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Colwell, Christopher S., Stephan Michel, Jason Itri,
Williams Rodriguez, J. Tam, Vincent Lelievre, Zhou
Hu, X. Liu, and James A. Waschek. Disrupted circadian
rhythms in VIP- and PHI-deficient mice. Am J Physiol Regul
Integr Comp Physiol 285: R939-R949, 2003. First published
July 10, 2003; 10.1152/ajpregu.00200.2003.—The related
neuropeptides vasoactive intestinal peptide (VIP) and pep-
tide histidine isoleucine (PHI) are expressed at high levels in
the neurons of the suprachiasmatic nucleus (SCN), but their
function in the regulation of circadian rhythms is unknown.
To study the role of these peptides on the circadian system in
vivo, a new mouse model was developed in which both VIP
and PHI genes were disrupted by homologous recombination.
In a light-dark cycle, these mice exhibited diurnal rhythms in
activity which were largely indistinguishable from wild-type
controls. In constant darkness, the VIP/PHI-deficient mice
exhibited pronounced abnormalities in their circadian sys-
tem. The activity patterns started ~8 h earlier than pre-
dicted by the previous light cycle. In addition, lack of VIP/
PHI led to a shortened free-running period and a loss of the
coherence and precision of the circadian locomotor activity
rhythm. In about one-quarter of VIP/PHI mice examined, the
wheel-running rhythm became arrhythmic after several
weeks in constant darkness. Another striking example of
these deficits is seen in the split-activity patterns expressed
by the mutant mice when they were exposed to a skeleton
photoperiod. In addition, the VIP/PHI-deficient mice exhib-
ited deficits in the response of their circadian system to light.
Electrophysiological analysis indicates that VIP enhances
inhibitory synaptic transmission within the SCN of wild-type
and VIP/PHI-deficient mice. Together, the observations sug-
gest that VIP/PHI peptides are critically involved in both the
generation of circadian oscillations as well as the normal
synchronization of these rhythms to light.

peptide histidine isoleucine; vasoactive intestinal peptide;
suprachiasmatic nucleus; GABA; inhibitory postsynaptic
currents

IN MAMMALS, THE PART OF THE nervous system responsible
for most circadian behavior can be localized to the
suprachiasmatic nucleus (SCN). Although previous
studies suggest that each SCN neuron may be an
independent oscillator (10), these pacemaker cells
must be synchronized to each other as well as to the
environment to function adaptively. Therefore, an-
swers to questions about cell-to-cell communication
within the SCN lie at the core of understanding how

this timing system operates. The daily cycle of light
and dark is the dominant environmental cue responsi-
ble for synchronizing this biological timing system to
the environment. The SCN neurons receive photic in-
formation directly from the retinal hypothalamic tract
(RHT). The RHT is composed of a distinct subset of
retinal ganglion cells that recent studies suggest con-
tain a novel photopigment melanopsin and are directly
light sensitive (3, 14). These ganglion cells appear to
utilize the neuropeptide pituitary adenylyl cyclase-ac-
tivating peptide (PACAP) and glutamate as neuro-
modulators and/or neurotransmitters to communicate
with the SCN (e.g., Refs. 8, 10, and 12). Many of the
SCN neurons that receive retinal input from these cells
are located in the ventrolateral (or core) region of the
SCN and express GABA and, in many cases, vasoactive
intestinal peptide (VIP) and the peptide histidine iso-
leucine (PHI; e.g., Refs. 4 and 20). These retino-recip-
ient cells then convey this environmental information
to the rest of the SCN.

There is a small but growing body of data suggesting
that VIP itself may be an important signaling molecule
within the SCN. The concentration of VIP within the
SCN can be regulated by light, and a receptor for VIP
and PACAP, the VPAC; receptor, is widely distributed
within the SCN (5, 31, 32). In brain slice preparations,
application of VIP alters the firing rate of SCN neurons
through a VPAC; receptor-dependent mechanism (9,
26) and induces expression of mPerl and mPer2 genes
(22). Functionally, the administration of VIP, and to a
lesser extent PHI, can cause phase shifts of the circa-
dian rhythm in vivo and in vitro (2, 25, 27). Mice
overexpressing VPACs receptors exhibit a shorter free-
running period (31), whereas mice deficient in this
receptor exhibit profound disruptions in their daily
rhythms in wheel-running activity, electrical activity
in SCN neurons, and rhythmic gene expression (9, 13).
To investigate the functional role of VIP in vivo, a new
mouse model was developed in which the VIP and PHI
genes were disrupted by targeted mutagenesis. After
generation and characterization of these mice, behav-
ioral analysis was utilized to examine the impact of the
disruption of these genes on the circadian rhythm of
wheel-running activity. Finally, whole cell patch elec-
trophysiological techniques were utilized to determine

Address for reprint requests and other correspondence: C. S. Col-
well, Mental Retardation Res. Ctr., Univ. of California - Los Angeles,
760 Westwood Plaza, Los Angeles, CA 90024-1759 (E-mail:
ccolwell@mednet.ucla.edu).

http://www.ajpregu.org

0363-6119/03 $5.00 Copyright © 2003 the American Physiological Society

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

R939



R940

whether VIP and PHI regulate spontaneous inhibitory
synaptic currents recorded within SCN neurons.

