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Intracellular Ca®" Regulates Free-Running Circadian Clock

Oscillation In Vivo

Marie C. Harrisingh,' Ying Wu,! Gregory A. Lnenicka,? and Michael N. Nitabach!

'Department of Cellular and Molecular Physiology, Yale School of Medicine, New Haven, Connecticut 06520, and 2Department of Biological Sciences,
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Although circadian oscillation in dynamics of intracellular Ca>™ signals has been observed in both plant and animal cells, it has remained
unknown whether Ca" signals play an in vivo role in cellular oscillation itself. To address this question, we modified the dynamics of
intracellular Ca™ signals in circadian pacemaker neurons in vivo by targeted expression of varying doses of a Ca>" buffer protein in
transgenic Drosophila melanogaster. Intracellular Ca*>" buffering in pacemaker neurons results in dose-dependent slowing of free-
running behavioral rhythms, with average period >3 h longer than control at the highest dose. The rhythmic nuclear accumulation of a
transcription factor known to be essential for cellular circadian oscillation is also slowed. We also determined that Ca>* buffering
interacts synergistically with genetic manipulations that interfere with either calmodulin or calmodulin-dependent protein kinase II
function. These results suggest a role for intracellular Ca>" signaling in regulating intrinsic cellular oscillation in vivo.
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Introduction

Intrinsic circadian clocks coordinate multiple aspects of organis-
mal physiology with the 24 h rotation of the earth. In animals,
autonomous cellular clocks that underlie behavioral cycles of rest
and activity have been localized to particular central pacemaker
neurons (Panda et al., 2002; Stanewsky, 2003). Current models of
cellular oscillation in almost all organisms are based on negative
transcriptional feedback loops, with transcription of “clock”
genes being repressed by the proteins they encode (Hardin,
2004). Before the explosion of the molecular genetic approaches
to the mechanisms of circadian clock oscillation that has led to
the transcriptional feedback model, an influential theory of cel-
lular oscillation was based on feedback between plasma mem-
brane ionic conductances and changing intracellular ion concen-
trations (Njus et al., 1974). Despite many attempts to definitively
falsify or support this hypothesis, however, results were ambigu-
ous, and the genetic approaches led to the ascendance of tran-
scriptional feedback models of cellular oscillation (for review, see
Nitabach et al., 2005). More recently, studies performed in both
flies and mammals have led to a revived appreciation for the
potential importance of electrical and ionic signaling in cellular
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oscillation (Nitabach et al., 2002; Yamaguchi et al., 2003; Lund-
kvist et al., 2005; Maywood et al., 2006).

In addition, these and other studies have raised the possibility
that negative transcriptional feedback may be neither necessary
nor sufficient for circadian oscillation (Nitabach et al., 2002; Lun-
dkvist et al., 2005; Nakajima et al., 2005; Tomita et al., 2005),
leading to the proposal that circadian oscillation is an integrated
cellular function that emerges out of transcriptional, signaling,
and metabolic processes (Lakin-Thomas, 2006). The specific
mechanisms by which these diverse cellular processes participate
to give rise to cellular oscillation remain mysterious, but the key
cellular signaling integrator Ca*" is an intriguing candidate par-
ticipant. Although circadian oscillation in dynamics of intracel-
lular Ca** signals has been observed in both plant and animal
cells (Johnson et al., 1995; Ikeda et al., 2003), it has remained
unknown whether Ca®" signals play an in vivo role in cellular
oscillation itself.

Here we demonstrate that intracellular Ca** plays an essential
role in regulating the period of free-running circadian oscillation
in vivo. Expression of the vertebrate Ca*™ buffer protein parval-
bumin (PV) is highly effective at modifying intracellular Ca**
signals in transgenic fly neurons. When expressed in fly circadian
pacemaker neurons, PV induces dose-dependent period length-
ening of behavioral and cellular rhythms. Expression of a low
dose of PV, which on its own has little effect on free-running
rhythms, in the context of heterozygous point mutations in the
calmodulin gene, which on their own also have little effect of
free-running rhythms, results in substantial period lengthening.
In addition, when this same low dose of PV is expressed with
doses of a calmodulin (CaM)-dependent protein kinase II
(CaMKII) inhibitory peptide that also have little effect on free-
running rhythms, similar substantial period lengthening occurs.
These results suggest a key role for intracellular Ca®" signals in
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regulating intrinsic cellular oscillation in vivo and implicate

calmodulin- and CaMKII-mediated pathways in their
transduction.
Materials and Methods

Fly strains and crosses. All crosses and behavioral experiments were per-
formed at 25°C. Multiple independent chromosomal insertions of the
upstream activating sequence (UAS)—PV transgene were obtained using
standard embryo injection techniques and recombined using classical
genetic methods to generate second and third chromosomes bearing two
independent insertions each. Pigment dispersing factor ( pdf) > 2X PV
flies have pdf-galactosidase-4 (GAL4) transgene on the second chromo-
some and two UAS—PV transgenes on the third. pdf > 4X PV flies have
pdf-GAL4 transgene on one second chromosome, two UAS-PV trans-
genes on the other second chromosome, and two UAS—PV transgenes on
the third (the same insertions as in the pdf > 2X PV flies). pdf > 6X PV
flies have pdf~-GAL4 transgene on one second chromosome, two
UAS-PV transgenes on the other second chromosome (the same inser-
tions as in the pdf > 4X PV flies), and two UAS—PV transgenes on each
third chromosome (the same insertions as in the pdf > 2X PV and pdf >
4X PV flies).

