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Abstract
MT1 melatonin receptors expressed in Chinese hamster ovary cells remain sensitive to a melatonin
re-challenge even following chronic melatonin exposure when microtubules are depolymerized in
the cell, an exposure that normally results in MT1 receptor desensitization. We extended our
findings to MT2 melatonin receptors using both in vitro and in vivo approaches. Using CHO cells
expressing human MT2 melatonin receptors, microtubule depolymerization prevents the loss in the
number of high potency states of the receptor when compared to melatonin-treated cells.
Additionally, microtubule depolymerization increases in melatonin-induced PKC activity but not
PI hydrolysis via Gi proteins similar to that shown for MT1Rs. Furthermore, microtubule
depolymerization in MT2-CHO cells enhances the exchange of GTP on Gi-proteins using a
photoaffinity analog of GTP. To test whether microtubules are capable of modulating melatonin-
induced phase-shifts, microtubules are depolymerized specifically within the suprachiasmatic
nucleus of the hypothalamus of the Long Evans rat and the efficacy of melatonin to phase shift
their circadian activity rhythms was assessed and compared to animals with intact SCN
microtubules. We find that microtubule depolymerization in the SCN using either Colcemid or
nocodazole enhances the efficacy of 10 pM melatonin to phase-shift the activity rhythms of the
Long Evans rat. No enhancement occurs in the presence of β-lumicolchicine, the inactive analog
of Colcemid. Taken together, these data suggest that microtubule dynamics can modulate
melatonin-induced phase shifts of circadian activity rhythms which may explain, in part, why
circadian disturbances occur in individuals afflicted with diseases associated with microtubule
disturbances.
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Introduction
Microtubule disruption within the cell can lead to changes in cell architecture and alter G-
protein coupled receptor (GPCR) signaling. In particular, depolymerization of microtubules
into alpha-beta tubulin heterodimers or the heterodimers themselves in cells leads to
enhanced G protein-mediated signaling as shown in numerous studies and for numerous
GPCRs [1–5].

Recently, it has been shown that microtubule manipulation, either by reducing tubulin levels
[6] or by depolymerization [7] enhances MT1 melatonin receptor (MT1R) function [6,7],
prevents melatonin-induced MT1R desensitization and MEK1/2 and ERK1/2 activation [8].
As melatonin receptors are involved in phase-shifting circadian activity rhythms,
particularly, MT2 melatonin receptors (MT2Rs) [9–11], then changes in microtubule
dynamics on these receptors may produce consequences on circadian activity patterns. This
may lead to altered sleep/wake cycles that occurs in people suffering from Alzheimer’s
Disease (AD), a disease characterized by microtubule derangements [12].

Sleep disturbances are reported in Alzheimer’s patients characterized by increases in both
the frequency and duration of nocturnal awakenings and daytime naps [13–15]. These
frequent nighttime awakenings are often the primary reason for institutional care [16–18].
Because circadian rhythm disturbances strongly contribute to cognitive deterioration and
functional disabilities in AD patients [16,19,20], then a better knowledge of the major
factors involved in the development of the disturbances may guide novel therapeutic
strategies.

As reviewed [12], circadian rhythm disturbances during aging and AD are probably due to
alterations in the circadian timing system. This may be due to (a) a diminished output and
disrupted clock function in AD patients [21]; (b) alterations in the pineal gland and in
melatonin secretion [22–24]; (c) a decreased input to the SCN [25]; and (d) alterations in the
melatonin receptor [26,27].

Although numerous studies have documented a role of melatonin and melatonin receptors in
the etiology of AD [25–34], the focus of this study was to assess the impact of microtubule
disruption on melatonin receptors involved in circadian entrainment using in vitro and in
vivo approaches. Neurofibrillary tangles have been observed in the brains of AD patients
[27] including the SCN [35], the master biological clock and the function of these
microtubules are also impaired [36]. Reductions in both MT1R and MT2R receptors have
also been observed [26,27]; however, studies show that patients with AD remain sensitive to
the phase-shifting effects of melatonin [12,37–39]. The clinical findings argue in favor of
disruption of the circadian timing system in AD since numerous rhythms are disturbed (e.g.,
body temperature, and concentrations of other hormones including glucocorticoids [12,39]).

Even though some have suggested that damage to the SCN neurons may underlie these
circadian rhythm disturbances [40,41], another possibility could be an alteration in
melatonin receptor sensitivity in the SCN of AD patients due to microtubule derangements.
To test this, two approaches were taken. The first approach was to assess the effects of
microtubule depolymerization on human MT2Rs expressed in CHO cells (MT2-CHO)
similar to the approach taken for MT1Rs expressed in CHO cells (MT1-CHO) [7]. The
second approach was to assess the effect of microtubule depolymerization in the SCN of the
Long Evans rat on the efficacy of melatonin to phase-shift their circadian activity rhythms.
The hypothesis of this study is that microtubule depolymerization will enhance the function
of MT2Rs both in vitro and in vivo.
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Experimental Procedures
Cell culture and treatments

