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IRCADIAN AND LIGHT REGULATION OF OXYTOCIN AND
ARVALBUMIN PROTEIN LEVELS IN THE CILIATED EPENDYMAL

AYER OF THE THIRD VENTRICLE IN THE C57 MOUSE
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bstract—The walls of the third ventricle have been pro-
osed to serve as a bidirectional conduit for exchanges be-
ween the neural parenchyma and the cerebrospinal fluid. In
mmunohistochemical studies of mice, we observed that light
xposure and circadian phase affected peptide staining sur-
ounding the third ventricle at the level of the suprachias-
atic nuclei. Under high magnification, we observed robust

taining for the neurohormone oxytocin and the calcium-
inding protein parvalbumin associated with cilia extending

nto the third ventricle from the surrounding ventricular wall;
o similar staining was observed for vasopressin or calbin-
in. Retinal illumination had opposite effects on levels of
arvalbumin and oxytocin in the cilia: light exposure during

ate subjective night increased oxytocin staining, but de-
reased parvalbumin staining in the cilia. Preventing cellular
ransport with colchicine eliminated immunohistochemical
taining for oxytocin in the cilia. There was also a significant
aily rhythm of oxytocin immunostaining in the third ventri-
le wall, and in magnocellular neurons in the anterior hypo-
halamus. The results suggest that environmental lighting
nd circadian rhythms regulate levels of oxytocin in the ce-
ebrospinal fluid, possibly by regulating movement of oxyto-
in through the third ventricle wall. © 2005 IBRO. Published
y Elsevier Ltd. All rights reserved.

ey words: circadian, immunohistochemistry, colchicine, en-
rainment, neurosecretion, immunofluorescence.

he hypothalamic neuropeptide oxytocin (OXT) has been
mplicated in the regulation of social and reproductive be-
aviors, mood and stress responses in mammals (Gimpl
nd Farenholz, 2001; Insel et al., 2001; Porges, 2003;
azzoli et al., 2003; Winslow and Insel, 2004). Several of

hese behavioral systems are modulated by circadian
daily) rhythms and affected by ambient light exposure

Correspondence to: B. Rusak, Department of Psychology, Life Sci-
nces Centre, Dalhousie University, Halifax, Nova Scotia, Canada
3H 4J1. Tel: �1-902-494-2159; fax: �1-902-494-6585.
-mail address: rusak@dal.ca (B. Rusak).
bbreviations: AH, anterior hypothalamus; CSF, cerebrospinal fluid;
AB, diaminobenzidine; EM, electron microscope; LP, light pulse; NL,
o light; OXT, oxytocin; PBS, phosphate-buffered saline; PVN, para-
entricular nucleus of the hypothalamus; SCN, suprachiasmatic nu-
m
leus; S.E.M., standard error of the mean; VP, vasopressin; ZT, zeit-
eber time; 3V, third ventricle.
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Edery, 2001). The neural pathways by which these effects
re mediated have not been described. The hypothalamic
uprachiasmatic nucleus (SCN) at the base of the third
entricle (3V) functions as a pacemaker for circadian
hythms and its retinal input mediates synchronization (en-
rainment) of these rhythms to external lighting cycles (Ru-
ak and Zucker, 1979; Moore, 1983; Meijer and Rietveld,
989). Retinal input reaches the SCN but extends in some
pecies to hypothalamic regions adjacent to the SCN
here photically responsive neurons are also found (John-
on et al., 1988; Meijer et al., 1989).

Preliminary immunohistochemical studies of the distri-
ution of OXT in C57Bl/6J mice indicated that it was not
ound in the SCN itself, while neural tissue surrounding the
alls of the 3V at the level of the SCN showed high levels
f OXT. Under higher magnification, OXT was detected

mmunohistochemically in association with cilia arising
rom ependymal cells in the 3V wall and protruding into
he 3V.

The 3V wall likely plays an important role in regulating
hysiology and behavior by acting as a bi-directional con-
uit between the hypothalamus and the rest of the brain
Bruni et al., 1972, 1985; Bruni, 1974; Vigh and Vigh-
eichmann, 1992). The ventricular wall at the level of the
CN in the C57 mouse is lined with a layer of cuboidal
iliated ependymal cells (also called ependymocytes and
eriventricular epithelium) (Bruni, 1974; Bleier, 1975;
houdhury et al., 1979). The precise functions of these
ilia are unknown; however, putative roles include moving
erebrospinal fluid (CSF), filtering debris, and mediating
eurohormonal release/absorption via the CSF (Bruni et
l., 1985). Because hormone release depends on calcium

evels (Muschol and Salzberg, 2000; Egli et al., 2004; Li
nd Stern, 2004; Watanabe et al., 2004), we also investi-
ated the localization of calcium-binding proteins (parval-
umin and calbindin) that might play a role in regulating
XT release.

