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The Competitive NMDA Receptor Antagonist 
CPPene Stimulates NREM Sleep and Eating
in Rats

 

Ian Glenn Campbell, Ph.D., Lorell Marie Gustafson, B.S., and Irwin Feinberg, M.D.

 

Systemic administration of noncompetitive NMDA receptor 
antagonists, such as MK-801, produces a period of 
intoxication followed by non- rapid eye movement (NREM) 
sleep with greatly elevated delta EEG activity. We have 
hypothesized that the delayed NREM delta EEG increase is a 
homeostatic response to the immediate elevated limbic 
metabolism that these drugs produce. Here we test this 
hypothesis by examining the sleep and EEG effects of 
CPPene, a competitive NMDA antagonist that does not 
elevate limbic metabolism. We recorded EEG in seven rats 
following mid-dark period systemic injections of saline and 

three doses of CPPene. CPPene did not produce the delayed 
NREM delta increase. Instead, CPPene increased eating time 
and dose dependently increased NREM sleep duration 
shortly after injection. These differences in sleep EEG 
response to a competitive versus the noncompetitive NMDA 
antagonists are consistent with the possibility that the 
increased NREM delta following noncompetitive antagonists 
is a homeostatic response to increased limbic metabolism.

 

[Neuropsychopharmacology 26:348–357, 2002]
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There is increasing evidence that excitatory amino acids
play a role in the regulation of sleep. Our own studies
have focused on perturbations of the 

 

N

 

-methyl-D-aspar-
tate (NMDA) receptor. These studies initially aimed to
test the hypothesis that the increase in limbic metab-
olism stimulated by noncompetitive NMDA receptor
antagonists would increase the intensity of delta (1–4
Hz) electroencephalograph (EEG) in subsequent non-
rapid eye movement (NREM) sleep (Feinberg and

Campbell 1993). Current homeostatic models of slow
wave sleep propose that NREM sleep serves a recuper-
ative function for the brain and that the intensity of
slow wave (delta) EEG reflects the intensity of the recu-
peration (Feinberg 1974; Borbely 1982). According to
one model, the homeostatic requirement is a function of
both waking duration and the metabolic rate of plastic
brain structures during waking (Feinberg 1974). Non-
competitive NMDA antagonists such as ketamine and
MK-801 stimulate limbic system metabolic rate particu-
larly in the hippocampus, cingulate cortex, and entorhi-
nal cortex (Nelson et al. 1980; Crosby et al. 1982; Ham-
mer and Herkenham 1983; Kurumaji et al. 1989). Our
homeostatic model predicts that stimulation of these
plastic structures should increase NREM delta.

Our initial studies used the noncompetitive NMDA an-
tagonists ketamine and MK-801 to increase metabolic rate
in limbic structures. Subanesthetic doses of ketamine or
MK-801 injected in rats during the dark (waking) period
produced a period of intoxication followed by greatly ele-
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vated delta EEG intensity in subsequent NREM sleep
(Feinberg and Campbell 1993; Campbell and Feinberg
1996a). The NREM delta stimulation was dose dependent
for both ketamine and MK-801 (Feinberg and Campbell
1995; Campbell and Feinberg 1996a). This NREM delta in-
crease is as great as or greater than that produced by any
other pharmacologic agent. Because delta waves can be a
manifestation of brain dysfunction, we also performed a
series of experiments to rule out the possibility that the in-
creased delta following noncompetitive NMDA antago-
nists was caused by the toxic effects that these drugs can
produce (Campbell and Feinberg 1996b).

CPPene (DL (E)-4-(3-phosphonoprop-2-enyl)pipera-
zine-2-carboxylic acid) is a competitive NMDA antago-
nist that shares several properties (e.g. anticonvulsant,
antiexcitotoxic) with noncompetitive antagonists. How-
ever, CPPene does not increase limbic metabolism
when injected systemically (Boddeke et al. 1992). There-
fore, according to the homeostatic model CPPene
should not increase the need for NREM delta. We tested
this hypothesis by administering CPPene systemically,
at the same hour of the dark period as in the MK-801
study, and comparing vigilance state and EEG re-
sponses to those following saline injection.

