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Over 20 years agO, BrOughtOn and cOlleagues 

hypOthesized that narcOlepsy is Best cOnsid-

ered a disease Of state BOundary cOntrOl.1 

they argued that sleepiness, cataplexy, hallucinations, and 

many other symptoms could be viewed as a breakdown of 

“whatever neurochemical ‘glues’ or integrative neurophysio-

logical mechanisms exist for sleep and wake state continuity.”1 

This hypothesis is compelling, but it has been difficult to exam-

ine using conventional sleep scoring methods.

More recently, our understanding of narcolepsy has been 

greatly advanced by the discovery that narcolepsy with cata-

plexy is caused by a loss of functional signaling by the orexin 

(hypocretin) neuropeptides.2-5 the neurons producing orex-

ins are active during wakefulness,6-8 and direct activation 

of these neurons can awaken mice from sleep.9 in addition, 

orexins probably stabilize wake and sleep; narcoleptic people, 

dogs, and mice lacking orexins have great difficulty remain-

ing awake for long periods and also experience fragmented 

sleep.10-13

in earlier work, we found that the fragmented wakefulness 

of orexin deficiency is not a consequence of abnormal sleep 
homeostasis, poor circadian control, or defective fundamen-

tal arousal systems.10 however, conventional sleep scoring in 

10- to 30-second epochs reveals little about the process of tran-

sitioning between states as cortical activity and behavior can 

change quite rapidly. Furthermore, conventional scoring sim-

ply identifies discrete states, so it can overlook important varia-

tions within states, such as the distinctions between light and 

deep nreM sleep or between drowsy wake and high levels of 

arousal. Therefore, to determine how orexin deficiency causes 
behavioral state instability we developed a state space analysis 

technique to examine the dynamics of sleep/wake behavior in 
orexin knockout (OXKO) mice, a model of narcolepsy.

The previous application of state space techniques to sleep 
recordings used local field potential data, but the variability 
in these signals prevented comparisons between animals.14-16 

We adapted these techniques for analysis of EEG recordings 
in mice and developed metrics for inter-animal comparisons. 

State space techniques have high temporal resolution and ana-

lyze behavior as a continuum, rather than in discrete states, thus 

facilitating higher dimensional examination of state transitions. 

this approach enabled us to determine whether the state in-

stability in this mouse model of narcolepsy reflects abnormal 
sleep/wake states, faster movements between states, or abnor-
mal transition processes.

METHODS

Animals

Founder OXKO mice were on a C57BL/6J-129/SvEV back-

ground (t. sakurai, Kanazawa university), and their offspring 

were backcrossed with C57BL/6J mice for 8 generations. We 
recorded sleep/wake behavior in 7 male OXKO mice and 6 wild 
type (Wt) littermates, all 5-6 months old and weighing 30-35 

g. all experiments were approved by the institutional animal 
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care and use committees of Beth israel deaconess Medical 

center and harvard Medical school.

Surgery and Electroencephalogram-Electromyogram 

Recordings

Mice were anesthetized with ketamine-xylazine (100 and 10 

mg/kg, i.p.) and implanted with electroencephalogram (EEG) 
and electromyogram (eMg) electrodes as described previ-

ously.10 eeg signals were recorded using 2 ipsilateral stainless 

steel screws (1.5 mm to the right of the sagittal suture; 1 mm 

anterior to bregma and 1 mm anterior to lambda). eMg signals 

were acquired by a pair of multistranded stainless steel wires 
inserted into the neck extensor muscles. nine days after sur-

gery, mice were transferred to individual recording cages in a 

sound-attenuated chamber with a 12:12 h light/dark (LD) cycle 
(30 lux; lights on at 07:00 and off at 19:00) and a constant tem-

perature of about 23°c. they had ad lib access to food and wa-

ter and acclimated to the recording cables for another 5 days.

Two weeks after surgery, we recorded spontaneous sleep/
wake behavior for 24 hours. EEG/EMG signals were amplified 
and analog filtered (low cut: 0.3 Hz; high cut: 1000 Hz; Model 
12, grass technologies, West Warwick, ri) and then digitized 

at 512 Hz (Sleep Sign, Kissei Comtec, Matsumoto, Japan). Ani-
mals were video recorded during data collection.

Conventional Scoring of Behavioral States

For conventional scoring, we digitally filtered the signals 
(eeg: 0.3-30 hz, eMg: 2-50 hz) and then scored each 10-

sec epoch as Wake, nreM sleep, or reM sleep with the aid 

of scoring software (sleep sign; Kissei comtec, Matsumoto, 

Japan). We visually inspected and corrected this preliminary, 
semi-automatic scoring when appropriate. We scored epochs 

as Cataplexy using the recently published consensus definition: 
wake preceding cataplexy onset had to last ≥ 40 sec17,18; cata-

plexy onset was marked by an abrupt transition from wakeful-

ness to periods of high eeg theta activity (4-9 hz) and atonia 

in the nuchal muscles.10 simultaneous video recordings showed 

that during cataplexy, the mouse was often prone or lying on its 

side in a posture atypical of sleep, and that the cataplexy often 

occurred outside of the usual nest. these episodes were always 

followed by a direct transition back to wakefulness.