The ependymal layer includes specialized ependymal
ells called tanycytes, characterized by long basal pro-
esses that contact neurons and the cerebral vasculature
Altman and Bayer, 1978; Luiten et al., 1980; Akmayev and
opov, 1977; Millhouse, 1971). Below this layer is the
ubependymal layer containing glia and a dense neural
lexus including a number of neuropeptide-containing pro-
esses that project to the CSF, the hypothalamus and the
rain stem (Lorez and Richards, 1982; Chung and Lee,
988; Choudhury and Ray, 1990; Ju et al., 1992; Cloft and
itchell, 1994; Larsen et al., 1996; Vigh and Vigh-Teich-

ann, 1998).

ved.
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We conducted immunohistochemical studies to inves-
igate the regulation of parvalbumin and OXT levels within
V cilia in response to retinal light exposure during mid-
ubjective day (zeitgeber time [ZT]8, with ZT0 defined as
he beginning of the daily 12 h light phase) and late sub-
ective night (ZT23) in the C57 mouse. These times were
elected to represent contrasting responses of the circa-
ian system to light input in mice: at ZT8, light does not
hift circadian rhythms, while at ZT23, it causes very large
hifts (advances) of these rhythms (Daan and Pittendrigh,
976). OXT immunoreactivity was also measured in mag-
ocellular neurons in the anterior hypothalamic area (AH)
nd in the paraventricular nuclei of the hypothalamus
PVN) (experiment 1). We also examined both OXT and
arvalbumin immunostaining in the 3V wall, PVN and AH
t six phases of the daily cycle in the absence of light
xposure to evaluate whether their levels showed sponta-
eous daily rhythmicity (experiment 2). OXT immunostain-

ng in cilia and magnocellular neurons in the PVN and AH
rea were also measured 24 h after central administration
f colchicine to determine whether staining in the 3V cilia
epends on active cellular transport mechanisms (experi-
ent 3).

EXPERIMENTAL PROCEDURES

eneral methods

ale C57Bl/6J mice weighing 20–25 g were obtained from
harles River Laboratories Inc. (Montréal, Quebec, Canada), and
oused in standard shoebox cages. All animals were maintained

n a 12-h light/dark cycle (�300 lux in the light phase) for at least
weeks prior to any manipulations. Manipulations in darkness

ere carried out using infrared viewers (NVS 300-Powerplus Gog-
le with Illuminator, Kennesaw, GA, USA). Animals were killed
ith an overdose of sodium pentobarbital; once deeply anesthe-

ized in darkness, their eyes were covered with black electrical
ape and they were transported in the dark to the perfusion area.
ll procedures involving animals were conducted in accordance
ith the regulations of the Canadian Council on Animal Care and
ere approved by the Dalhousie University Committee on Labo-

atory Animals. All experiments in this study conformed to inter-
ational guidelines on the ethical use of animals and care was
aken to minimize the suffering and number of animals used.

rocedures

Experiment 1. A total of 20 mice (n�5 per group) were used
n this experiment. Animals were killed at either ZT8 or ZT23 with

barbiturate overdose; lights were not turned on as scheduled at
T0 for the animals killed at ZT8. Light-exposed animals first
eceived 30 min light pulses (LP) (300 lux) beginning at either ZT7
r ZT22, were then returned to darkness for a further 30 min and
ere killed in darkness at the same times as the animals that were
ot exposed to light. Thus, all animals were killed under identical
onditions of darkness at both daily phases, with half having been
xposed to light for 30 min beginning 60 min earlier (groups LP8
nd LP23), and half not having any light exposure (groups no light
NL)8 and NL23). Brains were removed after perfusion, sectioned
n a cryostat and prepared for immunohistochemical analysis of
XT and parvalbumin. To assess the specificity of the effects
bserved for these peptides, alternate sections were stained for
he neuropeptide vasopressin (VP) or the calcium-binding protein

albindin (see below). p
Experiment 2. Thirty-six mice were used in this experiment.
nimals were housed as described above and six mice were killed
t each of six times (ZT0, 4, 8, 12, 16, and 20). The lights did not
ome on as usual at ZT0 on the day of manipulation, so all animals
ere killed in the dark, and their brains were prepared for immu-
ohistochemical studies. Unfrozen brains were sectioned through
he hypothalamic region using a vibratome, because fresh sec-
ions yielded stronger OXT immunoreactivity than frozen sections.
ibratome sections, however, damaged the cilia lining the 3V, so
nalyses of daily rhythms in OXT immunoreactivity in this study
ere restricted to hypothalamic structures, excluding the cilia.