MATERIALS AND METHODS

Establishment of mice with targeted VIP/PHI gene disrup-
tion. In previous work, we cloned and characterized the
mouse VIP gene (30, 36, 37). On the basis of this information,
a homologous recombination targeting construct was pre-
pared (Fig. 1A). This construct contained a 6.2-kb Pst I/Sph 1
5'-portion of the VIP gene, a neomycin resistance cassette
(pPGK neo bpA) in inverse orientation, a 2.6-kb Sph I/EcoRI
3'-VIP gene fragment, and a herpes simplex thymidine ki-
nase cassette from pIC19R/MC-1-TK. This construct was
introduced into embryonic stem (ES) cells (129/sv agouti,
wild-type albino locus) by the University of California Los
Angeles (UCLA) transgenic/embryonic stem cell core facility.
Three homologous recombinant clones were identified and
were injected into blastocysts of C57BL/6 mice, which then
were transplanted into the uteri of pseudopregnant foster
mothers. Resulting chimeric mice were bred with C57BL/6
females. Germ line transmission from chimeric mice derived
from two of these clones was confirmed by Southern analysis
of DNA obtained from tail biopsies by use of a probe external
to targeting sequences (Fig. 1B). After confirmation of germ
line transmission, DNA samples were assayed by triple
primer PCR with the use of the following primers: om-
VIPF4+ TTTCAAGGTGTGGGGCTAGAGACATACA (0.5
pM), omVIPF5— TTACCTGATTCGTTTGCCAATGAGTGAC
(1.0 pM), and opNEO10— GCCCGGAGATGAGGAAGAG-
GAGAACAG (0.5 pM). The reaction also contained 0.2 mM
dNTPs, 1.0 mM MgSOy4, and 1 pl of Tag polymerase [5:1 ratio
of Titanium Tag (Clontech, San Diego, CA) to Native Pfu
(Stratagene, La Jolla, CA)]. A touchdown PCR procedure was
used. After samples were heated to 94°C for 1 min, they were
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subject to PCR for a total of 35 cycles as follows: denaturation
at 94°C for 1 min, annealing for 30 s (starting at 70°C and
decreasing by 1 degree each cycle until 60°C, then maintain-
ing at 60°C), and elongation at 72°C for 4.5 min. The reaction
was finished with an extra 5-min elongation at 72°C and a
20-min period at 4°C.

Behavioral studies. Behavioral effects were examined us-
ing offspring of F1 C57BL/6 X 129/sv VIP +/— mice. Subse-
quent studies were performed with VIP —/— generated after
backcrossing with C57BL/6 mice for six to seven generations.
These mice exhibited running-wheel behavior that was not
different than that observed on a mixed background. Ho-
mozygous VIP/PHI mutant mice and wild-type controls from
the same litter were analyzed in most cases, but occasionally,
when a wild-type male littermate was unavailable, an age-
matched control mouse from another litter of the same back-
ground was used. Mice derived from the two different ES
clones were found to exhibit similar circadian abnormalities,
and so the resulting data were pooled. Control C57BL/6 mice
were obtained from breeding colonies maintained at UCLA.
In all studies, the recommendations for animal use and
welfare, as dictated by the UCLA Division of Laboratory
Animals and the guidelines from the National Institutes of
Health, were followed.

Male mice, at least 10 wk of age, were housed individually,
and their wheel-running activity was recorded as revolutions
per 3-min interval. The running wheels and data acquisition
system were obtained from Mini Mitter (Bend, OR). The
animals were exposed to a 12:12-h light-dark cycle (LD) for
2-3 wk (light intensity 36 puW/cm? = 120 lux). The animals
were then placed into constant darkness (DD) to assess their
free-running activity pattern. Some mice in LD were also
exposed to a light treatment (white light, 60 min, 15 uW/cm? =
50 lux) during their activity period to measure negative
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Fig. 1. Vasoactive intestinal peptide (VIP)/peptide histidine isoleucine (PHI) gene-disruption strategy and confir-
mation of the targeted mutation in mice. A: gene-disruption strategy. Top segment is the normal VIP gene, with
all 7 exons indicated by boxes. In the targeting construct (middle), the neomycin cassette was placed in inverse
orientation just upstream from the PHI-encoding sequences on exon 4. VIP is encoded on exon 5. Bottom segment
represents the desired gene structure altered by homologous recombination. Xb, Xbal; E, EcoRI; H, Hind III;
GKneo, pPGK neo bpA; TK, pIC19R/MC-1-TK. B: confirmation of VIP gene disruption in offspring of a chimeric
mouse. Tail DNA from 5 offspring was digested with Xbal and analyzed by Southern blot. Blot was probed with the
600-bp Hind I1I/Xbal gene fragment indicated in A. Lanes 1, 3, and 5 are heterozygous for the disrupted gene
because they contain bands at the predicted sizes for the endogenous and mutated genes (3.9 and 4.4 kb,
respectively). Lanes 2 and 4 were wild type. C and D: PCR analysis of a litter of offspring from 2 mice heterozygous
for a targeted mutation in the VIP gene. Relevant portions of the wild-type (top) and disrupted VIP (bottom) genes
are shown in C. Points of arrows indicate the positions of the 3 primers used in the PCR reaction. D: an
ethidium-stain agarose gel of reaction products from 7 offspring alongside a size marker (M). As indicated on the
right, the mutant allele gives 2 bands. The 2.1-kb band is generated by primers V1 and V2. The 708-bp band is
generated by primers N1 and V2. The wild-type allele gives a product of 318 bp, generated by V1 and V2. In
heterozygous mice, the 2.1-kb band is sometimes faint (for example mouse 7), because the 2.1-kb and 318-bp bands
both require primer V2, and the 318-bp band amplifies more efficiently.
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masking behavior, i.e., light-induced suppression of activity.
Other mice in LD or constant light (LL) were exposed to a
dark treatment (no light, 60 min) to measure positive mask-
ing behavior. In each case, the number of revolutions during
this light treatment was compared with the number recorded
during the same phase on the previous day in the dark (21).
Stimulus intensity (irradiance) was measured with a radi-
ometer (United Detector Technologies, Hawthorne, CA). All
handling of animals was carried out either in the light por-
tion of the LD cycle or in DD with the aid of an infrared
viewer (FJW Industries).

