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Uitnodiging

CHAPTER 4 

Role of vasoactive intestinal peptide 
in seasonal encoding by the 

suprachiasmatic nucleus clock
 

Eliane	A.	Lucassen,1	Hester	C.	van	Diepen,1	Thijs	Houben,1	Stephan	Michel,1 
Christopher	S.	Colwell1,2,*and	Johanna	H.	Meijer1* 
*C.S.C.	and	J.H.M.	contributed	equally	to	this	work.

Eur J Neurosci 2012, 35: 1466-74. 

1.	Laboratory	of	Neurophysiology,	Department	of	Molecular	Cell	Biology,	 

Leiden	University	Medical	Center,	Leiden,	the	Netherlands. 

2.	Laboratory	of	Circadian	and	Sleep	Medicine,	Department	of	Psychiatry	and	Biobehavioral	Sciences,	

University	of	California,	Los	Angeles,	United	States.



R1
R2
R3
R4
R5
R6
R7
R8
R9

R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

Chapter 4

88

Abstract
The neuropeptide vasoactive intestinal peptide (VIP) is critical for the proper functioning of 
the neural circuit that generates circadian rhythms. Mice lacking VIP show profound deficits 
in the ability to generate many behavioral and physiological rhythms. To explore how the 
loss of VIP impacts on the intact circadian system, we carried out in vivo multiunit neural 
activity (MUA) recordings from the suprachiasmatic nucleus of freely moving VIP knockout 
(KO) mice. The MUA rhythms were largely unaltered in the VIP KO mice, with no significant 
differences being seen in the amplitude or phase of the rhythms in light–dark conditions. 
Robust differences between the genotypes were revealed when the mice were transferred 
from light–dark to constant darkness conditions. In addition, the ability of the VIP KO mice 
to encode changes in photoperiod was examined. Strikingly, the behavioral and physiological 
rhythms of VIP KO mice showed no adaptation to short or long photoperiods. The data 
indicate that the intact circadian system can compensate for some of the consequences of 
the loss of VIP, whereas this peptide is indispensable for endogenous encoding of seasonal 
information.
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Introduction
Circadian rhythms are present in almost all organisms, and have evolved as an adaptation 
to the rotation of the earth around its axis. In mammals, these rhythms are generated in 
the suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN consists of approximately 
20,000 neurons that produce an endogenous circadian rhythm in multiunit neuronal activity 
(MUA), reaching its peak during the day and its trough at night.

In order to function adaptively, the SCN neural activity rhythms need to be synchronized 
to the environment, and a variety of evidence indicates that the light–dark (LD) cycle is 
the main environmental signal responsible. In addition to its role in the generation of daily 
rhythms, the SCN is critical for the body’s response to seasonal changes. In particular, the 
neural activity patterns in the SCN change as a function of day-length.1-4 These photoperiod-
induced changes in the patterns of SCN neural activity are thought to underlie seasonal 
changes in mammals’ physiology and behavioral activity patterns.4-6 Thus, the SCN is critically 
involved in both circadian and seasonal changes in physiology and behavior. In order to 
generate a coherent output signal, it is important for individual neurons within the SCN to be 
mutually synchronized. A major candidate implicated in interneuronal SCN synchronization 
is vasoactive intestinal peptide (VIP). Anatomically, VIP is expressed in neurons in the ventral, 
core SCN region that receive light input through the retinohypothalamic tract (RHT). These 
VIP-expressing cells send projections to the dorsal, shell SCN, as well as leaving the SCN and 
innervating SCN targets such as the subparaventricular zone.7-9 Application of VIP alters the 
firing rate of SCN neurons,10 induces Per1 expression,11 and causes phase shifts of the SCN 
circadian rhythm.12-14 The loss of VIP or its receptor (VIP receptor 2, VIPR2) disrupts neural 
activity rhythms of the SCN measured in vitro,15-16 at least partly because of loss of synchrony 
of the SCN cell population.17-18 Behaviorally, all VIP-deficient and VIP2R-deficient mice exhibit 
disruptions in their ability to express a coherent circadian rhythm in constant darkness (DD) 
as well as alterations in their ability to synchronize to the LD cycle.17-20 

Synchronization of neurons within the SCN is also important for seasonal encoding 
mechanisms of the SCN.1,3,4 In short days, the SCN ensemble rhythm is compressed and 
shows a narrow peak, whereas in long days, it is decompressed and shows a broad peak. The 
changes in the waveform pattern of the electrical SCN rhythm arise from changes in phase 
relationships among activity patterns of single neurons. In short days, subpopulations of 
SCN neurons are synchronized, whereas in long days, these subpopulations show a broader 
distribution.1 An important attribute of the seasonal encoding system is its ‘memory’ for 
photoperiod. Even when animals are transferred from the photoperiod into DD, the phase 
relationships are preserved, and animals continue to show the characteristic behavioral 
patterns for days–weeks. It is not yet understood how the seasonal information is stored 
within the SCN, and an immediate question is which transmitter system is involved in this 
process.
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In the present study, we first carried out in vivo MUA recordings from the SCN of freely 
moving VIP knockout (KO) mice and littermate wild-type (WT) controls. We then exposed the 
VIP KO mice to long (LD16:8) and short (LD8:16) photoperiods and measured the behavioral 
and physiological responses. 

