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Despite a central circadian role in Drosophila for the transcriptional regulator
Timeless (dTim), the relevance of mammalian Timeless (mTim) remains equiv-
ocal. Conditional knockdown of mTim protein expression in the rat suprachi-
asmatic nucleus (SCN) disrupted SCN neuronal activity rhythms, and altered
levels of known core clock elements. Full-length mTim protein (mTIM-fl) ex-
hibited a 24-hour oscillation, whereas a truncated isoform (mTIM-s) was con-
stitutively expressed. mTIM-fl associated with the mammalian clock Period
proteins (mPERs) in oscillating SCN cells. These data suggest that mTim is
required for rhythmicity and is a functional homolog of dTim on the negative-
feedback arm of the mammalian molecular clockwork.

An autoregulatory feedback loop of transcrip-
tion and translation underlies generation of
circadian rhythmicity in organisms ranging
from cyanobacteria to mammals. Transcrip-
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tional activators, or positive elements, stimu-
late production of specific gene products that,
in turn, act as transcriptional repressors, or
negative elements, to feed back and inhibit
their own transcription. The coordinated ac-
tions of positive and negative elements result
in circadian expression patterns of clock and
clock-controlled genes that drive oscillations

in metabolism and behavior (/). An excep-
tion to homology between the Drosophila (2)
and mammalian (3) clockworks is the time-
less gene (Tim). The dTim gene is a critical
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Fig. 1. mTIM-fl knockdown abolishes SCN neuronal activity
rhythms. (A) In control slices, the SCN maintained a circadian
rhythm in neuronal firing rate with a peak near circadian time
(CT) 7. Missense mTim ODN containing a scrambled sequence
with no homology to other genes (as assessed by a GenBank
BLAST search) had no effect on the rhythm of SCN neuronal
firing rate. mTim «ODN abolished the rhythm in neuronal

Control

firing rate. Firing-rate rhythms were normal after continuous
treatment with «ODN directed against arginine vasopressin
(AVP o ODN). Recordings shown are representative of 12
(control), 4 (missense), 3 (AVP aODN), or 6 (mTim aODN)
independent experiments. Filled circles define the 2-hour
running averages; open circles represent individual neuronal
activities. Dashed line marks the mean time-of-peak in con-
trol SCN. Shading represents subjective night. ODN was ap-
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plied from CT 2 on day 1 in vitro to CT 14 on day 2. (B) mTim
«ODN treatment significantly reduced mTIM-fl protein in
SCN slices compared with no treatment, AVP aODN, one-
mismatch, three-mismatch, and missense mTim ODN. SCN
slices were collected after 36-hour treatment with ODN (22).
Blots shown are representative of five independent experi-
ments of mTim aODN, four independent experiments of
missense mTim ODN and no treatment, three independent
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experiments using AVP oODN, one mismatch, and three
mismatches. mTim aODN decreased mTIM-fl significantly.
Molecular mass markers appear in the right lane. Density of
mTIM-fl band was divided by the density of tubulin of the
same lane. The mTIM-fl/tubulin ratio was normalized to con-
trol and plotted as the mean * SD. Double asterisks (**)
indicate statistical significance as determined by ANOVA
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(P < 0.01) with Tukey's post hoc analysis.
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component in the autoregulatory feedback
loop as homozygous dTim mutant flies are
arrhythmic (4). In contrast, a clock function
for mTim is ambiguous (5—14), and a require-
ment of mTim for circadian rhythmicity has
not been firmly established. Attempts to ad-
dress this question by genetic deletion of
mTim have failed because the deletion of
mTim is embryonically lethal [(6), supporting
online material (SOM) text, note 1]. At
present, a role for m7im in the mammalian
circadian clock is largely discounted (75).

