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Fur seals are unique in that they display both bilateral slow-wave sleep (BSWS), as seen in all terrestrial mammals, and slow-wave sleep
with interhemispheric electroencephalogram (EEG) asymmetry, resembling the unihemispheric slow waves of cetaceans. Little is known
about the underlying mechanisms of this phenomenon, which is also termed asymmetrical slow wave sleep (ASWS). However, we may
begin to understand the expression of ASWS by studying the neurotransmitter systems thought to be involved in the generation and
maintenance of sleep–wake states in terrestrial mammals. We examined bilaterally the release of cortical acetylcholine (ACh), a neuro-
transmitter implicated in the regulation of cortical EEG and behavioral arousal, across the sleep–wake cycle in four juvenile northern fur
seals (Callorhinus ursinus). In vivo microdialysis and high-performance liquid chromatography coupled with electrochemical detection
were used to measure cortical ACh levels during polygraphically defined behavioral states. Cortical ACh release was state-dependent,
showing maximal release during active waking (AW), similar levels during quiet waking (QW), and rapid eye movement (REM) sleep, and
minimal release during BSWS. When compared with BSWS, cortical ACh levels increased �300% during AW, and �200% during QW
and REM sleep. During these bilaterally symmetrical EEG states, ACh was synchronously released from both hemispheres. However,
during ASWS, ACh release was lateralized with greater release in the hemisphere displaying lower voltage activity, at levels approximating
those seen in QW. These findings demonstrate that cortical ACh release is tightly linked to hemispheric EEG activation.
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Introduction
All terrestrial mammals studied to date display bilaterally sym-
metrical synchronized electroencephalogram (EEG) activity dur-
ing slow-wave sleep (SWS). Cetaceans (whales and dolphins),
however, exhibit unihemispheric slow-wave sleep (USWS), in
which slow-wave activity (SWA) is recorded in one hemisphere
while a low-voltage EEG is recorded simultaneously in the other
hemisphere (Mukhametov et al., 1977; Mukhametov 1984, 1987;
Lyamin et al., 2002a; Ridgway, 2002). Unlike fully terrestrial or
aquatic mammals, fur seals live and sleep both on land and in
water. While sleeping on land, fur seals display predominantly
bilateral slow-wave sleep (BSWS; 69% of all SWS), as seen in
terrestrial mammals (Lyamin and Mukhametov, 1998). How-
ever, when sleep occurs in water, fur seals primarily display SWS
with interhemispheric EEG asymmetry (68% of all SWS), which

resembles the USWS of cetaceans (Lyamin and Mukhametov,
1998). In this state, which is also known as asymmetrical slow-
wave sleep (ASWS), one hemisphere displays a synchronized
EEG while the other hemisphere exhibits desynchronization or
synchronized SWA of a lower amplitude. Little is known about
the underlying mechanisms of ASWS; however, we may begin to
understand the expression of this phenomenon by studying the
neurotransmitter systems thought to be involved in the genera-
tion and maintenance of sleep–wake states.

Numerous neurotransmitters have been implicated in the reg-
ulation of sleep and waking in terrestrial mammals, including
acetylcholine (ACh), and various biogenic amines, amino acids,
and neuropeptides (Jones, 2005). Of these, ACh, derived primar-
ily from the basal forebrain (Semba, 2000), is thought to play an
important role in regulating cortical activation [EEG desynchro-
nization during waking and rapid eye movement (REM) sleep]
and behavioral arousal (Celesia and Jasper, 1966; Jasper and
Tessier, 1971; Day et al., 1991; Marrosu et al., 1995; Jimenez-
Capdeville and Dykes, 1996).

The unique sleeping pattern of fur seals provides us with the
opportunity to determine which of the many physiological and
neurochemical changes seen bilaterally in terrestrial mammals
are linked to the EEG-defined state, and which may be related to
the behavioral quiescence, cardiorespiratory changes, and sen-
sory input reduction that typically accompany sleep. The aim of
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the present study was to examine, simultaneously in both hemi-
spheres, the pattern of cortical ACh release across the sleep-wake
cycle in northern fur seals using in vivo microdialysis and high-
performance liquid chromatography (HPLC)-electrochemical
detection (ECD), in combination with polysomnography.

