
TEMPORALLY RESTRICTED ROLE OF RETINAL PACAP:
INTEGRATION OF THE PHASE-ADVANCING LIGHT SIGNAL TO
THE SCN

Christian Beaulé*,†,∞,1, Jennifer W. Mitchell*,∞, Peder T. Lindberg†,‡,∞,2, Ruslan
Damadzic§, Lee E. Eiden§, and Martha U. Gillette*,†,‡,3
*Department of Cell & Developmental Biology, University of Illinois, Urbana-Champaign
†Neuroscience Program, University of Illinois, Urbana-Champaign
‡Medical Scholars Program, University of Illinois, Urbana-Champaign
§Section on Molecular Neuroscience, Laboratory of Cellular & Molecular Regulation, NIMH, NIH,
Bethesda, MD, USA

Abstract
Circadian rhythms in physiology and behavior are temporally synchronized to the day:night cycle
through the action of light on the circadian clock. In mammals, transduction of the photic signal
reaching the circadian oscillator in the suprachiasmatic nucleus (SCN) occurs through the release
of glutamate and pituitary adenylate cyclase-activating peptide (PACAP). Our study aimed at
clarifying the role played by PACAP in photic resetting and entrainment. We investigated the
circadian response to light of PACAP-null mice lacking the 5th exon of the PACAP coding
sequence. Specifically, we examined free-running rhythms, entrainment to 12-h light:12-h dark
(LD) cycles, the phase response curve (PRC) to single light pulses, entrainment to a 23-h T-cycle,
re-entrainment to 6-h phase shifts in LD cycles, and light-induced c-Fos expression. PACAP-null
and wild-type mice show similar free-running periods and similar entrainment to 12:12 LD cycles.
However, the PRC of PACAP-null mice lacks a phase-advance portion. Surprisingly, despite the
absence of phase advance to single light pulses, PACAP-null mice are able to entrain to a 23-h T-
cycle, but with a significantly longer phase angle of entrainment than wild types. In addition,
PACAP-null mice re-entrain more slowly to a 6-h phase advance of the LD cycle. Nevertheless,
induction of c-Fos by light in late night is normal. In all experiments, PACAP-null mice show
specific behavioral impairments in response to phase-advancing photic stimuli. These results
suggest that PACAP is required for the normal integration of the phase-advancing light signal by
the SCN.
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Photic information embedded in the alternation between days and nights directly affects
circadian systems, ensuring that organisms are in tune with the period imposed by the
light:dark (LD) cycle (Pittendrigh and Daan, 1976). This entrainment is a fundamental
property of circadian clocks and of rhythms they regulate. In mammals, the master circadian
clock is localized within the cells of the hypothalamic suprachiasmatic nucleus (SCN)
(Klein et al., 1991). The SCN receives photic information directly from the retina via a
retinohypothalamic tract (RHT) projection that contains glutamate and pituitary adenylate
cyclase-activating peptide (PACAP) (Hannibal et al., 2000; Moore and Lenn, 1972). The
current model for light-induced clock resetting proposes that glutamate and PACAP are co-
released in the SCN upon photic stimulation. Whereas the role of glutamate in clock
resetting has received considerable attention (Ding et al., 1994; Ebling, 1996; Gillette and
Mitchell, 2002), the contribution of PACAP to the photic response of the SCN is still
unclear (Morin and Allen, 2006).