Materials and methods
Animals and housing
The VIP⁄PHI-/- mouse model was originally generated in the Department of Psychiatry and 
Biobehavioral Sciences at the University of California in Los Angeles. Mouse genotype was 
confirmed with a triple-primer PCR assay (see Colwell et al., 2003 for more information). 
Littermate VIP+/+ mice were used as WT control animals in this experiment. The Animal 
Experiments Ethical Committee of Leiden University Medical Center approved all of the 
experiments. 

Electrode implantation
Male mice were housed under LD12:12, LD18:6 (long day) or LD6:18 (short day) cycles. 
At a minimum age of 12 wks, the mice were anesthetized with Hypnorm ⁄ Dormicum and 
implanted with tripolar stainless steel electrodes (0.125 mm; Plastics One, Roanake, VA, USA) 
with a stereotaxic instrument. Two electrodes (polyimideinsulated) were used for differential 
recordings of the MUA, and one was placed in the gray matter for reference. Aiming for 
the SCN under a 5° angle in the coronal plane, the following stereotaxic coordinates were 
used: 0.4 mm anterior of bregma, 0.48 mm lateral to the midline, and 5.44 mm ventral to 
the surface of the cortex.21 At the end of the experiment, the position of the electrode was 
histologically confirmed by passing a small electric current through the electrode, enabling 
the resulting iron deposition from the tip to be stained with potassium ferrocyanide. 

In vivo MUA recordings
All mice had a recovery period after surgery of at least 1 week before placement in the 
recording cage with a Plexiglas front, and were connected to the recording system with 
a counterbalanced swivel system that allowed the mice to move freely. After appropriate 
amplification and filtering (0.5–5 kHz) of the signal, the action potentials were detected 
with window discriminators and counted in 10-s epochs. MUA data were smoothed with a 
penalized least-squares algorithm22 to describe the waveform of the rhythm, and to determine 
peak and trough time, and peak width. Behavioral activity was measured simultaneously with 
passive infrared sensors. Mice were initially held for 5 days under an LD12:12 cycle followed 
by DD. The peak width was determined per mouse in the smoothed curve at half-maximum 
values and averaged. 
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The time of the peak and trough were determined with zeitgeber time (ZT) 12 defined 
as lights-off. The MUA data were smoothed, and the mean period of MUA was calculated by 
determining peak-to-peak time in DD per mouse. The mean amplitude was calculated per 
cycle, per mouse, by subtraction of trough height from peak height. The mean amplitude 
decrease after transfer to DD was calculated by dividing the mean amplitude levels in DD 
by the mean amplitude levels in the LD cycle. Phase advances in MUA were calculated by 
comparing the time of the 50% level of the final downward slope in the LD cycle and the 
half-maximum level of the first downward slope in DD, and were corrected for endogenous 
period. 

Mice were entrained to short and long photoperiods for 25 days before recordings, as 
shorter entrainment periods did not lead to consistent waveform changes in the MUA rhythm 
in WT mice.1 Mice exposed to long and short days were recorded for at least 5 days in the LD 
cycle and for approximately 5 days in DD. The peak width and phase of MUA were calculated. 
For mice that were exposed to long photoperiods, the quality of the rhythm decreased, and 
not all peaks could be used for the analysis. We only used peaks that had an amplitude of at 
least 30% of the amplitude in the LD cycle. 

Behavioral data collection and analysis
We used passive infrared sensors to register behavioral activity during the MUA recording (Fig. 
1, Fig. 2, Fig. 4, Suppl. Fig. 2). We made activity profiles by adding behavioral activity in 10-min 
bins per 24 hrs, and we made MUA profiles by adding smoothed MUA data per 24 hrs (Suppl. 
Fig. 2). For all other behavioral analyses, behavioral activity was monitored by the wheel-
running activity of individually housed mice, recorded in 1-min bins (Clocklab; Actimetrics, 
Wilmette, IL, USA). VIP KO mice and their WT littermates were recorded for 30 days in either 
short or long days, and the recordings were continued for at least 14 days after release into 
DD. The duration of the active phase of the activity rhythm (alpha) was determined manually 
in individual mice by estimation of the activity onsets and offsets on each day. Amplitudes of 
behavioral rhythms were determined in individual mice by F periodogram analysis over the 
first 10 days of wheel running activity in DD. The phase advance in behavioral activity after 
release into DD was determined by fitting a straight line through all activity onsets, and was 
corrected for endogenous period. 

