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In Vivo Microdialysis Measures of Extracellular Norepinephrine in the

Rat Amygdala during Sleep-wakefulness

Norepinephrine (NE)-containing locus ceruleus (LC) has been known to partic-
ipate in the regulation of the sleep-wake cycle according to the differential firing
rate. The aim of this study was to know the change of extracellular NE level in
the rat amygdala, which are reciprocally connected with LC, during sleep-wake-
fulness. Extracellular NE levels in the rat amygdala were inrestigated during dif-
ferent stages of the sleep-waking cycle using in vivo microdialysis and polygraphic
recording. Dialysates were collected every 5 min and correlated with the results of
polygraphic recording. The content of NE was measured by high-performance
liquid chromatography with electrochemical detection. NE level was the highest
in active waking (AW) and, when compared to AW, NE level was progressively
lower in quiet waking (QW; 86%), quiet sleep (QS; 72%), and active sleep (AS
or REM sleep; 61%). This result suggests that the rat amygdala also participates
in the regulation of the sleep-wake cycle according to the differential NE release.
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INTRODUCTION

Norepinephrine (NE) is synthesized by the neurons of
brainstem locus ceruleus (LC) nuclei, and NE-containing LC
neurons are reciprocally connected with forebrain structures,
including the amygdala (1, 2). NE has been implicated in the
regulation of the sleep-wake cycle on the basis of numerous
investigations (3-6). The firing rate of LC with extracellular
electrophysiologic recordings during the sleep-wake cycle has
been described to be the highest during wakefulness (W),
lower during slow wave sleep (SWS), and virtually absent
during paradoxical sleep (rapid eye movement sleep, REM
sleep) in animals (5, 6). Given these observations, fluctuations
of NE neuronal activity in the LC might be expected to cor-
relate with NE release in the amygdala that receives projec-
tions from these nuclei.

Microdialysis is a sampling method that is used to determine
the extracellular concentration of neurotransmitters in the
brain. The method can be applied to conscious and unrestrained
animals and is very suitable for the study of chemistry of endoge-
nous behavior (7). During the last 12 yr a number of in vivo
microdialysis studies have demonstrated that monoamines
regulate the sleep-wake cycle in animals. Especially, the cen-
tral serotonergic system is closely linked to the sleep-wake cycle
(8-12). In cat studies, extracellular serotonin (5-HT) level was
higher during W, lower during SWS, and even lower or absent
during REM sleep in the dorsal raphe nucleus (DRN) (8), the
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striatum and hypothalamus (9). A rat study, which measured
extracellular 5-HT levels in DRN and frontal cortex, demon-
strated similar results to those shown in cat studies (12). The
same changes of 5-HT level in rat hippocampus was also
proved (13). While the microdialysis studies of 5-HT level
during the sleep-wake cycle are abundant, those of NE level
are relatively few (10, 11). In the cat study, the extracellular
level of NE in LC and amygdala declined progressively from
W to SWS and then to REM sleep (10). A rat study, which
measured extracellular level of NE in the hippocampus with-
out scoring the sleep stages, showed similar results (11). How-
ever, there have been no microdialysis studies to measure NE
level in the rat amygdala.

This experiment used in vivo microdialysis designed to
determine whether NE release in the rat amygdala is corre-
lated with differential firing rate of LC across the sleep-wake
cycle.

MATERIALS AND METHODS

Experiments were performed in five adult male Sprague-
Dawley rats weighing 300-580 g. The rats were kept on a
12 hr light/dark cycle with lights on at 07:00 a.m.. Surgery was
done under anesthesia with a combination of ketamine HCI
(200 mg/kg, intra-muscular, i.m.), xylazine (4 mg/kg, i.m.),
and acepromazine (0.75 mg/kg, i.m.), and preoperatively treat-
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ed with atropine (0.02 mg, subcutaneous s.c.). Buprenorphrine
(0.01 mg, s.c.) was used for additional operative and postop-
erative analgesia. Animals were implanted with stainless steel
screw electrodes for lateral (bregma coordinates AP=-1.0 mm,
L=3.0 mm) and medial (AP=midpoint between bregma and
lambda, L= 1.0 mm) epidural electroencephalogram (EEG)
recording. Bipolar depth electrodes were used for dorsal hip-
pocampal recording (AP=-3.6 mm, L=2.0 mm, H=-4.0 mm)
(14). Teflon-coated stainless steel wires, stripped of the insu-
lation in the last 3 mm, were placed in the neck muscle for
electromyogram (EMG) recording. An intracerebral 20-gauge
stainless steel guide cannula was implanted 2 mm above the
target (AP=-3.6 mm, L=5.0 mm, H=-6.0 mm) to guide and
secure the probe in the amygdala. Guide cannulae were im-
planted in the left amygdala (3 rats) or right amygdala (2 rats).