The locomotor activity rhythms of mice were analyzed by
periodogram analysis combined with a x® test with 0.1%
significance level (E1 Temps, Barcelona, Spain) on the raw
data. The periodogram shows the amplitude (=power) of
periodicities in the time series for all periods of interest
(between 20 and 31 h in 3-min steps). From the variable @p
obtained from the periodogram, the percentage of variance
explained by the rhythm is @p X 100/n. With n being the data
number, the @p value is then normalized (e.g., 6). During
DD, we found that a power value of >30% indicated a strong
and coherent activity rhythm. Power values <30% were
consistent with a weaker expression of one single period of
the activity rhythm and indicated a less coherent activity
pattern. Slopes of an eye-fitted line through the onsets were
also used to confirm period estimates made with the perio-
dogram analysis. To estimate the cycle-to-cycle variability in
activity onset, a linear regression to 15 cycles of onset of
activity was calculated. The onset of activity for each cycle
was defined as the phase at which the activity levels of the
animal first equaled the mean activity level for that cycle.
The divergence between the measured and predicted onsets
was then determined, and the average difference was calcu-
lated for each animal. We found that using the mean activity
level as a threshold provided a very simple and reliable
measure for the detection of the start of an activity bout. The
duration of each cycle devoted to running-wheel activity is
designated alpha (o), and the duration of non-wheel-running
activity is designated rho (p). To measure these parameters,
the average pattern of activity (i.e., the form estimate) was
determined at moduloperiod for each animal in DD for 15
cycles. Then for each waveform, a was calculated as the time
during which the motor activity was above the medium.

Brain slice preparation. Brain slices were prepared using
standard techniques from mice (C57BL/6) between 21 and 48
days of age. Mice were killed by decapitation, and brains
were dissected and placed in cold oxygenated artificial cere-
bral spinal fluid (ACSF) containing (in mM) NaCl 130,
NaHCO; 26, KC1 3, MgCl. 5, NaH;PO, 1.25, CaCl: 1, and
glucose 10 (pH 7.2-7.4; osmolality 290—300 mosmol/kgH>0).
After slices were cut, transverse sections (350 pum) were
placed in ACSF (25-27°C) for at least 1 h (in this solution,
CaCl; was increased to 2 mM and MgCls; was decreased to 2
mM). Slices were constantly oxygenated with 95%03-5%
COs. Slices were placed in a perfusion chamber (Warner
Instruments, Hamden, CT) attached to the stage of the fixed-
stage upright microscope. The slice was held down with thin
nylon threads glued to a platinum wire and submerged in
continuously flowing, oxygenated ACSF at 2 ml/min. Solution
exchanges within the slice were achieved by a rapid gravity
feed delivery system. In our system, the effects of bath-
applied drugs begin within 15 s and are typically complete by
1-2 min.

Infrared differential interference contrast videomicroscopy.
Slices were viewed with an upright compound microscope
(Olympus BX50), using a water immersion lens (40X) and
differential interference contrast optics. They were illumi-
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nated with near infrared (IR) light by placement of an IR
bandpass filter (750—1,050 nm) in the light path. The image
was detected with an IR-sensitive video camera (Hamamatsu
(C2400, Bridgewater, NJ) and displayed on a video monitor. A
camera controller allowed analog contrast enhancement and
gain control. Cells were typically visualized from 30—100 pm
below the surface of the slice. In the present study, IR
videomicroscopy was utilized to visualize cells within the
brain slice and to limit some of the uncertainty as to the cell
type. This imaging technique allowed us to clearly see the
SCN and to exclude cells from the surrounding hypothalamic
regions.

Whole cell patch-clamp electrophysiology. Methods were
similar to those described previously (8, 19). Briefly, elec-
trodes were pulled on a multistage puller (Sutter P-97, No-
vato, CA). Electrode resistance in the bath was typically 3—6
MQ. The standard solution in the patch pipette contains (in
mM) K-gluconate 112.5, HEPES 10, MgATP 5, NaCl 4, EGTA
1, MgCl; 1, CaCls 0.5, GTP-Tris 1, leupeptin 0.1, and phos-
phocreatine 10. The pH was adjusted to 7.25-7.3 by use of
KOH and the osmolality to 290—295 mosmol/kgH->0 by use of
sucrose. Whole cell recordings were obtained with an Axon
Instruments 200B amplifier and monitored online with
pCLAMP (Axon Instruments, Foster City, CA). Because of
the composition of the pipette filling solution, the calculated
reversal potential for the GABA currents was —46 mV, and
therefore inhibitory postsynaptic currents (IPSCs) appeared
as inward currents at the holding potential of —70 mV. To
minimize changes in offset potentials, the ground path used
a KCl agar bridge. Cells were approached with slight positive
pressure (2—3 cmH>0), and offset potentials were corrected.
The pipette was lowered to the vicinity of the membrane
keeping a positive pressure. After forming a high-resistance
seal (2-10 GQ) by applying negative pressure, a second pulse
of negative pressure was used to break the membrane. While
entering the whole cell mode, a repetitive test pulse of 10 mV
was delivered in a passive potential range (=—60 to —70
mV). Whole cell capacitance and electrode resistance were
neutralized and compensated (50—80%) by use of the test
pulse. Data acquisition was then initiated. Series and input
resistance was monitored repeatedly by checking the re-
sponse to small pulses in a passive potential range. Series
resistance was not compensated, and the maximal voltage
error due to this resistance was calculated to be 6 mV. The
access resistance of these cells ranged from 15 to 35 M(), and
the cell capacitance was typically between 6 and 18 pF.