Construction of the Two-Dimensional State Space and Definition 

of Clusters

using an approach similar to that of gervasoni and col-

leagues,14 we defined a 2-dimensional (2-D) state space using 
2 spectral amplitude ratios calculated by dividing integrated 

spectral amplitudes at selected frequency bands. First, a sliding 
window fourier transform was applied to each raw (0.3-256 

hz) eeg signal using a 2-sec window with a 1-sec step size. 

then we calculated 3 spectral amplitude ratios by integrating 

the spectral energy over specific frequencies: 6.5-9/0.3-9 Hz for 
ratio 1 (plotted on the abscissa) and 0.3-20/0.3-55 Hz for ratio 
2 (plotted on the ordinate).

these ratios were determined by a thorough search for param-

eters that optimized the separation between behavioral states. 

to distinguish between Wake and nreM sleep, we initially 

considered choices of ratio 2 that focused on the delta band 

(2-4 hz), but the separation of clusters was optimal when we in-

cluded all eeg activity between 0.3 and 20 hz as shown in pre-

vious state space work.14,15 We defined ratio 1 as 6.5-9/0.3-9 Hz 
to emphasize high theta (6.5-9 Hz) frequencies because activity 
in this range dominates rodent reM sleep, and dysregulation of 

reM sleep is an important aspect of the narcolepsy phenotype. 

Note that the choice of frequency bands for ratio 1 (6.5-9 Hz) is 
slightly different from those proposed by gervasoni et al. and 

empirically resulted in a better cluster separation for our data 

set. this difference may result from the different spectral prop-

erties of local field potentials versus EEG or from a difference 
in animal species used (rat versus mouse).

next, we smoothed each second of data with a 20-sec wide 

Hann window. This technique substantially reduced within-
state variability and minimized the effects of any eeg artifacts. 

though this smoothing allowed us to include all data, it limited 

the precision of state space velocity calculations (see below). 

finally, each second of eeg data was mapped into the 2-d state 

space based on its spectral content.

We validated the method by comparing the clustering of 

points in the 2-d state space against the conventionally-scored 

sleep/wake data and showed a general agreement between these 
2 methods: distinct clusters of points correspond to distinct 

states of Wake, nreM sleep, and reM sleep (see results). 

therefore, for convenience, we refer to the clusters using the 

associated conventional scored data names (e.g., “nreM clus-

ter” or “Wake cluster”). note that the conventionally-scored 

data did not influence the creation of the clusters or the defini-
tion of the cluster core boundaries for Wake and nreM sleep 

(see below).

We also developed several new techniques for quantifying 
differences in sleep/wake behavior between WT and OXKO 
mice:

Peak-to-peak distances: to measure differences in the dis-

tributions of points within the Wake and nreM sleep clusters, 

we projected state space points into the ratio 2 axis. for each 

animal, the resulting projection had two distinct peaks corre-

sponding to Wake (low ratio 2) and nreM sleep (high ratio 2). 

The point density in the region between clusters was reflected 
by the height of the lowest point between peaks (the trough). 

for each animal, we calculated the horizontal distance between 

peaks and the vertical trough height. to ensure that the inclu-

sion of reM sleep did not affect our results, we then eliminated 

data scored as reM sleep or cataplexy from the analysis and 

reanalyzed the data. the results of that analysis were very simi-

lar (data not shown).

State space densities and cluster cores: to calculate state 

space densities, the state space was binned using a grid of 100 

× 100 uniformly spaced boxes, and the density of points in each 

box was calculated. Therefore, the density of points reflects 
the relative abundance of the different behavioral states. using 

state space density plots, cluster core boundaries were deter-

mined using a contour-based algorithm: after calculating 100 

linearly spaced contours corresponding to point density over 

the entire space, sets of mutually excluding concentric contours 

were identified for each main cluster. Of these contours, the 
95% most inclusive contour was used to delineate state-specific 
cluster core boundaries subject to a constraint that the boundar-

ies did not overlap. note that conventional sleep scoring infor-

mation is not included in this procedure.
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Over 24 h, mice spend relatively little time in reM sleep, 

so identification of the REM sleep cluster core boundaries re-

quired amplification of the data. To achieve this, we isolated 
the spectral ratio points corresponding to each 10-sec epoch of 

conventionally scored reM sleep. each of the spectral points 

was smeared into a cluster of 9 points distributed on the nearest-

neighbor 3 × 3 grid surrounding the initial point. We applied the 

contour-based algorithm to the smeared data and chose the 60% 

most inclusive contour to delineate the reM sleep core cluster 

boundary. The amplification also included data from the flank-

ing 10-sec epochs to control for any variability in scoring the 

precise onset and offset of reM sleep. although this choice led 

to the inclusion of some data points that were probably not reM 

sleep, the relative sparseness and heterogeneity of data associ-

ated with transitions in and out of reM sleep ensured that it did 

not strongly influence the densities used by the contour-based 
algorithm. We used the same approach to identify the boundar-

ies of the cataplexy cluster core as cataplexy also accounts for 

a relatively small percentage of behavior in OXKO mice.