Chinese hamster ovary (CHO) cells stably expressing the human MT2 melatonin receptor
(MT2-CHO) were used in this study and are described elsewhere [42]. For the
depolymerization studies, MT2-CHO cells were grown in F12 media (Life Technologies,
Grand Island, NY) containing 10% fetal bovine serum and 1% penicillin G sodium (5000
units/ml)-streptomycin sulfate (5000 μg/ml) (Life Technologies, Grand Island, NY). After
growing to approximately 75% confluence on a 10 cm dish, the media was removed, and the
cells were re-fed with F12 media containing vehicle (ethanol 0.000001%), Colcemid (5
μM), melatonin (400 pM) (Sigma, St. Louis, MO) or combinations of each. The cells were
incubated for 8 hr at 37°C in a 5% CO2 atmosphere. Following this exposure period, the
media was then removed, and cells were re-fed with F12 media containing vehicle,
Colcemid (5 μM), and incubated for an additional 16 hr at 37°C in a 5% CO2 atmosphere.
This exposure paradigm was chosen to more closely mimic the natural rise and fall of
melatonin levels throughout the 24 hr cycle as described [7].

Radioligand binding assays
MT2-CHO cell lysates were prepared following an 8 hr pretreatment and 16 hr withdrawal
of melatonin. These lysates were subjected to saturation binding analysis using appropriate
concentrations of 2-[125I]-iodomelatonin (1 to 1000 pM) in the absence or presence of
melatonin (1 μM) as described [7]. The reaction was incubated for 1 hr at 25°C, filtered,
washed and counted. All data were normalized against their vehicle controls.

Following exposure to vehicle, Colcemid, melatonin or combinations of melatonin and
Colcemid, MT2-CHO cells were washed, lifted, and added to tubes containing 80–100 pM
2-[125I]-iodomelatonin in the absence (total binding) or presence of various concentrations
of melatonin (1 fM to 1 μM) as already decribed [7]. All data were normalized against their
totals.

Cyclic AMP accumulation assays
Cyclic AMP accumulation assays were carried out as described previously [7]. Briefly,
MT2-CHO cells were plated equally in 24-well dishes and allowed to grow to confluence.
The cells were exposed to F12 media containing vehicle, Colcemid, melatonin, or
combinations of each for 8 hr. Afterwards, the media was removed and some cells were re-
exposed to F12 media containing vehicle and some to Colcemid for an additional 16 hr.
Following the 24 hr exposure period, 100 μM of forskolin and 30 μM of rolipram in F12
media (maximum response) or F12 media and rolipram (basal response) were added to the
cells to stimulate the production of cAMP. In addition, some of the cells were exposed to
increasing concentrations of melatonin (1 fM to 1 μM) for 10 min at 370C. Cyclic AMP
formation was measured using the Correlate-EIA Direct cAMP kit (Assay Designs, Inc.,
Ann Arbor, MI) according to the manufacturer’s instructions. All data were normalized
against their forskolin/rolipram (maximal) response and concentration-response curves were
constructed. Data points were fit by 1-or 2-site nonlinear regression analysis based upon the
lowest residual sum of squares (GraphPad Prism). The cAMP levels generated in the
presence of forskolin for each treatment group were also normalized against their vehicle
controls.

Immunoblot analysis
MT2-CHO cells were allowed to grow to confluence on 10 cmplates. The cells were
exposed to F12 media containing vehicle or melatonin for 8 hr at 37°C. After 8 hr, the media
was removed, and fresh F12 media was added. The cells were incubated an additional 16 hr.
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Afterwards, cell membranes were prepared whereby 10 μg were loaded onto gels and
subjected to SDS-PAGE as described previously [7]. G-proteins (Giα2,3 or Gqα) were
detected by enhanced chemiluminescence (ECL-Plus, Amersham, Arlingtion Heights, IL)
using rabbit anti-Giα2, 3 or Gqα (1:1500) (Santa Cruz Biotechnology, CA) in a TBS/milk
solution and an HRP-conjugated goat anti-rabbit IgG (1:5000) (Pierce Chemical Co.,
Rockford, IL). G-protein bands were quantified by densitometry (NIH-Image, Bethesda,
MD) and normalized against vehicle controls.

Cell photography
MT2-CHO cells were grown to a sub-confluent density on 10 cm diameter dishes in F12
media and then subjected to the aforementioned treatment conditions as described [7]. After
the drug exposures, the cells were fixed with 0.5% glutaraldehyde (Electron Microscopy
Sciences, Fort Washington, PA) in PBS (minus Ca2+ and Mg2+) for 5 min and washed three
times. Cells were observed using a Nikon TMS inverted microscope equipped with phase-
contrast optics. Images were digitally captured using a Scion Series 7 image capture system
(Scion Corporation, Frederick, MD), processed using Adobe Photoshop Software and
printed with a Codonics NP-1660 Photographic printer.

[32P]-azidoanilido GTP exchange assays
Experiments were carried out exactly as described previously [7]. Briefly, MT2-CHO cells
were grown to 80 to 85% confluence in a 6-well dish in F12 media under the conditions
described previously. Next, cells were washed, permeabilized using saponin, washed and
then labeled with 0.1 μM [32P] azidoanilido GTP ([32P]AAGTP) for 10 min at room
temperature. Melatonin (1μM) was added to facilitate GTP exchange and then the reactions
were cooled on ice, exposed to UV light (9W, 254 nm) and stopped. [32P]AAGTP
incorporation into G-proteins was visualized by autoradiography following SDS-PAGE. The
amount of [32P]AAGTP incorporated into G-proteins was quantified using NIH image
software and then normalized against vehicle-treated cells. Data were analyzed by one-way
ANOVA followed by a Newman-Keuls post-hoc t-test where significance was defined as
p<0.05.