To generate flies expressing PV and also heterozygous for CaM mutant
alleles, heterozygous Cam™ mutant flies were crossed with pdf > 2X PV
flies (the same transgene insertions as above). These two parental lines, as
well as Cam* + pdf > 2X PV and Cam* + pdf-GAL4 (lacking UAS-PV
transgenes) sibling progeny, were assayed for behavioral rhythms. In the
case of ala CaMKII inhibitory peptide coexpression experiments, heat
shock (hs) > ala flies were crossed to pdf > 2X PV flies (the same
transgene insertions as above). The pdf > 2X PV parental line, as well as
hs > ala + pdf > 2X PV and hs > ala + pdf~GAL4 (lacking UAS-PV
transgenes) sibling progeny, were assayed for behavioral rhythms.

Ca®* imaging. The presynaptic Ib motoneuron terminal on muscle
fiber 6 was backfilled with Oregon Green—-BAPTA-Dextran, electrically
stimulated, and imaged according to standard methods (Macleod et al.,
2002), except that a cooled CCD camera (CoolSNAP HQ; Photometrics,
Tucson, AZ) was used instead of an intensified CCD. This provides lower
noise so that short enough exposures are possible to allow the measure-
ment of Ca?* signals produced by single action potentials (APs) in two-
dimensional imaging mode rather than line scans.

Behavioral assays. Free-running and diurnal rhythms of locomotor
activity were assayed using an automated Trikinetics (Waltham, MA)
monitoring system, and data were analyzed by Lomb-Scargle perio-
dograms using Actimetrics (Wilmette, IL) Clocklab, each as described
previously (Nitabach et al., 2006). Free-running periods of flies that
shifted from long-period to short-period rhythms during the fourth
week in constant darkness (DD) were excluded from the group averages
depicted in Figure 4b.

Anti-Myc and anti-par domain protein 1 immunocytochemistry. Brains
were dissected, stained for either anti-Myc or anti-par domain protein 1
(PDP1) immunofluorescence, and analyzed exactly as described previ-
ously (Nitabach etal., 2006). Immunofluorescence images were collected
using a CCD camera mounted on a Zeiss (Oberkochen, Germany) Ax-
ioskop microscope. An average pixel value was computed for a 30 X 30
pixel region selected from each image by eye to best represent the back-
ground staining intensity in the region of tissue adjacent to the Drosoph-
ila melanogaster clock neurons (LNys). A pixel value threshold was cho-
sen for each image individually by eye to include pixels in the LNy, both
large and small, and to exclude background pixels. The average back-
ground pixel value for each image was then subtracted from the
threshold-selected pixels of that image to yield the final threshold-
selected background-subtracted images that were pseudocolored (with
hotter colors representing greater pixel values) and used for quantitative
analysis. Statistical analysis was performed on the integrated pixel values
of the threshold-selected background-subtracted images. For statistical
analysis, integrated pixel values were normalized within each day to the
average absolute integrated pixel value for the time point and genotype
with the highest average.

Statistics. Significance of overall effects were determined using
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ANOVA, ordinary ANOVA, or repeated-measures ANOVA, as appro-
priate, and multiple comparisons of means were performed using either
the Tukey—Kramer or Bonferroni’s paired comparison tests.

Results

Functional expression of parvalbumin Ca’* buffer protein in

Drosophila neurons

To test the hypothesis that intracellular Ca** signals participate
in cellular oscillation in vivo, we developed a novel transgenic
approach in which we express the vertebrate Ca** buffer protein
PV specifically in the ~16-18 PDF-expressing lateral ventral
pacemaker subset of LNys, in the context of an otherwise unaf-
fected nervous system. The LNys are considered pacemakers of
the circadian control circuit for several reasons. First, LNy, abla-
tion, pdf or pdf receptor null mutation, or electrical silencing of
the LNys each severely disrupt free-running locomotor rhythms
(Renn etal., 1999; Nitabach et al., 2002; Hyun et al., 2005; Lear et
al., 2005; Mertens et al., 2005). Second, cycling clock gene expres-
sion solely in the LNys is sufficient to drive behavioral rhythms
(Frisch et al., 1994). Third, genetically speeding up cellular oscil-
lation solely in the LNys speeds up behavioral rhythms (Stoleru et
al., 2005). PV is a high-affinity Ca*" buffer protein with slow
binding kinetics that has no invertebrate homologs and has been
demonstrated to be effective at buffering intracellular Ca** sig-
nals when heterologously expressed in cultured mammalian cells
(Pusl et al., 2002). We use a modified form of PV that is fused to
both a Myc epitope tag (for immunochemical detection of PV
expression) and a mammalian nuclear export signal (to ensure
accumulation in the cytoplasm) (Pusl et al., 2002). We tested the
efficacy of the mammalian export signal to target cytoplasmic
expression using anti-Myc immunocytochemistry and con-
firmed that PV protein accumulates both in the cytoplasm and
nucleus of transgenic LNys (Fig. 1).