We computed the areas enclosed by each cluster core bound-

ary and the positive predictive value (the proportion of data 

within the boundary that was conventionally scored as the be-

havioral state corresponding to the boundary) and sensitivity 

(the proportion of data that was conventionally scored as a spe-

cific state that fell within the boundary corresponding to that 
state) of each boundary. in addition, to investigate the separa-

tion between states, we computed the centroids of points fall-

ing within cluster core boundaries and compared the distances 

between pairs of centroids of each cluster between genotypes.

State space velocities: for each animal, we created state 

space velocity maps to determine rates of change across the 

state space. the speed of spectral change was calculated as the 

distance between 2 consecutive data points (the grid velocity 

values represent velocities from the grid points), and in this 

sense, the temporal resolution was second by second. however, 

the smoothing of the data limits temporal resolution and prob-

ably reduces the differences in absolute velocities across the 

state space. after calculating these “second-by-second” veloci-

ties, we mapped them to a 100 × 100 grid with the values at each 

point representing the average velocities originating at that site. 

to examine velocities as mice moved in and out of reM sleep 

or between Wake and nreM sleep, we also calculated direc-

tional velocities in the horizontal (ratio 1) and vertical (ratio 2) 

directions, respectively.

We used a contour-based algorithm to delineate regions 

of fast velocities, and the areas enclosed by the fast velocity 

boundary were averaged within genotypes to determine group 

means and standard deviations. finally, to investigate the types 

of transitions associated with the regions of high directional ve-

locities, we split the directional velocities into their positive and 

negative parts to compare velocities in the up, down, right, and 

left directions.

Trajectory analysis: to better understand the patterns of 

eeg activity as mice move between stable states, we identi-

fied trajectories in the state space by tracking consecutive se-

quences of points. A trajectory was initiated at the first time 
step for which a point fell outside a cluster core boundary; the 

trajectory was terminated at the next time step for which the 

point fell within a cluster core boundary. We examined inter-

state trajectories (e.g. moving from the Wake cluster core to 

the nreM sleep cluster core) as well as intra-state trajectories 

(e.g., leaving the Wake cluster core and returning to the Wake 

cluster core without crossing into another state). We analyzed 

trajectory paths, calculated transition probabilities, and deter-

mined the initiation and termination points for trajectories as-

sociated with each transition type.

Statistics: in the 2-dimensional state space, we used one-

way anOva to compare centroid-to-centroid distances, core 

cluster areas, areas of high velocity, and mean trajectory du-

rations between genotypes. in the 1-dimensional projection of 

the state space, we used one-way anOva to compare peak-

to-peak distances and trough heights between genotypes. We 

report means ± standard deviation.

RESULTS

State Space Analysis Reliably Identifies Normal Behavioral 

States

to investigate the dynamics of behavioral state instability in 

murine narcolepsy, we analyzed the second-by-second varia-

tions in spectral patterns of eeg activity (see Methods). in both 

Wt and OXKO mice, states of Wake, nreM sleep, and reM 

sleep consistently mapped to distinct regions of the state space 

and gave rise to clusters corresponding to conventional scoring 

of these states (figure 1). the dispersion of points within each 

cluster reflected variations in the depth of sleep or the inten-

sity of wakefulness as measured by eeg power in the delta 

and theta bands, respectively. in OXKO mice, there appeared 

to be more overlap between the Wake and reM sleep clusters. 

furthermore, cataplexy, brief episodes of atonia in the midst 

of wakefulness, mapped to a region overlapping reM sleep in 

these animals. cataplexy did not occur in Wt mice.

Clusters in the State Space Differ Between Genotypes

Within each genotype, state clusters were very similar, so 

we averaged state space plots across animals to examine the 

patterns typical of Wt and OXKO mice (figure 2). in both 

groups, most behavior was concentrated in clusters associated 

with Wake and nreM sleep. the general locations of the clus-

ters were conserved between the two genotypes, but there were 

many important differences.

in OXKO mice, the Wake and nreM sleep clusters were 

closer together than in WT mice. To quantify this difference, we 
calculated the distances between cluster centroid pairs (see fig-

ure 1 for examples of cluster centroids). the Wake and nreM 

sleep centroids were 16% closer in OXKO mice than in Wt 

mice (0.12 ± 0.01 in Wt vs. 0.10 ± 0.01 in OXKO, p < 0.05). in 

OXKO mice, the cataplexy centroid was 60% further from the 

Wake centroid and 23% further from the nreM sleep centroid 

than the reM sleep centroid (0.13 ± 0.02 cataplexy-Wake vs. 