Phosphoinositide hydrolysis assays
Phosphoinositide hydrolysis assays were carried out as described previously [7]. Briefly,
MT2-CHO cells were plated and grown to confluence. Next, the cells were exposed to F12
media containing vehicle, Colcemid, melatonin, or combinations of each for 8 hr.
Afterwards, the media was removed and some cells were re-exposed to F12 media
containing vehicle and some to Colcemid, for an additional 16 hr. Endogenous
phospholipids within the MT2-CHO cell were labeled using myo-[2-3H]myoinositol (2 μM/
mL; NEN/DuPont, Boston, MA) and then re-challenged with vehicle (basal) or melatonin
(1pM to 30 μM). The formation of phosphoinositides was assessed using column
chromatography and liquid scintillation counting.

PKC activity assays
To establish the concentration-response effects of melatonin on PKC activity in MT2-CHO
cells, cells were grown to confluence in F12 media. Next, cells were lifted, lightly pelleted
and resuspended in F12 media containing either vehicle (basal) or increasing concentrations
of melatonin (1 pM-1 μM) for 20 min at room temp. To assess the effect of melatonin and
Colcemid pretreatment on melatonin (10 nM)-induced PKC activation, cells were grown to
confluence and then exposed to F12 media containing vehicle, Colcemid, melatonin,
pertussis toxin or combinations of each for 8 hr. Afterwards, the media was removed and
some cells were re-exposed to F12 media containing vehicle and some to Colcemid, or

Jarzynka et al. Page 4

J Pineal Res. Author manuscript; available in PMC 2009 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pertussis toxin for an additional 16 hr the various treatments as described [7]. Afterwards,
the media was removed and then the cells were re-challenged with either vehicle (basal) or
10 nM melatonin. PKC activity was assessed in these cells using the SignaTECT™ Protein
Kinase C (PKC) Assay System (Promega, Madison, WI) according to the manufacturer’s
instructions. Radioactive spots were quantified by densitometric analysis and relative OD
values obtained and PKC activities calculated. Each data p oint represents the mean ± SEM
of 2–4 independent experiments. Data were analyzed by one-way ANOVA followed by a
Newman-Keuls post-hoc where (*) was defined as p<0.05.

Long Evans rats and housing
In this study, 24 male Long Evans rats ranging in age between 1.5–2 mos and weighing
approximately 280–320 g were used. Six animals were obtained from Charles River
Laboratories at a time and housed singly in a temperature (22°C) and humidity-controlled
room for up to 4 mos. Food and water were provided ad libitum. Animals were maintained
for 2 wks in a 12/12 LD cycle and then were transferred to constant dim red light (DD)
conditions following surgery to avoid any light mediated effects on circadian phase shifts.
The animals were allowed to recover for 2 wks following the surgery to stabilize free-
running activity rhythms. To avoid any non-photic entrainment of circadian activity rhythms
[43], cages, food and water were changed at different times of the day. Each animal received
approximately 4–5 drug treatments per study. All experiments followed guidelines of the
NIH and Duquesne University policies for the care and use of laboratory animals.

Cannulations of the SCN
For the brain cannulations, animals were anesthetized with pentabarbital (i.p. 50 mg/kg) and
placed into stereotaxic frame (Stulting stereotaxic instrument, Model number 51600) using a
brain atlas (Paxinos and Watson) for specific coordinates as described with modification
[44]. An incision was made exposing the dorsal aspect of the skull and a hole drilled over
the SCN (MS; Bregma-0.92, 0.2 lateral). Lowering 9.2mm dorso-ventrally, a stainless steel
cannula was permanently placed in the region.

Circadian activity measurements
The gross motor activity of the animals was measured via intra-abdominally transplanted
VM-FH transmitters (Mini Mitter Co, Inc., Bend, OR) and a TR-3000 receiver (Mini Mitter
Co., Inc, Bend, OR) placed under each animal’s cage. Animal activity rhythms were
recorded continuously for up to 4 mos using Vital View and Actiview software (Mini Mitter
Co., Inc, Bend, OR). For each drug infusion, a 7-day baseline recording was taken followed
by a 7-day drug period followed by a 7-day washout period; a treatment paradigm already
described [45]. On the day of a drug infusion, either DMSO/vehicle (0.001% of both) 1μl;
melatonin (1 × 10−17 mole or 1 × 10−16 mole in 1μl; Colcemid (5 × 10−12 mole in 1μl),
melatonin and Colcemid, (1 × 10−17 mole or 1 × 10−16 mole melatonin in 1μl and 5 × 10−12

mole Colcemid in 1μl), or melatonin and beta-lumicolchicine (1 × 10−17 mole melatonin in
1μl and 5 × 10−12 mole β-lumicolchicine in 1μl), or melatonin and nocodazole (1 × 10−17