Materials and Methods
Animals. All procedures were approved by the University of California
Los Angeles and the Veterans Affairs Greater Los Angeles Healthcare
System Sepulveda Animal Research Committees and were conducted in
accordance with the National Institute of Health Guide for the Care and
Use of Experimental Animals. All studies were performed at the Utrish
Marine Station of the Severtsov Institute of Ecology and Evolution of the
Russian Academy of Sciences. Data were collected from four male juve-
nile northern fur seals (Callorhinus ursinus; 20 –25 kg, 2–3 yrs). Three
days before surgery, an individual seal was selected and moved to a pen-
tagonal enclosure (1.5 m per side) situated within an empty indoor lab-
oratory pool. During this time, the seal was placed into the microdialysis
recording cage (1.1 � 0.8 � 0.8 m) for 4 – 6 h each day. During the
daytime (8:00 A.M. to 8:00 P.M.), the enclosure was illuminated by arti-
ficial light (400 lux); at night the level of illumination was reduced (80
lux). Seals were fed fish twice per day (8:00 to 9:00 A.M. and 6:00 to 7:00
P.M.). Room temperature varied between 14 and 17°C.

Surgical procedures. One milliliter of 0.1% atropine sulfate solution
was administered (i.m.) 15 min before surgery. After the initial masking
(3% isoflurane for induction), the seal was intubated and deep anesthesia
was maintained with isoflurane (0.5–2%). Rectal temperature, heart rate,
respiration rate, and oxygen saturation were continuously monitored
throughout the surgery. During the initial masking, antibiotics (cipro-
floxacin, 5 mg/kg, i.m.) and analgesics (carprofen, 2 mg/kg, s.c.) were
administered.

Aseptic surgical techniques were used to implant three pairs of
stainless-steel screws (1 x 4 mm) epidurally over symmetrical occipital
[anteroposterior (AP) �20 mm and lateral medial (LM) �10 mm rela-
tive to bregma], parietal (AP 0 mm and LM �20 mm relative to bregma)
and frontal (AP �20 mm and LM �10 mm relative to bregma) cortical
areas. These screws served as EEG electrodes. One additional screw, im-
planted along the midline above the nasal cavity, served as the indifferent
electrode. Four Teflon-coated multistranded stainless steel wires (0.3
mm � 5 cm) were implanted into the nuchal muscles for electromyo-
gram (EMG) recording. A pair of nickel-chromium insulated wires (0.5
mm � 2 cm) was inserted into each orbit to record electrooculogram
(EOG). All leads were connected to a 19-pin socket and fixed to the skull
with dental cement.

One (seal 1, seal 3), two (seal 2), or three pairs (seal 4) of stainless-steel
guide cannulas (0.5 mm � 12 or 18 mm; AG-12 or AG-18; Eicom, Kyoto,
Japan) were implanted in symmetrical locations in each hemisphere and
secured to the skull using dental cement (Fig. 1a). An obturator (AD-12
or AD-18; Eicom) was inserted into each guide cannula and secured with
a cap nut (AC-1; Eicom) until it was replaced with a microdialysis probe.

After surgery, the seal was returned to the indoor enclosure and al-
lowed 1 week to recover before insertion of the microdialysis probes.
During the recovery period, seals were given antibiotics (ciprofloxacin, 5
mg/kg) and analgesics (carprofen, 2 mg/kg) with fish twice per day. Two
days after the surgery, the seal was connected to the polygraph via a low
noise cable. On the morning of the day before the microdialysis experi-
ment, the seal was placed in the recording cage and remained there until
insertion of the probes the next day.