Experiment 3. To assess whether cellular transport is re-
uired for the appearance of OXT immunoreactivity in 3V cilia,
ale mice housed as described above were pretreated with i.c.v.

njections of colchicine, which prevents microtubule-based trans-
ort. The mice were anesthetized with a ketamine/xylazine cock-
ail (200/10 mg/kg), mounted in a stereotaxic device, and injected
nto each lateral ventricle with 7.5 �g colchicine/2.5 �l saline or
aline vehicle (n�9 per group) at the following coordinates:
.2 mm caudal to bregma, �1.2 mm lateral to the midline, and
.5 mm ventral to the skull surface. Mice were deeply anesthe-
ized 24 h later at ZT8 in normal lighting during their daily light
hase. The brains were prepared for immunohistochemical stud-

es, as described below. OXT immunoreactivity in all regions was
nalyzed using tissue sectioned in a cryostat in order to preserve
he cilia intact.

mmunohistochemistry

fter full anesthesia, animals were perfused transcardially with
hysiological saline followed by 4% paraformaldehyde in 0.1 M
hosphate buffer solution. Brains were extracted and post-fixed
vernight at 4 °C in the same solution. Brains prepared for sec-
ioning on the vibratome were cut in 30 �m coronal sections
hrough the suprachiasmatic region. Brains prepared for section-
ng on the cryostat were transferred to a phosphate buffer solution
ontaining 30% sucrose and again stored at 4 °C. After 48 h, the
rains were frozen (�18 °C) and 30 �m coronal sections were cut

hrough the suprachiasmatic region. For both cryostat and vi-
ratome brains, four series were collected in 0.01 M phosphate-
uffered saline (PBS) with 0.05% sodium azide. Free-floating
issue sections were batch processed and stained immunohisto-
hemically using the ABC technique (Hsu et al., 1981). Biotin-
abeled secondary antibodies were of either goat or rabbit origin
Vector Laboratories, Burlingame, CA, USA).

After treatment in PBS with 3% hydrogen peroxide, tissue was
ncubated with the primary antibody (1:1000, see below) for 2 days
ith 0.3% Triton X-100 and 3% normal serum (Vector Laboratories).
ections were rinsed and incubated in biotin-conjugated secondary

or 90 min. After additional rinsing, tissue was incubated in avidin–
iotin complex (Vector Laboratories) for 90 min before being rinsed
nd developed with diaminobenzidine (DAB) as a chromogen (10 mg

n 100 ml 0.1 M PB, pH 7.4). Immunofluorescence was used be-
ause it was more sensitive for labeling the parvalbumin antibody
nd because it allowed double-labeling using immunofluorescence
or parvalbumin and DAB labeling for OXT. All immunofluorescent
tudies used exposure to Cy3-labeled streptavidin (Jackson Immu-
oresearch, West Grove, PA, USA) for 120 min following secondary
ntibody incubation.

OXT (Cat. No. HC 8152) and VP (Cat. No. IHC 8130) antisera
Peninsula Laboratories, Belmont, CA, USA) were raised in rabbit
nd are reported to be 100% reactive to human, bovine, porcine,
heep, rat and mouse OXT and VP, respectively. Parvalbumin
ntiserum (Cat. No. SC 7446, Santa Cruz Biotechnology Inc.,
anta Cruz, CA, USA) was raised in goat and is reactive with rat
nd human parvalbumin. Mouse parvalbumin differs from human

arvalbumin by only one amino acid. Calbindin antiserum (Cat.
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o. AB 1778, Chemicon International Inc., Temecula, CA, USA) is
eactive to human, rat and mouse calbindin.