mole melatonin in 1μl and 1 × 10−11 mole nocodazole in 1μl) were infused into the SCN
through the guide cannula over 5 min at a rate of 0.2μl/min using a modified procedure
already described [44] 2 hrs before their onset of activity. Average peak activity levels over
a 7-day period for each animal before (baseline), during (drug treatment) and after (washout)
each treatment was calculated using ActiView software (Mini Mitter Co., Inc, Bend, OR).
The change in peak activity rhythms from baseline following each drug treatment was
calculated for each animal and then averaged between animals where SEMs were calculated.
All data were analyzed by 1-way ANOVA followed by a Newman-Keuls post-hoc t-test
where significance (p) <0.05 using GraphPad Prism software (GraphPad, Inc., San Diego,
CA).
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Histology
At the completion of the study, some rats were anesthetized with pentobarbital (50 mg/kg)
and were infused with 5 μM Colcemid 15 min prior to intracardial perfusion. Following the
infusion, rats were perfused with 4% paraformaldehyde in 0.1M phosphate buffer, pH 7.4.
After fixing, the brains were removed from the cranium and stored in 0.1M phosphate buffer
containing 20% sucrose for 24 hr, frozen on powdered dry ice and stored at −80°C until
further processing. Brains were then sectioned using a cryotome (25μm) sections. Sections
containing the SCN region were processed for immunohistochemistry to confirm
microtubule depolymerization following Colcemid infusion and also to show the probe
placement over the cortex of the SCN using cresyl stain.

Immunohistochemical analysis of β-tubulin in the SCN
Briefly, sections were incubated in mouse β tubulin antibody (Sigma; 4 μg/ml) for 72 hrs at
4°C. Next, sections were rinsed thoroughly and incubated in biotinylated horse anti mouse
secondary antibody. The sections were rinsed and incubated in Avidin-Biotin HRP complex
9 (1:500) using the Vector Elite kit (Vector Labs, Burlingame, CA) for 1h. Next, the tissues
were incubated in tris acetate solution containing 3-3′ diamino benzidine (0.5mg/mL), H202
(0.01%) and NiCl2 (0.032%) for 10 min. Counter staining was performed using cresyl stain.
Following the reaction, the sections were rinsed, mounted onto slides, dehydrated in graded
ethanols, cleaned in xylene and coverslipped under DePex as referenced [46]. Sections were
observed under a microscope and microphotographs taken.

Results
As shown in figure 1, Colcemid, when added during the 16 hr withdrawal period (/C) for
either vehicle-pretreated (V/C) or melatonin-pretreated (M/C) produced the characteristic
rounded morphology. No changes in cellular morphology occurred in vehicle-treated cells
(V/V) or if Colcemid was added during the 8 hr pretreatment period (data not shown).

Pretreatment and withdrawal of melatonin (M/V) did not change the forskolin-induced
cAMP accumulation when compared to vehicle-treated (V/V) cells (Fig. 2) nor did it change
affinity (KD) [vehicle KD= 116 pM (66–204 pM) versus melatonin-treated KD= 115 pM
(49–270 pM)] or Bmax values (melatonin-treated Bmax = 116 % ± 59% of vehicle-treated
cells). Even though no increase in forskolin-induced cAMP accumulation occurred
following melatonin exposure, the addition of Colcemid during the 16 hr withdrawal period
(M/C) significantly attenuated this response compared to melatonin-treated cells. No effect
of Colcemid on cAMP reduction was seen when added in combination with melatonin
during the 8 hr pretreatment period in MT2-CHO cells when compared to either vehicle or
melatonin exposed cells (data not shown).

The effects of microtubule depolymerization on the potency of melatonin to inhibit
forskolin-induced cAMP accumulation was examined in cells exposed to vehicle, melatonin,
Colcemid or combinations of each. Pretreatment of MT2-CHO cells with melatonin for 8h
followed by withdrawal for 16 hr (M/V) resulted in a loss in the number of high potency
sites of this receptor defined as a potency value of < 100 pM when compared to vehicle-
treated cells (Fig. 3). The addition of Colcemid during the 16 hr melatonin withdrawal
period (M/C) prevented the loss of high potency sites that occurs in melatonin-treated (M/V)
cells. Colcemid alone was without effect whether it was added during the 8 hr pretreatment
period (data not shown) or 16 hr withdrawal period compared to vehicle-treated cells (Fig.
3).

The effects of microtubule depolymerization on the affinity of melatonin to compete for 2-
[125I]-iodomelatonin binding was also examined. However, no changes in affinity (Ki)
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occurred in any of the treatment groups and when compared to melatonin-exposed cells [Ki
values (range of SEM): V/V= 1.6 nM (1.2–2.2nM); M/V=1.3nM (0.98–1.9nM); V/C=1.7nM
(0.91–3.2 nM); M/C=0.7nM (0.34–1.4 nM), n=3].

As shown in figure 4, melatonin increased the formation of PIs in a concentration-dependent
increase in vehicle (V/V)-treated cells which was abolished if cells were pre-exposed with
melatonin (M/V). Colcemid added in the 16 hr withdrawal period (M/C) was without effect
on modulating melatonin-induced PI hydrolysis in MT2-CHO cells. Melatonin (1pM-1μM)
increased PKC activity in MT2-CHO cells in a concentration-dependent manner up to 10
nM where the higher concentrations resulted in a decrease (Fig. 5). Exposure of MT2-CHO
cells to melatonin (M/V) followed by a 1 nM melatonin rechallenge increased PKC activity
similar to vehicle-treated (V/V) cells. However, microtubule depolymerization either
following a vehicle-pretreatment (V/C) or melatonin pretreatment (M/C) enhanced
melatonin-induced PKC activity compared to vehicle- or melatonin-treated cells. No effect
of Colcemid was observed if it was added alone or in combination with melatonin during the
8 hr pretreatment period (data not shown). The addition of pertussis toxin (MP/CP)
attenuated the enhancing effects of Colcemid on melatonin-induced PKC activity (M/C)
while it was without effect if added alone (P/P; Fig. 6).