0.08 ± 0.03 reM-Wake; 0.17 ± 0.01 cataplexy-nreM vs. 0.14 

± 0.02, P < 0 .01). This may reflect more power in theta fre-

quencies during Cataplexy than in REM sleep. NREM-to-REM 
sleep and reM sleep-to-Wake centroid distances did not differ 

between the 2 genotypes.

to examine the separation between Wake and nreM sleep 

clusters in more detail, we projected the 2-d spectral density 

data into the ratio 2 dimension. this projection revealed 2 peaks 
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er in OXKO mice (3.21 ± 0.477 in OXKO vs. 2.40 ± 0.360 in 

Wt, p < 0.01), showing that these animals spent more time in 

the transition region between Wake and nreM sleep.

to identify the regions in the 2-d state space that were as-

sociated with these differences in sleep/wake behavior, we sub-

tracted the OXKO density plots from the Wt density plots. this 

analysis revealed that OXKO mice spent less time in “deep” 

nreM sleep with high delta power and less time in “active” 

Wake rich in theta activity.19 instead, OXKO mice spent more 

time in “light” nreM sleep and in the transition region be-

tween Wake and nreM sleep, consistent with the differences 

in peak-to-peak distances and trough heights in these animals. 

(The terms “deep” and “light” reflect the vertical (ratio 2) lo-

cation of these regions with respect to the peak of the nreM 

sleep cluster and indicate higher and lower than average delta 

power, respectively.) therefore, although conventional scoring 

showed roughly normal amounts of Wake and nreM sleep in 

OXKO mice (supplemental table 1 available online at www.

journalsleep.org), the greater amount of eeg activity in the 

transition region between Wake and nreM sleep may contrib-

ute to unstable sleep/wake behavior.

Large Regions of Fast State Space Velocities in OXKO Mice

people and animals with narcolepsy often fall asleep very 

quickly (“sleep attacks”) or suddenly transition into cataplexy. 
to assess the dynamics of movement across the state space, 

we computed second-by-second velocities and averaged them 

across genotypes. in both Wt and OXKO mice, state space ve-

locities were slow within the Wake and nreM sleep clusters 

and fast between clusters (Figure 3), reflecting the stability of 
these states over time.

though Wt and OXKO mice appeared to have similar ve-

locity patterns, clear differences were apparent when velocities 

in the vertical (ratio 2) and horizontal (ratio 1) directions were 

analyzed separately. Movements around the state space are bet-

ter described by vectors, with generally vertical trajectories as 

an animal moves between Wake and nreM sleep (changes in 

ratio 2), and horizontal trajectories as it transitions in and out of 

REM sleep/Cataplexy (changes in ratio 1)(Supplemental Mov-

ies 1 and 2 available online at www.journalsleep.org). Both Wt 

and OXKO mice had very fast vertical velocities in the interme-

diate region between the Wake and nreM sleep clusters, but 

in OXKO mice, this region of fast velocities was 86% larger 

and extended well into the middle of the Wake cluster (0.022 

± 0.005 in OXKO vs. 0.012 ± 0.005 in Wt, p < 0.05). Within 

this expanded region, upward movements in the Wake cluster 

were most common (data not shown) and are consistent with 

sudden transitions from Wake to nreM sleep. Both Wt and 

OXKO mice had fast horizontal velocities as they transitioned 

from reM sleep to Wake, but in OXKO mice, the region of 

fast horizontal velocities was 72% larger and extended further 

into the REM sleep/Cataplexy region (0.018 ± 0.004 in OXKO 
vs. 0.010 ± 0.006 in Wt, p < 0.05). in OXKO mice, fast hori-

zontal rightward movements were more prominent than in Wt 

mice, consistent with the presence of Wake to cataplexy tran-

sitions (data not shown). in Wt mice, horizontal movements 

were almost entirely leftward as these mice do not have direct 

transitions from Wake into the reM sleep region. these results 

demonstrate that OXKO mice can initiate rapid transitions to-

corresponding to Wake and nreM sleep. in OXKO mice, the 

location of the Wake peak was more variable (0.669 ± 0.016 in 

OXKO vs. 0.65 ± 0.011 in Wt) and horizontal peak-to-peak 

distances were significantly shorter (0.105 ± 0.012 in OXKO 
vs. 0.129 ± 0.014 in WT, P < 0.05), confirming the finding with 
cluster centroids. in addition, the height of the trough was high-

Figure 1—Spectral ratios of EEG activity define a 2-dimensional state 
space with distinct clusters. Each plot shows 24 hours of EEG activity, and 

each point represents 1 second of EEG activity. In these graphs, the color 

of each state space point is determined from conventional scoring: Wake 

(blue), NREM sleep (red), REM sleep (green), and Cataplexy (magenta). 

Centroids of each cluster are denoted by white dots. A. State space 

analysis of a typical WT mouse. B. Same for a typical OXKO mouse. The 

relative locations of state clusters are conserved between WT and OXKO 

mice, but OXKO mice have cataplexy and show less cluster separation 

than WT mice.

