguchi et al., 2011; Viollet et al.,
2017).

Given the increased use of the VIP-Cre mouse model in circadian studies, we examined potential
effects of the transgene on both VIP expression and SCN clock function. One advantage to examining
this particular genetic model is that the phenotypes and consequences of VIP deficiency are well
established. In agreement with a recent report (Cheng et al., 2019), we find that VIP expression is
reduced by the VIP-IRES-Cre transgene in adult heterozygous VIP-Cre mice (Vip<e/*, JAX 010908).
Further, we demonstrate that VIP is decreased at an earlier age and in a more pronounced manner in
homozygous VIP-Cre mice (Vip<®/"®). Functional knockdown of VIP is supported by findings that
homozygous VIP-Cre mice display circadian phenotypes previously reported for VIP knockout mice.
Surprisingly, despite almost complete loss of VIP in Vip¢/ce mice, arrhythmicity does not emerge at
either the behavioral or SCN levels, suggesting that clock function is sustained by non-VIP signals in this
model. Consistent with this hypothesis, inhibition of AVP signaling compromises PER2::LUC rhythms in
the Vipce/ce SCN more than in wild-type SCN. These data highlight not only an underappreciated caveat
to working with this VIP-IRES-Cre mouse but also that the acquired deficiency in this model may
provide new insight into the role of non-VIP signaling in sustaining SCN circuit function.
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Methods and Materials

Mice and Husbandry Conditions

Mice were bred and raised under a 24-h light-dark cycle with 12 h of light and 12 h of darkness
(LD12:12; lights-off at 1800 h CST, defined as zeitgeber time 12 [ZT12]). Throughout life, ambient
temperature was maintained at 22 °C + 2 °C, and mice had ad libitum access to water and food (Teklad
Rodent Diet 8604). Homozygous founder VIP-IRES-Cre*/* mice were obtained from Jackson Laboratory
(Vip<tmilerelzib>/j. stock No. 010908) and bred to PERIOD2::LUCIFERASE mice (Yoo et al., 2004) for at
least 4 generations to produce homozygous VIP-Cre mice (Vip¢/c¢), heterozygous VIP-Cre mice
(Vipce/*), and VIP wild-type mice (Vip*/*). Mice used for behavior and immunohistochemistry were
heterozygous for PER2::LUC, but those used for bioluminescence assays were homozygous for
PER2::LUC. At weaning, mice were group housed in cages without running wheels. All procedures were
conducted according to the National Institutes of Health Guide for the Care and Use of Animals and
were approved by the Institutional Animal Care and Use Committee at Marquette University.

Immunohistochemistry

To test whether the VIP-IRES-Cre transgene interferes with neuropeptide expression, SCN were
collected from male and female Vip*/*, Vip<®/*, and Vip¢/c® mice. Mice were deeply anesthetized with
isoflurane and then sacrificed by cervical dislocation. Brains were collected on postnatal day 10

(P10, n = 7-8/genotype) at ZT12, a time of day when VIP is expected to be elevated (Dardente et al.,
2004; Isobe and Muramatsu, 1995). In adult mice (23-25 weeks old, n = 4/genotype), brains were
collected 48 h after 1 uL colchicine injection into the third ventricle (0.5 pL/min) to assess total peptide
expression over the circadian cycle. After collection, brains were fixed in 4% paraformaldehyde,
cryoprotected in 20% sucrose for 4 days, and then sectioned with a cryostat in the coronal plane. Free-
floating SCN slices (40 um) were processed to detect VIP- and AVP-immunoreactivity, as described

in Bedont et al. (2018). Briefly, slices were rinsed in phosphate-buffered saline (PBS), incubated for 48
h in primary antibodies (guinea pig-anti-AVP, 1:1000, Peninsula, cat No. T5048; rabbit-anti-VIP, 1:500,
Peninsula, cat No. T4246), rinsed again in PBS, incubated for 2 h in secondary antibodies (donkey-anti-
guinea pig Alexa 594, 1:500, Jackson, cat No. 706-585-148; donkey-anti-rabbit Alexa 488, 1:500,
Jackson, cat. No. 711-545-152), then rinsed a final time in PBS before being mounted with Prolong
AntiFade medium + DAPI onto microscope slides and coverslipped. SCN slices were imaged with a
Nikon 80i microscope fitted with a Retiga 2000R digital camera (Qlmaging, Surrey, BC, Canada)
connected to a computer running NIS Elements-D software (Nikon Instruments, Melville NY, USA).
Using Imagel software, free-form regions of interest (ROIs) were drawn around the SCN borders using
a DAPI staining as a guide. Within the SCN ROI, circular ROIs of standard size were placed on ventral
and dorsomedial subregions to obtain average optical density measures of VIP and AVP levels,
respectively (values corrected for background). For cell counting, the ventral SCN ROl was
superimposed onto the thresholded images of VIP or DAPI and then submitted to the Analyze Particles
function in Imagel. For both optical density and cell count measures, values were normalized to wild

type.