Control procedures included omitting the primary antibody,
ollowed by incubation in goat anti-rabbit serum and development
ith DAB for one set of tissue. Two other sets of tissue were
rocessed omitting the primary antibody and were incubated in
abbit anti-goat serum. One of these sets was developed in DAB
nd the other was incubated in Cy3 streptavidin and processed for

mmunofluorescence. Another control set of tissue was processed
y first blocking the OXT antibody with OXT peptide (Peninsula;
:200). These measures were taken to assess non-specific stain-

ng, and no tissue staining was observed in the hypothalamus or
ilia in any of these control series, although the unstained cilia
ere clearly visible at high magnification. To check on the reliabil-

ty of the apparent parvalbumin staining in the cilia, we also
xamined brain regions previously reported to be immunoreactive
or parvalbumin and confirmed that these regions also showed
pecific staining using these procedures (Fig. 1).

uantification and analysis

icroscopic images were captured using a digital Olympus C3030
r COHU CCD camera on a Zeiss Axioplan-II fluorescence micro-
cope or an Olympus BH-2 microscope. All image analyses were
arried out on unprocessed images using Scion Image software
version 1.62c). To measure parvalbumin immunoreactivity in the
V cilia, an oval template was drawn around the bottom one-third
f the 3V (area�58,555 square pixels). Care was taken to include
nly cilia while excluding the supraependymal layers. The area
nd density of parvalbumin immunofluorescence (Cy3) were mea-
ured on individual cilia in sections adjacent to the mid-section of
he SCN (Fig. 2A and C). The mean density and the immunore-
ctive area of each cilium within this template were measured,
ultiplied together, and the product was averaged over three

ections containing the SCN from each animal.
To measure OXT immunoreactivity in the cilia, a rectangular

emplate (165�300 pixels) was placed over a collection of cilia on
he inside of the 3V adjacent to the SCN. The mean density and
he immunoreactive area of each cilium within this template were
easured, multiplied together, and the product was averaged
ver three sections containing the SCN from each animal. To
ssess OXT immunoreactivity within the neural plexus surround-

ng the 3V, a template (30�100 pixels) was placed over the

ig. 1. Examples of known parvlabumin-immunoreactive tissues in
nnominata. (B) Parvalbumin staining in transected corticospinal axon
hemical staining of parvalbumin using Cy3-labeled streptavidin; they w
t ZT8. Scale bar�0.01 mm.
entricle wall at the level of the SCN in one section from each c
nimal, and the area of staining and average immunoreactive
ensity within the template region were measured.

To assess OXT immunoreactivity in PVN and 3V/AH magno-
ellular neurons, a single section was selected for each of six
experiment 2) or nine (experiment 3) animals per group. The
V/AH cells were measured within a template region in a section
ontaining the SCN, while the PVN region was selected to include
ts distinct triangular shape at the dorsal edge of the 3V. Within the
emplate region, the area and average density of labeling in each
XT-positive cell were measured and these values were multi-
lied to estimate the level of OXT staining.

All statistical analyses involved either a Student’s t-test or a
wo-way analysis of variance with Tukey’s HSD post hoc analysis
with Bonferroni correction for multiple comparisons). Results are
resented as the mean�standard error of the mean (S.E.M.) and
roup differences are considered statistically significant when
�0.05. All measurements were carried out independently using
oded sections by two experimenters who were blinded with re-
pect to treatment condition. Inter-rater reliability was assessed in
xperiment 1 on measurements made by the two experimenters.
or parvalbumin and OXT immunoreactivity in the cilia, the result-

ng Pearson correlation coefficients were 0.89 and 0.86, respec-
ively. A similar correlation analysis on measurements taken from
he PVN and 3V/AH area for the two raters resulted in coefficients
f 0.92 and 0.94.

RESULTS

xperiment 1

e observed OXT-positive perikarya and fibers in the
eural plexus surrounding the 3V of C57 mice, as has
een reported previously in rats (Ju et al., 1992; Gimpl and
arenholz, 2001). We also observed parvalbumin immu-
oreactivity in the neural plexus and 3V wall of mice (Fig.
), which is consistent with previous evidence of parvalbu-
in in the ependymal cells of rats (Celio, 1990). Cilia lining

he 3V wall were also found to be immunoreactive for both
arvalbumin and OXT, and this immunoreactivity was reg-
lated by retinal illumination.