To confirm that PV is effective at modifying Ca*" signals in
vivo in transgenic fly neurons, we exploited the accessibility of the
presynaptic motor neuron terminals of the larval neuromuscular
junction for high signal-to-noise optical imaging of intracellular
Ca*" signals induced by action-potential-triggered depolariza-
tion (Macleod et al., 2002). Standard genetic crosses were used to
generate fly larvae expressing PV pan-neuronally [using an elav
(embryonic lethal, abnormal vision, Drosophila)-GAL4 driver
transgene] from four independent UAS—PV transgene insertions
in combination. Pan-neuronal expression of PV does not induce
any lethality, reduced lifespan, or other gross behavioral impair-
ment (data not shown). Nevertheless, PV-expressing presynaptic
terminals exhibit altered intracellular Ca** dynamics compared
with nonexpressing controls bearing multiple UAS—PV transgene
insertions but no elav—GAL4 driver (Fig. 2). The transient Ca*™
increase induced by a single presynaptic AP triggered by electrical
stimulation of the motor nerve is smaller in PV-expressing ter-
minals (Fig. 2). The sustained Ca** increase induced by a 10 Hz
train of APs is also quite different in PV-expressing terminals: the
time to reach peak Ca** (3.7 = 0.1 vs 2.8 = 0.1 53 p < 0.01, ¢ test)
and the time constant of decay (Fig. 2) are each much longer in
PV-expressing terminals. Interestingly, the peak Ca®" reached
during a train is somewhat higher in PV-expressing terminals
(Fig. 2). This apparently paradoxical effect of Ca™ buffer expres-
sion could be explained by some homeostatic alteration in pre-
synaptic Ca”" clearance mechanisms induced by long-term buff-
ering. The fact that PV expression in fly presynaptic terminals
alters the dynamics of AP-induced Ca*" increases without abol-
ishing either Ca®" rises or synaptic release (as established by the
viability of flies expressing PV pan-neuronally) is consistent with
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Parvalbumin fused to nuclear export signal localizes to both cytoplasm and nucleus of LN, pacemaker neurons. Anti-Myc and anti-PDF double immunofluorescence of adult fly brains

expressing Myc-tagged PV and nonexpressing controls. PDF neuropeptide is present in the cytoplasm of the cell bodies and processes of LN,s but not in the nucleus. Colocalization of anti-PDF and
anti-Myc staining demonstrates cytoplasmic localization of PV. Anti-Myc staining is also present in the LN, nuclei.
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Figure2.  Transgenic parvalbumin expression modifies intracellular Ca > signals. Dynamics
of AP-induced presynaptic Ca** signals differ between control and PV-expressing motor neu-
ron terminals. Ca™ increase induced by single AP is smaller for PV-expressing terminals ( p <
0.01) but decays at the same rate. Ca™ increase induced by 10 Hz AP train is larger for PV-
expressing terminals, reaches peak more slowly (see Results), and decays more slowly ( p <
0.01 for all comparisons). Bar graphs depict mean = SEM. n > 50 boutons (from at least 5
different animals) per genotype. Statistical analysis is by t test.

the modulatory effects of PV on Ca*" signaling in the mamma-
lian nervous system (Caillard et al., 2000; Collin et al., 2005). This
indicates that PV is an effective tool for modifying the dynamics
of intracellular Ca®" signals in transgenic fly neurons without
nonspecifically harming them or abolishing synaptic communi-
cation. Indeed, PV has been used in transgenic mice as a protec-
tive agent that prevents cytotoxicity and neuronal cell death in
the following contexts: a transgenic model of amyotrophic lateral
sclerosis, pharmacologically induced excitotoxicity, and physical
injury to motoneurons (Beers et al., 2001; Van Den Bosch et al.,
2002; Dekkers et al., 2004).

Ca’* buffering in pacemaker neurons slows free-running
circadian rhythms of locomotor activity

To test the hypothesis that intracellular Ca*" signals in pace-
maker neurons play an essential role in regulating the period of
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Figure 3.  Expression of increasing doses of parvalbumin by increasing number of UAS—PV
transgene insertions. a, Anti-Myc immunofluorescence detection of Myc-tagged PV expressed
in small and large LN, pacemaker neurons. b, ¢, High-magnification views of small (sLN,) and
large (ILN,) LN, cell bodies and dorsomedial terminals of small LN, s, respectively. d, Normalized
anti-Mycstainingintensity of LN, cell bodies of flies with one copy of pdf-GAL4 driver transgene
and the indicated number of UAS—PV transgenes. Anti-Myc staining of nucleus and cytoplasm
analyzed as for anti-PDP1 staining in Figure 7. Mean == SEM; n > 12 hemispheres for each
genotype; p << 0.01. Statistical analysis is by one-way ANOVA with Tukey—Kramer paired com-
parison test.

free-running circadian rhythms, we expressed a range of doses of
PV in the LNys using pdf—~GAL4 LN-specific driver transgene in
combination with varying numbers of independent chromo-
somal insertions of the UAS-PV transgene. Semiquantitative
anti-Myc immunocytochemistry reveals that, as expected, in-
creasing numbers of UAS-PV transgene insertions result in in-
creasing Myc-tagged PV accumulation in the cell bodies of the
LNys (Fig. 3). Although the anti-Myc immunofluorescence
staining intensity is not significantly greater in flies with six
UAS—PV transgenes than in flies with four UAS—PV transgenes,
this immunocytochemical approach could be incapable of de-
tecting incremental differences between already high levels of
protein expression.

Flies expressing PV in the LNy s from two, four, or six UAS-PV
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Figure 4.

1Week DD

Parvalbumin expression in LN, circadian pacemaker neurons slows free-running behavioral rhythms. a, Representative actograms of individual flies expressing PV by combining