0.1 0.2 0.3 0.4
0.55

0.65

0.75

0.85

 

 

0.1 0.2 0.3 0.4
0.55

0.65

0.75

0.85

A

NREM sleep

REM sleep

Wake

Ratio 1 (6.5-9/0.3-9 Hz)

R
a

ti
o

 2
 (

0
.3

-2
0

/0
.3

-5
5

 H
z)

WT

B

Cataplexy

OXKO

R
a

ti
o

 2
 (

0
.3

-2
0

/0
.3

-5
5

 H
z)

Ratio 1 (6.5-9/0.3-9 Hz)

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/s
le

e
p
/a

rtic
le

/3
3
/3

/2
9
7
/2

4
5
4
4
6
4
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



SLEEP, Vol. 33, No. 3, 2010 301 Abnormal Sleep/Wake Dynamics in Orexin Knockout Mice—Diniz Behn et al

the clusters, and then terminated on the lower right boundary 

of the nreM sleep cluster. in contrast, nreM sleep-to-Wake 

transitions began along the lower left boundary of the nreM 

cluster, and then arced downwards to the upper left boundary 

wards nreM sleep and cataplexy from regions 

of Wake that are much more stable (i.e., have 

many fewer transitions to other states) in Wt 

mice.

Cluster Core Boundaries Reflect Differences in 

EEG Homogeneity

to examine the pathways underlying the tran-

sitions between states, we first defined cluster 
boundaries using a contour algorithm (figure 4). 

these boundaries circumscribed “cluster cores,” 

stable regions in which the animal spent most of 

its time, and the relative areas of these cluster 

cores provided a measure of eeg homogeneity 

within the state. the area encompassed by the 

Wake core boundary was smaller in OXKO mice, 

suggesting a less diverse waking eeg. Most 

likely, this difference is a consequence of the re-

duction in theta-rich active waking we found in 

our density plot analysis (figure 2). the area en-

compassed by the reM sleep core boundary was 

larger in OXKO mice, consistent with the more 

variable reM sleep-like behavior observed in 

these animals. although cluster core boundaries 

for Wake and nreM sleep had high positive pre-

dictive value, 30% to 35% of the total eeg activ-

ity fell outside cluster core boundaries, indicating 

that the boundary technique was only moderately 
sensitive in encompassing these states.

the cluster core boundaries of reM sleep and 

Cataplexy were more difficult to define because 
these states occur less frequently. About 70% of 
behavior within the reM sleep and cataplexy 

boundaries was scored as such, but more than 

half of data scored as reM sleep or cataplexy 

fell outside the cluster core boundaries, even 

in Wt mice. despite the reduced sensitivity of 

the cluster core boundaries for reM sleep and 

cataplexy, comparisons with conventional scor-

ing showed that, in general, at least part of each 

bout of reM sleep or cataplexy fell within these 

boundaries. therefore, transitions in and out of 

reM sleep and cataplexy could be tracked using 

these cluster core boundaries.

Transitions in the State Space Reflect State 

Instability in OXKO Mice

By choosing cluster core boundaries with 

high positive predictive value, each cluster core 

was reliably associated with a single behavioral 

state. each time a trajectory left a cluster core, it 

was classified as an inter-state or an intra-state 

transition depending on whether the next bound-

ary it crossed corresponded to a different clus-

ter core or a return to the original cluster core. 

inter-state transitions followed distinct paths through the state 

space (figure 5). for example, transitions from Wake to nreM 

sleep originated on the upper right region of the Wake cluster 

boundary, arced slightly through the transition region between 

Figure 2—OXKO mice have abnormal distributions of EEG activity during wake and sleep. 

A, B—Point densities were averaged across mice of each genotype to create average 

WT and OXKO mouse density plots. WT mice (n = 6) have a Wake cluster that includes a 

region corresponding to active wakefulness with higher theta activity (high ratio 1), a highly 

concentrated NREM sleep cluster, and a relatively sparse REM sleep cluster, reflecting much 
less time spent in REM sleep compared to other states. In contrast, OXKO mice (n = 7) 

have a smaller Wake cluster concentrated closer to the transition region between Wake and 

NREM sleep. The color scale represents point densities with warm colors indicating higher 

densities. 

C, D—State space densities for individual WT and OXKO mice projected into the ratio 2 

dimension. Each color represents data for an individual mouse. The projection yields 2 peaks: 

the left peak is associated with Wake and the right peak is associated with NREM sleep. The 

horizontal peak-to-peak distances are shorter in OXKO mice (one-way ANOVA, P < 0.05). 

Trough height is higher in OXKO mice, reflecting more time spent in the transition region 
between Wake and NREM sleep (one-way ANOVA, P < 0.01). 

E—Difference plot showing the average density pattern of OXKO mice subtracted from that 

of WT mice. Here the color scale highlights differences between genotypes: warm colors 

indicate regions where the average density is greater in WT mice, and cool colors indicate 

higher density in OXKO mice. WT mice spend more time in deep (delta-rich) NREM sleep and 

active (theta-rich) Wake, whereas OXKO mice spend more time in light NREM sleep and the 

Wake/NREM sleep transition region.
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with previously described behavioral state instability in these 

animals.10,11

analysis of intra-state transitions provided useful insights 

into the cohesion of behavioral states. cluster cores were in 

the middle of the larger state clusters, and intra-state transi-

tion trajectories originated and terminated all around the core 

boundaries (data not shown), demonstrating cohesion of states 

even outside the core region. in OXKO mice, 

Wake-to-Wake transitions were less likely than 

in Wt mice, demonstrating that if these animals 

left the core Wake region, they were more likely 

to transition to another state. this observation 

further supports the idea that waking behavior 

is less cohesive in OXKO mice. interestingly, 

reM sleep-to-reM sleep transitions tended to 

be more likely in OXKO mice, though the chal-

lenge of defining REM sleep boundaries limits 
interpretation of this finding.

these results suggest that the patterns of 

eeg activity during state transitions are mostly 

normal in OXKO mice. however, OXKO mice 

have less stable cluster cores as reflected in the 
higher probability of inter-state transitions and 

reduced stability of Wake.