Behavioral Analyses
To evaluate genotype differences in locomotor activity rhythms, male Vip*/*, Vip<®/*, and Vipce/ce mice
(12-18 weeks old, n = 6-11/genotype) were individually housed in running-wheel cages under LD12:12
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(lights-off at 1800 CST, white light-emitting diode lights, 310 + 80 lux) for 24 days before release into
constant darkness (DD) for 29 days. After DD, mice were reentrained to LD12:12 for 32 days and then
exposed to simulated jetlag with a 6-h advance of the LD cycle (new lights-off: 1200 CST). After the
shift of the LD cycle, mice were left undisturbed for 36 days, with the exception of routine husbandry.
Wheel-running data were collected and analyzed with ClockLab software (Actimetrics, Wilmette, IL,
USA). Activity onsets were determined daily, and free-running period was quantified using a linear
regression fit to the first 10 days of DD. Precision was quantified as the inverse of the standard
deviation of activity onset times over this same interval. Jetlag reentrainment was quantified for each
mouse as the number of days required for the timing of activity onset to shift by 6 h.

Tissue Collection and Ex Vivo Assays

To test Cre-induced changes in SCN function and peripheral tissues, male and female Vip*/*, Vip<¢/*,
and Vipcre/cre mice (14-23 weeks old) were sacrificed 4 to 6 h before lights-off, as in Davidson et al.,
(2009). SCN slices (150 um) were sectioned in the coronal plane using a Leica VT1200S vibratome,
whereas other tissues were trimmed by hand with a scalpel. Tissue samples were cultured at 37 °Con a
membrane insert in 1.2 mL of air-buffered Dulbecco’s Modified Eagle’s Medium (DMEM; SCN DMEM:
Sigma D2902, non-SCN DMEM: Gibco 12100-046) supplemented with 0.1 mM beetle luciferin, 0.02%
B27 (Gibco 17504), 0.01% HEPES (Gibco 15630), 0.005% NaCHO3 (Gibco 25080), 0.004% dextrose
(Sigma G7021), and 0.01% penicillin/streptomycin (Gibco 15140). Bioluminescence rhythms were
recorded for 5 to 6 days with a luminometer (Actimetrics, LumiCycle 32) or a Stanford Photonics XR
Mega 10z charge-coupled device camera mounted onto a Zeiss Axio Observer Z1 microscope. For drug
treatments, the culture medium was treated at the time of collection and left for the duration of the
recording experiment. To test VIP signaling, SCN slices were cultured with vehicle or VPAC2 antagonist
(4CI-D-Phe6,Leul?), VIP (20 uM, Tocris, cat No. 3054, n = 12-31/genotype/drug condition), as in Evans
et al. (2013). To examine the contribution of AVP signaling, SCN slices were cultured with vehicle or a
cocktail of AVP receptor antagonists (V1a receptor antagonist OPC21268 [100 uM, Tocris, cat No. 3924)
+ V1b receptor antagonist SSR149415 [100 uM, Axon Medchem cat No. 1116], n = 9-18/genotype/drug
condition), as in Bedont et al. (2018). Last, to test the efficacy of Cre-induced transduction, SCN slices
were collected from 10-day-old Vip®/* and Vip/<"® mice (n = 4-5/genotype) and cultured with AAVS-
FLEX-tdTomato (University of North Carolina Vector Core). tdTomato expression was imaged daily to
assess transduction efficiency in vitro for 9 days on a Nikon confocal microscope Al (Nikon
Instruments, Melville, NY, USA).

PER2::LUC Analyses

Lumicycle- and Matlab-based computational analyses were used to analyze SCN function at the
network and cellular level, as in previous work (Evans et al., 2011, 2013). Recording start time was
normalized for each sample to ZT. For whole-tissue analyses, the PER2::LUC time series was detrended
and analyzed with Lumicycle software by fitting a damped sine wave to the first 4 full cycles in vitro.
Goodness of fit, period, and damping rate (i.e., number of days for rhythm amplitude to decrease
about 37%) was recorded from the sine fit. In addition, we recorded daily times and values of peak and
trough PER2::LUC to calculate cycle-to-cycle amplitude (peak — trough), average period, and precision
(i.e., 1/standard deviation of cycle-to-cycle period). For spatiotemporal analyses, Matlab-based
computational analyses were used (Evans et al., 2011, 2013). Briefly, a time series was generated for
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each 12-pixel-diameter ROl using a uniform grid with 2-pixel spacing, for which the linear trend was
eliminated, and a Butterworth filter was applied to remove high- and low-frequency interference. To
generate average maps for each group, samples were aligned to the same X-Y coordinates by
minimizing the sum of squared difference of the first 24-h summed bioluminescence profiles. Average
maps were used to identify subregions for cellular analyses. To locate and extract data from cell-like
ROIs, an iterative process was employed after background and local noise subtraction. For each cell-
like ROI, we extracted the average period, phase of peak PER2::LUC on the first cycle in vitro, and
precision of cellular period. We also calculated the circular standard deviation of peak times for cell-
like ROlIs in each SCN slice using Oriana software.