pdf-GAL4 driver and indicated number of UAS—PV transgene insertions demonstrate dose-dependent slowing of free-running locomotor rhythms measured in DD. Nonexpressing 8 X UAS—PV
flies contain each of the independent transgene insertions used but no pdf—GAL4 driver. b, Flies expressing the highest doses of PV exhibit continuous lengthening of free-running period over time
in DD. Flies expressing PV from four or six UAS—PV insertions exhibit longer periods than both nonexpressing flies and flies expressing PV from two UAS—PV insertions for all 4 weeks in DD ( p <
0.01). Periods of flies expressing PV from six UAS—PV insertions increase over the 4 weeks in DD ( p << 0.01) and are longer than those of flies expressing PV from four UAS—PV insertions during
the fourth week in DD ( p << 0.01). Line graph depicts mean = SEM. ¢, Categorization of free-running rhythms during the fourth week in DD. Approximately 20% of flies expressing PV from six
UAS—PVinsertions suddenly shift to a short free-running period. (These individuals are excluded from the average periods shown in b.) The differences between control and experimental groups
are statistically significant for “>>24.5" ( p < 0.001), “<<24.5" ( p < 0.001), and “<24.5 after being >24.5" ( p < 0.05, x test). d, Representative actogram of a pdf > 6< PV fly that shifts
to a short-period rhythm. n > 30 flies per experimental condition. Multiple independent replicates reveal similar slowing and continuous lengthening of free-running period (data not shown).
Statistical analysis is by repeated-measures ANOVA with Tukey—Kramer paired comparison test. e, Averaged normalized actograms of groups of flies of the indicated genotypes maintained for
3 weeksin LD, followed by release into DD for 1 week. f, Average free-running periods of flies maintained in DD for 4 weeks (measured for the 4th week; n > 12) or of flies maintained in LD for
3 weeks and then released into DD for 1 week (measured for that 1 week; n > 45). Mean = SEM. There is no significant effect of environmental condition (i.e., maintenance in DD or maintenance

in LD followed by shift to DD) on free-running period ( p > 0.05; two-way ANOVA).

transgenes were entrained for 5 d to 12 h light/dark (LD) condi-
tions and then released into DD for 4 weeks. The locomotor
activity of individual flies was assayed using an automated infra-
red beam-crossing apparatus (Trikinetics). Figure 4a shows
double-plotted actograms from representative individuals of the
indicated genotypes. Flies with eight UAS—PV transgenes but no
pdf-GAL4 driver transgene (8X UAS-PV) and flies with two
UAS—PV transgenes and one pdf~GAL4 transgene ( pdf > 2X
PV) have free-running periods slightly shorter than 24 h, and
these periods do not change over the course of 4 weeks in DD
(Fig. 4a,b). In contrast, pdf > 4X PV and pdf > 6X PV flies have
longer free-running periods of just under 25 h during the first
week in DD, significantly longer than for 8X PVand pdf > 2X PV

flies (Fig. 4a,b). Over the course of 4 weeks in DD, the free-
running period of the pdf > 6X PV flies, which express the high-
est dose of PV, continues to lengthen to over 27 h by the fourth
week, significantly longer than all of the other genotypes (Fig.
4a,b). This continuous lengthening would be consistent with ei-
ther continued accumulation of PV in the LNys or an accumu-
lating effect of a constant dose of PV. Interestingly, ~20% of flies
expressing the highest dose of PV shift to a weak short-period
rhythm during the fourth week in DD (Fig. 4¢,d). Consistent with
the weak short-period rhythms exhibited by pdf null mutant flies
(Renn et al., 1999), this could represent the inability of non-PV-
expressing clock neurons in the circadian control circuit to con-
tinue to follow the long-period rhythmicity of the PV-expressing
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pacemaker LNy s and consequent behavioral manifestation of in-
trinsic short-period cellular rhythms (Nitabach et al., 2006). Re-
gardless of the mechanism for this period shift in a minority of
PV-expressing flies, the dramatic dose-dependent behavioral ef-
fects of PV Ca”" buffer expression in the LN,, pacemaker neu-
rons suggest a key role for intracellular LNy, Ca" signals in set-
ting free-running period.

The gradual continuous increase in free-running period of
pdf > 6X PV flies could either be attributable to time-dependent
accumulation of some cellular factor that slows cellular oscilla-
tion or, alternatively, could be a consequence of extended dura-
tion in DD in the absence of any environmental cues. To address
this issue, we maintained flies in LD for 3 weeks, followed by
release into DD, and compared the free-running period of these
flies with flies that have been maintained in DD for 4 weeks (Fig.
4e,f). After release in to DD after 3 weeks in LD, pdf > 6X PV flies
immediately begin to free run with a period of ~27 h, whereas 8 X
UAS-PV flies free run with a period of ~24 h. This suggests that
the gradually increasing free-running period over extended time
in DD is not the result of something unique to extended mainte-
nance in DD but rather must be attributable to time-dependent
accumulation of some cellular factor that occurs even while
rhythms are entrained to a 24 h LD cycle. To address whether this
accumulating factor is PV itself, we compared anti-Myc staining
of pdf > 6X PV fly brains collected several days after eclosion
with that of fly brains collected 32 d after eclosion (which corre-
sponds to the end of the fourth week in DD). Contrary to what
would be expected if it were continuous gradual accumulation of
PV itself that leads to continuous gradual lengthening of period,
we find that there is actually less normalized anti-Myc immuno-
fluorescence in the >4-week-old flies (1.00 = 0.11) than those
just eclosed (0.68 = 0.10) (1 > 5 hemispheres per condition; p <
0.05, unpaired ¢ test). This absence of increasing accumulation of
PV itself suggests the continuous gradual alteration of some in-
trinsic period-determining component of the timekeeping mech-
anism that occurs even while entrained to a 24 h LD cycle.