 

METHODS

Subjects

 

Seven male Sprague-Dawley rats were used in the CP-
Pene dose response study. Nine additional animals
were used in a pilot study to establish the dose range,
and four more were used to examine blood pressure ef-
fects. All rats were approximately 300 grams at the time
of surgery. Under deep pentobarbital anesthesia (65
mg/kg), rats were implanted with flexible wire EMG
electrodes in the nuchal muscles, a stainless steel screw
ground electrode over the olfactory bulb, and six corti-
cal screw electrodes over the frontal, frontoparietal and
parietal cortices at the following coordinates (mm) rela-
tive to bregma: Anterior Posterior (AP) 

 

�

 

4.5, Lateral (L)

 

�

 

2.5; AP

 

�

 

1.5, L

 

�

 

3.5; AP–1.5, L

 

�

 

2.5; AP–4.5, L

 

�

 

3.5;
AP

 

�

 

1.5, L–3.5; AP–1.5, L–2.5. Leads from the electrodes
were inserted into a small connector cemented to the
rat’s skull with dental acrylic.

After a 2-wk recovery period, rats were trained to
the recording apparatus, a commutator and cable coun-
terbalanced to allow free movement around the cage.
During training, EEG was recorded from all possible ip-
silateral pairs of electrodes, and the three cleanest sig-
nals were selected for recording in the experiment. The
best of these three signals was used for EEG analysis.
All recordings were made with the rats in their home
cage in a temperature (20–22

 

�

 

C) and light (12:12) con-
trolled room. Recordings were 24 h in duration and be-
gan at the start of the dark period.

To simultaneously measure EEG and blood pressure
effects of CPPene, four rats were implanted, two weeks
after electrode implantation, with an indwelling carotid
cannula filled with heparinized saline. Surgery was
again carried out under deep pentobarbital anesthesia.
Cannulas were flushed daily with heparinized saline.
Rats in the blood pressure study were habituated to re-
strainers in the period between the electrode and can-
nula implant surgeries.

The UC Davis Animal Use and Care Advisory Com-
mittee approved all procedures.

 

Experiment Design

 

Each recording session consisted of four consecutive
24-h periods. The first was a habituation period with
no recording, the second a 24-h control recording with
saline (0.5 ml/kg) injected intraperitoneally (i.p.) at
hour 6 of the dark period, the third a 24-h recording
with CPPene (0.5 ml/kg) injected i.p. at hour 6 of the
dark period, and the fourth a 24-h recovery day re-
cording with no injections. CPPene, generously pro-
vided by Sandoz Pharmaceuticals, was dissolved in
saline 15 min prior to injection. Injections were made
in the dark under dim red illumination. In the dose re-
sponse study each rat was injected with 0.625, 1.25,
and 2.5 mg/kg doses with at least 1 week separating
drug doses. Dose order was counterbalanced and rats
were randomly assigned to a dose order. Rats were
observed for behavioral abnormalities from the time
of injection until behavior returned to normal. Particu-
lar attention was paid to posture and coordination
during walking and rearing. We conducted no tests re-
quiring intervention such as righting reflex or rotorod
assessment because these would interfere with sleep
responses. Time spent eating was estimated by the
number of epochs containing the high frequency (

 

�

 

80
Hz) artifacts that we previously found were associated
with eating. Because the behavioral changes (see be-
low) induced by 1.25 and 2.5 mg/kg doses were obvi-
ous, missed i.p. injections (one at 1.25 mg/kg and one
at 2.5 mg/kg in separate rats) were readily apparent.
Data from the two missed injections were discarded
prior to evaluating the sleep or EEG responses, and
these two treatments were repeated in subsequent re-
cording sessions. The missed injections disrupted the
counterbalance of injection order, but we found no dif-
ference (within one standard deviation of the mean) in
rats with missed injections.