Statistical Analyses

Data are represented in figures as mean + SEM. Statistical analyses were performed with JMP software
(SAS Institute, Cary, NC, USA). For most analyses, 1-way analysis of variance (ANOVA) was used to
assess the effects of genotype, followed by post hoc Tukey’s honestly significant difference (HSD) to
control for familywise error. Changes in behavior and SCN function over time were analyzed with
repeated-measures ANOVA, followed by post hoc least square means contrasts. Statistical significance
was set at p < 0.05 in all cases.

Results

VIP-IRES-Cre Transgene Induces a Progressive Postnatal Loss of VIP Expression

To test whether VIP expression is affected by the VIP-IRES-Cre transgene, we performed
immunohistochemistry in brain slices collected from 10-day-old mice at ZT12 (Fig. 1A), an age when VIP
expression is expected to be elevated (Carmona-Alcocer et al., 2018). At postnatal day 10 (P10), VIP
expression in the SCN differed by genotype (1-way ANOVA, F;,19 = 3.57, p < 0.05) with about 50%
reduction in Vip®/c"® mice relative to Vip®/* and Vip*/* mice (Fig. 1B; Tukey’s HSD, p < 0.05). Despite
reduced VIP, Cre was sufficient at this age to transduce both Vip<®/* and Vipc¢/e SCN neurons

(Suppl. Fig. S1; repeated-measures ANOVA, genotype: F1,7 = 0.06, p > 0.8; genotype x time: Fs3 =

0.76, p > 0.6). To test whether the deficit induced by VIP-IRES-Cre worsened with age, we next
examined VIP expression in the SCN of adult mice administered an intracerebroventricular injection of
colchicine to interrupt microtubule transport and visualize total protein across the circadian cycle. As
seen at P10, VIP in the adult SCN was reduced by the insertion of the VIP-IRES-Cre transgene (1way
ANOVA, F29=27.33, p <0.0005), but at this age, it was decreased to a larger degree in VIP-IRES-Cre
mutant mice and in rough proportion to copy number. Compared with Vip** SCN, VIP was reduced by
38% and 84% in the Vip<e/* and Vip<¢/cre SCN, respectively (Fig. 1B). Next, we counted VIP+ cells in the
adult SCN to investigate if this reflected loss of VIP protein or VIP+ cells (Fig. 1C). The number of VIP+
cells differed by genotype (Fig. 1C; 1-way ANOVA, F,9 = 24.4, p < 0.0005), being reduced by 85% in the
homozygous Vip<e/cre SCN relative to Vipe®/* and Vip*/* SCN (Fig. 1C; Tukey’s HSD, p < 0.001). Although
the number of VIP+ cells was reduced in Vip<¢/e mice, DAPI staining in the ventral SCN did not differ
by genotype (Fig. 1D; 1-way ANOVA, F2,9 =0.93, p > 0.3), suggesting cells in this region were not lost
due to Cre-induced neurotoxicity (Rezai Amin et al., 2019), which was consistent with effective Cre
transduction occurring in both Vip®* and Vipcre/ce SCN (Suppl. Fig. S1). In addition, AVP expression did
not differ between genotypes in P10 or adult mice (Suppl. Fig. S2; P10: 1-way ANOVA, F2,19=0.36, p >
0.7; adult: 2lway ANOVA, F,,9 =0.60, p > 0.5). Taken together, these results indicate that the VIP-IRES-
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Cre transgene induces a progressive postnatal loss of VIP expression that affects
both Vip®/*and Vip¢/® mice in adulthood.
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Figure 1. The VIP-IRES-Cre transgene decreases vasoactive intestinal polypeptide (VIP) expression in proportion
to copy number in an age-related manner. (A) Representative, thresholded images of VIP expression in the SCN
of Vip*’*, Vip™®*, and Vip®/*"¢ mice collected at P10 or in adulthood. (B) The VIP-IRES-Cre transgene causes an
age-related decrease in regional VIP levels in the SCN. (C) The VIP-IRES-Cre transgene reduces the number of
VIP+ cells in the SCN of adult Vip®®*"® mice but not in adult Vip“®/* mice. (D) The VIP-IRES-Cre transgene does not
reduce DAPI-labeled cells in the ventral SCN. Italicized numbers below the abscissa indicate sample size. *Differs
from Vip*’*, Tukey’s HSD, p < 0.05.