Multiple animal models have been designed to clarify the contribution of PACAP to
circadian function. Three independently developed strains of transgenic mice with null
mutations for PACAP expression have been created, as well as a knockout of PAC1R, the
primary PACAP receptor (reviewed in Hannibal, 2006) (Hannibal et al., 1997; Kopp et al.,
1999; von Gall et al., 1998). Circadian behavioral responses to light of two of these mouse
models differ, likely due to experimental idiosyncracies and subtleties of genetic
backgrounds and lesions. Specifically, a PACAP peptide-null mouse, developed in the
Institute of Cancer Research (ICR) mouse eliminating exon 5 of the PACAP gene-coding
sequence (Kawaguchi et al., 2003), exhibits significant attenuations of light-induced phase
advance at CT 21, but no significant alteration in behavioral responses to light during the
early night (Kawaguchi et al., 2003). These PACAP-null mice also express lower light-
induced c-Fos at CT15 compared to WT, but, interestingly, show identical light-induced c-
Fos at CT 21, where the behavioral deficits are observed. The PACAP peptide-null mouse
developed by Colwell and colleagues (Colwell et al., 2004) lacks exons 3, 4, and 5a of the
PACAP gene, eliminating not only PACAP, but also the PACAP-related peptide (PRP)
encoded by exons 3 and 4. Significant attenuations of light-induced phase resetting are seen
in both phase delays and advances, in contrast to the reports of Kawaguchi et al. (2003).
However, in spite of significant deficits in the response to the acute effects of light, these
PACAP-null mice re-entrain to 8-h shifts in the LD cycle at normal rates (Colwell et al.,
2004). The third PACAP-null mouse model has not been studied in a circadian context, and
is the subject of the present report (Hamelink et al., 2002).

To more thoroughly investigate the role of PACAP in circadian resetting, we evaluated the
circadian responses to light of this third PACAP-null animal model. This animal was
generated in the C57BL/6 strain with only the PACAP-coding sequence deleted, eliminating
a potential source of confound in the results. Details and specificity of the genetic lesion,
complete loss of PACAP expression and functional deficits in PACAP-mediated adrenal
function have been described previously (Hamelink et al., 2002). We paid particular
attention to the phase-advance portion of the circadian cycle, a time where models studied
previously displayed common deficits in light-induced resetting.

We report here that mice lacking PACAP show specific impairment in their ability to
generate phase advances to a single brief light exposure when housed in darkness, whereas
endogenous free-running period and phase-delaying capabilities are intact. PACAP-null
mice are able to entrain to a 23-h T-cycle, although with longer phase-angle of entrainment,
and with slower rates of entrainment following a 6-h step advance of the LD cycle. These
data indicate that PACAP contributes to normal integration of the phase-advancing signal
required for acute phase shifts and for entrainment.
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MATERIAL AND METHODS
Animals

All manipulations were performed in accordance with the guidelines of the Institutional
Animal Care and Use Committee and the Division of Animal Resources at the University of
Illinois at Urbana-Champaign. Homozygote PACAP-null mice were derived as described
previously (Hamelink et al., 2002) and bred onto a C57Bl/6 background through 12
successive back-crossings (Hamelink et al., 2002). C56BL/6 mice were obtained from the
same commercial source as the C57Bl/6 mice used for the backcross line (Charles River), as
recommended by the Banbury Conference on Genetic Background in Mice (Mice, 1997).

Apparatus
Mice were housed in clear plastic cages (21cm × 27cm × 14cm) equipped with a running
wheel (9 cm in diameter). Cages were placed in a circadian activity monitoring system
(CAMS), which consists in a light-tight 1.7 ft3 refrigerator equipped with independent
ventilation and a computer-controlled lighting. Two cages were fitted in each CAMS. Food
and water were available ad libitum and replenished weekly. Cages were changed every 10
days. Circadian running-wheel behavior was analyzed with Clocklab software (Actimetrics).