As shown in figure 7A, an increase in the incorporation of [32P]AAGTP into G-proteins
occurred when cells were exposed to Colcemid during the 16 hr withdrawal period (/C) and
when compared to vehicle-pretreated (V/V) or melatonin-pretreated (M/V) cells. This
incorporation of [32P]AAGTP was into Giα– and not Gqα– proteins as revealed through
western blot analysis (Fig. 7B). To ensure that the increase in G protein function modulated
by microtubules was not due to an up-regulation of Gi protein levels, western blot analysis
was performed. No statistical difference in Gi protein levels occurred following melatonin
exposure compared to vehicle-treated cells (data not shown).

In the studies involving the Long Evans rat, cresyl stains of the SCN showed that the guide
cannulae were properly positioned in the SCN as revealed by the guide cannulae track marks
(see arrow; Fig. 8). Immunohistochemical analysis of β-tubulin in the SCN showed that
infusion of Colcemid through the guide cannula depolymerized microtubules within the
SCN specifically reflected by the characteristic “rounding” of the SCN cells due to
microtubule collapse (Fig. 9).

Infusion of melatonin (100 pM) through the cannulae directly into the SCN produced a
phase-shift in the average peak activity rhythms compared to 10 pM melatonin and vehicle
(Fig. 10). Co-infusion of Colcemid (5μM) along with melatonin (10 pM) induced a
significant phase-shift in peak activity rhythms compared to 10 pM melatonin alone. Co-
infusion of β-lumicolchicine, an inactive analog of Colcemid, along with 10 pM melatonin
was without effect on phase-shifting peak activity rhythms and was similar to both 10 pM-
and vehicle-infusions. Colcemid (5μM) alone was without effect when compared to vehicle
treatment. Nocodazole, added in combination with melatonin (10 pM) induced significant
phase-shifts in peak activity rhythms compared to 10 pM melatonin (Fig. 11A) and vehicle
infusions albeit to a lesser magnitude than the melatonin (10 pM)/Colcemid (5μM) infusions
(Fig. 11B).

Discussion
MT1Rs and MT2Rs are responsible for the sleep promoting and circadian effects of
melatonin [47]. The physiological roles of MT1Rs and MT2Rs in circadian entrainment is
becoming clearer and shows that MT1Rs may be important for dampening the firing of SCN
neurons and, as such, are involved in regulating the amplitude of circadian rhythmicity [48]
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and MT2Rs more involved in phase-shifting circadian activity rhythms [9–11]. Little is
known regarding MT2R-mediated signaling and regulation. In our study and similar to other
reports [42,49,50], melatonin inhibited forskolin-induced cAMP accumulation [42,49,50]
and stimulation of PI hydrolysis [42]. Chronic exposure to melatonin in a manner that
mimics the normal rise and fall of melatonin in vivo resulted in MT2R desensitization
reflected by a complete loss in MT2R-mediated inhibition of forskolin-induced cAMP
accumulation and an attenuation in MT2R-mediated increase in PI hydrolysis when
compared to vehicle-exposed cells. Melatonin increased PKC activity in a concentration-
dependent manner where peak activity was achieved at concentrations of melatonin between
1–10 nM. Similar effects (EC50 values in the 1–10 nM range) of melatonin to increase PKC
activity are seen in SCN brain slices taken from the Long Evans rat [51]. Melatonin induces
these phase-advances in the neuronal firing patterns of the SCN neurons through MT2Rs
[11]. Concentrations of melatonin greater than 10 nM resulted in decreases in PKC activity,
which is probably due to MT2R desensitization. Because MT2Rs are involved in phase-
shifting circadian activity rhythms, then understanding the signaling mechanisms that
underlie their function and regulation will aid in the understanding of their function in vivo.

Melatonin receptor sensitivity changes throughout the light/dark cycle in the SCN where the
lowest receptor affinity and density occur during the hours of darkness when melatonin
levels are highest [52–54]. Changes in melatonin receptor sensitivity may be essential to the
role of melatonin receptors in vivo to modulate circadian rhythms. Disruptions in melatonin
receptor sensitivity states may impact on melatonin regulated physiological processes like
one’s sleep/wake cycles.

Microtubules have been shown to modulate the sensitivity states of both MT1Rs [7] and
MT2Rs (present study). In particular, melatonin-induced MT1R desensitization [7] as well as
MT2R desensitization (present study) is prevented when microtubules are depolymerized.
The mechanism on how this occurs is most probably due to an increase in GTP exchange on
the Gi-protein by alpha/beta tubulin heterodimers as depicted schematically in [7,8]. This is
supported in the [32P]AAGTP labeling studies which show that the incorporation of
[32P]AAGTP into G-proteins was enhanced when microtubules were depolymerized by
Colcemid. These data show that this enhancement in G-protein activation by Colcemid to
increase Gα-GTP occurs on Gi-proteins and not Gq-proteins. This is further supported in the
cAMP second messenger studies which show that the loss in high potency states of the
MT2R (that normally occurs following melatonin exposure) is prevented in the presence of
Colcemid. Melatonin-induced MT2R densitization is most probably being prevented because
microtubule alpha/beta tubulin heterodimers are able to by-pass the MT2R and directly
activate Gi-proteins in these cells. Direct binding of tubulin heterodimers to G-proteins has
been demonstrated in other studies [55]. Furthermore, the attenuation in forskolin-induced
cAMP accumulation in the presence of Colcemid supports microtubule-induced activation
of Gi-protein as an increase in Giα-GTP would exert an inhibitory influence on adenylyl
cyclase.