Statistical analysis
Independent samples two-sided t-tests were performed in SPSS, and differences were 
considered to be significant if P < 0.05. To assess the normality of the data obtained from the in 
vivo MUA recordings, Shapiro–Wilk tests were performed. All data were normally distributed, 
except for the phase advance after lights off in WT mice (P = 0.01), so we performed a Mann–
Whitney test. All values are shown as mean ± standard error of the mean. For analysis of 
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behavioral activity patterns, calculations of differences in alpha, in total behavioral activity 
and in amplitude, we used independent samples two-sided t-tests.

Fig. 1.	SCN	MUA	rhythms	recorded	from	the	SCN	of	freely	moving	mice.	Representative	examples	of	MUA	rhythms	
recorded	from	the	SCN	of	a	WT	mouse	(A)	and	a	VIP	KO	(B)	mouse.	The	mice	were	initially	held	in	an	LD12:12	cycle,	
and	subsequently	placed	into	DD.	Individual	data	points	represent	10-min	epochs.	Smoothed	data	are	indicated	by	
a	white	line.	For	this	and	subsequent	figures,	a	white	background	indicates	light	exposure,	and	a	gray	background	
represents	darkness.	Behavioral	activity	was	measured	with	a	passive	infrared	sensor,	and	is	depicted	at	the	bottom	
of	each	plot.	(C)	The	mean	peak	(upward	triangles)	and	trough	(downward	triangles)	in	the	MUA	rhythms	recorded	
when	mice	were	held	 in	LD12:12.	Symbols	 show	means	±	standard	errors	of	 the	mean	 in	 this	and	subsequent	
figures.	(D)	Mean	period	of	MUA	in	DD	in	WT	and	VIP	KO	mice.	(E)	The	mean	(%)	decrease	in	amplitude	of	the	MUA	
level	when	mice	were	switched	from	LD12:12	to	DD	as	a	percentage	of	baseline	MUA	levels	in	each	genotype.	The	
asterisk	indicates	a	significant	difference	at	P <	0.01	measured	with	t-tests.

Results
Behavioral rhythms
Wheel-running activity was measured under LD12:12 and DD conditions to confirm the 
VIP-deficient phenotype observed in previous studies (see Suppl. Fig. 1 for examples). All 
of the VIP KO (n = 8) and WT littermate (n = 7) mice showed clear rhythms of locomotor 
activity in LD conditions. When transferred to DD, VIP KO mice, in contrast to WT mice, began 
behavioral activity 5.59 ± 0.78 hrs earlier than what would be expected on the basis of their 
previous activity rhythm under LD conditions. All VIP KO mice remained rhythmic during the 
first 10 days in DD, as measured by F periodogram analysis. Their free-running period was 
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shorter (23.31 ± 0.38 hrs) than that of WT mice (23.73 ± 0.06 hrs), but this difference was not 
significant (P = 0.33). 

Suppl. Fig. 1.	 Behavior	 of	WT	 and	 VIP	 KO	mice	 in	 LD12:12	 and	 in	 DD.	 Behavior	WT	 and	 VIP-deficient	mice	 in	
LD12:12	and	in	DD.	Typical	examples	of	wheel	running	activity	of	a	WT	(A)	and	two	VIP	KO	mice	(B)	 in	LD12:12	
and	consecutive	release	in	continuous	dark.	Each	horizontal	row	shows	behavior	over	a	24	hr	cycle	with	a	white	
background	representing	light.	Successive	days	are	plotted	from	top	to	bottom.

MUA rhythms
Long-term MUA rhythms were recorded from the SCN of VIP KO (n = 5) and WT littermate 
(n = 6) mice (Fig. 1A and B). Recordings were performed for five cycles in LD12:12, and then 
for five cycles in DD. All of the VIP KO and WT mice showed diurnal rhythms in MUA when 
exposed to the LD cycle, with a peak in MUA in the middle of the day, and a trough in the 
middle of the night. The mean times to peak after lights-on (ZT 0) were 8.34 ± 1.05 hrs in 
WT mice and 8.22 ± 1.17 hrs in VIP KO mice (P = 0.94, t-test). MUA reached its trough at 
ZT 17.42 ± 0.76 hrs and ZT 17.21 ± 0.94 hrs in WT and VIP KO mice, respectively (P = 0.79, 
t-test). Under these conditions, the durations of the width of the peak in MUA measured at 
half maximum levels were 11.81 ± 0.32 hrs in WT mice and 12.17 ± 0.41 hrs in VIP KO mice (P 
= 0.50, t-test). Thus, in LD conditions, VIP KO mice were able to maintain a robust rhythm in 
electrical activity with characteristics and phasing comparable to WT rhythms. 

