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Oxytocin levels in the plasma and cerebrospinal fluid of male rats:
effects of circadian phase, light and stress
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Abstract

Oxytocin is involved in the regulation of reproductive and social behaviours, mood and stress responses. Previous work has indicated that
oxytocin levels are regulated by circadian phase in brain tissue and plasma of both monkeys and rats, but in the cerebrospinal fluid (CSF) only
of monkeys. We examined oxytocin levels in plasma and CSF of rats at two daily phases in darkness (mid subjective day and late subjective
night) and after a 30 min exposure to light. We found that an apparent day–night difference in plasma oxytocin levels was eliminated by
prior habituation to handling and injections. A previously reported daily oxytocin rhythm in rat plasma may instead reflect a rhythm of
responsiveness to stressful experimental procedures. We also report for the first time that oxytocin levels in the CSF of rats are regulated by
circadian phase and by prior exposure to light.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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The levels of many hormones vary with circadian phase in
either or both the general circulation and the cerebrospinal
fluid (CSF)[5,19,20]. Rhesus monkeys, for example, show
a daily rhythm in levels of oxytocin (OXT) and vasopressin
in the CSF[13]. In rats, plasma and brain tissue levels of
OXT rise during the light and decrease during the dark phase
of a light–dark cycle, but this OXT rhythm has not been
detectable in CSF[11,14,20].

We recently observed that OXT immunoreactivity in the
tissue lining the third ventricle in the C57 mouse varies with
time of day and in response to light exposure (unpublished
observations). We interpreted these data to reflect rhythms
in central OXT secretion in mice. We therefore attempted
to assess whether CSF levels of OXT were affected by time
of day and light, but using rats rather than mice because of
their larger CSF volumes.

Adult male Sprague–Dawley rats (230–280 g; Charles
River, Montréal, Canada) were housed singly under a
12-h light:12-h dark cycle. Phases of a light–dark cycle are
defined conventionally as Zeitgeber Time (ZT), with ZT0
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indicating time of lights on and ZT12 indicating lights off.
The light was∼300 lx in intensity and light pulses (see
below) were 30 min in duration.

In Experiment 1, subjects were entrained to the lighting
cycle for a week and were handled daily (at ZT0 or ZT9). The
lights were prevented from coming on as usual at ZT0 on the
day of the experiment for all animals to assess whether any
observed rhythm was a response to light or internally gen-
erated. Four rats received a light pulse (LP) during ZT7-7.5
and were killed at ZT8 in darkness (group LP8). Other rats
received no light exposure and were killed at ZT8 in dark-
ness (group NL8,n = 3). CSF and blood were extracted at
ZT8 from rats in both groups without exposing them to ad-
ditional light. Two groups of rats (n = 3 each) were killed
at ZT23 in darkness, either after a light pulse (ZT22-22.5;
group LP23) or not (group NL23) and CSF and blood were
extracted. OXT protein levels in the CSF (single samples)
and plasma (in duplicate) were analyzed using an enzyme
immunoassay (EIA) kit (Assay Designs Inc., Ann Arbor,
MI, USA).

Because 200�l of CSF was needed to run EIA samples
in duplicate and each rat yielded only∼100�l of CSF,
only a single measurement was available for each rat in
Experiment 1. There were no significant differences in
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OXT levels among samples from rats in the same treat-
ment group. Therefore, in Experiment 2 (see below) CSF
samples from pairs of animals in the same treatment group
were pooled to yield enough CSF to run undiluted dupli-
cate samples for assessment of assay variability. Pooled
CSF samples from each pair of rats were treated as a single
sample for statistical calculations.

Experiment 2 included the same control and experimen-
tal groups as described for Experiment 1, but was run in
two successive cohorts (finaln = 8 per group); CSF sam-
ples from pairs of animals in the same groups were pooled.
Experiment 2 differed from Experiment 1 in that, during the
week of habituation to the lighting cycle and handling, rats
were also habituated to injections by daily intraperitoneal
(i.p.) saline injections at ZT0 or ZT9.

On the day of the experiment, rats were anesthetised (Ke-
tamine/Xylazine, 80/10 mg/kg, i.p.) in darkness with the aid
of an infrared viewer (NVS 300-Powerplus Goggle with Il-
luminator, Kennesaw, GA, USA). The eyes were protected
with Lacrilube (Allergan Inc., Markham, Ont., Canada), then
covered with black tape and velvet blindfolds to maintain
darkness during CSF collection, for which bright light was
required. CSF samples were collected by aspiration from the
cisterna magna using a method described in detail by Con-
siglio and Lucion[2]; samples were stored at−80◦C for
subsequent analysis.