Parvalbumin was characteristically observed in dis-

use. (A) A parvalbumin-immunoreactive neuron in the substantia
ding through the internal capsule. Both sections show immunohisto-
n from a mouse killed without light exposure during the subjective day
the mo
s descen
rete patches along the length of the cilia (Fig. 2A, 2C),
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hile OXT appeared to be distributed more uniformly over
he length of the cilia (Fig. 2B, 2D). Parvalbumin protein
evels (immunofluorescent area�density, measured in ar-
itrary units using Scion Image) in the 3V cilia were signif-

cantly decreased by a 30 min LP at ZT23 (20,013�720 vs.
7,024�884; t(17)��2.54, P�0.05), but not at ZT8 (Fig.
A). Baseline parvalbumin protein levels measured from
nimals not exposed to LP were significantly higher at
T23 compared with ZT8 (20,013�720 vs. 16,523�682,
espectively, t(11)�3.46, P�0.05). In the neural plexus sur-
ounding the 3V wall, however, there were no significant
ifferences observed in parvalbumin immunofluorescence

n relation to either time or light exposure.
There was a significant interaction between time and

ight exposure for OXT immunoreactivity in the cilia
F(1,18)�8.98, P�0.01). Tukey’s HSD test revealed that
ight exposure increased OXT immunoreactivity (area�
ensity) significantly in 3V cilia at ZT23 (t ��2.35,

ig. 2. Immunohistochemical staining in the lining of the 3V wall in mic
s shown in discrete patches along the length of cilia from the base of
he cilia at the same level. Cilia from approximately mid-height of the 3
issue was reacted for calbindin (E) or vasopressin (F) immunoreactiv
obust staining in the adjacent ventricular wall. All animals were killed
pplies to all panels.
(8)

�0.05; Fig. 2B), while the change in OXT levels at ZT8 P
as not statistically significant (t(8)��1.93, P�0.09). Sig-
ificant differences were found in baseline immunoreactiv-

ty in the control animals, with higher levels being observed
n the cilia at ZT8 than ZT23 in the absence of light
t(8)�3.46, P�0.01; Fig. 3B).

In the neural plexus surrounding the 3V, the only sig-
ificant difference observed was a higher density of OXT

mmunoreactivity in animals killed at ZT23 than at ZT8,
fter exposure to light (t(17)�2.56, P�0.05; Fig. 4A). There
ere significant main effects of time (F(1,17)�8.42,
�0.05) and light exposure (F(1,17)�12.04, P�0.01) on
XT immunoreactivity in 3V/AH magnocellular neurons

Fig. 4B). OXT immunoreactivity was higher in the 3V/AH
fter light exposure at ZT23 than after light exposure at
T8, and light exposure increased OXT immunoreactivity
t ZT23 over levels in darkness. No significant main effects
ere found of time (F(1,15)�3.89, P�0.069) or light

F �0.94, P�0.34) on OXT immunoreactivity in the

rvalbumin immunoreactivity, revealed using Cy3-labeled streptavidin,
n contrast, OXT immunoreactivity (B) appears along the full length of

similarly for parvalbumin (C) and OXT (D) are also illustrated. When
ia (mid-height) were not stained and are virtually translucent, despite
ight exposure during the subjective day at ZT8. Scale bar�0.01 mm,
e. (A) Pa
the 3V. I
V stained
ity, 3V cil
(1,15)

VN.
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There was no immunostaining visible in the cilia for
ither VP or calbindin under any conditions, despite stain-

ng for these peptides in the adjacent hypothalamus (Fig.
E, 2F).

xperiment 2

here were significant differences in OXT immunoreactiv-
ty (area�density) among circadian phases sampled in

agnocellular neurons located in both the PVN
F(5,30)�21.55, P�0.0001; Fig. 5A) and 3V/AH
F(5,31)�15.48, P�0.001; Fig. 5B), and in the neural plexus
urrounding the 3V wall (F(5,30)�6.07, P�0.001; Fig. 5C).
n all areas, staining was minimal in the early subjective
ay and peaked in the subjective night. Peak immunore-
ctivity was found at ZT16 in all three regions, while lowest
alues were found at ZT0 in the neural plexus, and at ZT4
n the PVN and 3V/AH area. Post hoc analyses with Bon-
erroni correction (	�0.0034) revealed significant differ-
nces in immunoreactive density�area values among
ome of the ZTs tested. In the PVN, the value at ZT4 was

ig. 3. (A) Parvalbumin immunofluorescent mean optical density�
rea in 3V cilia (mean�S.E.M.). Groups that differed significantly are
onnected by a horizontal line with vertical tick marks indicating the
elevant groups. Baseline levels of parvalbumin immunoreactivity were
ignificantly higher in the absence of light at ZT23 compared with ZT8
P�0.05). Light caused a significant decrease in parvalbumin immu-
ofluorescence in the cilia in late subjective night (ZT23, light vs. no

ight; P�0.05) but not in the subjective day (ZT8). (B) Oxytocin immu-
ohistochemical mean optical density�area in 3V cilia (mean�
.E.M.). Oxytocin levels were significantly higher at ZT8 than ZT23 in

he absence of light exposure (P�0.05). Light caused a significant
ncrease in oxytocin staining in the cilia at ZT23 (P�0.05, light vs. no
ight), but no significant change at ZT8 (P�0.09).
ignificantly lower than those at ZT12 and ZT16, while the l
alue at ZT20 was also significantly lower than that at
T16 (Fig. 5A). In the 3V/AH area, ZT0 and ZT4 were both
ignificantly lower than ZT16 (Fig. 5B). In the neural
lexus, ZT0 was significantly lower than ZT12, ZT16 and
T20, while ZT4 was significantly lower than ZT12 and
T16 (Fig. 5C).