All of the VIP KO (n = 5) and WT (n = 6) mice showed circadian rhythms in MUA when the 
mice were held in DD. In DD, VIP KO mice tended to have a shorter free-running period of 
the MUA rhythm (VIP KO, 21.92 ± 0.86 hrs; WT, 23.45 ± 0.41 hrs), but this difference was not 
significant (P = 0.16, t-test). The mean free-running periods of MUA rhythms were similar 
to the periods in wheel-running activity in VIP KO mice (P = 0.11) and in WT mice (P = 0.55). 
The width of the peak in MUA was almost identical between WT mice (11.14 ± 0.34 hrs) and 
VIP KO mice (11.31 ± 0.41 hrs; P = 0.76). There were two robust differences between the 
genotypes when they were transferred from LD conditions to DD. First, the amplitude of the 
MUA rhythm decreased more in VIP KO mice (48% ± 8%) than in WT mice (22 ± 4%, P < 0.01, 
t-test). Second, the MUA activity rhythm was dramatically phase advanced (Fig. 2B). The 
half-maximum level of the downward slope in MUA, which is strongly correlated with activity 
onset, started 5.68 ± 1.42 hrs before project lights-off in VIP KO mice and at 0.19 ± 0.58 hrs in 
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WT mice (P < 0.01, Mann–Whitney test). The start of behavioral activity of the same VIP KO 
mice was earlier than expected on the basis of endogenous period when lights were switched 
off (Fig. 2A). Average waveforms in MUA under LD conditions did not differ between the 
groups (Fig. 2C). We observed that the downward slope of MUA was strongly correlated with 
activity onset in both strains of mice (Fig. 2D). We made activity profiles of total behavioral 
activity per 24 hrs and 24 hrs. profiles of concurrently measured MUA of both genotypes 
(Suppl. Fig. 2). We calculated the level of MUA at which half of the total behavioral activity 
had occurred. On average, this occurred at the same level of MUA in WT mice (1 ± 0%) and in 
VIP KO mice (7 ± 4%, P = 0.28, t-test). 

Fig. 2.	Phase	advance	in	behavior	and	MUA	after	release	in	DD.	Bar	graphs	compare	the	phase	advance	in	behavior	
(A)	 and	MUA	 (B)	 when	 a	mouse	was	 released	 into	 DD	 from	 the	 LD	 cycle.	 The	 asterisk	 indicates	 a	 significant	
difference	at	P <	0.01	measured	with	t-tests	(A)	or	Mann–Whitney	tests	(B).	(C)	The	average	waveforms	of	MUA	in	
WT	and	VIP	KO	mice	in	LD12:12,	made	by	adding	smoothed	MUA	activity	waveforms	of	all	mice	used	for	analysis.	
Peaks	and	troughs	in	MUA	are	displayed	as	red	and	blue	circles,	respectively.	Half-maximum	values	of	MUA	are	
indicated	by	green	triangles.	(D)	Representative	example	of	behavioral	activity	of	WT	(left	panel)	and	VIP	KO	(right	
panel)	mice	measured	with	a	passive	infrared	sensor.	Each	horizontal	row	represents	a	double-plotted	24	hrs.	day,	
with	successive	days	plotted	from	top	to	bottom.	Reference	points	(see	legend)	from	the	recorded	MUA	rhythm	are	
superimposed	on	the	locomotor	activity	plot.
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Behavioral and MUA rhythms measured in long and short photoperiods
The wheel-running activity of VIP KO and WT mice was measured in short (LD8:16; KO, n = 
16; WT, n = 17) and long (LD16:8; KO, n = 11; WT, n = 16) photoperiods, respectively. Mice 
were held in the LD cycle for 30 days, and were then released into DD (Fig. 3; Table 1). All 
of the mice showed a robust daily rhythm in LD conditions, with activity increasing sharply 
after lights-off. The amplitude of the daily rhythm in locomotor activity was reduced (P < 
0.01) in VIP KO mice as compared with WT controls, with the mutant mice in the long days 
exhibiting the lowest amplitude (Table 1). Total behavioral activity was significantly lower 
in the VIP KO mice (P < 0.01) than in controls, but did not differ between long and short 
photoperiod exposure in either genotype. Following entrainment to long days and release 
into DD, VIP KO mice showed a phase advance of behavioral activity of 12.74 ± 0.61 hrs as 
compared with the time of expected behavioral onset based on endogenous period. After 
short day exposure and release into DD, VIP KO mice started activity 3.85 ± 0.28 hrs earlier 
than expected. The behavioral phase advance in DD was significantly (P < 0.05) altered by 
exposure to the different photoperiods (Fig. 3). In DD, VIP KO mice showed lower amplitude 
rhythms than WT controls (Table 1). 