Vipcre/ee Mice Exhibit a Circadian Phenotype Consistent with Other VIP Deficient Models
We next assessed the behavioral phenotype of Vip®/c® mice to compare it with other models deficient
in VIP signaling (Vosko et al., 2007). First, we evaluated changes in intrinsic timekeeping by examining
locomotor rhythms of adult male Vipe/cre, Vipcre/*, and Vip*/* mice in constant darkness (DD; Fig. 2A).
All mice retained coherent wheel-running rhythms during the 4 weeks of DD, but genotype differences
were detected in both the precision (1-way ANOVA, F;,20 = 13.38, p < 0.0005) and period of free-
running rhythms (1-way ANOVA, F>,0 = 11.97, p < 0.0005). Relative

to Vip®* and Vip*/* mice, Vip<e/e mice displayed free-running rhythms that were less precise from
day to day (Fig. 2B; Tukey’s HSD, p < 0.007) with a shorter period (Fig. 2C; Tukey’s HSD, p < 0.02).
Second, we tested whether VIP-Cre mice would respond differently to simulated jetlag (Fig. 2D) since
loss of VIP signaling has been reported to alter circadian responses to light (Vosko et al., 2007). After
an abrupt 6-h advance of the light:dark cycle, reentrainment to the new photocycle differed by
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genotype (1-way ANOVA, F20 = 3.68, p < 0.05). Vipce/cre mice required fewer days to reentrain

than Vip*/* and Vip<®/* mice (Fig. 2E; Tukey’s HSD, p < 0.05). In addition, Vip<¢/s® mice displayed larger
phase shifts on each of the first 4 days of simulated jetlag (Fig. 2F-G; repeated-measures ANOVA, F2,20 =
8.24, p < 0.005; LSM contrasts, p < 0.05), with a nonlinear pattern suggesting that accelerated recovery
was not merely due to their shorter period. Taken together, these data indicate that the loss of VIP in
homozygous VIP-IRES-Cre mutant mice alters the intrinsic function of the circadian clock and its
response to photic stimuli, which are phenotypes likewise observed in other VIP-deficient mouse
models.
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Figure 2. Vip“e/* mice display behavioral phenotypes reported in other VIP-deficient mouse models. (A)
Representative double-plotted wheel-running actograms illustrating locomotor rhythms in constant darkness.
Lighting conditions illustrated by the bar above each actogram (black = darkness, white = light) and by internal
shading. (B,. C) Vip“®/°® mice have less precise rhythms (B) and free-running rhythms with shorter period (C). (D)
Representative double-plotted wheel-running actograms illustrating response to simulated jetlag. (E-

G) Vip<¢/°¢ mice require fewer days to recover from jetlag (E) and display larger phase shifts after the light:dark
cycle shift (F-G). Vertical dashed line in panel (F) indicates the phase shift required for reentrainment to the 6-h
advance of the light:dark cycle. Italicized numbers below the abscissa in (B) indicate the sample size for all
related panels. *Differs from Vip*/*, Tukey’s HSD, p < 0.05.
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The Vip®/ce SCN Displays a Shorter Period, but PER2::LUC Rhythms Are Otherwise Intact
Because the behavioral phenotype caused by loss of VIP signaling in Vip”~ and Vipr2”/- mouse models is
associated with changes in SCN function (Aton et al., 2005; Ciarleglio et al., 2009), we next determined
if Cre-induced loss of VIP alters master clock function. All SCN collected displayed self-sustained
PER2::LUC rhythms (Fig. 3A), but SCN period varied by genotype (1-way ANOVA, F,s5 = 7.3, p < 0.005).
Similar to differences in vivo, period was shorter in Vip¢/e SCN than in Vip*/* SCN (Fig. 3B; Tukey’s
HSD, p < 0.005). However, Vipce/ce SCN did not differ from Vip** SCN in either the precision (Fig. 3C; 1-
way ANOVA, F34 = 1.89, p > 0.1) or the amplitude of SCN rhythms (Fig. 3D; repeated-measures
ANOVA, genotype: Fz,3a = 0.71, p > 0.4; time x genotype: F2,164 = 1.57, p > 0.1). The period of peripheral
clock tissues did not differ by genotype (Suppl. Fig. S3), suggesting that effects of VIP-IRES-Cre were
specific to the SCN clock (adrenal: 1-way ANOVA, F;,16 = 2.87, p = 0.09; liver: 1-way ANOVA, Fz,17 =
0.66, p > 0.5; lung: 1-way ANOVA, F;,15 = 0.66, p > 0.5).
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Figure 3. Molecular rhythms in the SCN of Vipc®/*® mice are altered due to the loss of VIP signaling. (A)
Representative PER2::LUC time series illustrating SCN bioluminescence rhythms under standard culture
conditions. For the color version, see Supplementary Figure S4. (B-D) The SCN of Vip“®/“"® mice display
PER2::LUC rhythms with a shorter period (B), but precision (C) and amplitude (D) did not differ by genotype. (E)
Representative PER2::LUC time series illustrating SCN bioluminescence rhythms during VPAC2 antagonism. (F)
VPAC2 inhibition did not shorten period in Vip®®/® SCN. (G, H) Precision increased in Vipc*/c® SCN during VPAC2
inhibition (G), but amplitude was not markedly affected (H). Italicized numbers below the abscissa in (B) and (F)