To determine whether decreased blood pressure
might have produced the CPPene induced EEG
changes through decreased cerebral perfusion, blood
pressure and EEG were simultaneously recorded in two
rats implanted with a carotid cannula. Four rats had
been implanted, but clogged cannulas prevented blood
pressure recording in two. EEG and BP were recorded
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from restrained rats for approximately 1 h prior to and
5 h post i.p. injection of 2.5 mg/kg CPPene. Cannulas
were flushed during recording if pulse pressure
dropped abruptly.

 

EEG Recording and Analysis

 

EEG and EMG signals were amplified and filtered with
Grass 7P511 amplifiers. Filter settings were 0.3 Hz low,
100 Hz high for EEG and 3 Hz low and 500 Hz high for
EMG. 60 Hz notch filters were not used on any record-
ing. PASS PLUS (Delta software, St. Louis) digitized the
amplified signals at 256 Hz and performed online pe-
riod amplitude and spectral analyses. A 200 

 

�

 

V 10 Hz
sine wave calibrated PASS PLUS before each recording
session. FFT windows were 4 s Welch tapered windows
with 2 s overlap, yielding five windows per 10 s epoch.
FFT frequencies in these analyses differed slightly from
integer values; delta was 1.25–4.25 Hz rather than 1–4
Hz. For simplicity, integer values are used to describe
frequency bands in the remainder of this manuscript.
Frequency bands were 1 Hz wide for 1–4 Hz, 2 Hz wide
for 4–12 Hz, 12–15 Hz, 5 Hz wide for 15–35 Hz, and 35–
50 Hz. For statistical analyses, these bands were col-
lapsed into the following a priori determined bands: 1–4,
4–6, 6–10, 10–20, 20–30, and 30–50 Hz.

Each 10 s epoch was visually scored as NREM, REM
or wake using an onscreen display of the digitized data
with access to plots of period amplitude analyzed wide
band EMG and FFT analyzed delta EEG and rho band
EEG (25–30 or 30–35 Hz depending on the animal). Rho
is an indicator of REM sleep (Campbell and Feinberg
1993). A second scorer checked all scoring. Epochs con-
taining artifacts (low frequency movement artifacts and
high frequency eating artifacts) were excluded from
EEG analysis but included in the state durations. The
scoring and EEG databases were then linked and FFT
power was summed for each frequency band for each
state for each hour. Since EEG amplitude varies be-
tween rats, FFT power in each frequency band in each
vigilance state in each hour was divided by 24-h saline
power totaled across 1–128 Hz in all states in all artifact
free epochs. Both total power and power per min of vig-
ilance state were determined.

Period amplitude analysis results are reported for
the frequency bands showing the greatest difference be-
tween drug and saline FFT power. For frequencies be-
low 10 Hz, half waves were identified by baseline cross-
ings. Above 10 Hz, half waves were defined by
successive zero first derivatives (peak-trough). Period
amplitude analysis allows separate measurement of
wave incidence and amplitude. Incidence is reported as
time in frequency band (TIB) per epoch. Amplitude is
average sample amplitude (ASA). Integrated amplitude
(IAM), the product of ASA and TIB, is the period ampli-
tude measure analogous to FFT power.

 

Statistical Analysis

 

Except for vigilance state durations, all data were stan-
dardized prior to statistical analyses. Data were col-
lapsed into frequency bands as described above and an-
alyzed in 6-h blocks. We used paired 

 

t

 

-tests to evaluate
differences between saline data and data for corre-
sponding 6-h blocks on drug and recovery days. Be-
cause of the large number of tests we set 

 

�

 

 at 0.01. For
all variables where more than one dose induced signifi-
cant differences from saline, we evaluated the dose de-
pendence of the differences with a repeated measures
ANOVA for dose with saline values as a covariate
(BMDP 2V: Dixon et al. 1990) followed by Tukey’s mul-
tiple comparison test to determine which doses dif-
fered.