Free-running period, entrainment and PRC determinations
WT (n = 37) and PACAP-null male mice (n = 38) first were entrained stably to a 12-h light
(100 lux):12-h dark (12:12 LD) cycle. Then, they were allowed to free run in darkness (DD)
for at least 10 days to measure free-running circadian periods (τ). Free-running mice were
exposed to a 15 min, 100-lux light pulse at one of the following circadian times: CT 0, 1, 2,
3, 4, 6, 12, 14, 16, 18, 20, 22, 23. CT 12 marked the onset of the active phase. At the
appropriate CT, the subject was removed from the home CAMS under dim red illumination
and placed in an independent illuminated CAMS for the duration of the light pulse. Cage
changes were performed at the same time as administration of the light pulse. Animals were
allowed to free-run for 10 days before and 10 days after the light pulse in order to measure
the magnitude and direction of the phase shift. Each mouse received a maximum of 5 light
pulses in a counter-balanced fashion. To control for the effects of handling and cage
changes, mice of each genotype were handled identically but were placed in a dark CAMS
for 15 min (dark controls). Each animal’s period was used to calculate the time of stimulus
onset. Phase shifts were calculated from the difference between lines of best fit marking
activity onset for the 5 days prior to and 5 days after the light pulse, with the first two days
after the light pulse omitted. Each time point of the PRC comprises phase shift observation
from a minimum of 4 and a maximum of 16 mice.

Entrainment to 23-h T-cycles
Free-running male WT (n = 11) and PACAP-null mice (n = 12) were exposed to a 0.25-h
light, 22.75-h dark cycle (23-h T-cycle, 100 lux). The first 23-h T-cycle entraining light
pulse was presented at ~CT 4, and mice were maintained on this schedule until stably
entrained. The phase angle of entrainment was measured as the difference in hours between
the onset of activity and the onset of the entraining light pulse. To ascertain entrainment, we
calculated the circadian period 5 days prior to and the last 5 days of the 23-h T-cycle.

6-h phase advances, 6-h phase delays
WT (n = 31, 19 males, 12 females) and PACAP-null mice (n = 21, 16 males, 5 females)
stably entrained to a 12:12 LD cycle were subjected to an abrupt, 6-h shift in the LD cycle.
The onset of the light portion of the LD cycle was either advanced or delayed by 6 h and
mice were allowed to re-entrain to the shifted LD cycle. The rate of re-entrainment,
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calculated as the number of days required to stably re-entrain to the shifted LD cycle, was
determined. Animals were divided into 3 categories based on the number of days required
for re-entrainment (≤1, 2–3, ≥4), and the respective percentages of each genotype in each
categories were calculated.

Immunocytochemistry
WT and PACAP-null mice (n = 4 each) received a 15 min, 100-lux light pulse at CT 22 and
were deeply anesthetized (Euthasol, Henry Schein, 100 mg/kg I.P.) 60 min after light onset.
Control mice of both genotypes (n = 4 per genotype) were not exposed to light and
anesthetized at the same circadian times under dim red illumination. Mice were perfused
transcardially with 50 ml of cold physiological saline followed by 50 ml of cold 4%
paraformaldehyde in a 0.1 M phosphate buffer. Brains were extracted and post-fixed
overnight at 4°C. Free-floating sections (40 µm) from the SCN were cut on a Vibratome and
stored in cryoprotectant at −20°C until staining (Watson et al., 1986). Free-floating sections
were stained using a nickel chloride-enhanced diaminobenzidine reaction, as previously
described with minor modifications (Beaule and Amir, 2003). Modifications consisted of
using a pre-blocking solution containing 5% normal goat serum (NGS) and 5% milk in Tris-
buffered saline containing 0.3% Triton X-100 (Triton-TBS). Rabbit polyclonal antibody
against c-Fos (Ab5, human c-Fos amino acids 4–17, Calbiochem) was diluted 1:100,000 in
Triton-TBS, 2% NGS and 5% milk. c-Fos-positive nuclei per section through the medial
SCN were counted.

Statistical analysis
Differences between WT and PACAP-null mice in free-running period and phase angles of
entrainment were analyzed using Student’s t-test. Data obtained from the rates of re-
entrainment (percentages) were analyzed using Chi-square (X2) analysis. The difference
between the PRC of WT and PACAP-null mice was analyzed by a two-way ANOVA with
genotype and circadian time as independent variables. Differences in c-Fos expression were
evaluated using a two-way ANOVA with light treatment and genoptype as independent
variables. Post-hoc differences were explored with the Scheffe test (PRC) or the Tukey test
(c-Fos). Alpha was set at 0.05 for all statistical tests.