https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/suppl/10.1177/0748730420925573
https://journals.sagepub.com/doi/suppl/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573

indicate the sample size for all related panels. *Differs from Vip*/* (same condition): Tukey’s HSD, p < 0.05; +
differs from vehicle control (within genotype): one-sample t test, p < 0.05.

Residual VIP Signaling Does Not Drive Intact PER2::LUC Rhythms in Vip<®/c"®¢ SCN

Because VIP-IRES-Cre did not eliminate VIP expression completely (Fig. 1B), we tested whether residual
VIP signaling sustained SCN rhythms by culturing slices with the VPAC2 antagonist, (4Cl-D-Phe6,Leul?)
VIP (20 uM, as in Evans et al., 2013). Similar to vehicle conditions, all SCN slices displayed PER2::LUC
rhythms for at least 5 days in culture (Fig. 3E). As expected, VPAC2 antagonism shortened Vip*/* SCN
period (Fig. 3F; 1-sample t test, t[17] = 3.44, p < 0.005) and tended to shorten period in the Vip<¢/* SCN
(Fig. 3F, 1-sample t test, t[11] = 2.11, p = 0.058). In contrast, period was not affected in Vip<e¢/c"¢ SCN
(Fig. 3F; 1-sample t test, t[11] = 1.37, p > 0.15), and genotypic differences in the response to VPAC2
inhibition equalized SCN period across groups (1-way ANOVA, F39 = 1.66, p > 0.2). VPAC2 antagonism
modulated SCN precision (1-way ANOVA, F>39 = 9.63, p < 0.0005), but this treatment increased
precision in Vipce/ce SCN (Fig. 3G; Tukey’s HSD, p < 0.005) rather than interfering with clock function.
Last, VPAC2 antagonism modulated the amplitude of PER2::LUC rhythms by genotype (repeated-
measures ANOVA, genotype: F239=2.0, p > 0.1; time x genotype: Fg72=5.61, p < 0.0001) by decreasing
the amplitude in homozygous VIP-Cre specifically on cycle 2 in vitro and not other cycles (Fig. 3H; LSM
contrasts, p < 0.01). In sum, these data suggest that residual VIP signaling is not required for PER2::LUC
rhythms in Vipcre/cre SCN.

Region-Specific Changes in Cellular Period and Phase in the Vip<¢/c¢ SCN

To further explore how VIP-IRES-Cre may affect SCN function, slices were collected for real-time
bioluminescence imaging of cellular PER2::LUC rhythms (Fig. 4A). The total number of rhythmic cells in
SCN slices differed by genotype (1-way ANOVA, F;,15 = 4.53, p < 0.05), with 20% fewer rhythmic cells

in Vipcre/ere slices (Fig. 4B; Tukey’s HSD, p < 0.05) and a reduced number of rhythmic cells in both the
dorsal and ventral SCN (Fig. 4C; dorsal: 1-way ANOVA, F,,15 = 5.38, ventral: 1-way ANOVA, F;,15 = 8.20,
Tukey’s HSD, p < 0.05 in each case). As expected from luminometry analyses (Fig. 3B), SCN period in
imaged samples differed by genotype (Fig. 4D; full factorial ANOVA, genotype: F2,708 = 5.44, p < 0.005),
with a trend for an interaction by SCN region (genotype x region: F>798 = 2.38, p = 0.09; region: F1,798 =
1.71, p > 0.1). Specifically, ventral SCN cells displayed a shorter period in Vip<e/cr slices relative

to Vip*/* slices (Fig. 4D; LSM contrasts, p = 0.0005), but cellular period in the dorsal SCN did not differ
by genotype (Fig. 4D; LSM contrasts, p > 0.1). In addition, cellular relationships in the SCN differed by
genotype (Fig. 4E, full factorial ANOVA, genotype: F2,798 = 0.93, p = 0.3958; region: F1,798 = 14.1261, p =
0.0002; genotype x region: F2,798 = 12.4203, p < 0.0001), with regional phase differences attenuated in
both Vipce/ce and Vip<e/* SCN due to changes in the phase of both dorsal and ventral cells (Fig. 4E; LSM
contrasts, p < 0.05). Taken together, these data suggest that the presence of the VIP-IRES-Cre
transgene alters SCN network organization in VIP-Cre mice, although PER2::LUC rhythms remain intact.
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Figure 4. SCN network function is altered in Vip“®/“"® mice. (A) Representative bioluminescence images
illustrating summed PER2::LUC expression over the first 24 h of recording. (B) The total number of rhythmic cells
was reduced in Vipe¥/c¢ SCN. (C) Rhythmic cells were reduced in both the dorsal and ventral SCN