Suppl. Fig. 2. Correlation	between	behavior	
and	MUA	in	WT	and	VIP	KO	mice	in	LD12:12.	
Correlation	 between	 behavior	 and	 MUA	
in	 WT	 and	 VIP-deficient	 mice	 in	 LD12:12.	
Typical	 examples	 of	 activity	 profiles	 of	 a	
WT	mouse	 (A)	 and	of	 two	VIP	KO	mice	 (B).	
Behavioral	 activity	 as	 measured	 by	 passive	
infrared	 sensors	 is	 depicted	 in	 grey	 in	
10-minute	bins	 as	 a	percentage	of	maximal	
activity	per	bin	 size.	 The	black	 curve	 shows	
normalized	mean	multiunit	electrical	activity	
(MUA).	Light	is	depicted	at	the	top	of	the	plot	
with	 grey	 indicating	 darkness.	 The	 point	 in	
time	and	 relative	 to	MUA	value	where	50%	
of	 total	 behavioral	 activity	 had	 occurred	 is	
indicated	as	black	dots.	(C)	Mean	normalized	
MUA	values	of	WT	and	VIPdeficient	mice	are	
indicated	by	the	black	 line.	The	mean	point	
in	time	where	50%	of	total	behavioral	activity	
had	is	depicted	by	black	dots	for	WT	(1)	and	
VIP	 KO	 (2)	 mice	 and	 were	 not	 significantly	
different	(t-test,	P =	0.28).
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Table 1. Behavioral	parameters	of	mice	in	short	(LD8:16)	and	long	(LD16:8)	photoperiods.

Short day Long day
VIP KO WT VIP KO WT

Alpha in LD (hrs)*,† 12.8	±	0.3 12.9	±	0.3 6.4	±	0.2 7.7	±	0.1
Alpha in DD (hrs)*,‡,§ 9.3	±	0.5 12.6	±	0.3 11.2	±	0.6 9.0	±	0.3
Period in DD (hrs) 23.9	±	0.2 23.8	±	0.2 23.8	±	0.4 23.9	±	0.2
Amplitude in DD (hrs)†,‡,§ 0.6	±0.1 0.9	±	0.0 0.4	±	0.2 0.9	±	0.0
Phase advance (hrs)†,‡,§ 3.9	±	0.3 0.2	±	0.1 12.7	±	0.6 0.0	±	0.1

*P <	0.05	between	short	and	long	days	in	WT	mice;	†P <	0.05	between	short	and	long	days	in	VIP	KO	mice;	‡P <	0.05	
between	genotypes	in	short	days;	§P <	0.05	between	genotypes	in	long	days.	

One of the important changes in circadian behavior observed in mice held in different 
photoperiods is an adaptive alteration in the duration of the night activity interval (alpha) 
(Fig. 3). WT mice showed a significantly (P < 0.05) longer alpha when held in short days 
(12.9 ± 0.3 hrs) than when held in long days (7.7 ± 0.0 hrs). Similar differences in alpha (P < 
0.05) were observed in VIP KO mice held in short days (12.8 ± 0.3 hrs) or long days (6.4 ± 0.2 
hrs). As expected, when WT animals were released into DD, alpha remained significantly (P < 
0.05) longer after short days (12.6 ± 0.3 hrs) than after long days (9.0 ± 0.3 hrs). This history-
dependent change in alpha (after-effects) was lost in the mutant mice. When VIP KO mice 
held in short days were released into DD, the alpha of the activity rhythm was only 9.3 ± 0.5 
hrs, and those that were in long days showed an alpha of 11.4 ± 0.5 hrs. 

Finally, long-term MUA rhythms were recorded from the SCN of VIP KO mice held in long 
days (n = 6) or short days (n = 6; Fig. 4). Recordings were performed for five cycles in the 
LD condition, followed by five cycles in DD. All of the VIP KO mice showed diurnal rhythms 
in MUA, whether exposed to a short or a long photoperiod. The average width of the MUA 
peak measured at halfmaximum levels was significantly (P < 0.001, t-test) decreased when 
the mice were held in short day (9.82 ± 0.38 hrs) as compared with long day (14.40 ± 0.45 hrs) 
conditions. In three mice, MUA was measured in more than one photoperiod consecutively 
(Suppl. Table 1). The peak width of MUA lengthened with longer photoperiod exposure. When 
mice were transferred to DD, all of the VIP KO mice (6 ⁄ 6) continued to show clear circadian 
rhythms in MUA after short day exposure. In contrast, after exposure to long photoperiods, 
some of the VIP KO mice (2 of 6) lost the circadian rhythmicity in MUA, and the remaining 
mice showed weak rhythms. Therefore, we could only reliably determine period and phase 
advance in MUA after short day exposure: 22.96 ± 0.13 and 1.97 ± 0.81 hrs. Importantly, after 
exposure to DD, the prior photoperiod had no significant impact on the MUA peak width (Fig. 
4). The mean widths of the peak were 10.93 ± 0.83 and 12.16 ± 0.77 hrs after short and long 
day exposure (P = 0.37, t-test). Thus, for both the behavioral and MUA rhythms, the VIP KO 
mice lost the photoperiod-driven plasticity in output. 
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Fig. 3.	Behavior	of	VIP	KO	mice	exposed	to	short	and	long	photoperiod	conditions.	Representative	wheel-running	
activity	 records	of	WT	and	VIP	KO	mice	under	 (A)	 short	 (LD6:18)	and	 (B)	 long	 (LD18:6)	photoperiod	exposure.	
Each	horizontal	row	represents	wheel-running	activity	over	a	24	hr	cycle.	Successive	days	are	plotted	from	top	to	
bottom.	(C)	Bar	graphs	plotting	the	behavior	phase	advance	measured	at	the	LD	⁄	DD	transition	for	VIP	KO	mice	in	
each	photoperiod.	Bar	graphs	showing	the	duration	of	the	active	phase	(alpha)	in	each	genotype	under	LD	(D)	and	
DD	(E)	conditions.	The	asterisk	indicates	a	significant	difference	at	P <	0.05	measured	with	t-tests.	