xperiment 3

olchicine pre-treatment 24 h earlier completely elimi-
ated OXT immunoreactivity in 3V cilia at ZT8 (Fig. 6B),
hile saline controls had measurable amounts in their cilia

Fig. 6A). Since cilia were not visible in the colchicine-
reated mice, their immunoreactivity could not be mea-
ured and no statistical assessment of the stark differ-
nces observed was necessary.

Despite processing all sections in a single batch, the
ackground staining of colchicine-pretreated tissue ap-
eared darker than control tissue. Previous studies have
hown that colchicine can induce peptide gene expression

n previously non-secretory neurons (Leah et al., 1993;
kblad et al., 1996; Cougnon-Aptel et al., 1999). The ap-
arent increase in background staining may therefore re-
ect a non-specific increase in OXT levels. The complete

ig. 4. Mean (�S.E.M.) oxytocin immunoreactive density in (A) the 3V
eural plexus and (B) magnocellular neurons in the 3V/AH area.
roups that differed significantly are connected by a horizontal line
ith vertical tick marks indicating the relevant groups. (A) There was a
ignificantly higher density of oxytocin staining in the neural plexus of
nimals exposed to light and killed at ZT23 than at ZT8 (P�0.05) (B)
xytocin immunoreactivity in 3V/AH magnocellular neurons was in-
reased significantly following light exposure at ZT23 (P�0.05), but
ot at ZT8 in the anterior hypothalamus (3V/AH). Oxytocin staining
as also significantly higher in animals exposed to light and killed at
T23 than at ZT8 (P�0.05).
oss of OXT immunoreactivity associated with the cilia after
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olchicine treatment, even in the face of increased back-
round staining, however, is strong evidence that the
ource of OXT is extrinsic to the cilia and that microtubule-
ased transport is necessary for cilia to be immunoreactive
or OXT.

DISCUSSION

ilia lining the anterior hypothalamic walls of the 3V in C57
ice are immunoreactive for the neuropeptide OXT and

he calcium-binding protein parvalbumin. There are also
ignificant daily rhythms of OXT immunoreactivity in the
VN, 3V/AH magnocellular neurons and the neural plexus
urrounding the 3V wall. Colchicine pretreatment elimi-

ig. 5. Significant daily rhythms (P�0.001 in each case) of oxytocin
mmunoreactivity (density�area, measured at six daily phases in mice
oused in darkness for 24 h) were found in the PVN (A), anterior
ypothalamus (3V/AH) (B), and in the neural plexus surrounding the
hird ventricle (C). Groups that differed significantly are connected by
horizontal line with vertical tick marks indicating the relevant groups.
eak values were at ZT16 in each area and lowest values were at ZT0
r ZT4. (A) The value at ZT4 was significantly lower (P�0.0034, with
Bonferroni correction for multiple comparisons) from values at ZT12

nd ZT16. The value at ZT20 was also significantly lower than that at
T16. (B) Values at ZT0 and ZT4 were significantly lower than the
alue at ZT16. (C) The value at ZT0 was significantly lower than those
t ZT12, ZT16 and ZT20, while that at ZT4 was significantly lower than
hose at ZT12 and ZT16.
ated OXT immunoreactivity from the cilia, suggesting that c
XT observed in the cilia is actively transported from cells
lsewhere, perhaps in the hypothalamus.

Parvalbumin immunoreactivity has been identified
ithin neurons in many parts of the mammalian nervous
ystem (Gaykema and Zaborszky, 1997; Zahm et al.,
003; see Fig. 1). It is unclear, however, whether parval-
umin and OXT are found within 3V cilia or attached to the
urface of the cilia. Preliminary electron microscope (EM)
tudies (unpublished observations) suggest that these cilia
how the same microtubule arrangement characteristic of
ilia elsewhere in the body (Aughsteen, 2001). Since mi-
rotubule-based transport is required to observer OXT
ssociated with cilia, and since OXT is reportedly synthe-
ized in PVN neurons (Gimpl and Farenholz, 2001), it is
ossible that OXT is transported to the 3V wall and re-

eased into the ventricular CSF, where it contacts the cilia.
he cilia may aid in distribution and movement of OXT into

he 3V by their presumed fanning motion, or through a
olecular transport mechanism, or both.