of Vipce/s mice. Schematic illustrates dorsal and ventral regions used for quantification. (D) Period maps and
cellular period data demonstrate shorter period in the ventral SCN in Vip“®/*"¢ mice. (E) Phase maps and cellular
phase data demonstrate regional phase differences are attenuated in Vip“®/“ SCN. Italicized numbers below the
abscissa in (B) indicate the number of SCN slices for each genotype (cellular sample size = 89-184 SCN
cells/region). *Differs from the same region in Vip**, LSM contrasts, p < 0.05; + differs from complementary SCN
region (within genotype), LSM contrasts, p < 0.05.

AVP Signaling Contributes to Both Intracellular and Intercellular Clock Function in the

Vipcre/cre SCN

Given that SCN function is largely intact in Vip<®/® mice, we next tested the hypothesis that other
neuropeptides help to sustain clock function in this model. We examined the potential contribution of
AVP because this neuropeptide is decreased in Vip”~ and Vipr2”/- knockout mice but not VIP-Cre mice
(Suppl. Fig. S2). To test the role of AVP signaling, PER2::LUC slices were cultured with either vehicle or a
cocktail of antagonists for the AVP receptors V1a and V1b (100 uM, OPC21268 + SSR149415). AVP
receptor antagonism lowered PER2::LUC amplitude in a genotype-dependent manner (Fig. 5A, B;
repeated-measures ANOVA, genotype: F233 = 13.63, p < 0.0001; genotype x time: Fgag) = 2.14, p <
0.05), with reduced amplitude in both Vip¢/c"e and Vip<e/* SCN (Fig. 5A, B; LSM contrasts, p < 0.01). V1
antagonists also affected SCN precision (Fig. 5C; 1-way ANOVA F,3; = 5.16, p < 0.05), with reductions in
both Vipcre/ee and Vipce/* SCN (Fig. 5C; Tukey’s HSD, p < 0.05). We next conducted bioluminescence
imaging to test whether V1 antagonist effects were due to intra- or intercellular deficits in clock
function (Fig. 5D). V1 antagonists markedly suppressed the PER2::LUC signal in Vip¢/cre SCN, with
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deficits evident at both the cellular and population level (Fig. 5E). Specifically, AVP receptor antagonism
suppressed cellular amplitude in Vipc/c® SCN (Fig. 5F; repeated-measures ANOVA, genotype: Fi,19 =
12.6, p < 0.005 genotype x time: F4,16 = 4.8, p < 0.01) and increased the standard deviation of cellular
peak times (Fig. 5G; repeated-measures ANOVA, genotype: F1,19 = 8.02, p < 0.05; genotype x

time: F416 = 3.8, p < 0.05). Importantly, neither cellular amplitude nor synchrony differed by genotype
under vehicle conditions (repeated-measures ANOVA, p > 0.1 in each case). Collectively, these results
suggest that AVP signaling contributes to cellular clock function and network synchrony in the SCN of
VIP-IRES-Cre mutants.
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Figure 5. Arginine vasopressin (AVP) signaling maintains the amplitude and synchrony of Vipc®/¢® SCN rhythms.
(A) Representative PER2::LUC time series illustrating SCN bioluminescence rhythms during AVP receptor
antagonism. For the color version, see Supplementary Figure S4. (B, C) AVP receptor antagonism decreased
the amplitude (B) and precision (C) of PER2::LUC rhythms in the Vip<®/=® and Vip“’* SCN. (D) Representative
PER2::LUC bioluminescence images under vehicle (top) and AVP receptor antagonist (bottom) conditions. The
dashed boxes indicate the start of cycle 1 and cycle 4 of the recording. (E) Raleigh plots depicting cellular peak
times on the first cycle (cycle 1) and fourth cycle (cycle 4) in vitro for each sample in (D). The amplitude of the
PER2::LUC rhythms for each cell is represented by color saturation (darker = larger amplitude). The italicized
number within a plot indicates the number of cells for each sample. (F) AVP receptor antagonism decreased the
amplitude of cellular PER2::LUC rhythms in Vip<®/e® SCN. (G) AVP receptor antagonism increased the standard
deviation of cellular peak times in Vipc®/c® SCN slices. Italicized numbers below the abscissa in (C) indicate the
number of SCN slices in (B) and (C). For (F-G), n = 3 to 4 SCN slices/genotype/condition (cellular sample size = 86-
124 SCN cells/slice). *Differs from Vip*’*, LSM contrasts, p < 0.05.