The rats received no retinal illumination before receiv-
ing an anesthetic overdose (sodium pentobarbital, 70 mg/kg,
i.p.) after CSF had been sampled. 0.5 ml of blood was col-
lected from the heart and drawn into chilled Eppendorf tubes
containing 0.5 mg EDTA. Blood samples were centrifuged
(Brinkmann Eppendorf Centrifuge 5415; Mississauga, Ont.,
Canada) at 4◦C, 1400× g for 15 min and the plasma was
aliquoted and stored at−80◦C.

Instructions included in the OXT EIA kit were followed
without modification, and OXT was not extracted from the
plasma. Samples were thawed for assay and no sample was
repeatedly frozen and thawed. Data output from a microplate
ELISA reader were analyzed using SoftMaxPro (version
2.2.1; Sunnyvale, CA, USA). Data were analyzed with a
two-way ANOVA (factors of time and light exposure) and
group differences were considered significant whenP <

0.05.
The acceptable range for the percentage coefficient of

variation (CV%, a measure of variability between duplicate
samples) varies among experimenters, but 10% is a com-
mon cut-off for the OXT EIA (personal communication, Dr.
K. Kramer, March 18, 2002). We measured OXT in 45 du-
plicate samples of plasma; all samples had a CV% below
10% except for 2 in the NL8 group of Experiment 1, which
had CV% of 16 and 21%. Among 16 duplicate samples of
CSF in Experiment 2, 3 were above 10% (11, 12 and 17%).
Including or excluding these data from the analysis did not
affect the statistical significance of any tests used. All data
collected were, therefore, used to calculate the results re-
ported below.

The plasma OXT concentrations that we report are higher
than those found previously using different methods, so we
conducted a control study with known concentrations of
OXT. The results indicated that the EIA kit had a detec-
tion sensitivity of 3.21 pg/ml. The intra-assay CVs for low
(3.9 pg/ml), medium (500 pg/ml) and high (1000 pg/ml) con-
centrations of OXT were 7.54, 6.44 and 6.28%, while the
inter-assay CVs were 14.87, 14.07 and 14.73%, respectively.
The manufacturer has reported this kit to have very low
cross-reactivity for other peptides, such as vasopressin and
somatostatin. These results indicate that this method of mea-
suring OXT is sensitive, specific and replicable. Previous
studies using radioimmunoassays (RIA) to measure OXT
required extraction of the peptide from the sample. Loss of
some OXT in the sample during the RIA extraction process
and the fact that we used a different antibody may account
for the different levels reported.

In Experiment 1, there was a significant main effect of
time (F(1,11) = 26.67,P = 0.001), with OXT plasma levels
significantly higher in the subjective-day sample (ZT8) than
in the subjective-night sample (ZT23). There was no signif-
icant main effect of light exposure on plasma OXT levels
and no significant interaction (Fig. 1A). These results are
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Fig. 1. (A) Plasma oxytocin levels at two circadian phases in rats that were
not habituated to injections (Experiment 1). There were no significant
effects of light exposure and no interactions, so data were collapsed across
light exposure conditions. There was a significant main effect of circadian
phase (F(1,11) = 26.67; ∗P = 0.001), with higher plasma oxytocin levels
at ZT8 than at ZT23. (B) Plasma oxytocin levels in rats habituated to daily
injections for a week before sampling (Experiment 2). There were no
significant effects of circadian phase or light exposure and no significant
interactions.
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consistent with previous findings showing elevated plasma
OXT levels during the day in rats maintained in a normal
light–dark cycle or housed in constant light [20].

There were no significant differences between the data
from the two replicate cohorts in Experiment 2 so these data
were combined (n = 8 per treatment group). In Experiment
2, unlike the first study, day and night plasma OXT levels
sampled in darkness did not differ significantly from each
other (Fig. 1B). The only difference between the two studies
was that rats in Experiment 2 were injected daily with saline
for a week to habituate them to this procedure. This raises
the possibility that the data from Experiment 1 reflect a
response to the stress of the injections or to the responses
of other animals to this procedure.

Windle et al. [20] did not report prior handling or habit-
uation of their animals before decapitation to collect trunk
blood for analysis of OXT levels, which suggests that their
results, like those in our Experiment 1, might reflect the
stress of the experimental procedures used to collect sam-
ples, and not simply circadian phase. This interpretation
would require a very rapid increase in plasma OXT in re-
sponse to stress; one study has confirmed rapid, significant
increases in plasma OXT in response to restraint stress,
within 2.5 min of the onset of stress [6].