Surprisingly, though, were our findings on PI hydrolysis and PKC. As shown in our study,
microtubule depolymerization enhanced melatonin-induced PKC activity but not melatonin-
induced PI hydrolysis. Furthermore, these effects of Colcemid on enhancing melatonin-
induced PKC activity were blocked in the presence of pertussis toxin. These data suggest
that these alpha/beta tubulin heterodimers were modulating PKC activity in MT2-CHO cells
through Gi. Similar effects of microtubules on both Gi-proteins and PKC activity is shown
for MT1Rs expressed in CHO cells [7]. Also, the melatonin-induced phase-advances in the
neuronal firing patterns in an SCN brain slice is shown to be mediated via MT2Rs [11], Gi-
proteins and PKC [51]. Interestingly, manipulation of microtubules in MT2R-expressing cell
line is able to modulate the same signaling mechanisms involved in clock rhythmicity.
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Perhaps, then, alterations in microtubule dynamics either through chemical manipulation
(i.e., use of microtubule depolymerizing agents) or disease (i.e, AD) may impact on
circadian rhythmicity in vivo. To test whether microtubule depolymerization can manipulate
melatonin receptors involved in phase-shifting circadian activity rhythms, the SCN of the
Long Evans rat was cannulated so that the microtubules within this region of the brain could
be depolymerized specifically and in a controlled manner without impacting on other
structures. Because the SCN controls circadian activity rhythms [47], it is hypothesized that
microtubule depolymerization within the SCN will enhance the potency of melatonin to
phase-shift their activity rhythms.

As shown, melatonin produced dose-dependent phase-shifts in the circadian activity rhythms
of the Long Evans rat that were dose-dependent and similar in magnitude to the shifts
induced by 3 pM melatonin in the neuronal firing patterns in the Long Evans rat SCN brain
slice [11]. Dose-dependent effects of melatonin on activity rhythms have been shown [56].
In order to determine if microtubules could enhance melatonin-induced phase shifts, the
dose of melatonin (i.e., 10 pM) that produced minimal, if any, shifts was chosen for the
studies using the depolymerizing agents.

Depolymerization of microtubules in the SCN, using two different microtubule
depolymerizing agents (i.e., Colcemid or nocodazole), enhanced the magnitude of the phase-
shifting effects of 10 pM melatonin when compared to those shifts induced by 10 pM
melatonin alone or vehicle. No enhancing effects of β-lumicolchicine, the inactive analog of
Colcemid, on 10 pM melatonin-induced phase shifts was observed suggesting that these
enhancing effects were due to Colcemid’s effects on microtubule and not due to its
structural effects. This dose of Colcemid was chosen because it depolymerized microtubules
in MT1-CHO cells [7] and in MT2-CHO cells (Fig. 1) as well as depolymerized the
microtubules located within SCN cells (Fig. 9). Colcemid was also chosen because it acts
rapidly and reversibly to prevent microtubule polymerization by acting at the alpha/beta
tubulin interface.

Besides using chemical manipulation, microtubule derangements occur in disease states like
AD; a disease characterized by neurofibrillary tangles. The neurofibrillary tangles are
associated with hyperphosphorylation of tau protein; a microtubule associated protein that is
associated with protein folding and microtubule assembly. A hyperphosphorylated tau
protein leads to protein misfolding and inhibits tubulin assembly [57,58]. Tau
hyperphosphorylation occurs through an imbalance between tau protein kinases, glycogen
synthase kinase-3 (GSK3β), cell division cycle 2 (cdk2), cyclin-dependent kinase-5 (cdk5),
ERK 1 [59] and through its phosphatase, PP-2A [58].

Neurofibrillary tangles have been observed in the brains of people suffering from AD [27],
including the SCN [35] and the neuronal microtubules are both morphologically and
functionally abnormal in patients with advanced AD [36]. The disruption of microtubule
dynamics in the brains of AD patients may be altering the function and sensitivity of
melatonin receptors throughout the light/dark cycle that thus be one of the mechanisms
underlying the frequent awakenings during the night and during naps [13–15].