The diurnal rhythms of pdf > 6X PV flies maintained in LD
conditions are also different from those of control §X UAS-PV
flies (Fig. 5a). Although pdf > 6X PV flies exhibit robust “morn-
ing” and “evening” circadian anticipatory peaks of locomotor
activity, their increases are phase delayed relative to those of con-
trol 8X UAS-PV flies; repeated-measures ANOVA reveals highly
significant effects of genotype and of genotype X time interaction
on the distribution of activity in the 6 h before both lights on and
lights off ( p < 0.001 for all effects). PV-expressing pdf > 6X PV
flies are somewhat more active overall in LD than control 8X
UAS-PV flies (0.91 * 0.38 and 0.68 * 0.26, respectively, mean
beam crossings per minute = SD; n > 130 flies; p < 0.001, ¢ test),
and there is a slight difference in the percentage of total activity
that occurs in the dark versus the light, with pdf > 6X PV flies
engaging in more of their activity in the dark than 8X UAS-PV
flies (46 = 9 and 41 * 9, respectively, percentage of activity in
dark = SD; p < 0.001, ¢ test). Accordingly, to confirm that the
differences in the distribution of activity before the lights-on and
lights-off transitions are not solely attributable to differences in
total activity or apportionment of activity between day and night,
we computed an anticipation phase score for each fly, defined as
the percentage of activity in the 6 h period before lights-on or
lights-off transition that occurs in the 3 h just before the transi-
tion. Larger anticipation phase scores reflect shifts in anticipatory
activity to the 3 h period nearer to the lights-on or lights-off
transition, thus indicating phase delays in anticipation. As seen in
Figure 5b, PV-expressing pdf > 6X PV flies exhibit significantly
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Figure 5.  Parvalbumin expression induces phase delays in morning and evening anticipa-

tory activity in diurnal conditions. Averaged normalized relative activity profiles of flies main-
tained in 12 h LD conditions for 1 week. Both PV-expressing and control flies exhibit robust
locomotor activity in anticipation of both lights on (morning peak) and lights off (evening peak).
However, statistically significant phase delays of lights-on and lights-off anticipation occur in
pdf > 6X PVflies, as measured by computing an anticipation phase score for each fly, defined
as the percentage of activity in the 6 h before the lights-on (or lights-off) transition that occurs
inthe 3 h before the transition ( p << 0.001 for both lights on and lights off, ¢ test; n > 130 flies
for each genotype).

larger anticipation phase scores than control 8X UAS—PV flies for
both the lights-on and lights-off transitions ( p < 0.001 for each,
ftest), indicating phase delays of activity increases for both morn-
ing and evening anticipation.

This suggests that the differences in LD behavior do indeed
represent differences in anticipation of environmental transi-
tions and are not simply attributable to differences in the re-
sponse to light and dark. The morning anticipatory peak is driven
by circadian oscillation in the LNys and requires their commu-
nication with downstream targets (Grima et al., 2004; Stoleru et
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Robust phase-delayed PDF cycling in terminals of parvalbumin-expressing LN, s. Comparison of anti-PDF staining intensity in the dorsomedial terminals of PV-expressing and control
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nonexpressing LN,s on the second and fifth days in constant darkness (DD-D2 and DD-D5, respectively). Anti-PDF staining analyzed as for anti-PDP1 staining in Figure 7. Bar graph shows mean =
SEM. n > 12 hemispheres for each experimental condition. Thereis no significant effect of genotype on DD-D2. However, on DD-D5, there i a statistically significant effect of genotype. Control flies
have similar peak levels of PDF immunoreactivity at circadian time 4 (CT4) and CT10, with lower levels at CT16 and (722 ( p << 0.05, ANOVA with Bonferroni’s paired comparison test). In contrast,
PV-expressing flies have similar peak levels of PDF immunoreactivity at (T4, (T10, and CT16, with a decrease only at CT22 ( p << 0.05, ANOVA with Bonferroni’s paired comparison test), consistent
with a phase delay in PV-expressing flies. There is no significant difference in the magnitude of peak levels of PDF immunoreactivity between control and PV-expressing flies ( p > 0.05, ANOVA with

Bonferroni’s paired comparison test).

al., 2004, 2005). Slowed increase in diurnal morning anticipatory
activity in PV-expressing flies (Fig. 5) is therefore consistent with
their slowed free-running rhythms (Fig. 4). Persistence of the
morning peak in pdf > 6X PV flies establishes that PV expression
does not prevent communication by the LNys with downstream
targets, including other clock neurons (Renn et al., 1999; Grima
et al., 2004; Stoleru et al., 2004). Furthermore, whereas abolition
of PDF signaling by LNys leads to phase advances of evening
anticipation (Renn et al., 1999; Nitabach et al., 2002), pdf > 6X
PV flies exhibit phase delays of the evening activity increase, sug-
gesting that PV-expression does not interfere with PDF signaling
per se and rather influences phase, consistent with slowed free-
running rhythms. Also consistent with the DD and LD behavioral
effects, PV expression in the LNys does not abolish the cyclic
release of PDF from their dorsomedial terminals (Fig. 6), which
has been linked to the coordination of multiple autonomous os-
cillators in the circadian control circuit (Lin et al., 2004; Stoleru et
al., 2005; Nitabach et al., 2006). However, by the fifth day in DD,
a phase shift in the rhythm of PDF accumulation is apparent,
consistent with slowed free-running behavioral rhythms (Fig. 6).

To assess potential roles of Ca** signaling more broadly in the
Drosophila circadian control circuit, we also expressed PV in all
clock neurons, as well as in a variety of non-neuronal tissues that
possess intrinsic circadian oscillators, using a timeless—GAL4

driver (tim—GAL4) (Blau and Young, 1999). We determined via
immunocytochemical analysis that the highest level of PV expres-
sion is obtained in flies with two copies of the tim—GAL4 trans-
gene and four copies of the UAS—PV transgene (2X tim > 4X PV;
data not shown). PV expression in all clock neurons severely
disrupts free-running rhythms of locomotor activity (Fig. 7).
These severe phenotypes include arrhythmicity and an interest-
ing behavior in which almost no beam crossings are detected for
a number of consecutive days, followed by resumption of sub-
stantial numbers of beam crossings. Because the lifespan of Dro-
sophila melanogaster starved of food is 2.5-4.5 d at 25°C (David et
al., 1975), it is likely that most flies that cease, and then resume,
crossing the infrared beam in the center of the monitoring tube
are remaining near the food-containing end of the tube when no
beam crossings occur. The average free-running period of rhyth-
mic 2X tim > 4X PV flies on the third week in DD is 25.5 h, ~2
h longer than control driver or UAS flies (Fig. 7) (p < 0.001,
ANOVA with Tukey—Kramer paired comparison test) and nearly
identical to that of pdf > 6X PV flies (Fig. 4). There was no
apparent difference in the strength of rhythmicity of the rhythmic
2X tim > 4X PV flies compared with pdf > 6X PV flies. The
severe phenotypes of high-level PV expression in all clock neu-
rons are consistent with important roles for Ca*" signaling in
circadian timekeeping.
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clock neurons. Flies were generated homozygous for a tim—GAL4 transgene on the second