Microdialysis procedure. On the morning of the experiment, the seal
was anesthetized with isoflurane as described above, and the obturators
were replaced with microdialysis probes. Probes had a 12 or 18 mm long
shaft with a 2 mm long semipermeable artificial cellulose membrane (50
kDa cutoff, 0.22 mm outer diameter; AI-12-02 or AI-18-02; Eicom).
Shielded Teflon tubing (1.5 m; TJT-150 HS; Eicom) encased within an
additional protective sleeve was connected to the inlet and outlet of each
probe. After the implantation procedure, the seal was placed back in the
recording chamber where it was free to move around. Subsequently, the
tubing connected to the probe inlet was connected to a syringe pump

(ESP-64, Eicom) and the probes were perfused with Ringer’s solution
(147 mM NaCl, 2.3 mM CaCl2, and 4 mM KCl) containing 10 �M eserine at
a rate of 2 �l/min. The tubing from the probe outlet was connected to a
fraction collector (EFC-82; Eicom). During collection, samples were kept
at 4°C (EFR-82 Cooling Unit; Eicom). Isopropylhomocholine (IPHC;
Eicom) was added to each sample as an internal standard, immediately
after which samples were stored at �20 or �80°C until analyzed. After a
4 h stabilization period, samples (10 or 20 �l) were collected every 5 or 10
min over the course of 8 – 40 h.

Assay of acetylcholine. Samples were assayed for ACh using a combina-
tion of HPLC, enzymatic reaction, and ECD (HTEC-500; Eicom). Sam-
ples, kept at 4°C, were injected into the HPLC system using an autosam-
pler (231 XL Sample Injector; 402 Syringe Pump; 832 Temperature
Regulator; Gilson., Middleton, WI). The mobile phase consisting of 50
mM potassium bicarbonate buffer, pH 8.2, containing 5 mg/L EDTA-2Na
(Dojindo Laboratories, Kumamoto, Japan) and 400 mg/L

Figure 1. A, Reconstructed schematic illustrating the localization of microdialysis probes
(f) relative to the first-order sulci and EEG electrodes (●) relative to bregma (B). SL, Sulcus
lateralis; SSa, suprasylvian anterior; SSp, suprasylvian posterior; SANs, supraansatus; SPCs, su-
praprecursiatus. Positions of the main areas (line shaded) in the cerebral cortex were taken from
Supin et al. (2001). VC, Visual cortex; AC, auditory cortex; SSC, sensory-motor cortex; MC, motor
cortex. B, Photomicrograph of a representative cresyl violet stained coronal section (40 �m)
depicting placement of the dialysis site within the associative cortex of a northern fur seal
(probe 2L of seal 2).
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1-decanesulfonic acid (Tokyo Kasei Kogyo, Tokyo, Japan) was filtered
through a guard (pre) column (PC-03 with CH-GEL packing material;
Eicom) and delivered at a rate of 150 �l/min. ACh was separated on a
styrene polymer reversed-phase column [AC-GEL, 2 mm inner diameter
(ID) � 150 mm, Eicom] and subsequently catalyzed in a postcolumn
enzyme reactor containing immobilized acetylcholinesterase (AChE)
and choline oxidase (ChO) (AC-enzympak, 3 mm ID � 4 mm, Eicom)
maintained at 33°C. ACh was hydrolyzed by AChE to acetate and choline,
and choline was oxidized by ChO to produce hydrogen peroxide and
betaine. The amount of hydrogen peroxide corresponding to ACh was
electrochemically detected by a platinum working electrode (WE-PT;
Eicom) set to �450 mV against a Ag �/AgCl reference electrode (RE-500;
Eicom). The signal from the detector was recorded using a data acquisi-
tion system and analyzed using PowerChrom software (EPC-300;
Eicom). Before each experiment, the HPLC system was calibrated and tested
for linearity using six concentrations of ACh and IPHC ranging from 10 fmol
to 1 pmol. The detection limit for ACh was 10 fmol/20 �l injection with a 3:1
signal-to-noise ratio. Several times per day the HPLC system was calibrated
using an external standard containing a known concentration of ACh and
IPHC. Quantification of ACh in the dialysates was performed by compari-
son with the internal standard (IPHC) peak area.