Changes in MT1R and MT2R density in the brains of AD patients occurs, and the circadian
timing system from the SCN of AD patients is also altered [12,21]. Microtubule dynamics
may be modifying the function of both melatonin receptors in the SCN; increasing MT1R
activity during sleep to enhance arousal and increasing MT2R activity to phase-shift
circadian activity rhythms. Microtubule depolymerization in CHO cells expressing either the
MT1R or MT2R yielded similar effects on their coupling to adenylyl cyclase, on their
activation of PKC and on their response to chronic melatonin exposure. These effects of
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MT1Rs and MT2Rs on sleep may be mediated via the PKC and MAPK pathways in the
SCN. These signaling pathways have been shown to modulate clock rhythmicity. Mitogen
activated protein kinase (MAPK) activity is shown to display circadian variations in the
SCN and is induced by light [60]. Melatonin, acting through MT1Rs, is shown to increase
MEK/ERK 1/2 activity in MT1-CHO cells [8] and microtubule depolymerization in MT1-
CHO cells modulates MEK/ERK1/2 activity differentially, which is dependent upon the
presence of agonist. For example, depolymerization of microtubules by Colcemid in the
absence of melatonin increases MEK/ERK 1/2 activity in MT1-CHO cells when compared
to vehicle-treated cells. However, microtubule depolymerization in the presence of
melatonin decreases melatonin-induced MEK/ERK 1/2 activity compared to melatonin-
treated cells [8]. Understanding the relationships between microtubules and signaling
mechanisms involved in clock rhythmicity like MEK and ERK 1/2 within the SCN are
important considering that the distribution of the active forms of both MEK and ERK 1/2 are
found to correspond to the neurofibrillary changes in AD [58].