RESULTS
All animals entrained stably to a 12:12 LD cycle. All mice had similar free-running periods
in DD (WT: 23.49 ± 0.20 h, n = 37; PACAP-null: 23.48 ± 0.35 h, n = 38, Fig. 1). However,
the PRC for 15-min, 100-lux light pulse differs significantly between WT and PACAP-null
mice during late subjective night (Fig. 2), consistent with the other animal models. As a
group, PACAP-null mice never phase advanced to a single light pulse at any circadian time
investigated. Close inspection of the PRC of PACAP-null animals during the predicted
phase-advance portion (from CT 20-CT 24/0) revealed small phase delays instead of phase
advances (Fig. 2), in agreement with the PRC in PAC1R knockout animals (Hannibal et al,
1997). Although handling procedures caused small phase shifts (less than 30 min) in some
dark controls, there was no significant difference between WT and PACAP-null mice (data
not shown).

To determine whether PACAP-null mice could respond to a light-pulse regime that repeats
at a frequency shorter than their endogenous period, subjects were placed on a 23-h T-cycle
(0.25 h light: 22.75 h dark, 100 lux). Although all mice shortened their periods to match the
imposed 23-h T-cycle (WT: from 23.63 ±0.05 h in DD to 23.05 ±0.03 h; PACAP-null: from
23.56 ± 0.05 h in DD to 23.02 ±0.01 h, p<0.0001, paired t-test), we found that the ability of
PACAP-null mice to entrain to the 23-h T-cycle was different than WT mice (Fig. 3). The
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phase angle of entrainment, measured in hours between activity onset and entraining light
onset, is ~2 h longer in PACAP-null mice than WT mice (phase angles: WT: 10.49 ± 0.33 h,
n = 11; PACAP-null: 12.45 ± 0.36 h, n = 12, p < 0.05).

To evaluate entrainment further, we subjected WT and PACAP-null mice to a 6-h advance
or delay of the full LD cycle and compared rates of re-entrainment. PACAP-null mice took
significantly longer to re-establish stable entrainment to the shifted LD cycle (X2

df=2 =
11.77, p < .05, Fig. 4). At ≤1 day, less than 20% of PACAP-null mice had re-entrained
compared with >60% of WT. By ≥4 days, >45 % of the PACAP-null mice were not yet re-
entrained, whereas >90% of WT had shifted. There is no difference between the genotypes
in the rate of re-entrainment to a 6-h delay of the LD cycle (X2

df=2 = 1.36, NS). Due to
faulty running wheels, the data from two WT mice were omitted from the 6-h phase
advance, and the data from one PACAP-null mouse was omitted from the 6-h phase delay
analyses.

To assess effects of light on photic signaling downstream from receptor activation, we
examined induction of c-Fos, an immediate-early gene product whose activation level
parallels light intensity and degree of phase shift (Kornhauser et al., 1990). Light
significantly increased c-Fos levels in the SCN of both mouse genotypes compared to dark
controls (ANOVA, Tukey post-hoc, F(1,12) = 371, p < 0.0001, Fig. 5). However, there are no
significant differences in the levels of basal or light-induced c-Fos immunoreactivity
between WT and PACAP-null mice and no significant interactions.

DISCUSSION
The present set of behavioral experiments found that mice lacking PACAP display specific
deficits in their ability to express light-induced phase advances. Instead of phase advances,
PACAP-null mice expressed small phase delays following a 15-min light pulse administered
during the late subjective night; they displayed a longer phase angle of entrainment to a 23-h
T-cycle and showed slower rates of re-entrainment to a 6-h phase advance of the LD cycle.
Light-induced phase delays and rates of re-entrainment to a 6-h delay of the LD cycle were
unaffected by the lack of PACAP. These results support a necessary role for PACAP in the
normal integration of the phase-advancing photic signal.