Cataplexy in OXKO Mice

OXKO mice had many episodes of cata-

plexy, sudden transitions from wakefulness into 

a state with high eeg theta activity and atonia. 

Because cataplexy occurs almost exclusively 

during the dark period and reM sleep occurs 

mainly during the light period, we analyzed 

transitions between Wake and cataplexy in data 

from the 12-hour dark period. the cataplexy 

cluster core was slightly above and to the right 

of the reM sleep cluster core, but the two re-

gions had similar areas and often overlapped. 

although Wt mice appeared to have a few 

rare entries into the reM sleep region from the 

right border of the Wake cluster, these events 

are probably an artifact due to the proximity 

of the Wake and reM sleep cluster boundaries 

because true cataplexy never occurred in Wt 

mice.18 despite the similarities in location for 

the cataplexy and reM sleep clusters, the in-

terstate transition trajectories clearly differenti-

ate direct transitions from Wake to cataplexy 

from the normal Wake to nreM sleep to reM 

sleep pattern (figure 5).

DISCUSSION

To understand how orexin deficiency results 
in behavioral state instability, we used state 

space analysis of the eeg to examine sleep and 

wake states and the transitions between states, 

including velocities of these transitions, in 

OXKO mice. We found that state space clusters 

associated with Wake and nreM sleep were 

abnormally close in OXKO mice, suggesting 

of the Wake cluster. transition paths and mean transition tra-

jectory durations were conserved between genotypes (one-way 

anOva, p > 0.05), suggesting that the process of transitioning 

between states was normal in OXKO mice. despite the appar-

ent normalcy of the transitions themselves, OXKO mice had 

higher probabilities of transitioning from Wake to nreM sleep 

or from Wake to REM sleep/Cataplexy (Table 1) consistent 

Figure 3—OXKO mice have faster movements in certain regions of the state space. Plot colors 

represent the directionless (A, B), vertical (C, D), or horizontal (E, F) velocities of EEG activity 

originating in that region of the state space. Different color maps were used for each pair of 

panels to emphasize differences between genotypes. 

A, B—Average directionless velocity plots in WT and OXKO mice distinguish between stable 

states where velocities are slow (cool colors) and transition regions where velocities are fast 

(warm colors). 

C, D—The vertical (ratio 2) components of velocity vectors highlight the fast transitions between 

Wake and NREM sleep. In OXKO mice, this region of fast vertical velocities extends far into the 

middle of the Wake cluster. 

E, F—The horizontal (ratio 1) components of the velocity vectors highlight the fast transitions 

between Wake and the REM sleep/Cataplexy clusters. For both horizontal and vertical velocities, 

the regions of fast transitions are larger in OXKO mice (one-way ANOVA, P < 0.01). This shows 

that regions of sleep/wake behavior that are normally stable are susceptible to rapid changes in 

OXKO mice, possibly contributing to the frequent state transitions in these animals.
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mice, high velocity vertical (ratio 2) and horizontal (ratio 1) 

movements occur only during transitions between states, but in 

OXKO mice, high velocities also occur within the Wake clus-

that Wake and nreM sleep states are less distinct. in addition, 

OXKO mice spent more time in and near transition regions than 

Wt mice. finally, in OXKO mice, the fast velocities normally 

limited to state transition regions extended into cluster cores, 

indicating that behavioral states, especially Wake, are more la-

bile. each of these (possibly interrelated) factors may contrib-

ute to the unstable sleep/wake behavior of OXKO mice.

Causes of Behavioral State Instability in OXKO Mice

We found that the general locations of state space clusters 

associated with Wake, nreM sleep, and reM sleep are con-

served in OXKO mice as suggested by prior studies.10,11 how-

ever, we identified two key differences between genotypes: 
first, the Wake and NREM sleep clusters are closer together in 
OXKO mice; second, OXKO mice 

spend less time in the extremes of the 

nreM sleep and Wake clusters (cor-

responding to large values of ratio 2 

and ratio 1, respectively) and more 

time in the transition regions between 

the clusters. the reduced separation of 

clusters observed in OXKO mice sug-

gests that Wake and nreM sleep are 

less distinct in these animals, while 

the differences in distributions within 

these states indicate that the quality of 
sleep and waking behavior is altered 

in OXKO mice.