One week was allowed for recovery from surgery. Rats were
connected to a polygraph (Grass Instruments, Model 8-16,
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U.S.A.) with a flexible recording cable linked to a combined
fluid swivel and electrical commutator. Ambient tempera-
ture in the chamber was approximately 28°C . Rats had free
access to water and food pellets. Probes were inserted 24 hr
before starting sampling, in order to allow for equilibration
of the extracellular environment surrounding the microdial-
ysis membrane.

Microdialysis probes (CMA 11, 2 mm membrane, CMA
/Microdialysis) were perfused with artificial cerebrospinal fluid
(aCSF=125 mM NaCl, 2.5 mM KCI, 0.9 mM NaH:POs
HzO, 5 mM NazHPO4, 1 mM MgC|2-6HzO, 1.2 mM
CaCl-2H:0, and pH 7.4-7.6) at a flow rate of 2 uL/min.
Samples were collected at 5 min intervals during the light
period for 3 hr (from 10 a.m. to 1 p.m.). Dialysate samples
were collected for three or four consecutive days for each
amygdala site. Samples were stored at -70°C.

High performance liquid chromatography with electro-
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Fig. 1. Examples of polygraphically defined states. Abbreviations: LC-lateral cortex; EMG, Electromyogram; MC, medial cortex; HIPP,
dorsal hippocampus; AW, active waking; QW-quiet waking; QS quiet sleep; AS active sleep.
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chemical detection HPLC-EC, Antec) was used for determi-
nation of NE in dialysates using a mobile phase consisting
of sodium acetate (75 mM), sodium dodecane sulphonate
(0.75 mM), EDTA (10 uM), triethylamine (0.01%), acetoni-
trile (12%), methanol (12%), and tetrahydrofuran (1%), pH
5.5, pumped at a rate of 200 xL/min (Shimadzu model LC-
10AD) through a 100 x 2 mm column (3 um, Hypersil C18
resin). Under these conditions NE retention time was around
4 min. The system was calibrated at regular intervals and pro-
vided a limit of detection of 20 pM for a 5 4L injection.
EEG and EMG were recorded using a Grass polygraph,
Model 8-16, and digitized at 500 Hz/channel on a Pentium
PC using R-C Electronic software. Behavioral states were
scored in epochs of 16 sec, into 4 stages based on modified
criteria given by Marrosu et al. (15): (1) Active waking (AW):
gross body movements, cortical desynchronization, medium-
high EMG amplitude, and sustained hippocampal theta acti-
, , , , , , vity. (2) Quiet waking (QW): EEG desynchronization and
Fig. 2. Compos!te photomlgrogr:_:\ph pf a rat brain section which low amplitude EMG potentials. (3) Quiet sleep (QS) or slow
shows the location of the microdialysis probe (arrow) and dorsal . . : .
wave sleep (SWS): cortical and hippocampal high voltage

hippocampal depth electrode (arrowhead). The tip of the guide . . .
cannula was located over the striatum, so the membrane was slow waves and low amplitude EMG potentials. (4) Active

entirely positioned within the amygdala. Calibration bar: 1 mm. sleep (AS) or REM sleep: desynchronized cortical EEG, remark-
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Fig. 3. Examples of chromatograms of norepinephrine (NE) peak from amygdala. NE peaks are indicated with their retention times in
minutes. Note the progressive reduction in NE levels from active waking to active sleep. In this particular example, NE peak during AW
was equivalent to 411 pM. Abbreviations: AW active waking; QW-quiet waking; QS quiet sleep; AS active sleep.
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ably regular pattern of hippocampal theta activity, and very
low amplitude EMG (Fig. 1). Sixteen-second epochs were
scored according to the dominant state in that particular epoch.
Samples categorized as AW, QW, or QS were chosen from
those containing AW, QW, or QS for more than 4 of the 5 min
in the sampling period. Because AS durations are generally
shorter than those of the other stages, samples that included
periods of AS lasting more than a half of the 5 min were cate-
gorized as AS samples.

Following completion of the experiments, the rats were
euthenized with pentobarbital overdose and perfused with
saline and 4% paraformaldehyde, prior to cresyl violet staining
to verify the placement of probes within the amygdala.

Statistical analysis was performed using repeated measures
one-way analysis of variance (ANOVA) to compare dialysate
NE concentrations measured from AW, QW, QS, and AS sam-
ples. Neuman-Keuls test was used for post-hoc comparisons.
For graphing purposes, the values for QW, QS, and AS were
converted into percent of each animal’s AW mean value in
each amygdala sample.