chromosome and homozygous for two independent UAS—PV transgenes on the third chromosome (2 X tim > 4X PV/). Low-magnification (a) and high-magnification (b— d) views of brains of 2 X
tim > 4 PV flies subjected to anti-Myc immunofluorescence reveals high-level PV expression in all of the anatomical subgroups of clock neurons. e, Control flies homozygous for either the
tim—-GAL4transgene alone (2X tim—GAL4) or the same third chromosome bearing the two independent UAS—-GAL4 insertions and a second chromosome with another two independent UAS—-GAL4
insertions (8X UAS—PV) exhibit robust free-running locomotor rhythms with average period of ~23.5 h. In contrast, 23X tim > 4X PV/flies expressing very high levels of PV in all clock neurons
exhibit severely disrupted locomotor activity. Approximately 80% of 2XX tim > 4X PV flies are arrhythmic by Lomb—Scargle periodogram analysis, and ~309% also exhibit multiple-day gaps in
their beam-crossing activity. These differences from control are highly significant by x 2 analysis (arthythmicity, x> = 63.0, p < 0.0001; gaps, x> = 8.1, p < 0.02). The free-running period of
rhythmic2>X tim > 4} PV flies, ~25.5h, is significantly longer than for controls ( p << 0.01, one-way ANOVA, Tukey—Kramer paired comparison test). LNy, Large LN, cell bodies; sLN,, small LN,

cell bodies; LN,, dorsal-lateral clock neuron; DN1-3, dorsal clock neuron groups 1-3.

Ca’* buffering in pacemaker neurons slows free-running
cellular oscillation

To test whether the free-running behavioral effects of PV expres-
sion result from alteration of cellular oscillation within the LNys
themselves, we directly assayed cellular oscillation using immu-
nocytochemistry for the PDP1 transcription factor, which is
known to play an essential role in circadian oscillation (Cyran et
al., 2003). This protein exhibits pronounced rhythms of accumu-
lation in the LNy s in both LD and DD (Cyran etal., 2003) and can
be used as a sensitive readout of circadian oscillator phase in
single cells (Nitabach et al., 2006). In environmentally entrained
LD conditions, both control 8X UAS-PV and PV-expressing
pdf > 6X PV LNys exhibit robust rhythms of PDP1 accumula-
tion with a pronounced peak at Zeitgeber time 21 (ZT21), 3 h
before lights on (Fig. 8). After release into constant DD condi-
tions, 8X UAS-PV and pdf > 6X PV LNys both continue to
exhibit robust PDP1 cycling, but the peak of PDP1 accumulation
is phase delayed in pdf > 6X PV relative to 8X UAS—PV controls
(Fig. 8). The peak of PDP1 accumulation that occurs near the end
of subjective night of the first day in DD in 8X UAS—PV LNys is
delayed by several hours in pdf > 6X PV LNys and thus occurs
near the beginning of the following subjective morning, on the
second day in DD (DD-D2) (Fig. 8). By the fifth day in DD

(DD-D5), the peak of PDP1 accumulation is delayed an addi-
tional several hours in pdf > 6X PV LNys, now occurring ~5 h
after subjective dawn (Fig. 8). Phase delays in peak PDP1 accu-
mulation in PV-expressing LNy s are consistent with the slowing
of behavioral rhythms analyzed above and indicate that the be-
havioral effects of LN, -specific expression of PV are a result of
modification of cellular circadian oscillation.

Ca’* buffering interacts synergistically with genetic
manipulation of calmodulin and CaMKII signaling pathways
To begin to identify the downstream pathways by which intracel-
lular Ca** signals influence circadian oscillation, we tested for
interactions between PV-mediated Ca** buffering and genetic
manipulations that interfere with the function of known molec-
ular components of candidate Ca** -sensitive pathways. Multiple
Ca**-dependent signaling events are based on initial binding of
Ca** to CaM, a ubiquitous eukaryotic Ca®" binding protein,
followed by binding of the Ca**/calmodulin complex to signal-
ing enzymes such as protein kinases and phosphatases, ion chan-
nels, and other signaling molecules (for review, see Sola et al.,
2001). We expressed a relatively low dose of PV from two inde-
pendent transgene insertions in the LNys of flies that were also
heterozygous for a variety of CaM hypomorphic mutant alleles
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Parvalbumin expression in LN, pacemaker neurons slows free-running cellular rhythms. Anti-PDP1 clock protein immunocytochemistry reveals robust free-running cellular rhythms in

PV-expressing LN,s, which are identical in magnitude and phase to nonexpressing control LN,s in 12 h LD conditions, with peak PDP1 accumulation near ZT21, 3 h before lights on. In contrast, on
DD-D2, PV-expressing LN,;s exhibit peak PDP1immunoreactivity several hours later near CT1 (1 h after subjective dawn) compared with nonexpressing controls, which peak near CT21 (3 h before
subjective dawn) ( p << 0.01). On DD-D5, the PDP1 peak has shifted even later in PV-expressing LNys, near CT5 ( p << 0.01). Bar graphs depict mean % SEM. n > 11 brain hemispheres per
experimental condition. Anindependent replicate of the entire experiment revealed similar phase delays (data not shown). Statistical analysis by ANOVA with Tukey—Kramer paired comparison test.