the extreme regions of the nreM 

sleep and Wake clusters correspond 

to delta-rich (deep) nreM sleep and 

theta-rich (active) wakefulness. tran-

sitions between Wake and nreM 

sleep do not originate in these re-

gions, so, compared to Wt mice, 

OXKO mice spend less time in typi-

cally “stable” areas of the Wake and 

nreM sleep clusters. this reduction 

in delta-rich nreM sleep in OXKO 

mice is consistent with the reduction 

in slow-wave activity described in 

people with narcolepsy.20,21 in fact, 

using a sleep deprivation protocol, 

Khatami and colleagues found that 

when slow-wave activity was in-

creased in people with narcolepsy, 

individuals experienced less sleep 

fragmentation.21 it is possible that this 

improvement was associated with 

more time spent in stable regions of 

the NREM sleep cluster, as defined 
by this methodology.

in addition, OXKO mice spend 

more time in and near the Wake-nreM 

sleep transition region. although this 

may contribute to the increased prob-

ability of state transitions observed in these animals, it is not the 

only factor increasing the likelihood of inter-state transitions 

in OXKO mice: dynamics also play an important role. in Wt 

Figure 4—Using a contour algorithm, we delineated cluster core boundaries for each state. 

A—Cluster core boundaries for Wake, NREM sleep, and REM sleep are drawn over a density plot for a 

representative WT mouse. 

B—Cluster core areas provide a measure of EEG homogeneity with smaller clusters corresponding to less 

variable activity. The Wake cluster is smaller and the REM sleep cluster is larger in OXKO mice compared 

to WT mice (one-way ANOVA, P < 0.05). 

C—Boundaries defined using the contour algorithm have high positive predictive value. In both genotypes, 
over 95% of data encompassed by the Wake boundary were independently scored as Wake using 

conventional scoring. The NREM sleep and REM sleep/Cataplexy cluster cores also have high positive 

predictive values. 

D—The cluster core boundaries are moderately sensitive: 50% to 80% of all Wake and NREM sleep 

fall within these boundaries. The boundaries for REM sleep and Cataplexy are less sensitive, probably 

because these states are relatively uncommon, and data were sparse.
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Table 1—Inter- and intra-state transition probabilities show less stable 

Wake in OXKO mice.

Termination state

 Wake NREM sleep
REM sleep/

Cataplexy

Origin state WT OXKO WT OXKO WT OXKO

Wake 0.87 *0.77 0.11 *0.17 0.02 *0.06

NREM sleep 0.10 0.14 0.86 0.82 0.03 0.04

REM sleep/

Cataplexy
0.48 0.42 0.01 0.03 0.50 0.56

Transition probabilities show that Wake is less stable in OXKO mice 

compared to WT mice (*one-way ANOVA, P < 0.01).
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ter core where velocities are normally slow. these inap-

propriately fast transitions out of what should be stable 

Wake are consistent with the rapid Wake to nreM sleep 

transitions described in narcoleptic dogs that skip through 

drowsiness and light sleep.13 in fact, these rapid transi-

tions may underlie the “sleep attacks” and abrupt lapses 

in consciousness that are common in people with narco-

lepsy. since the actual trajectories between states appear 

normal, orexin deficiency may not influence the general 
patterns of cortical activity during state transitions. ab-

normal transition trajectories could be apparent in mice 

with state instability caused by abnormal thalamocortical 

signaling since changes in thalamocortical physiology 

would be directly reflected in the EEG.22-24

State Space Analysis of REM Sleep and Cataplexy

in OXKO mice, the cataplexy and reM sleep clusters 

overlapped, though there were slight differences in cen-

troid locations. the overlap in these patterns is consistent 

with previous work showing similarities in the spectral 

characteristics of these states.10,18,25 however, the state 

space approach clearly defined the abnormal transition 
trajectories from Wake to cataplexy: paths originated in 

theta-rich regions of Wake and moved directly into the 

cataplexy region without traveling through the nreM 

sleep region at all. therefore, state space trajectories per-

mit clear differentiation between abnormal transitions into 

cataplexy and normal transitions from Wake to nreM 

sleep and then into reM sleep.

Advantages of the State Space Technique

as increasingly sophisticated genetic and physiologic 

techniques are applied to probe neuronal mechanisms in-

volved in sleep/wake regulation, new measures of sleep/
wake behavior are needed. recently, several nonparamet-

ric and nonlinear methods to assess rest-activity rhythms 

have been introduced.26-29 These techniques have provided 
insights into altered rest-activity patterns associated with 

development, aging, and disease and have highlighted 

differences that are not detectable with standard linear 

power spectral analysis. consistent with this trend, state 

space analysis provides a novel, non-categorical method 

for analyzing sleep/wake behavior.14-16 By enabling visu-

alization of behavioral states as a continuum, state space 

analysis captures the richness of physiology better than 

conventional, categorical scoring of sleep/wake behavior. 
for example, the state space approach revealed clear dif-

ferences in the depth of Wake and nreM sleep of OXKO 

mice that were not apparent with traditional spectral 

analysis, possibly because in these analyses transitional 

data is often excluded or diluted through averaging and 

because the state space approach employs the ratio of two 

frequency bands rather than a single frequency band.10,25

In addition, the fine temporal resolution of state space 
analysis allows investigation of state transitions and tran-

sition dynamics that is not possible with traditional meth-

ods. By tracking inter-state transition trajectories, we 

established that OXKO mice have normal patterns of eeg 

activity as they move between states. however, the high 

Figure 5—The trajectories of individual transitions are normal in OXKO mice with 

the exception of transitions from Wake into Cataplexy. In all panels, the cluster 

core boundaries for each state for WT or for OXKO mice are shown (Wake - 

Blue; NREM - Red; REM-green; Cataplexy - magenta). Each panel also includes 

information about transition trajectories as described below.