RESULTS

In histological examinations, the probes were all success-
fully implanted in the amygdala. An example of a probe place-
ment in the amygdala is shown (Fig. 2).

Data were available from 5 amygdala in 5 rats. A distinct
peak was observed in 620 samples. Among these 620 sam-
ples, 320 samples met the criteria described above with a single
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Fig. 4. Bar histogram depicting mean percentage changes of
norepinephrine (NE) compared to baseline in each behavioral
state. Baseline is calculated as the average of NE in active wak-
ing (AW) in each amygdala. Error bars represent S.E.M. Note the
reduction of NE from AW to quiet waking (QW), to quiet sleep (QS),
and to active sleep (AS). All these changes are statistically sig-
nificant (p<0.001). Baseline value for AW was 223+ 6 pM.
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state occupying at least 80% (for AW, QW, and QS) or 50%
(for AS) of the 5 min sample period. Thus, 68 samples met
the criterion for AW, 73 for QW, and 126 for QS. The less
stringent ‘50% of 5 min period’ criterion for AS was met in
53 samples. In these samples categorized as AS, the second
most predominant state in 40 of the 53 samples was QS (75%
of the AS samples).

Dialysate NE concentration was highest in AW (223 +6
pM), decreased to 192+8 pM in QW, to 160+5 pM in
QS, and to 1367 pM in AS (p<0.001). Neuman-Keuls
post-hoc analysis showed that the differences between each
of the states” mean NE concentrations were also statistically
significant (p<0.01 in all pair-wise comparisons). Illustrative
chromatograms of NE peak from the amygdala are shown
according to the sleep-wakefulness (Fig. 3). Converted to per-
centage of AW, the mean NE level decreased significantly
from AW to QW (86%), to QS (72%), and to AS (61%)
(Fig. 4).

DISCUSSION

To the best of my knowledge, the present study is the first
to monitor extracellular NE levels in the rat amygdala during
the sleep-wake cycle using in vivo microdialysis with simul-
taneous polygraphic staging of sleep and waking. The anal-
ysis of behavioral state with polygraphic recordings allows
accurate scoring of sleep-wake cycle states. Recently, there
was a microdialysis study comparing the concentrations of
NE derived from feline LC and amygdala (10). The NE change
in this study is similar to that of the present study. There-
fore, the present study demonstrates that the sleep-related
changes in NE release as described in cats are also present in
rats.

Several related hypotheses propose that the LC is involved
in initiating or maintaining stages of the sleep-wake cycle
(3, 4). Extracellular electrophysiological recordings in freely
moving rats and cats proved this view since LC neurons fired
tonically at a rate of 2.2 Hz during W, decreased their activity
during SWS to an average rate inferior to 1 Hz, and were
nearly quiescent during REM sleep (5, 6). Intracellular record-
ings in slices and in culture evidenced the spontaneous tonic
firing of LC neurons during W mainly due to their intrinsic
pacemaker properties (16, 17). In addition, stimulation of
the LC promoted W and localized cooling of the LC pro-
moted REM sleep (18, 19). Thus, the noradrenergic nuclei
of the LC and synthesized NE appear to inhibit REM sleep
production and promote W. The present study demonstrat-
ed that the level of extracellular NE in the amygdala was
highest in AW and progressively decreased in QW, QS, and
AS. Although the 5 min samples collected during AS also
included other behavioral states, most of these 5 min peri-
ods were a combination of AS and QS. Because the mean
NE level during QS was higher than that collected during
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periods consisting of more than 50% of AS, my assumption
is that the behavioral state with the least NE release is AS.
This pattern of sleep-related NE change is consistent with
that of firing rate of LC with extracellular electrophysiologi-
cal recordings (5, 6). The parallel between noradrenergic
activity measured by microdialysis and LC firing rates sup-
ports the conclusion that changes in NE levels in the amyg-
dala measured by microdialysis reflect changes in synaptic
release during the different sleep-wake states and their par-
ticipation in the modulation of the sleep-wake cycle.

The level of extracellular 5-HT in the rat DRN, frontal cor-
tex and hippocampus was the highest in AW and progres-
sively decreased in QW, QS, and AS (12, 13). This pattern is
similar to that of the present amygdala study. Therefore, a
plausible assumption would be that NE might complement
the action of 5-HT in promoting W and participating in the
inhibition of REM sleep (20).

In conclusion, the rat amygdala participates in the regula-
tion of the sleep-wake cycle according to the differential NE
release. From a practical point of view, the state-dependent
changes in NE levels indicate that sleep states must be con-
trolled during any experiment of the behavioral correlates of
NE release.