To assess the requirement of m7Tim for
circadian rhythmicity in the SCN, the site of
the master circadian clock in mammals, we
induced conditional knockdown of the full-
length isoform of mTim protein (mTIM-fl)
by treating SCN brain slices with antisense
oligodeoxynucleotides («ODN)  directed
against the sequence surrounding the start
codon of mTim (mTim oODN). This ap-
proach blocked mTIM-fl protein expression
in kidney explant cultures (/6), inhibited
glutamate-induced phase shifts by targeting
mPerl RNA (17-19), and disrupted VIP (va-
soactive intestinal peptide) protein expression
in the SCN (20, 21). SCN brain slices from
rat maintained a circadian rhythm in neuronal
firing rate with a peak near circadian time
(CT) 7 over two cycles (22). Continuous
exposure of SCN brain slices to mTim a«ODN
significantly reduced mTIM-fl protein (Fig.
1B, P < 0.01, ANOVA, Tukey’s post hoc
analysis) and abolished the endogenous rhythm
in neuronal firing rate compared with missense
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Fig. 2. Short-term treat-
ment with mTim «ODN
causes phase resetting in
the SCN and increases
mTim-fl transcript levels.
(A) A phase-response
curve was derived from
25 experiments over 10
different time points
across the circadian cycle
to assess sensitivity to
2-hour treatment with
mTim «ODN. Phase ad-
vances in response to
treatment were observed
during early subjective
day, phase delays during
late subjective day, and
no change in the SCN
neuronal activity rhythm
during subjective night
(dark  horizontal bar).
Double asterisks indicate
statistical significance as
determined by Student’s
t test (P < 0.01). Inde-
pendent experiments are

indicated by filled circles. (B) Control slices displayed a characteristic rhythm in the firing rate
of the SCN neuronal ensemble with a peak near CT 7. mTim o ODN induced maximal phase
advance when applied from CT 2 to CT4. mTim «ODN caused phase delay when applied from
CT10 to CT12. Slash-filled bars represent time and duration of short-term mTim «ODN
treatment. The labels ~5h ¢A and ~2h ¢D denote a phase advance of about 5 hours and a
phase delay of about 2 hours, respectively. (C) After treatment of SCN slices with mTim « ODN,
or missense mTim ODN from CT3 to CT5, mTim-fl transcript level in single SCN slices was
determined by qPCR. Because mTim-fl level in missense-treated slices (n = 4) was not different

from untreated samples (n

3), these samples were pooled for statistical analysis. mTim-fl

was increased significantly (1.68 + 0.18-fold, P < 0.05, Student’s t test, n = 4) after mTim
«ODN treatment compared with missense and untreated controls. Asterisk (*) indicates
statistical significance as determined by Student’s t test (P < 0.05). 242t gives the fold
change in gene expression between the two groups (22).

Fig. 3. Rhythmic expression of mTIM-fl, but
not mTIM-s, in the SCN and mTIM-fl:mPER
interactions in the SCN 2.2 cell line. Protein
extracts from SCN collected at 4-hour inter-
vals were analyzed by Western blot immuno-
reactivity (22) and were quantified for the
N-terminal (A and D), C-terminal (B and E),
and mPER2 (C and F) antisera. Duplicate blots
were prepared and probed with the N or C
terminal-specific antiserum (22). Blots
probed with N-terminal antiserum were
stripped and reprobed for mPER2. Blots were
subsequently stripped and reprobed for B-
tubulin (A, B, and C, bottom row). Distinct
rhythmic expression in the SCN was seen in
mTIM-fl and mPER2, but not mTIM-s over a
full 24-hour cycle (D, E, and F); Asterisk in-
dicates P < 0.05, Student’s t test of ZT O
versus ZT 12. Blots shown are representative
of independent experiments and analysis
(mTIM-fl and mTIM-s over the full circadian
cycle, n = 4). (G) N terminal-specific mTIM
antiserum immunoprecipitated mTIM-fl from
SCN 2.2 cell lysate. mPER1, mPER2, and
mPER3 coimmunoprecipitated with mTIM-fl
in the SCN 2.2 cell line, whereas B-tubulin
and TAP (SOM text, note 10) did not. Lanes
on each blot are labeled with cell lysate or
the antiserum (CTL, rabbit control 1gG; N-
TIM, N terminal-specific mTIM antiserum)

and antisense ODN that targeted arginine vaso-
pressin (4VP aODN) controls (Fig. 1A; SOM
text, note 2). The mTim aODN effect was
specific: long-term exposure of SCN brain slic-
es to mTim aODN containing one or three
mismatched bases had no effect on mTIM-fl
protein levels (Fig. 1B) or the SCN rhythm of
neuronal firing (SOM text, note 3).