A—Representative transition trajectories from Wake to NREM sleep (red lines) 

and from NREM sleep to Wake (blue lines) in an individual WT mouse. These 

transitions tend to arc right and left, respectively, suggesting that falling asleep and 

waking up are not simply inverse processes. 

B—Representative transition trajectories from NREM sleep to REM sleep (green 

lines) and from REM sleep to Wake (blue lines) in an individual WT mouse. 

C, D—Origins of transition trajectories in representative WT and OXKO mice are 

localized to specific regions of the state space. Origins are color-coded according 
to the terminating state: Wake (blue dots), NREM sleep (red dots), REM sleep 

(green dots). Origination regions are generally conserved between genotypes, 

although transitions from Wake to REM sleep/Cataplexy are common in OXKO 

mice (green dots on the right side of the Wake cluster core boundary). True Wake-

to-REM sleep transitions almost never occur in WT mice, but due to the proximity 

of the Wake and REM sleep clusters, the boundary crossing approach occasionally 

identifies a few false positive Wake-to-REM sleep transitions. 
E—Representative transition trajectories from Wake to Cataplexy (magenta lines) 

in an individual OXKO mouse. The direct movement from the Wake cluster to the 

Cataplexy/REM sleep region distinguishes these transitions from normal episodes 

of REM sleep that follow NREM sleep. 

F—Representative transition trajectories from Cataplexy to Wake (blue lines) in an 

individual OXKO mouse. These transitions follow paths similar to transitions from 

REM sleep to Wake suggesting similar processes for terminating both Cataplexy 

and REM sleep. Furthermore, they constitute a reversal of the trajectories from 

Wake to Cataplexy indicating symmetry in EEG dynamics during transitions in and 

out of Cataplexy not observed with other transitions.
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work in which state space approaches are refined to incorporate 
additional details of the eeg and other physiologic measures 

should provide further insights into the mechanisms that disrupt 

state control in narcolepsy and other sleep disorders.
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velocities identified in cluster cores for these animals showed 
that abrupt changes in state could originate in regions that are 

normally stable.

Although state space techniques were originally developed 
to analyze intracranial local field potentials, we have shown 
that they can be successfully applied to surface eeg record-

ings, thereby substantially broadening their applicability.14 in 

fact, the integrated neuronal information captured by surface 

eeg signals is more consistent across animals than intracranial 

field potentials that differ substantially depending on electrode 
placement. this consistency allows averaging within groups, 

thereby permitting detailed comparisons of animals with differ-

ent sleep/wake phenotypes.

Limitations and Methodological Considerations

state space analysis of the eeg is especially useful for 

studying the dynamics of sleep/wake behavior, but it has some 
limitations. the separation between the Wake and reM sleep 

clusters was less well-defined using the surface EEG signal than 
it was with depth recordings, probably due to better detection 

of hippocampal theta activity with depth electrodes.14 further-

more, because reM sleep and cataplexy together comprise less 

than 10% of all behavior, data corresponding to these states was 

sparse, and we had to amplify the data for our boundary analy-

sis. The amplification partially relied upon conventional scor-
ing which may have introduced some bias, and the resulting 

cluster core boundaries for reM sleep and cataplexy still were 

less precise than the Wake and nreM sleep boundaries. lon-

ger recordings and additional state space dimensions, possibly 

including an eMg dimension, should enable better resolution 

of the boundaries of these less common states.

More generally, state space analysis of the EEG reflects chang-

es in cortical activity. Although these changes reliably reflect 
behavior, they do not directly address the role of orexin in sta-

bilizing sleep/wake behavior through action on structures deeper 
in the brain.2,30 Furthermore, the use of state space techniques for 
comparison between genotypes requires an assumption that brain 
morphology is conserved. While this is a reasonable assumption 

for OXKO mice, it will be important to confirm these results in 
other rodent models of narcolepsy, such as ataxin-3 mice.31

previous work has shown a high degree of coherent activity 

in cortex, hippocampus, striatum, and thalamus across states in 

normal animals,14 suggesting that a single channel of eeg is 

sufficient for state space analysis of sleep/wake behavior. How-

ever, reduced eeg coherence has been reported in people with 

narcolepsy32 and would support a hypothesized role for orexin 

across the cortex and in regions that coordinate cortical activity 

such as the basal forebrain and thalamus. the electrode loca-

tions in our study did not permit assessment of coherence, but 

future investigations with a more detailed eeg montage could 

use state space analysis to examine whether reduced cortical 

coherence contributes to sleep/wake instability.

Future Directions and Implications

this state space analysis provides strong support for Brough-

ton’s hypothesis that narcolepsy is caused by disruption of the 

boundaries between sleep and wake states.1 this approach en-

ables visualization of these boundaries and reveals how abnor-

mal dynamic processes contribute to state instability. future 
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