(Nelson et al., 1997). These heterozygous CaM mutations have
little effect on free-running period on their own (Fig. 9, green
circles and red triangles), similar to low-dose expression of PV in
LNys using pdf~GAL4 driver (Fig. 9, black triangles). However,
for some of the CaM mutations, flies both expressing PV and
heterozygous for the CaM mutation exhibit period lengthening
that is significantly different from pdf > 2X PV and heterozygous
CaM mutant flies (Fig. 9, blue squares, *p < 0.01, ANOVA with
Tukey—Kramer paired comparison test). This synergistic effect
was observed for three of four CaM point mutant alleles, Cam™’,
Cam’, and Cam’, but not for the Cam">** null or the Cam’*' point
mutant.

The allele-specific synergistic effect on circadian period of
combining PV-mediated Ca*" buffering with heterozygous CaM
hypomorphic alleles suggests that cytoplasmic Ca*" signals im-
portant for circadian timekeeping are transduced, at least in part,
by CaM-sensitive downstream pathways. Furthermore, this syn-
ergy provides strong support for the conclusion that PV effects on
circadian rhythms are, indeed, attributable to the Ca?* buffering
capacity of PV and not attributable to some other effect of PV
expression. This is because the only plausible functional conver-
gence between the effects of PV and CaM mutation is that they
both affect cellular Ca** signaling. The superficially paradoxical
lack of synergy with the null CaM allele can be explained by the
role of CaM as an abundant cellular Ca** buffer. Flies heterozy-
gous for the null allele, in addition to interference with Ca**/

CaM regulation of downstream signaling pathways, also are likely
to already have substantially reduced cellular Ca** buffering ca-
pacity and thus are less sensitive to the effects of increased Ca*™
buffering mediated by exogenously introduced PV. Consistent
with this interpretation, the Cam’’ point-mutant allele that does
not interact synergistically with PV has decreased affinity for
Ca’* compared with wild type (Maune et al., 1992a,b).

Because CaMKII is an important Ca>"/CaM-sensitive target
that could transduce Ca*" signals important for circadian func-
tion, we also tested for interaction between low-dose PV expres-
sion and expression of the ala CaMKII inhibitory peptide (Grif-
fith etal., 1993). Ubiquitous expression of ala peptide from either
of two independent chromosomal insertions of a hsp70 heat-
shock promoter > ala transgene (alal and ala2), which are con-
stitutively active even in the absence of heat shock (Griffith et al.,
1993), has little or no effect on free-running circadian period
(Fig. 10, blue triangles and red circles), similarly to LNy, expres-
sion of PV in pdf > 2X PV flies (Fig. 10, black squares). In con-
trast, flies expressing both PV and ala from the ala2 insertion
exhibit period lengthening that is significantly different from that
of the pdf > 2X PV and ala2 flies (Fig. 10, light blue diamonds,
*p < 0.01, ANOVA with Tukey—Kramer paired comparison test).
Although there is a possible trend of period lengthening by the
fourth week in DD for flies expressing PV and ala from the alal
insertion, this trend is not statistically significant (Fig. 10, green
triangles). The stronger synergistic effect of ala expression from
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Figure9. Synergisticinteraction between heterozygous calmodulin mutation and low-dose

parvalbumin expression. Each line graph depicts a low dose of PV expressed from two indepen-
dent UAS—PV transgenes in the context of the indicated heterozygous calmodulin mutation.
Cam* (red triangles) indicates parental heterozygous calmodulin mutant flies, pdf > 2} PV
(black triangles) indicates parental PV-expressing flies, Cam™® + pdf-GAL4 (green circles) indi-
cates heterozygous calmodulin mutant offspring with pdf-GAL4 driver but no UAS—PV trans-
genes, and Cam* + pdf > 2>X PV (blue squares) indicates sibling offspring heterozygous for
calmodulin mutation bearing both pdf—GAL4 and two independent UAS—PV transgenes. Aster-
isks indicate that offspring heterozygous for calmodulin mutation bearing both pdf~GAL4 and
two independent UAS—PV transgenes have significantly longer average period than parental
control heterozygous calmodulin mutant and PV-expressing flies and sibling control heterozy-
gous calmodulin mutant offspring with pdf—GAL4 driver but no UAS—PV transgenes ( p << 0.01,
repeated-measures ANOVA with Tukey—Kramer paired comparison test). Minimum numbers of
flies are as follows for all genotypes in experiments involving each of the calmodulin mutations:
Cam*",n > 10; Cam™,n > 6; Cam®,n > 4; Cam’, n > 22; Cam™>*,n > 10. Number of flies
are as follows for the experimental Cam* + pdf > 2< PV flies heterozygous for calmodulin
mutation bearing both pdf-GAL4 and two independent UAS—PV transgenes: Cam**", n > 16;
Cam*,n>14; Cam®,n > 4; Cam’, n > 38; Cam™*, n > 18,

the ala2 chromosomal insertion is exactly what one would expect
from the fact that ala inhibitory peptide has been demonstrated
to be expressed at substantially higher levels from the ala2 inser-
tion than from alal and, consequently, leads to substantially
stronger behavioral phenotypes (Griffith et al., 1993). This syn-
ergy of Ca’" buffering by PV and CaMKII inhibition by ala in-
hibitory peptide suggests that cytoplasmic Ca** signals impor-
tant for circadian timekeeping are transduced, at least in part, by
CaMKII-mediated phosphorylation of protein targets and also
provides additional strong support for the conclusion that PV
effects on circadian rhythms are, indeed, attributable to the Ca**
buffering capacity of PV.