Suppl. Table 1.	Width	of	 the	peaks	 in	MUA	in	a	subpopulation	of	VIP	KO	mice	that	were	measured	 in	multiple	
photoperiods.

Short day LD12:12 Long day

Animal	1	 9.04	hrs	 - 13.05	hrs
Animal	2	 9.54	hrs	 11.66	hrs	 15.51	hrs
Animal	3	 - 13.76	hrs	 15.51	hrs
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Fig. 4.	MUA	rhythms	recorded	from	the	SCN	of	VIP	KO	mice	exposed	to	short	and	long	photoperiods.	Representative	
examples	of	MUA	recordings	from	the	SCN	of	VIP	KO	mice	in	(A)	short	(LD8:16)	or	(B)	long	(LD16:8)	photoperiods	
and	after	release	 into	DD.	For	visibility	of	 the	data,	 the	first	3.5	days	 in	DD	are	shown,	but	traces	are	part	of	a	
longer	recording.	Note	the	loss	of	circadian	rhythmicity	in	the	mice	(B,	top	panel)	after	they	had	been	released	into	
DD.	The	white	line	shows	the	smoothed	data	(10-min	bins).	Behavioral	activity	as	recorded	with	passive	infrared	
sensors	is	depicted	below.	(C)	The	width	of	the	peak	that	was	measured	at	half-maximum	electrical	activity	levels	
from	each	genotype.	After	exposure	to	long	days,	the	MUA	rhythms	were	disturbed	and	not	all	peaks	could	be	
used	for	the	measurements.	The	asterisk	indicates	a	significant	difference	at	P <	0.05	measured	with	t-tests.	As	
MUA	rhythms	became	sloppy	after	long	day	exposure,	not	all	peaks	could	be	used	for	peak	width	determination.	

Discussion
MUA rhythms
We implanted electrodes into the SCN of VIP KO mice and littermate WT controls, and 
continuously recorded MUA in freely moving mice. Under LD12:12 conditions, VIP KO mice 
showed strong daily rhythms in MUA that peaked during the second half of the day and 
reached their trough in the middle of the night (Fig. 1). The amplitudes and the phase of 
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the rhythms could not be distinguished from those recorded from the SCN of WT mice. 
When VIP KO mice were transferred to DD, the MUA rhythm continued, but displayed a 
reduction in amplitude that was significantly larger than the amplitude drop observed in WT 
mice (Fig. 1). Also, upon release into DD, the MUA rhythm of VIP KO mice showed a phase 
advance of about 6 hrs (Fig. 2), consistent with behavioral findings in earlier reports.17,18,20 
We analysed the half-maximum levels of the downward slope of MUA, as this phase of the 
rhythm is closely correlated with behavioral onset.23 We found that the phase advance of the 
electrical activity rhythm was similar to the phase advance of the behavioral activity rhythm. 
We considered whether this shift reflects an unmasking of the rhythm in DD. As the electrical 
activity rhythm of the SCN peaked at the middle of the day under LD conditions, we have no 
evidence for masking of the SCN rhythm by the light. Our results indicate that, in both LD 
and DD conditions, the VIP KO mice show a stable phase relationship between the SCN and 
behavioral activity, and start their activity at the 50% level of the falling slope, as do WT mice. 