 

RESULTS

CPPene Dose Response (0.625 –2.5 mg/kg)

 

Behavioral Observations.

 

Both 1.25 and 2.5 mg/kg
induced mild ataxia, with swaying or falling when rear-
ing. Both doses greatly increased estimated eating time
and time spent lying down, confirmed as increased
sleep in the EEG analysis. Figure 1 compares eating
time, as estimated by number of 10 s epochs with eating
artifacts, following saline and 2.5 mg/kg CPPene injec-
tion. Estimated eating time increased over 200% in the
first hour then dropped below saline values in the sec-
ond and third hour post drug during the period that
sleeping time was greatly elevated. Eating and sleeping

Figure 1. Mean (�s.e.) estimated eating time in post injec-
tion hours 1–6 (dark period hours 7–12) following saline
(open circles, dotted line) and 2.5 mg/kg CPPene (filled cir-
cles, solid line). Eating time was estimated by the number of
10 s epochs containing eating associated high frequency arti-
facts. In the first hour following CPPene injection, estimated
eating time increased by more than 200% over saline levels.
In the next two hours, estimated eating time decreased in
association with increased sleep time.
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drives appeared to compete, as rats often fell asleep be-
neath the food bin, woke up to eat, then slept again. The
0.625 mg/kg dose induced no behavioral changes.

 

Vigilance State Effects.

 

As shown in Table 1, in the
6-h post drug, mean NREM duration increased 31% fol-
lowing 2.5 mg/kg CPPene and 14% following 1.25 mg/
kg CPPene; 0.625 mg/kg did not affect NREM duration.
Figure 2 shows that NREM duration increased prima-
rily in hours 2, 3 and 5 post drug. A comparison of the
three doses revealed a significant dose response (F

 

2,11

 

 

 

�

 

7.81, 

 

p

 

 

 

�

 

 .008) for the NREM increase; however the 2.5
mg/kg increase in NREM was not significantly greater
than the 1.25 mg/kg increase. NREM duration returned
to saline levels in the subsequent light period. The REM
duration increase shown in Table 1 did not reach the a
priori level of significance for either 1.25 (t 

 

�

 

 3.27, 

 

p

 

 

 

�

 

.017) or 2.5 (t 

 

�

 

 2.53, 

 

p

 

 

 

�

 

 .044) mg/kg CPPene. How-
ever, this strong trend would reach likely significance
with additional animals. Power analysis with 1 

 

	

 

 

 




 

 

 

�

 

0.8 and 

 

�

 

 

 

�

 

 0.01 shows that one additional animal at
1.25 mg/kg and five additional animals at 2.5 mg/kg
would be needed. Waking duration significantly de-
creased in the six hours post drug as a result of the ele-
vated NREM and REM levels. All CPPene induced
changes in vigilance state were limited to the first 6 h
post drug (hours 7–12 of the dark period). There were
no rebounds or compensations in the subsequent 36 h.

 

State Specific EEG Effects.

 

Overall, the EEG was not
greatly altered by CPPene. Figure 3 shows the NREM,
REM and wake power spectra for hours 1–6 h post sa-
line and 2.5 mg/kg CPPene. The largest changes were
decreased NREM 4–10 Hz power/min, increased REM
20–30 Hz power/min and decreased waking 10–20 Hz
power/min.

Total NREM delta power increased significantly (t 

 

�

 

6.59, 

 

p

 

 

 

�

 

 .0006) in the first 6 h following 2.5 mg/kg
CPPene (Figure 2, Panel D). This increase was due to
the increased NREM duration; the rate of delta pro-
duction (power/min) did not change. Within the 1–4
Hz delta band, 2.5 mg/kg CPPene increased 1–2 Hz,
and decreased 3–4 Hz. There was a slight non–signifi-
cant increase in total NREM delta power across the
light period (6–18 h post injection). Total NREM delta

was unaffected by 1.25 mg/kg CPPene. Decreased
delta power/min (Figure 4) offset the increased NREM
duration.