To determine whether mTim acts as a state
variable, the neuronal firing—rate rhythm of
SCN slices was determined in response to
transient inhibition of mTim-fI expression
(17-19). Short treatments (2 hours) with
mTim aODN caused significant phase shifts
in SCN firing-rate rhythms when applied dur-
ing subjective day but had no effect when
applied during subjective night (Fig. 2A).
Control slices displayed a characteristic
rhythm in the firing rate of the SCN neuronal
ensemble (mean time of peak = CT 6.72 =
0.12, n = 12, Fig. 2B). mTim «ODN induced
phase advances when applied between CT 0
and CT 8; maximal advances of ~5.5 hours
(P < 0.01, Student’s ¢ test) in the time-of-
peak activity were observed with mTim
aODN treatment from CT 2 to CT 4 (mean
time of peak CT 1.15 = 0.25, n = 4, Fig. 2,
A and B). mTim «ODN caused phase delays
(P < 0.05, Student’s ¢ test) when applied
during late subjective day (CT 10 to CT 12;
mean time of peak CT 8.82 = 0.13, n = 4,
Fig. 2, A and B). Treatment with missense
mTim ODN had no effect on SCN rhythmic-
ity at any time of day. Thus, phasing of SCN
rhythmicity was altered when transcriptional
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used for immunoprecipitation. The antiserum used to probe each respective membrane is labeled above the blot. Results are representative of
at least three separate experiments. Molecular mass markers are present on the interface of the blots in the left lanes of (A, B, and C); and in

the right lanes of (G).
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and translational events involving mRNA en-
coding mTim-fl were transiently disrupted.
To evaluate the means by which transient
exposure to mTim oODN alters circadian
timing, we analyzed the level mTim-fl mRNA
by quantitative real-time reverse transcription
polymerase chain reaction (qPCR). Treat-
ment with mTim «ODN from CT 3 to CT 5
caused a significant increase (1.68 *= 0.14
fold, n = 4, P < 0.05, Student’s ¢ test) in
mTim-fl transcript levels (Fig. 2C). Levels of
mTim-fl mRNA in slices treated with mis-
sense mTim ODN were not different from
untreated slices. Because this m7im «ODN
treatment predicts clock resetting to the end
of subjective day, when clock-controlled
mTim-fl mRNA levels rise (/3), the conse-
quence of mTim o«ODN on mTim-fl mRNA
was consistent with the effect on phasing of
the SCN neuronal activity rhythm. This effect
of altering mTim transcription and translation
suggests that mTim is a critical state variable,
and its disruption alters circadian timing.
Two transcripts of m7im RNA are
present in other mammalian tissues and
show differential expression in the tissues
of developing and adult mouse (/6). The
larger transcript, which is less abundant in
adult tissues, encodes mTIM-fl (SOM text,
note 4). The shorter transcript, which is a
splice variant of the full-length transcript
and encodes a protein that corresponds to
the last 475 residues of the mTIM-fl pro-
tein, has been designated TIMELESS small
isoform [mTIM-s (/6)]. To examine the
expression of each of these mTIM isoforms
in the SCN and their potential contributions
to the circadian clockwork, we generated
antisera against the N- and C-terminal re-
gions of mTIM (fig. S1A). Analysis of
SCN extracts using N terminal—specific an-
tiserum identified a single immunoreactive

protein of ~140 kD (fig. S1B), correspond-
ing to mTIM-fl (SOM text, note 5). Immu-
noreactivity disappeared after treatment of
SCN slices with mTim «ODN or after ab-
sorption of the antibody with the corre-
sponding peptide. In contrast, analysis of
SCN extracts with C terminal-specific
mTIM antiserum revealed immunoreactive
proteins at ~140 kD and ~50 kD; immu-
noreactivity was abolished by absorption of
antiserum with the corresponding peptide
(fig. S1C). The ~50-kD protein band re-
solved as a triplet with the C terminal—
specific antiserum and corresponds to the
predicted size of mTIM-s.

mTIM-fl detected by the N terminal—
specific antiserum exhibited a significant
(P < 0.05, Student’s 7 test) and robust oscil-
lation (3.8-fold) in the SCN (Fig. 3, A and D)
with peak levels occurring at zeitgeber time
12 (ZT 12), the time of lights off. SCN
extracts blotted with the C terminal—specific
antiserum also showed a significant oscilla-
tion in mTIM-fl (P < 0.01, Student’s ¢ test)
but no significant variation in the more abun-
dant mTIM-s (Fig. 3, B and E; SOM text,
note 6). An oscillation of the Period protein
mPER?2 (3.75-fold) that peaked between ZT 8
and ZT 12, similar to that reported in mouse (35)
and parallel to mTIM-fl, was present in the
same samples (Fig. 3, C and F; SOM text, note
7). The more abundant alternative splice variant
that encodes the truncated mTIM-s protein pro-
vides an explanation for a previous report of
constitutive expression of mTIM-fl in immuno-
stained tissue [(5, 23), SOM text, note 8].