Electroencephalogram recording and analysis. EEG from two symmet-
rical pairs of cortical electrodes, and EMG and EOG of one or both eyes
were continuously recorded throughout the experiment. The seal was
also continuously observed and videotaped by an experimenter located
in an adjoining room. Bipolar EEG recordings from each hemisphere
were bandpass filtered (0.3–30.0 Hz), amplified, digitally sampled at 200
Hz, and stored using CED1401 Plus and Spike 2 software (Cambridge
Electronic Design, Cambridge, UK). Data were scored as in our previous
studies (Mukhametov et al., 1985; Lyamin and Chetyrbok, 1992; Lyamin
et al., 2002b). For each hemisphere, EEG was visually scored in 20 s
epochs as (1) desynchronization (low-amplitude, fast activity; stage 1
EEG), (2) low-amplitude synchronization [sleep spindles and slow waves
(0.5– 4.0 Hz), which exceeded stage 1 amplitude by at least 1.5 times and
with waves of maximal amplitude occupying �50% of the epoch; stage 2
EEG], or (3) high amplitude synchronization (slow waves of maximal
amplitude occupying �50% of the epoch; stage 3 EEG).

Waking was characterized by stage 1 EEG in both hemispheres com-
bined with sustained muscle tone and/or bursts of muscle activity. AW
was scored when the animal was moving around in the recording cage,
grooming, or feeding. QW was scored when the seal was laying or sitting
either motionless or with occasional shifts in body position during which
time their eyes could be open or closed. REM sleep was scored when a
desynchronized EEG typical of waking (i.e., stage 1 EEG) in both hemi-
spheres was accompanied by a significant reduction in EMG tone and
occasionally full atonia, muscle jerks, facial twitches, and rapid eye move-
ments. BSWS was scored when stage 2 and/or stage 3 EEG appeared
simultaneously in both hemispheres along with lower or similar ampli-
tude EMG activity as seen during QW. Left asymmetrical slow-wave sleep
(LASWS) was scored when stage 3 EEG occurred in the left hemisphere
and stage 2 or stage 1 EEG occurred in the right hemisphere, or when
stage 2 EEG occurred in the left hemisphere and stage 1 EEG occurred in
the right hemisphere. Right asymmetrical slow wave sleep (RASWS) was
scored when a higher level of EEG synchronization was recorded in the
right hemisphere (Fig. 2). The percentage of time spent in each behav-
ioral state was calculated for each sample. Dialysates were classified as
AW, QW, or REM sleep samples when a single behavioral state occupied
75% or more of the sampling interval. Samples were classified as BSWS
when SWS occurred simultaneously in both hemispheres and occupied
75% or more of the sampling interval. When SWS occupied 75% or more
of the sampling interval but �25% of it was BSWS, the sample was
classified as either LASWS or RASWS. All remaining samples were clas-
sified as mixed state.

For each hemisphere, EEG spectral power in the � frequency range
(1.2– 4 Hz; also known as SWA) was computed in consecutive 5 s epochs
by fast Fourier transformation using Spike 2 software. Epochs containing
artifacts were excluded from additional spectral analysis. The average
EEG power (1.2– 4 Hz) in each hemisphere was then calculated for each
sample.

Histological analysis. After the completion of the experiments, animals
were deeply anesthetized and perfused transcardially with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH
7.4. Brains were removed and postfixed in 2% paraformaldehyde in 0.1 M

PB. Before sectioning, brains were transferred to 25% sucrose in 0.1 M PB
until equilibrated. Brain regions containing the track of the microdialysis
probe were cut into 40 �m coronal sections on a freezing microtome or
cryostat. Sections containing the track of the microdialysis probe were
mounted on slides, stained with cresyl violet, and examined microscop-
ically to verify placement of the microdialysis probe within the cortex.

Statistical analysis. All statistical analyses were performed using SPSS
14.0 (SPSS, Chicago, IL). Results were assessed for statistical significance
using either one-way ANOVA with repeated-measures followed by a
Bonferroni’s post hoc multiple comparisons tests, Student’s t test, paired
t test, or Pearson’s correlation coefficient. The significance level was p �
0.05. Values are given as mean � SEM.