Under voltage-clamp [membrane potential (V,,) = —70
mV], the holding current was monitored throughout the
experiment. Spontaneous postsynaptic currents were ana-
lyzed using the MiniAnalysis program (Synaptosoft, Decatur,
GA). The software was used to automatically record the
number and peak amplitude of spontaneous IPSCs (sIPSCs)
recorded in gap-free mode of pCLAMP software. Each auto-
matically detected event was then manually checked to en-
sure that the baseline and peak were accurately determined.
The mean frequency, amplitude, rise time, and decay time of
the IPSCs were then calculated for each neuron during 60- to
360-s sampling periods.

Immunocytochemistry. Control and mutant mice were
anesthetized and perfused with phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde in PBS. Brains were
dissected, postfixed at 4°C overnight, and cryoprotected in
30% sucrose in PBS. Immunocytochemistry was performed
simultaneously on free-floating 25-pum cryostat coronal brain
sections of wild-type and VIP/PHI —/— mice. Sections were
washed for 10 min with PBS and then incubated in 2% H>02
in PBS for 1-2 h. Sections were then washed again in PBS,
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dipped in 2% normal goat serum in PBS for 2 h, and then
incubated with a 1:1,000 dilution of rabbit anti-VIP-anti-
serum (Chemicon, raised against synthetic VIP 18—28, cata-
log no. AB982, Temecala, CA) or a 1:4,000 dilution of rabbit
anti-PHI-antiserum (Phoenix Pharmaceuticals, raised against
porcine PHI-27, catalog no. H-064-01, Belmont, CA) in PBS
at 4°C for 2—-3 days. Sections were then washed again in PBS
and incubated with biotinylated goat anti-rabbit antibody
(1:2,000) for 2 h. Sections were washed again for 10 min in
PBS and dipped in an avotin-biotin (Vector ABC kit, Burlin-
game, CA) solution for 2 h, washed again in PBS, and then
placed in filtered 0.05% 3,3’-diaminobenzidine in PBS con-
taining a 1:10,000 dilution of 30% H20-. After sufficient color
reaction, sections were washed with PBS and mounted on
slides immediately. Sections were then dried overnight,
washed with PBS for 10 min, dehydrated with ascending
concentrations of ethanol, and coverslipped. Images were
captured with SPOT camera systems (Diagnostic Instru-
ments, Sterling Heights, Michigan).

Statistical analyses. Between-group differences were eval-
uated using ¢-tests or Mann-Whitney rank sum tests when
appropriate. Values were considered significantly different if
P < 0.05. All tests were performed using SigmaStat (SPSS,
Chicago, IL). In the text, values are shown as means + SE.

RESULTS

Generation and characterization of VIP/PHI-defi-
cient mice. To better understand the role of VIP and
PHI in vivo, the genes encoding these peptides were
disrupted by insertion of a gene encoding a selection
marker (neomycin cassette) into exon 4 in a reverse
orientation upstream from sequences encoding VIP
and PHI, on the fifth and fourth exons, respectively
(Fig. 1A). In addition, a Herpes simplex thymidine
kinase gene was placed at the 3’-end to enable both

Fig. 2. Photomicrographs illustrate
immunoreactive neurons and fibers in
the hypothalamic suprachiasmatic nu-
cleus (SCN) of wild-type (Wt; left) and
VIP/PHI —/— mice (right). No VIP- or
PHI-immunoreactive cells were ob-
served in the SCN of VIP/PHI —/—
mice. Alternative sections were col-
lected and processed in parallel
through immunocytochemical proce-
dures. Scale bar = 50 pm.
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positive and negative antibiotic selection. This con-
struct was introduced into ES cells. Southern blot
analysis revealed the occurrence of successful recom-
bination events in three ES cell clones and germ line
transmission from two of these clones (representative
analysis showing germ line transmission is shown in
Fig. 1B). Subsequently, a PCR strategy was developed
to identify wild-type, heterozygous, and null VIP/PHI
gene mutants generated from heterozygous crosses
(Fig. 1, C and D). Genotyping at 6—8 wk of age indi-
cated that the VIP/PHI mutation followed a normal
Mendelian pattern of inheritance that indicates a lack
of significant embryonic lethality associated with the
mutation. Moreover, both male and female mice ho-
mozygous for the targeted mutation were found to be
fertile and showed no signs of increased morbidity.
Immunohistochemistry confirmed a loss of VIP and
PHI expression in mice homozygous for the mutation
(Fig. 2).

Behavioral analysis of wheel-running activity in LD
and DD. To determine the effect of these genetic ma-
nipulations on the circadian system, behavioral analy-
sis of the circadian rhythm in wheel-running activity
was carried out with the use of mice (VIP/PHI +/+,
VIP/PHI +/—, VIP/PHI —/—-) on a mixed C57BL/6 X
129/sv background (Fig. 3). In these experiments, the
mice were individually housed in cages containing a
running wheel, and their daily activity was recorded.
The animals were first synchronized for 2—-3 wk to an
LD cycle (12:12-h). Under these conditions, all groups
appeared to synchronize to the LD cycle and exhibited
diurnal rhythms in activity. There was no between-
group difference in the phase of activity onset or in