The impact of VIP deficiency varies with output
As a result of recent work, it is becoming clear that the impact of the loss of VIP or VIPR2 
varies with the output being measured. For example, in DD, the wheel-running activity in VIP 
KO mice is reduced in amplitude and coherence, and declines into arrhythmicity over the 
course of several weeks,20 whereas VIPR2 KO mice are apparently arrhythmic from the start of 
constant conditions.18 Rhythms in body temperature,24-26 feeding and metabolism27 are phase 
advanced but remain relatively intact. Rhythms in sleep (non-rapid eye movement and rapid 
eye movement) show reduced day–night amplitude and a phase advance in LD conditions.24, 

28 Rhythms in heart rate in both VIP and VIPR2 mutants are low-amplitude or arrhythmic in LD 
and DD conditions.24,26 Similarly, rhythms in the blood levels of adrenocorticotropic hormone 
and cortisol are all lost in VIP KO mice in both LD and DD conditions.29 With the present 
work, we see for the first time what is occurring at the level of the SCN in vivo, and find that 
the overall SCN neural activity rhythm is normal in LD conditions (Fig. 1). This suggests that 
we may need to look to the output pathways to explain the variability in the impact of the 
loss of VIP on SCN-driven behaviors. Presumably, the SCN projects to extra-SCN tissues and 
peripheral outputs via interneurons, particularly those that regulate autonomic outflow from 
the paraventricular nucleus or the brainstem, and ⁄ or those that drive the pituitary output 
and hence adrenal or other endocrine rhythms.30 Many of these interneurons are VIPergic, 
and VIP may therefore be required for communication between the SCN and peripheral 
tissues to drive rhythms in behavior and other biological processes.7,31-33 

Cellular consequences
The quality of the rhythm in MUA is remarkable, given the compelling evidence that VIP 
plays a critical role in coupling cells in the SCN circuit.34 Within the SCN, genetic loss of VIP 
or VIPR2 disrupts circadian rhythms in neural activity in the SCN population,15,16 where the 
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loss of VIP decreases the number of electrically rhythmic SCN neurons and weakens the 
synchrony among the rhythmic SCN neurons.17,18 Even at the molecular level, the temporal 
expression of Per1, Per2 and Bmal1 is disrupted in the SCN.35 SCN explants from VIP or VIPR2 
KO mice showed low-amplitude rhythms in PER2::LUC and PER1::LUC bioluminescence that 
were not altered in phase as compared with controls.35-37 Recent work by Maywood et al.38 
has demonstrated that paracrine signalling is sufficient to induce rhythmicity in VIP-deficient 
SCN slices, and that VIP plays a predominant role in mediating this coupling as measured by 
PER2::LUC bioluminescence. All of the analyses of the VIP and VIPR2 KO mice indicate that 
the coupling within the SCN network is greatly reduced by the loss of VIP ⁄ VIPR2 signalling, 
and that the VIP KO mice can be considered to have a ‘broken’ SCN network. 

System-level compensation
The present results raise the question of what is occurring in the intact system that enables 
the SCN to maintain strong rhythms in MUA in the presence of reduced cellular synchrony 
resulting from the loss of VIP. The most obvious explanation is that light directly stimulates 
SCN activity when animals are kept in an LD cycle.39,40 The decreased behavioral amplitude in 
DD is also explainable by an absence of entraining light signals. The melanopsin expressing 
retinal ganglion cells are both directly light-sensitive and receive information from rods 
and cones.41-43 These melanopsin-expressing retinal ganglion cells thus encode ambient 
lighting44 and generate action potentials that travel down the RHT and reach the SCN. The 
RHT terminals release glutamate8 and, under certain conditions, the neuropeptide pituitary 
adenylate cyclaseactivating peptide.45 The net result of RHT stimulation is an increase in the 
firing rate of SCN neurons. Prior work with VIP KO mice demonstrated that the direct effects 
of light in suppressing activity and of darkness in enhancing activity are completely unaltered 
by the loss of VIP.20 Therefore, in an LD cycle, the direct effects of light and dark on MUA are 
likely to play a major role in maintaining the rhythmicity in SCN physiology and behavior. 
Previous work has also provided evidence that SCN neural activity is influenced by activity 
in other brain regions,46,47 which may explain why, in VIP KO animals, the rhythms in DD are 
maintained in vivo, whereas the rhythms measured in vitro are severely decreased.16,17 Prior 
studies with the VIPR2 KO mice have also found behavioral48 and physiological24 evidence that 
activity is a strong regulator of rhythmicity in these mice. A variety of earlier studies have 
noted that locomotor activity itself can modify SCN activity.49-52 The direct regulation of SCN 
firing by lighting and activity levels would not be detected in the in vitro recording, and could 
be viewed as a systems-level compensation for the loss of coupling in the VIP KO mice. 