If mTIM-fl is a core clock component, it
should interact with other clock elements.
Interactions between mTIM-fl and the mam-
malian  clock  Cryptochrome  proteins
(mCRYSs) have been reported in vitro and in
vivo (5, 7, 9). To examine whether mTIM-fl
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Fig. 4. mTIM-fl knockdown disrupts expression levels of other core clock elements. SCN brain slices
treated identically to those in Fig. 1B were Western blotted (22) for other components of the
mammalian molecular clockwork. mTIM-fl knockdown caused a significant reduction of mPERT (A),
mPER2 (B), and mPER3 (C) levels. mTIM-fl knockdown caused a significant increase in mCRY1 (D)
and mCRY2 (E). P < 0.001, Student's t test for both mTim «ODN versus missense ODN and mTim
«ODN versus control samples, n = 4 for each treatment). Density of the clock protein band (top
row of blot) was divided by the density of tubulin (middle row) of the same lane. The clock
protein/tubulin ratio was normalized to control and plotted as the mean =+ SD (bottom row). Triple
asterisks indicate statistical significance as determined by Student’s ¢ test (P < 0.001).
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interacts with other negative regulators of the
mammalian clockwork in vivo, we probed a
rat SCN-derived cell line [SCN 2.2 (24)] for
interactions between mTIM-fl and the three
mammalian clock Period proteins (mPERs).
N terminal-specific antiserum immunopre-
cipitated mTIM-fl and coimmunoprecipitated
mPER1, mPER2, and mPER3 from SCN 2.2
cell extracts [Fig. 3G, (22); SOM text, note
9). Association of mTIM-fl with mPERs and
mCRYs in vivo (3, 7, 9), as well as studies
that show mTIM-fl inhibits mCLK:BMAL-
and MOP4:BMAL-induced mPERI gene
transactivation in vitro in a dose-dependent
manner (7, 9, 11), further support mTIM-fl as
a core clock element.

If mTIM-fl plays an important role in the
mammalian clockwork, its knockdown
should disrupt expression levels of other key
elements in the feedback loop. mTim a«ODN
treatment caused a significant decrease (P <
0.001, Student’s ¢ test) in the levels of
mPER1, mPER2, and mPER3 (Fig. 4, A to C)
and a significant increase (P < 0.001, Stu-
dent’s ¢ test) in the levels of mCRY1 and
mCRY2 (Fig. 4, D and E) compared with
missense ODN-treated or control SCN brain
slices. Experiments using double-stranded
RNA interference in HEK 293 cells produced
similar decreases in hPER2 levels (fig. S3)
and overexpression of mTIM-fl in HEK 293
cells resulted in increased levels of hPER2
(fig. S4). In Drosophila, timeless mutant flies
have constitutively low levels of PERIOD
(25). Given that dTIM has been shown to
contribute importantly to the expression and
stability of dPER, the effect of mTIM-fl
knockdown on the mPERs indicates that
mTIM-fl is a functional homolog of dTIM.

The data presented here provide func-
tional evidence that mTIM-fl is required for
expression of SCN circadian rhythmicity.
These findings permit us to reconfigure the
current model of the mammalian circadian
clockwork. The aggregate evidence places
mTim on the negative arm of the molecular
feedback loop in the SCN, as it is in the
Drosophila clock. We hypothesize that
mPER2 may be the physiologically pre-
ferred partner of mTIM-fl and that this
heterodimer could be the functional mam-
malian counterpart of dTIM:dPER. Addi-
tion of mTim to the mammalian clockwork
completes a core having each functional
homolog of the Drosophila clockwork and
emphasizes the highly conserved nature of
the biological timekeeping mechanism.
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Diffusion Dynamics of Glycine
Receptors Revealed by
Single-Quantum Dot Tracking

Maxime Dahan,’*{ Sabine Lévi,?* Camilla Luccardini,’
Philippe Rostaing,? Béatrice Riveau,” Antoine Triller?}

Semiconductor quantum dots (QDs) are nanometer-sized fluorescent probes
suitable for advanced biological imaging. We used QDs to track individual
glycine receptors (GlyRs) and analyze their lateral dynamics in the neuronal
membrane of living cells for periods ranging from milliseconds to minutes. We
characterized multiple diffusion domains in relation to the synaptic, perisyn-
aptic, or extrasynaptic GlyR localization. The entry of GlyRs into the synapse
by diffusion was observed and further confirmed by electron microscopy im-

aging of QD-tagged receptors.