VIP/PHI -/-
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Fig. 3. Examples of wheel-running ac-
tivity records from VIP/PHI +/+, VIP/
i PHI +/—, and VIP/PHI —/—mice. Ani-
mals were initially entrained to
12:12-h light-dark (LD) cycle and then
maintained in constant darkness (DD).
Each horizontal row represents the ac-
tivity record for a 24-h day that is then
double plotted. Successive days are
plotted from top to bottom. Gray
shaded area represents darkness. Bot-
tom: plot of power (expressed as %vari-
ance) as a function of period for the
activity records of animals in DD. The
higher the power, the more robust the
behavioral rhythm expressed at that
period. Left: activity record of a control
VIP/PHI +/+ littermate. Middle: activ-
ity record from a VIP/PHI +/— animal
with a relatively coherent activity
record. Right: activity record from a
VIP/PHI —/— animal. Solid lines rep-
resent 0.1% significance level. @p, vari-

" —

il
'_;:F.!I!' r
R
j
1 E‘I.i.h-i:: - i '-".'":

L e
K

CEprETE

s

g Tge
1
rreFEE

FEE,
ro ter
rll' 4
_b'l El

"

¥
ok
llh"n.i

ol
!r’:f
hhik

20 22 24 26 28 30

20 22 24 26 28 30

20 22 24 26 28 30

hours hours

cycle-to-cycle variability in activity onset. Overall
mean wheel-running activity levels were significantly
reduced in the VIP/PHI —/— animals, but the distribu-
tion of activity into day or night was similar between
groups (Table 1).

Mice were then placed into DD, and their free-run-
ning rhythm was recorded. Under these conditions,
several striking differences emerged between the VIP/
PHI —/—, VIP/PHI +/—, and VIP/PHI +/+ mice in DD
(Table 1). First, a few (3/23) of the VIP/PHI —/— ani-
mals immediately exhibited an activity pattern that
was arrhythmic on a circadian time scale. The remain-
der of the VIP/PHI —/— mice (20/23) exhibited a circa-
dian rhythm of wheel-running activity with a period
that was significantly shorter (22.5 = 0.1 h;n = 20, P <
0.05) than littermate controls (23.6 = 0.1 h, n = 17).
Periodogram analysis (see Fig. 3, bottom) revealed that
the circadian rhythm of some of these VIP/PHI —/—

Table 1. Comparison of parameters of circadian
rhythm in wheel-running behavior for VIP/PHI +/ +,
VIP/PHI +/—, and VIP/PHI —/— mice

Genotype of VIP/PHI Mice

+/+ +/—= —/=

Tau, h 2358 +0.07 23.44+0.15 22.55 +0.1%}
Power, %variation 46.03+-2.86 42.12+3.76 16.81 +1.8%F
LD activity, rev/h 289+13 277+10 162 = 10*f
Phase angle s, h 0.004 +0.04 0.25+0.08* 8.4 +0.47*F
DD activity, rev/h 352+19 410+ 36 209 + 30%*f
Precision, min 18.5*+1.2 23.6 +2.1%* 77.7+6.1%F
o/p Ratio 0.72+0.04 1.02+0.17* 1.25 +0.09*
Activity, % 91.7+0.77 93.5+1.1 86.9 + 1.3%F

Values are means + SE; n = 17 for +/+,n = 9 for +/—, and n =
20 for —/—. LD, light-dark cycle; DD, constant darkness; rev, revo-
lutions; VIP, vasoactive intestinal peptide; PHI, peptide histidine
isoleucine. *Significant difference between control and +/— or —/—
mice. TSignificant difference between +/— and —/— mice.

able obtained from periodogram (see
MATERIALS AND METHODS).
hours

mice expressing a short period also showed a second
component with a longer period (29.0 = 0.4 h; n = 7).
The wheel-running activity of three additional mice
decayed into arrhythmicity over the course of several
weeks in DD so that by the end of our analysis about
one-quarter (6/23) of the VIP/PHI —/— mice were clas-
sified as arrhythmic. For the VIP/PHI +/— mice, only
one out of nine mice examined became arrhythmic by
the 9th wk in DD. Second, once released into DD, the
activity of VIP/PHI —/— mice did not start from the
phase predicted from the prior LD cycle. Typically,
nocturnal rodents will start their activity from a phase
close to the onset of darkness in the prior LD (12:12-h)
cycle. For example, in the littermate (VIP/PHI +/+)
controls, activity began within minutes of the prior
lights-off (Table 1). In contrast, the VIP/PHI +/— ac-
tivity began within 30 min of the prior lights-off,
whereas the activity onsets of VIP/PHI —/— animals
were clustered around a phase ~8 h earlier (Table 1).
This suggests that the animals were synchronized to
the LD cycle with an extremely altered phase angle of
entrainment ({s), and the observed activity onset in LD
was due to a masking effect of light rather than activity
controlled by the circadian pacemaker. Third, the cy-
cle-to-cycle variability in the onset of the daily activity
bout was greatly increased in the mutant animals.
Normally, the onset of locomotor activity patterns is
under precise control of the circadian system. This did
not appear to be the case in VIP/PHI —/— animals.
Indeed, an analysis of the first 15 cycles in DD indi-
cates that the cycle-to-cycle variability in the phase of
activity onset was fourfold higher in VIP/PHI —/—
animals compared with controls (Table 1). The VIP/
PHI +/— animals exhibited a small but significant
increase in variability. Fourth, the VIP/PHI —/— mice
exhibited an expansion of the duration of their daily
activity bout. Again, focusing our analysis on the first
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15 cycles in DD, the ratio of activity to rest (a/p) in
VIP/PHI —/— mice was significantly higher compared
with the controls (Table 1). These differences in the
coherence, o/p, and cycle-to-cycle variability in the ac-
tivity rhythms were also reflected in the significant
reduction in the amplitude or power of periodicity in
the time series analysis of the activity rhythms ex-
pressed by the homozygote mutant animals (Table 1).