Results
Samples were collected from 11 microdialysis sites in four north-
ern fur seals. Of all samples collected, 1335 were assayed for ACh
content. Among these, 679 (51%) met the criteria described
above, consisting of 140 BSWS, 38 REM sleep, 199 QW, 225 AW,
48 LASWS, and 26 RASWS samples. Histological analysis verified
placement of microdialysis probes within the cortex (Fig. 1b).

Cortical ACh release varies across bilaterally symmetrical
EEG states (BSWS, REM sleep, QW, and AW)
Representative chromatograms of ACh peaks obtained from
samples collected across the sleep-wake cycle are depicted in Fig-
ure 3a. Cortical ACh levels and the corresponding behavioral
state composition for sequential samples collected over a 1 h
period are displayed in Figure 3b. Cortical ACh release fluctuated

Figure 2. Cortical EEG (bipolar fronto-occipital recordings) of the left (L) and right (R) hemi-
spheres during SWS in a northern fur seal (seal 2). Representative truncated episodes (60 s) of
BSWS and SWS with interhemispheric EEG asymmetry (LASWS and RASWS, respectively) are
shown.
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substantially during this timeframe, with minimum levels corre-
sponding to BSWS and maximal levels corresponding to AW.
When all samples, for each animal, were categorized according to
amount of waking and REM sleep combined during the sampling
period (�25, 25–50, 50 –75, or �75%), the mean level of ACh
was positively correlated with the percentage of EEG desynchro-
nization (F3,30 � 10.33; p � 0.0001).

ACh levels across the sleep–wake cycle for all 11 dialysis sites
are summarized in Table 1. Samples were obtained during all
behavioral states for 7 of the 11 probes. Mean cortical ACh release
was state-dependent (F3,18 � 13.89; p � 0.0001); cortical ACh
levels were minimal during BSWS at 157 � 35.8 fmol/20 �l sam-
ple (n � 95), increased to 346 � 85.8 fmol/20 �l sample (n � 38)
during REM sleep and to 335 � 82.7 fmol/20 �l sample (n � 150)
during QW, and were maximal during AW at 442 � 109 fmol/20
�l sample (n � 180). When compared with BSWS, ACh levels
increased by 216% during REM sleep, 210% during QW, and
283% during AW (Fig. 4). Post hoc tests revealed that ACh release
was: significantly higher during REM sleep, QW, and AW when
compared with BSWS (all p values � 0.0001), not significantly
different during REM sleep and QW ( p � 0.536), and signifi-
cantly elevated during AW when compared with REM sleep ( p �
0.020) and QW ( p � 0.007) levels. For the four probes in which
no REM sleep samples were obtained (Table 1), cortical ACh
release followed a similar trend.

For each pair of symmetrically placed probes, changes in ACh
release occurred synchronously in both hemispheres during bi-
laterally symmetrical states (all r values were �0.810 and all p
values were �0.0001) (Fig. 5a). For each seal, changes in ACh
release from probes placed within different cortical areas within
the same hemisphere paralleled one another regardless of behav-
ioral state (all r values were �0.722 and all p values were
�0.0001) (Fig. 5b).

When probes were grouped into two categories according to
cortical location (Fig. 1a, Table 1), mean ACh release for each
behavioral state was not significantly different between probes
located in the associative and visual cortex (all p values were
�0.172). ACh levels obtained from the single probe located �5
mm posterior to the motor cortex were elevated compared with
mean values from the association and visual cortex.

Cortical ACh release is lateralized during asymmetrical EEG
states (LASWS and RASWS)
Three fur seals displayed ASWS during the observation period
(seals 1, 2, and 4). For all animals, EEG power in the � frequency
range (1.2– 4 Hz) was maximally expressed in both hemispheres
during BSWS and minimally expressed at similar levels during
QW and REM sleep. During LASWS, EEG power (1.2– 4 Hz) was
higher in the left hemisphere compared with the right hemi-
sphere (Fig. 6a). During this state, EEG power (1.2– 4 Hz) in the
left hemisphere approached, but generally did not reach, the level
observed during BSWS whereas EEG power (1.2– 4 Hz) in the
right hemisphere approached, but was typically greater than the
level observed for QW (Fig. 6a). Similar trends, albeit in opposite
hemispheres, were observed during RASWS (Fig. 6a). For all an-
imals, ACh release was lateralized during ASWS with greater re-
lease in the hemisphere displaying lower voltage activity [i.e.,
lower EEG power (1.2– 4 Hz)] (Fig. 6b). EEG power (1.2– 4 Hz)
and cortical ACh release in the same hemisphere were negatively
correlated (Fig. 7). However, there was no correlation between
EEG power (1.2– 4 Hz) and cortical ACh release in the contralat-
eral hemisphere (Fig. 7).