Present results are consistent with and expand upon previously published studies
demonstrating PACAP and its PAC1R receptor are important for normal light-induced phase
advances (Colwell et al., 2004; Hannibal et al., 2001; Kawaguchi et al., 2003). However, the
present results are inconsistent with the reports that PACAP-null animals show deficits in
phase delays and the rate of re-entrainment to an 8-h phase advance is unaffected (Colwell et
al., 2004). Because each transgenic animal model is distinct based on genetic background,
site of gene insertion, the extent of the genetic lesion of the PACAP-coding sequence
(absence or presence of PACAP-related peptide) and subtle differences in methodology,
variability between the results with models of different origin is inevitable. However, it is
significant that all available models of mice with compromised PACAP signaling display
impaired light-induced phase advances.

The circadian system integrates both the intensity and duration of photic information, and
both parameters contribute to the resetting response to light (Kornhauser et al., 1996;
Kornhauser et al., 1990; Morin and Allen, 2006; Nelson and Takahashi, 1991). Thus,
deficits observed in the PACAP-null mice could, potentially, reflect impairments in the
animal’s ability to integrate stimulus intensity and/or duration. In fact, while our manuscript
was under review, a study was published showing that deficits in the circadian response to
light of PAC1R-deficient mice are amplified at light intensities ≤70 lux or lower (Hannibal
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et al., 2008). However, in our study, we used a light intensity of 100 lux, considered
saturating for mice (Sharma et al., 1999), and although durations were varied (from 12-h LD
cycles to 15 min LP), only deficits associated with the phase advancing pathway were
observed. Although we cannot exclude an effect of the lack of PACAP on photic sensitivity,
this seems unlikely since phase delays and c-Fos expression, two measures whose
magnitude of expression is positively correlated with light intensity, were not affected.

It is puzzling that PACAP-null mice effectively entrain to a 23-h T-cycle, and re-entrain to a
6-h-phase advance of the LD cycle without a phase advance portion in their photic PRC
(Fig. 2). By circadian conventions, the shape of the PRC determines the limits of
entrainment to light cycles. Because a nearly complete PRC was generated, the increased
phase angle of entrainment exhibited by the PACAP-null animals to a 23-h T-cycle cannot
be explained by a simple shift in the advance portion of the PRC towards the subjective day.
The shape of the PRC is plastic and, therefore, could have been modified by the exposure to
the 23-h T-cycle. However, the mechanism by which 15 min of light presented on a 23-h
schedule would reshape the PRC and allow phase advances, in contrast to a single light
pulse, is unknown. Discrepancies between the shape of the PRC and the observed capacity
for entrainment are not uncommon. In addition to PACAP-null mice (Colwell et al., 2004
and present findings), Dexras1 knockout mice (Cheng et al., 2006) and the cryb mutant
Drosophila (Stanewsky et al., 1998) each exhibit large alterations in their PRCs with little
effect on entrainment.

On the other hand, the specific deficits we observed in PACAP-null mice could suggest that
PACAP plays a role in the integration of photoperiodic information conveyed by the LD
cycle. In Drosophila, the peptide pigment-dispersing factor (PDF), which shares similarities
with vasoactive intestinal peptide (VIP) and PACAP, has been shown to be critical for the
function of the morning oscillator (Nitabach and Taghert, 2008; Renn et al., 1999). It is
tempting to propose that in rodents, PACAP is critical for the proper integration of
photoperiodic information, or information integrated by a morning oscillator, a hypothesis
that to our knowledge has not been tested in any of the PACAP models published to date.