These data are intriguing and support a role for microtubules in modulating melatonin
receptor function both in vitro and in vivo and should guide future studies examining the
impact of microtubule depolymerization in the SCN on the phase-shifting effects as
mediated through MT2Rs. Seeing that sleep disturbances in those suffering from AD are the
primary reason for exaggerating cognitive impairment and the primary cause for their
institutional care, then understanding the molecular mechanisms underlying these sleep
disturbances to direct future therapies in the clinic for the treatment of AD is important [12].
At present, melatonin-directed therapies are being developed and show promise in vitro [61]
and in vivo [33,62–65].
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Fig. 1.
The effects of Colcemid on MT2-CHO cell morphology. Pretreatment of MT2-CHO cells
with melatonin (400 pM for 8 hr) followed by a 16 hr withdrawal of melatonin (M/V)
resulted in a morphology similar to vehicle-treated cells (V/V). The addition of Colcemid,
during the 8 hr pretreatment with or without melatonin resulted in no change in cellular
morphology when compared to vehicle-treated cells (data not shown). However, the addition
of Colcemid, during the 16 hr withdrawal period with (M/C) or without (V/C) melatonin,
resulted in a round morphology when compared to vehicle (V/V)-treated cells. Data shown
are representative of one experiment repeated twice.
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Figure 2.
Pretreatment of MT2-CHO cells with melatonin (400 pM for 8 hr) followed by a 16 hr
withdrawal of melatonin (M/V) resulted in no increase in forskolin-induced cAMP
accumulation compared to vehicle (V/V)-treated cells. Even though no increase in forskolin-
induced cAMP accumulation occurred in MT2-CHO cells following melatonin exposure,
addition of Colcemid during the 16 hr withdrawal period (M/C), significantly attenuated
forskolin-induced cAMP accumulation compared to melatonin (M/V)-treated cells. No
effect of Colcemid was seen when added in combination with melatonin during the 8 hr
pretreatment period (data not shown) or during the 16 hr withdrawal period (V/C). Each data
point represents the mean ± SEM of 4–11 experiments performed in quadruplicate. Data
were analyzed by one-way ANOVA followed by a Newman-Keuls post-hoc where (a)
p<0.05 when compared to melatonin-treated cells.
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Fig. 3.
Pretreatment of MT2-CHO cells with melatonin (400 pM for 8 hr) followed by a 16 hr
withdrawal of melatonin (M/V) resulted in a loss of high potency sites (-high) and a shift to
low potency states (-low) when compared to vehicle (V/V)-exposed cells. However,
Colcemid, added during the 16 hr withdrawal period (M/C), prevented the loss in the
number of high-potency states when compared to melatonin-treated cells. The addition of
Colcemid during the 8 hr pretreatment period (data not shown) or during the 16 hr
withdrawal period (V/C) yielded effects similar to vehicle -treated cells. Data are
representative of 3–7 experiments performed in triplicate or quadruplicate. Data points were
fit by 1-site or 2-site fit non-linear regression analysis (GraphPad Prism, San Diego, CA)
based on residual sum of squares. Potency (IC50) values shown above the graphs represent
the mean and range of SEM of 3–5 experiments performed in duplicate.
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Fig. 4.
The effect of melatonin on PI hydrolysis in MT2-CHO cells following various treatments.
As shown, melatonin (10 nM – 10 μM) increased the formation of PIs in cells exposed to
vehicle (V/V) with peak levels occurring at 30 nM melatonin. No concentration-dependent
increase in PIs occurred in cells exposed to melatonin (M/V) or melatonin and then
Colcemid (M/C). Each data point represents the mean ± SEM of 5–13 independent
experiments. Significance (*) is defined as p < 0.05 when compared to the levels of PI
released in vehicle-treated cells stimulated with the same concentration of melatonin.
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Fig. 5.
The effect of melatonin on PKC activation in MT2-CHO cells following various treatments.
Melatonin (1 pM – 1 μM) enhanced PKC activity with a maximum occurring at 10 nM
melatonin. Data are representative of 3–6 independent experiments. Significance (*) is
defined as p < 0.05 when compared to basal levels of PKC activity.
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Fig. 6.
The effect of pertussis toxin on the enhancement of PKC induced following microtubule
depolymerization. As shown, Colcemid, added during the 16 hr withdrawal period following
either a vehicle pretreatment (V/C) or a melatonin pretreatment (M/C), enhanced PKC
activity following a 10nM melatonin re-challenge when compared to vehicle-treated cells
(V/V) or melatonin-treated cells (M/V), respectively. However, when pertussis toxin was
added along with Colcemid during the 16 hr withdrawal period (MP/CP), this enhancement
of PKC activity by 10 nM melatonin was blocked. The addition of pertussis toxin either
after melatonin pretreatment (M/P) or alone (P/P) was without effect. All data were analyzed
by 1-way ANOVA followed by a Newman-Keuls Post-hoc t-test where (a)= P<0.05 when
compared to V/V; (b)=P<0.05 when compared to M/V; (c) =P<0.05 when compared to M/C.
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Fig. 7.
The effect of microtubule depolymerization in MT2-CHO cells on the incorporation of
[32P]-azidoanilido GTP into G-proteins. (A) Depicted is the amount of [32P]-azidoanilido
GTP incorporated into G-proteins in MT2-CHO cells following exposure to vehicle,
melatonin, Colcemid, or combinations of each. As shown, following depolymerization of
microtubules during the 16 hr withdrawal period in vehicle (V/C)- or melatonin (M/C)-
exposed cells, an increase in melatonin-mediated [32P]-azidoanilido GTP incorporation into
G-proteins occurred when compared to vehicle-treated (V/V) or melatonin-treated (M/V)
cells. No effect of Colcemid was seen when added during the 8 hr melatonin pretreatment
period (M+C/V). The data shown in the graphs were expressed as a percentage of the
vehicle-exposed cells. Data represent the mean ± SEM of 6 experiments. Data were
analyzed by one-way ANOVA followed by a Newman-Keuls post-hoc t-test where (a) =
p<0.05 when compared to vehicle (V/V)-treated cells; (b) = p<0.05 compared to melatonin
(M/V)-treated cells; (c) = p<0.05 when compared to Colcemid (C/V)-treated cells; (d) =
p<0.05 when compared to melatonin + Colcemid (M+C/V)-treated cells. [INSET: a
representative autoradiogram of the [32P]-azidoanilido GTP incorporation into G-proteins in
MT2-CHO cells. Note that the lane assignments are identical to the legends in the graphs].
(B) Depicted are immunoblots of Giα, Gqα (middle and right panels, respectively) of the
autoradiograms of [32P]-azidoanilido GTP incorporation into G-proteins following
activation by melatonin (1 μM) (left panel). The qualitative nature of the bands (doublets) as
well as the size of the bands having incorporated the [32P]-azidoanilido GTP suggested that
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this labeling occurred predominantly into Giα and not Gqα. Samples were run in duplicate.
Data are representative of one experiment repeated one other time.
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Fig. 8.
Cresyl stain of the SCN in the Long Evans rat. As shown, the track for the guide cannula can
be distinguished in these brain slices (arrow, right side) when compared to an uncannulated
SCN shown on the left. Magnifications are indicated in parentheses. The SCN region is
outlined by a dotted circle.
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Fig. 9.
Immunohistochemical analysis of β– tubulin within the SCN in the Long Evans rat.
Colcemid was infused directly into the SCN of a Long Evans rat through a cannula 15 min
prior to sacrifice. As shown, the cells within the SCN infused with Colcemid (left and
middle panels) produced the characteristic “rounding” of cells when compared to the SCN
infused with vehicle (right panel). These data demonstrate that the infusion of Colcemid
through the guide cannula was able to selectively depolymerize the microtubules within the
SCN. Magnifications are indicated in parentheses. The SCN region is outlined by a dotted
circle.
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Fig. 10.
The effects of melatonin and Colcemid on the circadian activity rhythms of the Long Evans
rat. As shown, infusion of melatonin (100 pM) through the cannula inserted into the SCN
resulted in phase-shifts of circadian activity rhythms compared to vehicle or 10 pM
melatonin infusions. Colcemid (5 μM), added in combination with melatonin (10 pM),
enhanced the phase-shifts when compared to animals infused with melatonin (10 pM) alone.
Beta-lumicolchicine, the inactive analog of Colcemid, when infused along with 10 pM
melatonin, was without effect and was similar to vehicle and 10 pM melatonin infusions.
Similarly, the infusion of Colcemid (5 μM) was without effect and similar to vehicle. Data
are representative of 3–5 independent experiments. Data were analyzed by one-way
ANOVA followed by a Newman-Keuls post-hoc t-test where (a) = p < 0.05 when compared
to vehicle; (b) = p < 0.05 when compared to 10 pM melatonin; (c) = p < 0.05 when compared
to 100 pM melatonin; (d) = p < 0.05 when compared to 10 pM melatonin + 5 μM Colcemid.
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Fig. 11.
The effects of melatonin and nocodazole or Colcemid on phase-shifting the circadian
activity rhythms of the Long Evans rat. (A) As shown, nocodazole (10 μM), co-infused with
10 pM melatonin, enhances phase-shifts of peak activity rhythms when compared to 10 pM
melatonin and vehicle. However, the magnitude of the shifts are not as great as those
induced with the 10 pM melatonin/5μM Colcemid infusions as shown in (B). Data are
representative of 3 independent experiments for the nocodazole studies and 7 independent
experiments for the Colcemid studies. Data were analyzed by one-way ANOVA followed by
a Newman-Keuls post-hoc t-test where (a) = p < 0.05 when compared to vehicle; (b) = p <
0.05 when compared to 10 pM melatonin.
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