Role of VIP in seasonal encoding
The SCN serves as a seasonal clock through its ability to encode daylength.4,53,54 In line 
with previous literature,1,55 the duration of behavioral activity (alpha) was broadened or 
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compressed when WT mice were exposed to short and long days, respectively (Fig. 3). 
Interestingly, alpha in VIP KO mice was shorter under long than under short photoperiods. 
When mice were transferred to DD, alpha remained highly correlated with the previous 
length of photoperiod in WT mice. In VIP KO mice, however, the duration of alpha was not 
shorter after long day exposure following release into darkness. In fact, alpha was even 
longer after long days, and we cannot explain this phenomenon. We therefore conclude that 
seasonal encoding is greatly compromised in VIP KO mice. Similar to observations in LD12:12 
conditions, VIP KO mice exposed to different photoperiods showed a rapid and large phase 
advance with the transition to DD, but the amplitude of the phase advance was dependent on 
the previous photoperiods (Fig. 3). The phase advance was particularly large after exposure 
to long photoperiods, and was much smaller, and almost the same as, the behavior of WT 
mice following exposure to short photoperiods. The fact that the behavior of mice after short 
days resembled the behavior of WT mice may indicate that the short photoperiod has acted 
as a strong synchronizer, thereby normalizing the behavior of VIP KO mice. 

To test whether the impairment in seasonal encoding in VIP KO mice is based on 
deficiencies within the SCN clock, we investigated the impact of photoperiod on SCN MUA 
waveform (Fig. 4). The waveform of the SCN rhythm shows major differences in response 
to long and short photoperiods that are brought about by changes in synchrony among 
molecular and electrical activity rhythms of SCN neurons.1,3,56-59 A major question that follows 
from these results concerns the underlying mechanism of phase synchrony vs. desynchrony in 
seasonality. To investigate the putative role of VIP, we measured the electrical activity patterns 
from SCN neurons in VIP KO mice exposed to short and long days (Fig. 4). VIP KO mice showed 
a broadening of their MUA patterns when they were kept in long days, and a lengthening when 
kept in short days. The broadness of the peaks at half-maximum levels differed significantly 
between the photoperiods (14.6 vs. 9.8 hrs), which is similar to what is seen in WT animals.1 
Importantly, the MUA of three mice was recorded in multiple photoperiods. The results from 
these three recordings showed the same photoperiod-driven changes in peak width that we 
observed in the population (Suppl. Table 1). Interestingly, when VIP KO mice were transferred 
to DD, the width of the MUA profiles was indistinguishable between the groups from long 
and short photoperiods. It is well accepted that the ‘after-effects’ in DD indicate the storage 
of photoperiodic information in the SCN clock. In other words, to test the encoding capacity 
of the SCN for photoperiod information, the waveform of the rhythm should be evaluated 
after termination of the light cycle. In our results, the peak width in long days did not exceed 
the peak width in short days, and in fact it became narrower. The absence of any after-effect 
on the electrical activity rhythm therefore suggests a total absence of seasonal encoding 
capability of the SCN in the absence in VIP. 

Although photoperiod did not affect the width of the peak, it did affect the phase 
advancing response of the MUA rhythm when the mice were transferred to DD (Fig. 3E). The 
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phase advance was about 10 hrs after exposure to long days and about 2.5 hrs after exposure 
to short days. These findings were consistent with the magnitude of the behavioral advances 
that we observed in VIP KO mice. Finally, we note that the overall quality of the rhythm in 
both behavior and in MUA activity, as indicated by the amplitude, was better after exposure 
to short photoperiods than after exposure to long photoperiods. Possibly, the short days 
functioned as a strong synchronizer, resulting in an absence of a strong phase advancing 
response and a diminished attenuation of the rhythm in darkness. 

Conclusion
The robustness of the rhythm in electrical impulse frequency of the SCN in vivo, as compared 
with previous in vitro recordings,16,17 indicate that communication between neuronal 
networks can compensate for the absence of VIP-induced synchrony among SCN neurons. 
The SCN MUA is acutely increased by retinal input,40 and we speculate that the direct effect 
of light boosts the magnitude of the MUA rhythms. Possibly, light input maintains phase 
coherence via the RHT or through behavioral feedback effects, via the geniculohypothalamic 
input or the median raphe. Additional regulatory effects of behavioral activity and sleep from 
other brain regions on SCN activity are also likely, 46,49,50 and need to be further explored. 
Prior work has provided elegant evidence that SCN intercellular coupling provides robustness 
in the circadian system against genetic perturbations.60 Here, we show that the intact SCN 
circuit can overcome the dysfunction caused by the loss of intercellular coupling in the SCN. 
To put it another way, as important as VIP is for the coupling of SCN neurons, the intact 
system appears to be able to compensate for its loss, at least under some lighting conditions. 
However, our findings also indicate that there are some functions that require VIP-mediated 
intercellular coupling, for example the reorganization of the SCN circuit that is part of the 
adaptation to changes in photoperiod. Without VIP, both the behavior and the physiology of 
the SCN appear to be unable to adapt to seasonal changes, and the ‘memory’ for photoperiod 
is lost. This is an important finding in the search for mechanisms underlying the consolidation 
of phase synchrony within the SCN. 
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