Figure 3. Cortical ACh release varied across the sleep-wake cycle in northern fur seals. A,
Typical chromatograms displaying the level of ACh in dialysates collected during each behav-
ioral state (BSWS, REM, QW, and AW). ACh (darkened) eluted just after the internal standard
(IPHC) at a retention time of 13.75 min. B, Representative time course of cortical ACh levels
across the sleep–wake cycle. In the ACh panel, darkened circles represent values generated
from the corresponding chromatograms displayed above. In the wake (W) panel, black bars
represent QW and gray bars represent AW. Data shown here were obtained from probe 5R
located just posterior to the motor cortex of seal 4.
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Discussion
In the present study we determined that cortical ACh release (1)
varied across the sleep–wake cycle, and (2) was lateralized during
ASWS in the northern fur seal. This is the first in vivo neurochem-
ical investigation in a marine mammal. Furthermore, this is the
first study, to our knowledge, showing that neurochemical asym-
metry exists in an animal under natural physiological conditions.

Previously, cortical ACh release had been measured only in
terrestrial mammals which display bilaterally symmetrical EEG
states (Jasper and Tessier, 1971; Marrosu et al., 1995). During
such states in the fur seal, cortical ACh release exhibited the fol-
lowing pattern: AW � QW � REM � BSWS. The same state-

dependent pattern has been observed previously in the bilateral
sleep of cats (Jasper and Tessier, 1971; Marrosu et al., 1995).
Furthermore, changes in the magnitude of ACh release found in
this study closely followed those obtained in the aforementioned
studies when calculated relative to SWS. Using methods similar
to those used in this study, Marrosu et al. (1995) found that
cortical ACh levels were maximal during AW at 280% relative to
SWS, and increased to a similar level during QW and REM sleep
at 229 and 216%, respectively. Our results are also consistent with
data obtained using the original ACh bioassay, the cortical cup
technique, which showed that ACh release was similarly elevated
during waking and REM sleep, increasing by 175 and 183%, re-
spectively, when compared with SWS (Jasper and Tessier, 1971).
This previous investigation did not subdivide wakefulness into
AW or QW. Together, these studies suggest that changes in cor-
tical ACh release during bilaterally symmetrical EEG states are
conserved between terrestrial and marine mammals.

A previous study determined that cholinergic basal forebrain
neurons were active during both waking and REM sleep, and
virtually silent during SWS in rats (Lee et al. 2005), with an aver-
age discharge rate pattern of: REM � AW � QW � SWS. This
would suggest that cortical ACh release would be maximal during
REM sleep. However this was not the case for this study, nor that
of Marrosu et al. (1995), suggesting a nonlinear relationship be-
tween overall discharge rate of cholinergic projection neurons
and ACh release in the cortex.

Unlike fully terrestrial or aquatic mammals, northern fur seals
display both bilateral and asymmetrical EEG states, providing a
single, intact system in which to study the neurochemical corre-
lates of the EEG changes across the sleep–wake cycle. In studying
this unique feature of the fur seal, we can dissociate the thalamo-
cortical EEG from aspects of behavioral state and study each in-
dependently as they relate to neurotransmitter release. Our data
show that during ASWS, cortical ACh release is lateralized, with
maximal release in the hemisphere displaying lower-voltage ac-
tivity. This study provides evidence that the reduction in cortical
ACh release is inversely linked to hemispheric EEG amplitude,
but is not a reflection of the behavioral quiescence, sensory input
reduction, or cardiorespiratory changes that accompany sleep.