In conclusion, the current findings demonstrate that in the PRC condition PACAP is
required for the integration of acute phase-advancing photic signals by the SCN. Such
responses would enable immediate behavioral and physiological adjustments, such as effects
of day-to-day variations in light onset. In contrast, during entrainment conditions, where
photic signals are recurring and predictable, PACAP plays a modulatory role in the phase
relationship between the light cycle and the circadian cycle. Together, the deficits observed
in the absence of PACAP imply that much of the glutamatergic signaling pathway is intact,
but that a parallel PACAP-mediated pathway that is required for phase advances has been
altered (Cheng et al., 2006; Gillette and Mitchell, 2002; Tischkau et al., 2003). This
interpretation is supported by preliminary data reporting that glutamate-induced phase
advances in cell firing rhythms, but not delays, also are absent in SCN brain slices derived
from PACAP-null animals, and can be rescued by the re-introduction of PACAP in this
system (Lindberg et al., 2004).

In a broader sense, the role of PACAP in photic signals that alter the central circadian timing
system is reminiscent of PACAP’s role in long-term plastic changes in hippocampal
function (Matsuyama et al., 2003; Otto et al., 2001). The emerging picture in the SCN is one
of PACAP acting as a critical modulator of plasticity in circadian clock state, insuring
appropriate sensitivity, gain-setting and responsiveness upon the dynamic temporal
background of the circadian timing system. Functional advantages of such a system include
the integration of multiple signals so as to ensure necessary and temporally appropriate
alterations in clock state and timing of the functions it orchestrates.
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Figure 1.
Loss of PACAP does not alter entrainment or free-running rhythms. Representative double-
plotted behavioral actograms of C57Bl/6 WT (n=37) and PACAP-null (n=38) mice
demonstrate that entrainment to 12-h light:12-h dark cycles and free-running rhythms are
not affected by the lack of PACAP. Shaded area represents darkness. PACAP +/+ (WT),
PACAP −/− (PACAP-null).
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Figure 2.
Loss of PA CAP specifically alters the phase-advancing response to a pulse of light. Photic
phase response curve showing average (+/− s.e.m.) phase shifts to 15-min, 100-lux light
pulses. PACAP null mice (PACAP −/−) display deficits in their ability to phase advance
compared to wild type controls (PACAP +/+). n ≥ 8, except CT 8–12, where n ≥ 4. * p <
0.0001, Two-Way ANOVA, CT 22-CT 2 = main effect of genotype.
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Figure 3.
PACAP-null mice (PACAP −/−) display a longer phase angle of entrainment to a 23-h T-
cycle compared with WT mice (PACAP +/+). Representative double-plotted behavioral
actograms of mice as they free-run and then become entrained to a 23-h T-cycle. Actograms
plotted on a 23-h time scale show stable entrainment. Left vertical line: activity onset. Right
vertical line: light onset. ψ = phase angle of entrainment, p < 0.05, Student’s t-test.
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Figure 4.
PACAP-null mice re-entrain to a phase-advancing lighting schedule, but at a significantly
slower rate. Representative double-plotted behavioral actograms for two WT (PACAP +/+)
and two PACAP-null mice (PACAP −/−) show patterns of re-entrainment to a new lighting
schedule either advanced (top) or delayed (middle) by 6 h. Shaded areas represent darkness.
When mean rates are evaluated daily (graph, bottom), significantly fewer PACAP −/− mice
(N=21) than PACAP +/+ (N=31) have re-entrained to a 6-h phase advance on day ≤1 and
~45% still are re-entraining at ≥ 4 days, when all WT mice have completed the shift (p < .
05, X2). The two genotypes exhibit similar rates of re-entrainment to 6-h phase delays.
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Figure 5.
Loss of PACAP does not alter light induction of c-Fos protein in late night. Representative
photomicrographs (10× magnification) of the medial SCN show similar patterns and
numbers of c-Fos positive cells in PACAP +/+ and −/− mice at CT 22 under basal (top), and
light-stimulated (10-min, ~100-lux light pulse, middle) conditions. Graph shows mean (+/−
s.e.m.) number of c-Fos immunoreactive cells per unilateral SCN section (40 µm, medial
SCN). * p < 0.0001, vs DD, Two-Way ANOVA, Tukey post-hoc.
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