Windle et al. [20] did not report whether rats were trans-
ported to another room before decapitation, which could it-
self be a stressor [16], or whether they were killed in the
same room in which they were housed. Sharp et al. [17] have
reported stress responses in rats that are exposed to the death
of other rats, presumably through responses to ultrasounds
or olfactory cues. Thus, the daily rhythm in ‘baseline’ OXT
reported in Windle et al. [20] and in our Experiment 1 might
actually reflect a rhythm in the amplitude of stress responses.
Our findings support this interpretation in that we observed
a day–night difference in plasma OXT only if animals were
not first habituated to the anesthetic injection procedure.

Physical and pharmacological stress have both been
shown to increase OXT levels in the plasma of rats [9,7,22],
and OXT increases have been associated with a number of
anti-stress effects, such as decreasing heart rate and corticos-
terone levels [4]. The adrenal cortex is strongly circadian in
its physiology, and it is known to vary in its responsiveness
to corticotrophin at different times of day in rats [8].

Acute stressors, such as footshocks, increase plasma cor-
ticosterone levels in rats when they are applied in the early
light phase, but not at night [15]. After repeated exposure
to footshocks over a number of days, they fail to elicit an
increase in plasma corticosterone at any time point. These
results are consistent with our interpretation that habituation
to injections blunted a circadian phase-dependent stress re-
sponse to these treatments on the day on which CSF and
plasma OXT were measured (Experiment 2).

These data suggest that rats do not show a spontaneous
daily rhythm of OXT in plasma, but rather that circa-
dian phase modulates the extent of stress-induced OXT
release into the circulation. Failure to attend to circadian

phase-dependence of stress responses may contribute to
variability in the results obtained in studies assessing the
role of OXT in attenuating stress responses (see [4] for
review).

OXT is made in the supraoptic and paraventricular nuclei
(PVN) [4]. Blocking active transport with intracerebroven-
tricular injections of colchicine reduces immunohistochemi-
cal staining of OXT around the third ventricle while increas-
ing OXT staining in the PVN (unpublished observations).
OXT is probably actively released into the CSF from den-
drites originating in the PVN that contact the third ventricle
[10].

OXT levels in CSF from parallel groups in Experiments
1 and 2 did not differ significantly from each other, so these
data were pooled for analysis. We found a significant main
effect (F(1,24) = 7.79, P = 0.011) of circadian time, with
higher OXT levels at ZT23 than at ZT8. This difference was
consistent across these studies, indicating that it was not
affected by habituation to the injection procedure, and did
not represent a circadian phase-dependent stress response.

There was also a main effect (F(1,24) = 7.73, P = 0.013)
of light exposure, with light pulses decreasing CSF OXT
levels significantly at both time points tested (Fig. 2). These
results reflect a dissociation between mechanisms regulat-
ing plasma and CSF OXT levels that has been reported
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Fig. 2. (A) Oxytocin levels in cerebrospinal fluid at two circadian phases
(Experiments 1 and 2). There was a significant effect of circadian time
(F(1,24) = 7.79; ∗P = 0.011), with higher oxytocin levels in the late
subjective night (ZT23) than during mid subjective day (ZT8). (B) There
was also a significant effect of light exposure on oxytocin levels (F(1,24)

= 7.73; ∗P = 0.013), with lower levels 30 min after exposure to a 30 min
light pulse.
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previously [1,4]. No previous study has, however, identi-
fied a stressor that releases OXT into the plasma but not the
CSF, as we hypothesize occurred in Experiment 1. Injection
stress has not been examined in this context before, and it is
well known that different stressors cause different patterns
of physiological responses [18]. While OXT is released into
both the plasma and CSF in response to major stressors,
like forced swimming, social defeat and novel environment
stress [3,7,22], a milder stressor, such as an injection, may
release OXT only into the plasma.

Rats usually avoid bright light [21], so in keeping with
a role as a stress-responsive hormone, we would have pre-
dicted an increase in OXT in the CSF after light exposure.
Instead, the light pulses caused significant decreases in CSF
OXT at both phases studied. It is not known whether brief
exposure to other mild stressors might have similar effects,
or whether this decrease reflects a specific response to reti-
nal illumination, just as melatonin levels decline in response
to nocturnal light exposure [12]. A role for CSF OXT in re-
sponding to lighting conditions is supported by the observa-
tion that CSF OXT levels change when daily lighting cycles
are altered [11,20].

OXT has been studied extensively in relation to vari-
ous physiological and behavioural effects, but its effects on
memory consolidation and pain tolerance are particularly
striking [4]. Circadian and light-dependent differences in
CSF OXT levels could affect the results of studies on pain or
memory, and could contribute to discrepancies among stud-
ies in which these variables are not controlled. It remains
to be determined how its regulation by light and circadian
phase affect the many functions served by OXT.
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