In living cells, the ability to selectively
detect one molecule (or a small number of
molecules) is a powerful way to understand
the dynamics of cellular organization (/).
So far, access to single-molecule properties
in living cells has been restricted by either
the size of the probe (40-nm gold nanopar-
ticles or 500-nm latex spheres) (2) or the
photobleaching of the small (1- to 4-nm)
fluorescent labels (3, 4). QDs, which are
intermediary in size (~5 to 10 nm), are
substantially more photostable than con-
ventional fluorophores (5, 6), and have
been vaunted as promising fluorescent
probes (6, 7). In vitro and in vivo imaging
with QDs has recently been demonstrated,
but none of these measurements has aimed
at specific cellular actors (8, 9).

GlyR is the main inhibitory neurotransmit-
ter receptor in the adult spinal cord (/0). At
inhibitory synapses, GlyR clusters are stabilized
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by the scaffolding protein gephyrin (//, 12).
The issue of lateral mobility of receptors for
neurotransmitters has become central to under-
standing the development and plasticity of syn-
apses (/3). The membrane dynamics of GlyRs
has been studied previously in transfected neu-
rons using latex beads (/4). GlyRs diffuse rap-
idly in the neuronal plasma membrane and
transient interaction with gephyrin decreases
their diffusion. Comparable results were ob-
tained for the metabotropic- and AMPA-type
glutamate receptors and their corresponding
scaffolding molecules (15, 16). These measure-
ments, however, preclude analysis of receptor
dynamics in the synaptic cleft because of the
use of 500-nm beads. We aimed to develop a
new approach that could both access the syn-
apse and be tracked for long periods of time.

The specific detection of endogeneous
GlyR «al subunits at the surface of spinal
cultured neurons was achieved by the use of
a primary antibody (mAb2b), biotinilated an-
ti-mouse Fab fragments, and streptavidin-
coated QDs (Fig. 1) (7). QD-GlyR formed
numerous clusters around the soma and den-
drites (Fig. 1A), similar to observations from
previous immunocytochemical studies using
conventional fluorophores (/8). GlyRs were
detected within synaptic and extrasynaptic
domains (Fig. 1, B and C).
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QDs were then used to study the lateral
movement of individual GlyRs in living neu-
rons. Single QDs were identified by their
blinking property, i.e., the random intermit-
tency of their fluorescence emission (5, 19).
The results of these experiments were com-
pared with those that used Cy3-coupled anti-
bodies. Trajectories of single QD-GlyRs in
the membrane could be visualized easily for
at least 20 min, whereas the duration was ~5
s for Cy3. The spots were detected with a
signal-to-noise ratio of about 50 (integration
time 75 ms), almost an order of magnitude
higher than the signal obtained with fluoro-
phores. Thus, the lateral resolution reached 5
to 10 nm, well below the 40 nm achieved
with Cy3 dyes (20).

First, we used single-QD tracking (SDQT)
to study the rapid lateral dynamics of GlyRs.
Continuous sequences of 75-ms images were
acquired for durations of ~60 s. Individual
QD-GlyRs diffusing in the neuronal membrane
were either detected in extrasynaptic regions or
associated with boutons identified with the am-
phiphilic FM4-64 dye. SQDT enabled the ob-
servation of multiple exchanges between extra-
synaptic and synaptic domains, in which a
GlyR alternated between free and confined dif-
fusion states, respectively (Fig. 2A and movie
S1). A GlyR, initially located at a synapse,
started to diffuse rapidly (Fig. 2, Al to AS) and,
after about 30 s, stabilized close to another
synaptic site (Fig. 2, A6 to A8), 4 to 5 wm away
from the starting point. To quantify this obser-
vation, the instantaneous diffusion coefficients
(D) were determined along the trajectory (Fig.
2B). For the 0- to 30-s period, D was ~0.1
wm?/s, and the mean-square displacement
(MSD) function varied linearly (Fig. 2C), as is
expected for free Brownian diffusion (2). In the
later part of the trajectory (30 to 63 s), D
decreased to ~0.02 wm?/s, and the MSD ex-
hibited a negative curvature, characteristic of a
space-confined movement (Fig. 2D).

The high photostability of QDs also al-
lowed for the tracking of individual GlyRs
in the same neuritic region for long dura-
tions. To avoid toxic continuous illumina-
tion of the cells, data were acquired in a
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