ACKNOWLEDGMENTS

I wish to thank Charles L. Wilson, Faustino Lopez-Rod-
riguez, and Nigel Maidment at UCLA School of Medicine,
Los Angeles, CA, U.S.A. for technical and EEG recording
assistance and HPLC analysis.

REFERENCES

1. Ungerstedt U. Sereotaxic mapping of the monoamine pathwaysin the
rat brain. Acta Physiol Scand 1971; 367(suppl): S1-48.

2. Fickd V, Segd M, Bloom FE. A radicavtographic study of the efferent
pathways of the nucleus locus coeruleus. J Comp Neurol 1974; 155:
1542,

3. Clark T. Thelocus coeruleusin behavior regulation: evidencefor behav-
ior-specific versus general involvement. Behav Neural Biol 1979; 25:
271-300.

4. Ramm P. Thelocus coeruleus, catecholamines, and REM degp: acrit-
ical review. Behav Neural Biol 1979; 25: 415-48.

5. Hobson J, McCarley R, Wyzinski P. Segp cycle ostillation; reciprocal
discharge by two brainstemneuronal groups. Science 1975; 189: 55-8.

6. Agon-Jones G, Bloom FE. Activity of norepinephrine-containing locus

399

coeruleus neuronsin behaving rats anticipates fluctuationsin the deep-
waking cycle. J Neurosci 1981; 1: 876-86.

7. Westerink BH. Brain microdialysisand its application for the study of
animal behaviour. Behav Brain Res 1995; 70: 103-24.

8. Portas CM, McCarley RW. Behavioral state-related changes of extra-
cdllular serotonin concentration in the dorsal raphe nucleus: amicro-
dialysisstudy in the fredy moving cat. Brain Res 1994; 648: 306-12.

9. Wilkinson LO, Auerbach SB, Jacobs BL. Extracdlular serotonin levels
changewith behavioral state but not with pyrogen+induced hyperthermia.
JNeurosci 1991; 11: 2732-41.

10. Shouse MN, Staba RJ, Saquib SF, Farber PR, Monoamines and deep:
microdialyss findings in pons and amygdala. Brain Res 2000; 860:
181-9.

11. Kden P, Rosegren E, Lindval O, Bjorklund A. Hippocampal nor-
adrénaline and serotonin release over 24 hr as measured by the dial-
yastechniquein fredy moving rats: correlation to behavioural activi-
ty state, effects of handling and tail-pinch. Eur J Neurosci 1989; 1: 181-
8.

12. Portas CM, Bjorvatn B, Fagerland S, Gronli J, Munda V, Sirensen E,
Ursin R. OrHline detection of extracelular levels of serotoninin dorsal
raphe nudeus and frontal cortex over the degpiwake cycleinthefredy
moving rat. Neuroscience 1998; 83: 807-14.

13. Park SP, Lopez-Rodriguez F, Wilson CL, Madment N, Maisumoto
Y, Engd JJ. In vivo microdialysis measures of exdracelular serotonin
intherat hippocampus during desp-wakefulness. Brain Res 1999; 833;
291-6.

14. Paxinos G, Watson C. The rat brain in sereotaxic coordinates Aca
demic Press, San Diego, 1997.

15. Marrosu F, Portas C, Mascia MS, Casu MA, Fo M, Giagheddu M,
Imperato A, Gessa GL. Microdialys's measurement of cortical and
hippocampal acetylcholine release during desp-wake cycle in fredy
moving cats. Brain Res 1995; 671: 329-32.

16. Williams JT, North RA, Shefner A, Nishi S, Egen TM. Merrbrane prop-
ertiesof rat locus coeruleus neurons. Neuroscience 1984; 13 137-56.

17.Masuko S, Nekgima Y, Nekgima S, Yamaguchi K. Noradrenergic
neurons from the locus coeruleus in dissociated cell culture: culture
methods, morphology, and eectrophysiology. J Neurosci 1986; 6:
3229-41.

18. Cepuglio R, Gomez ME, Faradji H, Jouvet M. Alterationsin the desp-
waking cycleinduced by coaling of the locus coeruleus area. Electroen
cephalogr Clin Neurophysial 1982; 54: 570-8.

19.Kaitin K, Bliwise D, Gleason C, Nino-Murcia G, Dement W, Libet
B. Seep disturbance produced by dectrical simulation of the locus
coeruleusina human subject. Biol Psychiatry 1986; 21(8-9): 710-6.

20. Portas CM, Bjorvatn B, Ursin R. Seratonin and the degp/wake cyde:
special emphasis on microdialysis sudies. Prog Neurobiol 2000; 60:
13-35.