Discussion

Use of the Cre/loxP system has accelerated discovery in neuroscience, but it has been recognized for
some time that transgene insertion may impose a genetic lesion (Taniguchi et al., 2011). Of note, the
VIP-IRES-Cre model was created using methods designed to minimize interference with native protein
expression (i.e., knock-in allele inserted after 3’ stop codon including IRES sequence). Nevertheless, we
show here that VIP is decreased in the SCN of both homozygous and heterozygous VIP-Cre mice, the
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latter of which is in agreement with a recent study (Cheng et al., 2019). We build on this previous work
by including homozygous VIP-IRES-Cre mice in our analyses, employing PER2::LUC assays of clock
function, and testing the role of AVP signaling in this VIP-deficient model. Importantly, we find that
adult homozygous VIP-Cre mice display behavioral properties similar to those reported in VIP knockout
mice in some respects (i.e., shorter period, faster reentrainment, and decreased precision) but not
others (i.e., DD arrhythmia or phase jump upon DD release). Consistent with their behavioral
phenotype, homozygous VIP-Cre mice display intact SCN PER2::LUC rhythmes, albeit with altered period
and network organization. We provide evidence that residual VIP signaling does not drive intact
PER2::LUC rhythms in the homozygous VIP-Cre SCN, but rather this reflects a contribution of other
signals such as AVP. Overall, these data provide a cautionary tale for investigators using this mouse
model and new potential insight into the relative contribution of VIP and other neuropeptides in
sustaining SCN function. The implications of these findings should be considered when designing,
interpreting, and reporting work using the VIP-IRES-Cre model.

The present results indicate that VIP-Cre mice display a progressive postnatal loss of VIP, with
decreased expression detected in homozygous VIP-Cre mice as early as P10. This reduction becomes
more severe in adulthood, when it is also observed in heterozygous VIP-Cre mice. Although P10 mice
were examined at a single time point, adult mice were given colchicine injections to evaluate total
protein expression across the circadian day, as in other work (Varadarajan et al., 2018). Thus, it is
possible that both VIP amount and timing are disturbed in adult heterozygous and homozygous VIP-Cre
mice. Although the exact mechanism of VIP-Cre interference remains to be determined, it has been
shown that Vip mRNA is reduced in 5- to 8-week-old heterozygous VIP-Cre mice (Cheng et al., 2019).
This suggests that interference occurs at the transcriptional level, although another possibility is Cre-
related cellular toxicity (Rezai Amin et al., 2019). Although we did not assess cell death directly, the
current results suggest that reduced VIP expression in VIP mutants reflects the loss of protein synthesis
rather than VIP+ cells. For instance, VIP was reduced by 38% in heterozygous VIP-Cre mice, but the
number of VIP+ cells was similar to that seen in wild-type mice. In contrast, the number of VIP+ cells
was reduced in homozygous VIP-Cre mice; however, this may not reflect a loss of cells because it is
difficult to count cells with very low VIP levels using immunohistochemistry. Further evidence
inconsistent with the loss of VIP+ cells was that the number of DAPI+ cells in the ventral SCN did not
differ by genotype and Cre recombinase was sufficient to induce transduction in both heterozygous
and homozygous VIP-Cre SCN. These data suggest that the largest effect of the VIP-Cre transgene is to
reduce VIP synthesis, although it remains possible that loss of VIP+ cells occurs in homozygous VIP-Cre
SCN. Taken together, our work suggests that VIP deficiency in the VIP-Cre mouse is developmentally
acquired, with the timing and severity of VIP loss dependent on transgene copy number.