We do not know the neuroanatomical substrates of ASWS,

Table 1. Mean � SEM cortical ACh release during BSWS, REM sleep, QW, and AW and the percentage changes in ACh levels from BSWS for 11 microdialysis probes in four
northern fur seals

ACh (fmol/20 �l sample) ACh (% of BSWS)

Seal Probea Locationb BSWS REM QW AW REM QW AW

1 1Rc AsC 55 � 6 (10) 96 � 23 (3) 87 � 3 (11) 144 � 8 (5) 175 158 262
2 2Ld AsC 139 � 14 (12) 351 � 26 (13) 450 � 16 (10) 253 324
2 2Rd AsC 22 � 3 (10) 57 � 9 (10) 78 � 9 (9) 259 355
2 3Ld VC 88 � 11 (12) 250 � 21 (13) 388 � 10 (10) 284 441
2 3Rd VC 56 � 7 (11) 149 � 14 (13) 180 � 3 (10) 266 321
3 4L AsC 98 � 12 (7) 218 � 38 (3) 224 � 25 (10) 328 � 33 (7) 222 229 335
3 4R AsC 127 � 13 (7) 259 � 26 (3) 258 � 20 (11) 340 � 31 (7) 204 203 268
4d 5Rc,f MCg 176 � 6 (25) 410 � 25 (11) 406 � 5 (93) 566 � 7 (137) 233 231 322
4e 6L VC 167 � 18 (16) 387 � 25 (6) 362 � 91 (9) 379 � 89 (9) 230 215 226
4e 6R VC 118 � 17 (14) 248 � 50 (6) 237 � 52 (8) 304 � 60 (11) 210 201 258
4e 7Rc VC 334 � 37 (16) 802 � 65 (6) 774 � 121 (8) 1035 � 145 (10) 240 232 310

The number of samples is shown in parentheses. AsC, Associative cortex; VC, visual cortex; MC, motor cortex; L, left; R, right.
aProbe number and hemisphere (Hem). Each seal was given a unique but consecutive probe number. Within a given seal, probes with the same number were placed in symmetrical locations within each hemisphere. When more than one
probe was implanted in a single hemisphere, the probe number is unique but the hemisphere is the same.
bProbe location (see Fig. 1a).
cNo data was obtained for the corresponding probe in the left hemisphere because of technical difficulties.
d,eTwo separate experiments were conducted on this seal.
fSamples were collected in 5 min increments for a volume of 10 �l. As a result, concentrations were scaled up to 20 �l.
gLocated slightly posterior to the motor cortex (see Fig. 1a).

Figure 4. Cortical ACh release differed significantly across the sleep–wake states (BSWS,
REM, QW, and AW) in northern fur seals. ACh levels during REM sleep and QW were not signif-
icantly different ( p � 0.536). However, all other comparisons were statistically significant
(*p � 0.05). Each column represents the overall mean (�SEM) of percentage changes in ACh
levels relative to BSWS. Data shown here were obtained from seven dialysis sites in three seals
(Table 1).
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nor do we know the structures responsible for lateralized ACh
release during this state. The parallel asymmetries of the EEG and
cortical ACh release, however, point to a role for subcortical
structures in the generation of both of these conditions. Across
mammals, the nucleus basalis of the basal forebrain is considered
the primary source of ACh released in the cortex (Semba, 2004)
and this projection is ipsilateral (Bigl et al. 1982). Intrinsic corti-
cal cholinergic neurons are present in some species, but not in
others, and are presumed to be a minor source of ACh (Semba,
2004). In rats, unilateral electrical stimulation of the nucleus
basalis is associated with an ipsilateral increase in cortical ACh
release (Casamenti et al., 1986; Kurosawa et al., 1989; Rasmusson
et al., 1992; Jimenez-Capdeville et al., 1997) and EEG activation
(Casamenti et al., 1986; Buzsaki et al., 1988; Metherate et al.,
1992; Kleiner and Bringmann, 1996) although the contralateral
cortex remains unchanged. Conversely, unilateral lesions in this
area result in an ipsilateral reduction in cortical ACh release (Lo
Conte et al., 1982; Herrera-Marschitz et al., 1990; Dekker and
Thal, 1993), concomitant with greater EEG synchronization (Lo