A transporter molecule (transthyretin) has been de-
cribed on 3V cilia that may help transport thyroxine along
he cilia (Kuchler-Bopp et al., 1998). It is possible that there
s a similar molecular mechanism for holding and trans-
orting OXT along the outside of the cilia, which would
ccount for the intense OXT immunoreactivity of the cilia.
mmunohistochemical studies at the EM level will be re-
uired to determine whether OXT molecules are attached
o the outer surface of the cilia and to determine whether
taining is found associated with kinocilia, stereocilia or
oth. The patchy distribution of parvalbumin immunofluo-
escence along the length of the cilia suggests that this
eptide is localized within the cilia, but EM immunocyto-
hemistry will also be required to assess its localization.
lthough VP-immunoreactive fibers were found in the
ame region of the 3V wall as OXT fibers, VP was not
etected in the cilia, nor was the calcium-binding protein
albindin (Fig. 2E, 2F). The cilia were virtually translucent
nd very difficult to detect in sections stained for either of
hese proteins.

Levels of both OXT and parvalbumin immunoreactivity
n the cilia were altered by light exposure at ZT23, with
etinal illumination dramatically increasing OXT and de-
reasing parvalbumin immunoreactivity. The fact that parv-
lbumin levels in the 3V wall adjacent to the cilia were not
ltered significantly by retinal illumination suggests specific
egulation of these proteins associated with the cilia.

The concomitant increase in OXT and decrease in
arvalbumin levels in the cilia suggests a light-regulated
echanism for increasing the rate of distribution of OXT

hrough the CSF. The beating motion of cilia has been
roposed to serve a role in the distribution and circulation
f the contents of the CSF (Roth et al., 1985), and higher

evels of intracellular free calcium cause an increase in
iliary beat frequency (Nguyen et al., 2001). Since parval-
umin sequesters free calcium (Baimbridge et al., 1992),

ts reduction in the cilia by light exposure may increase free
alcium, thereby increasing ciliary beat frequency (Nguyen
t al., 2001). Since light exposure simultaneously in-

reases OXT staining and decreases parvalbumin levels
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ssociated with the cilia, the result would be increased
evels of OXT and its more rapid circulation throughout the
SF. This would provide a mechanism, in addition to point-

o-point projections from OXT neurons, for OXT to exert
ffects on a broad array of neural targets via the CSF.

Light exposure at night (ZT23), but not during the day
ZT8), increased OXT immunoreactivity in the 3V/AH re-
ion, but did not significantly alter OXT immunoreactivity in

he neural plexus lining the 3V wall nor in the PVN. Thus,
he response of OXT immunoreactivity to light exposure
epended on daily phase of treatment and on the target

issue studied. The diffusely immunoreactive neural plexus
nly showed a significant difference in OXT levels between
T23 and ZT8 after light exposure (Fig. 4A). If OXT levels

n this region vary spontaneously at these phases, the
ifferences were too small to detect with these methods.
he method used to measure OXT immunoreactivity in the
VN was adequate to detect large changes in immunore-
ctivity, such as that elicited by colchicine pretreatment,
ut any effects of light exposure might have been too
ubtle to detect.

Levels of OXT, assessed as the optical density of
agnocellular neurons, showed a daily rhythm in the ab-

ence of light exposure. This rhythm peaked in the PVN,
eural plexus and 3V/AH during the daily dark phase
ZT16), with a trough near the beginning of the projected
ight phase (ZT0 or ZT4). Whether this rhythm is reflected
n a daily rhythm in OXT levels in CSF in mice remains to
e determined. Previous studies have reported daily
hythms in CSF OXT in rhesus macaque monkeys, but
ith peak levels occurring during the light phase of a daily

ight/dark cycle, or the subjective day under constant con-
itions (Artman et al., 1982; Reppert et al., 1983). The
iming difference may reflect the difference in rhythm phe-
otype (since macaques are diurnally active while mice are
octurnal), or the endpoint measured. The limited evi-
ence available indicates that the CSF OXT rhythm is

ndependent of the SCN, unlike, for example, a similar
aily rhythm in CSF VP levels (Reppert et al., 1983).