The conclusion that the VIP-IRES-Cre transgene does interfere with VIP signaling is also supported by
the observation that adult homozygous VIP-Cre mice exhibit circadian phenotypes that have been
reported to occur in other VIP-deficient mouse models (Vosko et al., 2007). Specifically, homozygous
VIP-Cre mice exhibit locomotor rhythms that are shorter, less precise, and less robust, but they do not
become arrhythmic in constant darkness. Consistent with the behavioral phenotype, SCN PER2::LUC
rhythms in homozygous VIP-Cre mice are shorter and less robust but are not lost in the first week ex
vivo. Although VIP loss is often expected to cause arrhythmia and SCN desynchrony, it is notable that
arrhythmia is not always observed in Vip7- and Vipr2”/- knockout mice. For instance, some studies have
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reported that only 25% of VIP knockout mice become arrhythmic under constant darkness (Colwell et
al., 2003), and other studies have found fragmented rhythms in 60% to 65% of VIP-deficient mice (Aton
et al., 2005). Interestingly, heterozygous VIP-Cre mice do not display a behavioral phenotype despite
reduced VIP expression (present study; Cheng et al., 2019), suggesting that 1 VIP-Cre allele is not
sufficient to alter circadian behavior. This could be seen as very encouraging because at least half the
circadian studies published to date explicitly use heterozygous VIP-Cre mice (Enoki et al., 2017; Fan et
al., 2015; Hermanstyne et al., 2016; Jones et al., 2018; Lee et al., 2015; Liu et al., 2018; Mazuski et al.,
2018; Mei et al., 2018; Miller et al., 2014; Todd et al., 2018). However, many studies published in the
field do not provide critical information about the Cre model used, such as transgene copy number and
strain stock number. Because we did detect differences in clock function in heterozygous VIP-Cre SCN
during imaging and V1 antagonism studies, these data potentially unmask more subtle effects of
insertion of a single VIP-IRES-Cre transgene. Thus, explicit reporting of Cre copy number, strain stock
number, and inclusion of Cre-only controls will help facilitate interpretation of results obtained with
this model. Further, we have examined only 1 VIP-IRES-Cre mouse line in the present work, but our
results are consistent with reports demonstrating that the transgene in other Cre models can reduce
native protein expression and cause physiological/behavioral phenotypes (Hoffmann et al.,

2019; Viollet et al., 2017). It remains to be determined whether this issue likewise affects other VIP-
IRES-Cre lines and if other VIP-dependent processes are affected.

Given the marked reduction of VIP observed in the SCN of homozygous VIP-Cre mice, it was surprising
that behavioral and SCN rhythms were intact. Blocking VPAC2 signaling for a week in vitro did not
disrupt clock function in homozygous VIP-Cre SCN, suggesting residual VIP was not needed to sustain
SCN rhythms over the week in vitro. Together with previous work, this suggests that absolute levels of
VIP are not the sole factor in determining behavioral and cellular response to its deficiency. This is of
particular interest given previous research demonstrating that SCN function can be disrupted when
there is too little VIP (Aton et al., 2005), too much VIP (An et al., 2013), or if it is not timed correctly
(Ananthasubramaniam et al., 2014). That VIP loss in homozygous VIP-Cre mice was not more disruptive
to circadian timekeeping at either the behavioral or SCN level may reflect the progressive acquisition of
the deficiency during postnatal development, which differs from Vip”/- and Vipr2/- knockout models.
Work investigating VIP-specific deficiency in adulthood is limited (Brown et al., 2005), so future work
may test the effects of VIP deficiency specifically in adult mice.

Many SCN signals other than VIP are affected in germline VIP-deficient mouse models (Bedont et al.,
2018; Harmar et al., 2002; Prosser et al., 2007; Varadarajan et al., 2018), but to our knowledge, the
potential contribution of these other signals to the phenotype of VIP-deficient mice has not been
tested directly. We show here that blockade of AVP signaling significantly disrupts clock function in the
VIP-Cre SCN, indicating that AVP signaling can contribute to SCN function in the absence of VIP. This
result is interesting given that previous work suggests that VIP is not strictly necessary for circadian
function (Colwell et al., 2003; Aton et al., 2005). In addition, a variety of interventions can restore
rhythmicity in mice lacking VIP signaling (Hughes et al., 2015; Power et al., 2010), indicating that other
signaling factors can compensate for VIP loss. That AVP directly influences the function of the SCN
network is consistent with previous work (Bedont et al., 2018; Edwards et al., 2016; Maywood et al.,
2011). Together with our current findings, this suggests that other SCN signals may be leveraged to
offset adverse consequences of VIP deficiency.



https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573
https://journals.sagepub.com/doi/10.1177/0748730420925573

In summary, we find that the Cre transgene interferes with VIP expression in VIP-Cre mutant mice,
which should be an important consideration when using this model to investigate cell-type—specific
contributions. On the other hand, homozygous VIP-Cre mice retain daily rhythms in locomotor
behavior and SCN PER2::LUC expression despite displaying very low VIP levels. It is well appreciated
that VIP is an important neuropeptide that regulates circadian function, but the SCN contains many
other cell types whose roles are not well understood (Wen et al., 2020). One interesting possibility is
that distinct signals regulate different emergent properties of the SCN network (e.g., period synchrony,
phase relationships, precision/amplitude modulation) that contribute to master clock function in
important ways (Evans, 2016; Hastings et al., 2018; Herzog et al., 2004; Meijer et al., 2010). Indeed, our
results establish that in the absence of VIP, other signals contribute to the maintenance of SCN clock
function in vivo and in vitro. As such, the present results uncover a potential caveat working with VIP-
Cre mice but also highlight new aspects of SCN circuits that are difficult to investigate using

germline Vip7- and Vipr2”/- knockouts.
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