Conte et al., 1982; Buzsaki et al., 1988; Riekkinen et al., 1990).
These data indicate that ACh release contributes to EEG asym-
metry between the two hemispheres. The lateralized ACh release
seen in the fur seal suggests that neurons controlling the basal

Figure 5. A, Changes in cortical ACh release were strongly and positively correlated between
hemispheres during bilaterally symmetrical behavioral states (i.e., AW, QW, BSWS, REM) (r116

� 0.855; p � 0.0001). LHem, Left hemisphere; RHem, right hemisphere. Data shown here
were obtained from probes 4L and 4R located within the associative cortex (AsC) of seal 3. B,
Regardless of behavioral state, changes in cortical ACh release were strongly and positively
correlated within a single hemisphere (r61 � 0.850; p � 0.0001). Data shown here were
obtained from probes 2L and 3L located within the AsC and visual cortex (VC), respectively, of
seal 2.

Figure 6. A, During LASWS, EEG power in the 1.2– 4 Hz frequency range was significantly
higher in the left hemisphere (LHem) compared with that observed in the right hemisphere
(RHem; t(12) � 4.447; p � 0.0002). The opposite was observed during RASWS with EEG power
(1.2– 4 Hz) being significantly higher in the right hemisphere (t(7) ��3.119; p � 0.0089). B,
During LASWS, cortical ACh levels in the LHem were similar to those observed during BSWS (t(44)

��1.820; p � 0.076) whereas ACh levels in the RHem were comparable with those observed
during QW (t(40) � 1.702; p � 0.096). During RASWS, ACh levels in the RHem were equivalent
to those observed during BSWS (t(30) � �0.581; p � 0.566) whereas ACh levels in the LHem
were slightly less than those observed during QW (t(38) � 2.677; p � 0.011). Each column
represents the mean percentage changes in ACh levels relative to BSWS. Data shown here were
obtained from two probes (2L and 2R) located within the associative cortex (AsC) and two
probes (3L and 3R) located within the visual cortex (VC) of seal 2. The number of dialysates was
as follows: BSWS, n � 12; LASWS, n � 11; RASWS, n � 7; QW, n � 13.
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forebrain ACh neuronal population act bilaterally in terrestrial
mammals, but unilaterally in the fur seal and perhaps in other
marine mammals with ASWS. It remains to be determined
whether the norepinephrine, serotonin, and other neuronal
groups that project or act bilaterally in terrestrial mammals
across the sleep–wake cycle, are activated unilaterally or bilater-
ally in marine mammals with ASWS.

In the bottlenose dolphin, electrophysiological studies
showed that SWA in the thalamus was also asymmetrical and
evolved synchronously with the ipsilateral neocortex (Supin and
Mukhametov, 1986). Asymmetries both at the level of the thala-
mus (as measured in dolphins) and the basal forebrain (as in-
ferred by ACh release in this study) are thus consistent with a
model in which the signals for ASWS/USWS originate in the
brainstem. This model is further supported by research in cats, in
which asynchronous SWS was induced in each hemisphere only
after sagittal transection of the lower brainstem (Michel, 1972).
In the current study, we also found that ACh release at different
sites within the same hemisphere paralleled one another, suggest-
ing that lateralization is not the result of a discrete, localized
difference within the cortical cholinergic system.

Because sleep differs across the animal kingdom, we can ben-
efit in our understanding of its core underlying processes and
accompanying epiphenomena by exploiting such differences in a
variety of animal models. The fur seal, in its expression of both
ASWS and BSWS, is a valuable model from which we can dissect
out the mechanisms responsible for EEG-defined sleep from
those of other sleep-related behaviors. Although our study fo-
cused on the cholinergic system, a number of other neurotrans-
mitter systems are also involved in sleep–wake states. Future
work with some of these other systems in marine mammals could

elucidate how sleep-related behaviors are
regulated and also shed light on the ques-
tion of what drives mammalian sleep.
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