Masking. Because the VIP/PHI-deficient mice seem
to behave normally under LD but not DD conditions,
we next examined the direct influence of light on loco-
motor activity in these mice. When mice were main-
tained in an LD cycle, we found no differences in the
ability of light [white light, 1 h, zeitgeber time (ZT) 15]
to acutely suppress (negative masking) wheel-running
activity during an animal’s activity period (VIP/PHI
+/+: 94 * 1% suppression, n = 6; VIP/PHI —/—: 95 =+
3% suppression, n = 6). Next, the ability of dark expo-
sure to increase activity in mice (positive masking) was
examined. When mice were exposed to 1 h of dark in
the middle of the light portion of an LD cycle (ZT 7),
activity was dramatically increased in VIP/PHI —/—
[863 * 300 revolutions (rev)/h, n = 6] but not VIP/PHI
+/+ littermate controls (34 *= 15 rev/h, n = 5). Un-
treated mice of either genotype are inactive at this
phase in their daily cycle. To further explore this dark-
evoked response, mice were maintained in constant
light (LL) and exposed to 1 h of dark every 4 h through-
out a 24-h period (ZT 1, 5, 9, 13, 17, and 21). Because
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the amount of wheel-running activity in LL conditions
was severely reduced, we used the prior LD cycle to
determine the phase of the dark pulses. For mice in LL,
these dark exposures always caused a dramatic activ-
ity increase. For example, wild-type mice exposed to
dark (1 h, ZT 17, n = 8) showed mean activity levels of
935 + 267 rev/h compared with 721 + 132 rev/h for
VIP/PHI —/— mice (n = 8). Neither genotype exhibited
much activity at the same phase in the preceding cycle
in LL (VIP/PHI +/+: 65 * 44 rev/h; VIP/PHI —/—:
103 = 98 rev/h). Overall, the magnitude of dark-evoked
activity did not significantly vary with the time that
the treatment was applied or between the wild-type
and VIP/PHI-deficient mice. These observations indi-
cate that the loss of the peptides did not alter the
negative or positive masking effects of light on locomo-
tor activity.

Skeleton photoperiods. Some of the animals in DD
were exposed to a skeleton photoperiod consisting of
one or two light pulses per 24-h cycle. The mice exposed
to 1:23-h LD synchronized to this light pulse with a
single activity bout (Fig. 4). The VIP/PHI —/— mice
exhibited an abnormal 5, as the activity onsets of these
animals started ~6 h before the light pulse (5.8 *
0.7h,n = 7; P < 0.001). In contrast, in the littermate
(VIP/PHI +/+) controls, activity began around 30 min
before lights on (0.45 = 0.2 h, n = 7). The duration of
the activity bout was also expanded in the VIP/PHI
—/— mice (13.1 = 0.6 vs. 8.8 = 1.0 h; P < 0.005). The
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differences between the two genotypes were even more
striking when the animals were placed on a skeleton
photoperiod consisting of two light pulses per cycle
(Fig. 5). When VIP/PHI +/+ mice were exposed to a
1:11:1:11-h LD, the animals synchronized to this skel-
eton photoperiod with a single activity bout ( = 0.6 =
0.3h,a = 9.5 £ 0.5 h, 87% of total activity contained in
single activity bout, n = 10). In contrast, the VIP/PHI
—/— animals (n 7) exhibited two major activity
bouts, one activity bout after each of the two light
pulses. These two activity bouts can be viewed as
symmetric with the first pulse capturing ~51% of all
activity = 7.5 = 1.0 h, « = 7.0 = 0.7 h) and the
second capturing 47% of all recorded activity ( = 8.1 =
14h,a=17.0=x09h).

Light-induced phase shifts. Finally, the effect of the
loss of VIP/PHI on phase shifts induced by a single,
discrete light treatment was examined. These experi-
ments compared the phase shifts generated by the
exposure of a brief light pulse to wild-type (VIP/PHI
+/+), heterozygous (VIP/PHI +/-), and homozygous
(VIP/PHI —/-) littermates (Fig. 6). Although the VIP/
PHI +/+ mice exposed to light at circadian time (CT)
16 (white light, 15 wW/cm? = 50 lux, 10 min) showed a
104 + 13-min (n = 9) phase delay, the same treatment

R945

in VIP +/— mice caused a 49 + 6-min phase delay (n =
11; P < 0.01). The few VIP/PHI —/— that were exam-
ined exhibited no significant phase shift in response to
this light treatment at CT 16 (16 * 22 min, n = 5).
However, instabilities in the activity onset exhibited by
these mice (Table 1) made it difficult to accurately
assess phase and make interpretation of this experi-
ment difficult.

sIPSCs recorded in SCN are modulated by VIP. Be-
cause VIP is coexpressed with GABA, one hypothesis is
that VIP modulates inhibitory synaptic transmission
within the SCN. To examine this possibility, whole cell
voltage-clamp recording techniques were used to mea-
sure sIPSCs in SCN neurons visualized by IR-DIC
videomicroscopy in a brain slice preparation. For the
C57BL/6 mice, the mean frequency and the mean am-
plitude of sSIPSCs recorded from the SCN during the
day were 7.0 = 1.3 events/s (mean = SE, n = 7) and
14.5 = 1.5 pA, respectively. The time to rise and the
time to decay (latency of the inward current peak from
the baseline) were 2.6 = 0.2 and 13 * 1 ms, respec-
tively. IPSCs were completely abolished with the
GABA, antagonist bicuculline (25 pwM, 6 of 6 neurons
tested), indicating that they are mediated by GABAA
receptors. In C57BL/6 mice (Fig. 7A), VIP (100 nM,
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Fig. 6. Examples of light-induced phase hours hours hours
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5-min application) increased the IPSC frequency (40 =
8%, n = 7, P < 0.05), whereas PHI (100 nM) had no
significant effects (0.2 * 2%, n = 6). The effects of VIP
on frequency were concentration dependent (Fig. 7B)
and long lasting, as the frequency remained elevated
for at least 30 min after the end of treatment. VIP did
not significantly alter the IPSC amplitudes or rise and
fall times recorded in SCN neurons. Additional exper-
iments were performed on VIP/PHI +/+ mice with a
“mixed background,” i.e., they were offspring (F2 gen-
eration) of C57BL/6 X 129/sv VIP —/— mice. In these