In early studies in rodents, no CSF OXT rhythm was

ig. 6. OXT immunoreactivity in tissue from mice killed in darkness at
retreatment drastically reduced the mean area of OXT staining in th
eported, although constant light exposure caused a slight p
ncrease in CSF OXT (Mens et al., 1982; Reppert et al.,
983). We recently described an OXT (OXT) rhythm in the
SF of rats with higher values at ZT23 than at ZT8 (De-
arajan and Rusak, 2004), opposite to that of macaques,
nd therefore consistent with a relationship to rhythm phe-
otype. This day-night difference in OXT in rat CSF is
imilar to the day-night difference in OXT in mouse hypo-
halamic tissue, but opposite to the OXT immunoreactivity
hythm in mouse 3V cilia (see above). One possibility is
hat cilia bind and retain OXT during the day (resulting in
igh levels associated with the cilia at ZT8) and release
XT into the CSF during the night (resulting in low cilia

evels at ZT23). A convincing integration of these results
ill require direct comparisons of these measures in rats
nd mice.

We did not attempt to assess whether there is a spon-
aneous rhythm of OXT immunoreactivity in the cilia for
echnical reasons. To maximize detectability of OXT im-
unoreactivity in the AH and PVN, we sectioned the tissue
ith a vibratome rather than a cryostat, since freezing

educed staining intensity. Vibratome sectioning, however,
ended to damage the cilia, making it impossible to evalu-
te staining in the cilia in this study.

Light exposure and other external stimuli can alter
ormone levels in both the peripheral circulation and the
SF (Reppert et al., 1981; Seckl and Lightman, 1987a).
hese changes are not always parallel (Harris et al., 1981;
eckl and Lightman, 1987b), and stimuli, such as nursing,

hat affect circulating OXT may not similarly alter CSF
evels. Our results demonstrate a mechanism by which
ircadian phase and retinal illumination could influence
SF OXT in mice by affecting levels of both OXT and
arvalbumin associated with 3V cilia, but light-induced or
ircadian changes in either CSF or circulating OXT levels

n mice have yet to be demonstrated.
Retinal afferents reach the region of the 3V in mice

irectly (Cassone et al., 1988) and the retinorecipient SCN
rojects to the periventricular region (Watts et al., 1987;
brahamson and Moore, 2001), so mechanisms exist for
hotic input to affect cells in this region. It is, however, also

h after i.c.v. administration of vehicle (A) or colchicine (B). Colchicine
ale bar�0.01 mm in each panel.
ZT8, 24
ossible that the effects of light exposure were mediated
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ndirectly by their effects on behavior. Light exposure at
ight may, for example, be a stressful event for a nocturnal
odent, so it would be of interest to assess whether other
nvironmental stressors also affect the physiology of 3V
ilia in a similar way (Iványi et al., 1991).

OXT transported via the CSF may alter the physiology
f a number of neural systems adjacent to the brain’s
entricular system and the spinal canal, since OXT recep-
ors are very widely distributed (Gimpl and Farenholz,
001; Tribollet et al., 1992). This route permits OXT to
each a number of neural targets rapidly and efficiently in
esponse to environmental inputs. A broad array of func-
ions has been attributed to OXT, including effects on
aternal behavior, memory, mood and affiliative behavior

Gimpl and Farenholz, 2001). OXT has also been impli-
ated in human depression and may contribute to the
fficacy of selective serotonin reuptake inhibitor treatments
Frasch et al., 1995; Uvnäs-Moberg, 1999). Alterations of
XT levels may affect mood directly or indirectly by alter-

ng social behaviors that may be dysregulated in mood
isorders (Carter et al., 1997; Uvnäs-Moberg, 1997).

Timed light exposure has been shown to improve
ood in seasonal affective disorder (Rosenthal et al.,
985a,b; Terman et al., 2001) and has been proposed as
treatment for other mood disorders (Kripke et al., 1992;
earlstein and Steiner, 2000). Similarly, increased light
xposure may have a general mood-enhancing effect on
umans in some situations, even in the absence of a
linical condition (Partonen and Lonnqvist, 2000). The po-
ent regulation by light exposure of OXT levels in the
ypothalamus, in the 3V cilia, and possibly in the CSF,
ay be one mechanism by which light can contribute to a

herapeutic effect. Future research should assess whether
XT levels in 3V cilia and in CSF are regulated similarly in
iurnal and nocturnal species, and whether OXT has sim-

lar effects on mood in different species.
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