Discussion

Ca** signals play important roles in a host of cellular processes,
and several studies have addressed possible roles for them in
circadian oscillation. Optical imaging techniques have demon-
strated the existence of circadian oscillation of intracellular Ca*"
levels in mammalian clock neurons and plant cells in vitro (John-
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Figure 10.  Synergistic interaction between expression of ala CaMKIl inhibitory peptide and

low-dose parvalbumin expression. Flies homozygous for either the ala7 or ala2 independent
chromosomal insertions of the hs > ala transgene were mated to pdf > 2} PV flies to gen-
erate flies with a single copy of the hs > ala transgene, pdf > GAL4 driver transgene, and two
independent insertions of the UAS—PV transgene. pdf > 2X PV (purple diamonds) indicates
parental PV-expressing flies, ala + pdf—GAL4 indicates single-copy hs > ala offspring with
pdf-GAL4 driver but no UAS—PV transgenes (red and black triangles), and ala + pdf > 2X PV
indicates sibling single-copy hs > ala offspring with both pdf > GAL4 driver transgene and two
independent insertions of the UAS—PV transgene (blue squares and green circles). Asterisks
indicate that ala2 + pdf > 2X PV flies have significantly longer free-running period than
parental control pdf > 2X PV and sibling control ala2 + pdf-GAL4flies ( p << 0.01, repeated-
measures ANOVA with Tukey—Kramer paired comparison test). n > 12 flies for all genotypes.
n =17 forala2 + pdf > 2< PV experimental flies.

son et al., 1995; Colwell, 2000; Ikeda et al., 2003). The high-
affinity, rapid-kinetics Ca*" buffer BAPTA-AM damps and, ul-
timately, abolishes circadian rhythms of period promoter activity
of cultured mammalian clock neurons in vitro without affecting
their free-running period (Lundkvist et al., 2005) at concentra-
tions that are high enough to substantially suppress Ca®" tran-
sients and attenuate synaptic communication (Ouanounouetal.,
1996). Although these studies suggest the possibility that intra-
cellular Ca*™ signals could be important for regulating free-
running cellular oscillation in vivo, this possibility has not before
been tested.

Here we specifically expressed a range of doses of the high-
affinity, slow-kinetics Ca*>* buffer PV in Drosophila pacemaker
neurons in vivo and thereby demonstrated dramatic dose-
dependent effects on cellular and behavioral rhythms (Figs. 4-8).
High levels of PV do not prevent synaptic communication in
either fly motoneurons or the mammalian cerebellum, only sub-
tly alter intracellular Ca®* dynamics, and do not interfere with
cyclic PDF release (Figs. 1, 6) (Caillard et al., 2000; Collin et al.,
2005). We thus propose that the effects of PV expression in the
LNys are attributable to modification of intracellular Ca*™ sig-
nals that play a direct role in autonomous cellular oscillation in
vivo rather than attributable to modification of intercellular com-
munication within the circadian control circuit. Consistent with
this, a recent study performed in cultured mammalian suprachi-
asmatic nucleus (SCN) revealed that application of membrane-
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permeant Ca** buffer or a mixture of Ca®* channel blockers
almost immediately halts circadian transcriptional rhythms
(Lundkvist et al., 2005), too quickly to likely be explained by a
circuit level mechanism (Yamaguchi et al., 2003). Our studies
build on these in vitro studies and generalize the suggestion of a
role for Ca** signaling to an in vivo circadian timekeeping con-
text. Interesting differences that remain to be explored are (1) the
fact that interference with Ca** signals in cultured SCN does not
affect free-running period and (2) the fact that the period pheno-
types we observe in vivo in the fly increase their magnitude over
time in either entrained or constant conditions, although PV
Ca’" buffer levels themselves do not increase.

Our studies also go beyond those performed on cultured SCN
in beginning to explore the downstream Ca " -sensitive signaling
pathways through which Ca** signals participate in circadian
timekeeping. Expression of a low dose of PV, which on its own
has little effect on free-running rhythms, in the context of het-
erozygous point mutations in the calmodulin gene, which on their
own also have little effect of free-running rhythms, results in
substantial period lengthening (Fig. 9). In addition, when this
same low dose of PV is expressed with doses of a CaMKII inhib-
itory peptide that also have little effect on free-running rhythms,
similar substantial period lengthening occurs (Fig. 10). These
results suggest a key role for intracellular Ca** signals in regulat-
ing intrinsic cellular oscillation in vivo and implicate calmodulin-
and CaMKII-mediated pathways in their transduction. Interest-
ingly, a role for CaMKII-mediated phosphorylation in regulation
of the CLOCK/CYCLE core circadian transcription factor has
been demonstrated recently in a reconstituted tissue culture sys-
tem (Weber et al., 2006). Our studies raise a number of issues for
additional investigation: the cellular sources of the Ca*" signals
important for cellular oscillation, their spatiotemporal dynamics,
and the mechanisms by which Ca**-sensitive signaling interme-
diates, such as Ca**/CaM and CaMKII, couple them to circadian
transcriptional feedback loops. Another good candidate for inte-
grating Ca*™ signals into the cellular timekeeping mechanism is
protein phosphatase IIA, a known Drosophila clock component
that directly binds and is regulated by Ca’" (Janssens et al., 2003;
Sathyanarayanan et al., 2004). Finally, the interaction studies that
revealed roles for CaM and CaMKII in Ca*"-dependent regula-
tion of circadian timekeeping are proof-of-principle that low-
dose PV expression in LNy, pacemaker neurons constitutes a sen-
sitized background suitable for large-scale forward screening for
other Ca*"-sensitive cellular signaling pathways involved in cir-
cadian timekeeping.
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