+ VIP 100 nM

e | 11 1] 1 11
LILAL T LI ] UL LLIL LI LI

50 1

40 1

30 |

20 |
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Fig. 7. Application of VIP increased the frequency of spontaneous
inhibitory postsynaptic currents (sIPSCs) recorded using whole cell
patch electrophysiology from SCN neurons in the C57BL/6 mouse. A:
trace provides example of sSIPSC recorded from a SCN neuron before
and after treatment with VIP (100 nM, 5 min). Inhibitory postsyn-
aptic current (IPSC) amplitude, rise time, and decay time were
unaffected by VIP. Crossed lines above the traces indicate where
events were detected. B: effects of VIP on IPSC frequency were
concentration dependent. Histogram shows means + SE; n = 6-8
per group.

Enhancement of IPSC
frequency (% change)

mice, the mean frequency of sSIPSCs recorded from the
SCN during the day was 9.6 *+ 2.8 events/s (mean =
SE, n = 6), and application of VIP (100 nM, 5 min)
increased the frequency by 35 = 8% (n = 6). Finally, in
VIP/PHI —/— mice, VIP (100 nM) increased the fre-
quency (48 * 17% increase, n = 6) but not the ampli-
tude of the sIPSCs. There were no significant differ-
ences in the VIP-evoked enhancement of IPSC fre-
quency recorded from wild-type, mixed-background, or
VIP/PHI —/— mice. Finally, in the presence of the
VPAC receptor antagonist [Ac-Tyr!, p-Phe?]- growth
hormone-releasing factor (GHRF) 1-29 (100 nM), ap-
plication of VIP had no stimulatory effect on IPSC
frequency in VIP/PHI +/+ mice (0 = 5% increase, n =
8). Together, this data suggest that VIP can activate
VPAC receptors to regulate inhibitory synaptic trans-
mission within the SCN.

DISCUSSION

To investigate the roles of VIP and PHI in vivo, we
developed a novel mouse model in which the VIP/PHI
gene was disrupted by targeted homologous recombi-
nation. Immunocytochemistry was used to confirm a
lack of detectable VIP and PHI protein in the SCN of
these mice. This new model system was then used to
explore the role of VIP/PHI in the mammalian circa-
dian system. In an LD cycle, the daily rhythm in
wheel-running activity in the VIP/PHI-deficient mice is
mostly indistinguishable from wild-type controls. The
acute effects of the photic environment on locomotor
activity (i.e., positive and negative masking) are appar-
ently unaltered by the mutation. In contrast, the loss of
VIP/PHI had dramatic effects on multiple aspects of
the circadian system as measured by the rhythm in
wheel-running activity. First and foremost, all of the
VIP/PHI-deficient mice exhibited a disruption in their
ability to express a coherent circadian rhythm. In the
most extreme cases, some of the VIP/PHI-deficient
mice (=25%) exhibited wheel-running behavior that
was arrhythmic on the circadian time scale by the end
of their time in DD. The remainder of the mutant mice
expressed a rhythm with a significantly shortened pe-
riod that lacked coherence and statistical power be-
cause of variability in activity onset and expansion of
a«. When placed on a skeleton photoperiod consisting of
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two light pulses per 24-h cycle, all of the VIP/PHI —/—
animals exhibited two discrete activity bouts instead of
the one activity bout seen in controls. Previous studies
have found severe disruptions in circadian function in
mice deficient in the expression of the VPAC; receptor
(9, 13) that recognizes both VIP and PACAP. These
VPAC; —/— mice lacked rhythmicity at the molecular,
cellular, and behavioral levels. Compared with the
VIP/PHI —/— mice, the loss of the receptor apparently
resulted in a more severe phenotype. One potential
explanation for the differences is that VPACs receptors
respond to both PACAP and VIP. Thus VIP and VPAC,
—/— mice potentially yield different types of informa-
tion, depending on the additional physiological inter-
action of PACAP with VPAC; receptors in the SCN. In
any case, this difference raises the possibility that the
VPAC; receptors may mediate more than just the ac-
tions of VIP and PHI. The results reported here show
that the loss of VIP/PHI is sufficient to produce severe
disruptions in the circadian system. Taken together,
circadian studies with VIP/PHI-, VPAC,- (13), and
PAC1-deficient mice (11) clearly indicate that this neu-
ropeptide family plays critical roles in the generation
and regulation of circadian oscillations.

In addition, the loss of VIP/PHI appears to have
altered the entrainment of the circadian oscillator to
the environment. This phenotype is seen in the exper-
iments in which animals are released into DD from an
LD cycle. A wild-type mouse synchronized or entrained
to a 12:12-h LD cycle will start its activity from a phase
predicted from the prior LD cycle, and, for a nocturnal
organism, the activity will start from a phase near the
start of nocturnal activity in LD. For example, the
VIP/PHI +/+ animals began their free-running
rhythm within minutes of the time of lights-off in the
prior LD cycle. In contrast, the VIP/PHI —/— animals
started their activity ~8 h before the time of the prior
lights-off. The shorter period cannot account for this
large shift in activity onset. When these mice were
exposed to the dark during the middle of the day (ZT 7),
the endogenous drive toward activity was unmasked,
as the mutant, but not wild-type, mice exhibited strong
wheel-running activity. We postulate that most of this
response must be due to an alteration in the processes
that couple the oscillator to the environment. This
argument is further supported by the altered phase
angle of entrainment seen in the VIP/PHI —/— mice
entrained to a single light pulse per cycle. Similarly,
the VPAC, —/— mice also exhibit an extremely positive
phase angle of entrainment (13). Thus our data lead us
to propose that VIP and perhaps PHI are required for
normal light-induced synchronization of the circadian
system. This proposition is specifically supported by
the observation that the VIP/PHI +/— mice exhibited
~50% reduction in the magnitude of light-induced
phase shifts. The VIP/PHI —/— mice did not show any
phase shift in response to short light pulses, although
the variability in activity onset made this analysis
difficult. In addition, previous studies have shown that
VIP can mimic some of the actions of light on the SCN.
Microinjection of VIP alone (25) or in combination with
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other peptides (2) into the SCN region can cause phase
shifts of the circadian rhythm of wheel-running activ-
ity in the hamster. PHI is expressed in cells in the SCN
(e.g., Refs. 24 and 29), and injections of this peptide
into the SCN can cause small phase shifts in the early
night (2, 25). Although distinct receptors for PHI have
not been identified in mammals, this VIP-related pep-
tide acts as a weak agonist on cloned rodent VPAC,
receptors in transfected cells, albeit at concentrations
10-fold lower than VIP (15, 35). Although it is not clear
whether this peptide is used as a signaling molecule, it
is possible that the loss of PHI contributes to the
circadian phenotype described in this study. Applica-
tion of VIP also phase shifts the circadian rhythm of
vasopressin release (38) and neural activity (26) mea-
sured in vitro. Finally, a recent study reports that VIP
induces mPerl and mPer2 gene expression during the
subjective night (22). These genes are part of the basic
molecular feedback loop that drives circadian oscilla-
tions in single cells and are normally regulated by light
(17, 28). The normal light induction of these mPer
genes is absent in the VPACg —/— mice (13). Together,
these observations suggest that VIP plays a significant
role in coupling of the circadian oscillator to the envi-
ronment.

In our view, there are two reasonable explanations
for the diverse set of phenotypes observed in the VIP/
PHI —/— mice. These explanations are not mutually
exclusive and speak to the functional role of VIP, and
perhaps PHI, in the mammalian circadian system.
First, VIP and the VPAC,; receptor may be required for
the basic molecular oscillation that is thought to drive
circadian oscillations within single cells. Experimen-
tally, this argument is supported by the observation
that the circadian oscillations in several core clock
genes as well as electrical activity are lost in the
VPACy —/— mice (9, 13). Conceptually, this explana-
tion is supported by the recent observation in Drosoph-
ila that the targeted expression of a modified potas-
sium channel, and the presumed hyperpolarization of
the neurons driving circadian oscillations in behavior,
blocked the behavior output and also the rhythmic
gene expression (23). Broadly speaking, this suggests
that electrical activity at the membrane of the neuron
can have a profound effect on the rhythmic patterns of
gene expression and suggests a mechanism by which
the loss of a signaling neuropeptide can cause deficits
in rhythmic gene expression. However, it must be
pointed out that most of the VIP/PHI-deficient mice
still express rhythmic locomotor activity, indicating
that some rhythm-generation machinery is still opera-
tional in these animals. A second possibility is that the
loss of VIP/PHI alters the communication between cell
populations within the SCN. Perhaps the most striking
piece of experimental data supporting this hypothesis
is our observation that all of the VIP/PHI —/— animals
exhibited two discrete activity bouts when placed on a
skeleton photoperiod consisting of two light pulses per
cycle. Additional support comes from the loss of coher-
ence and arrhythmicity seen in the locomotor activity
records of VIP/PHI-deficient mice in DD. It is clear that
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the application of VIP alters the firing rate of SCN
neurons, with ~50% of neurons responding to VIP with
a decrease of activity (26). Our electrophysiological
analysis also indicates that VIP regulates inhibitory
synaptic transmission within the SCN (16). It is widely
accepted that most SCN neurons are GABAergic and
are likely to use this transmitter to communicate with
other neurons within and beyond the SCN (1, 7). Under
culture conditions in which individual SCN neurons
have the ability to generate circadian rhythms in firing
rate, GABAergic mechanisms appear to have the capa-
bility to synchronize SCN cell populations (18, 34).
Thus, by regulating inhibitory synaptic release, the
loss of VIP could broadly impair communication among
SCN cell populations. Certainly, a better understand-
ing of the cellular mechanisms by which VIP regulates
SCN neurons is a critical step toward the development
of a mechanistic explanation for phenotype observed in
VIP/PHI-deficient mice. If the deficit in these mice is
primarily one impacting cellular communication, then
we expect that individual neurons in the VIP/PHI —/—
mice will continue to generate normal circadian oscil-
lations, whereas deficits will emerge at the tissue level
because of the weakening of coordination between the
individual oscillators. While this prediction awaits fu-
ture study, it may be that VIP has multiple actions
within the SCN cell populations. The studies reported
here clearly show that loss of VIP/PHI is sufficient to
produce severe disruptions in the generation of circa-
dian oscillations and the synchronization of these
rhythms to the environment. Certainly, our data sug-
gest that neuropeptides in the VIP family play a cen-
tral role in the mammalian circadian timing system.
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