As seen in Figure 4, both 1.25 and 2.5 mg/kg CPPene
decreased NREM 4–10 Hz power/min in the first six
hours post drug. The decreases in both 4–6 and 6–10 Hz
power/min were significantly dose dependent (F

 

2,11

 

 

 

�

 

4.15, 

 

p

 

 

 

�

 

 .045 and F

 

2,11

 

 

 

�

 

 4.67, 

 

p

 

 

 

�

 

 .034). Only the effects
of the 2.5 and 0.625 doses differed significantly. In high
frequencies, NREM power/min showed a delayed (7–
24 h post drug) increase following the 2.5 mg/kg dose.

We used period amplitude analysis to evaluate the
contributions of changes in wave incidence and ampli-
tude to the changes in spectral power. For 2.5 mg/kg in
the first six hours post drug, the 19

 

�

 

3% mean (

 

�

 

s.e.)
decrease in 4–10 Hz power/min corresponded to a
13

 

�

 

3% decrease in integrated amplitude per min. This

 

Table 1.

 

Effect of CPPene on Mean (

 

�

 

 s.e.) Vigilance State Durations in Hour 7–12 of the Dark Period in Rats (n 

 

�

 

 7) 
Injected with Saline or Drug at Hour 6

 

NREM min REM min Wake min

Dose (mg/kg) Saline CPPene Saline CPPene Saline CPPene

 

0.625 137.7 (8.0) 131.1 (12.1) 18.1 (2.1) 19.0 (2.4) 200.4 (8.8) 206 (12.6)
1.25 131.9 (6.1) 149.9* (4.6) 18.5 (1.7) 25.6

 

†

 

 (2.3) 205.6 (8.1) 181.6* (6.5)
2.5 128.3 (4.6) 167.5* (4.2) 15.4 (1.6) 22.6

 

†

 

 (2.7) 213 (5.1) 167* (6.3)

 

* Differs from saline at 

 

�

 

 

 

�

 

 0.01

 

†

 

 Differs from saline at 

 

�

 

 

 

�

 

 0.05

Figure 2. Vigilance states and total NREM delta following
saline (open circles, dotted line) and 2.5 mg/kg CPPene
(filled circles, solid line). Arrows indicate injection time. In
the last six hours of the dark period CPPene significantly
decreased waking duration (Panel A), significantly increased
NREM duration (Panel B), and increased REM duration
(Panel C). Mid-dark period CPPene injection did not affect
light period vigilance state durations. Total NREM delta
power (Panel D) increased in parallel with NREM duration
in the dark period. It was slightly but not significantly ele-
vated across the light period.
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decrease in 4–10 Hz activity resulted primarily from the
11

 

�

 

3% decrease in incidence with only a 3

 

�

 

1% de-
crease in amplitude.

In REM sleep, all three CPPene doses increased high
frequency power/min. As seen in Figure 4, the magni-
tude and duration of the elevation increased with in-
creasing doses. The largest effect, up to a 42% increase
following 2.5 mg/kg, for all doses was in the 20–30 Hz
band in the first six hours post drug. This increase in
power/min was dose dependent (F

 

2,11

 

 

 

�

 

 5.07, 

 

p

 

 

 

�

 

 .027).
Again, only the effects of the 2.5 and 0.625 doses dif-
fered. The huge 42

 

�

 

10% increase in power/min corre-
sponded to only an 11

 

�

 

4% increase in integrated am-
plitude per min. Period amplitude analysis shows that
the elevation in 20–30 Hz activity was entirely due to
the 11

 

�

 

2% increase in amplitude, as incidence did not
change (0

 

�

 

2%).
Waking EEG was largely unaffected by CPPene (Fig-

ure 4). Only 10–20 Hz power/min in post drug h 1–6
was significantly decreased by more than one dose. The

16

 

�

 

4% decrease in power/min caused by 2.5 mg/kg
corresponded to an 18

 

�

 

4% decrease in integrated am-
plitude per minute. This decrease was almost entirely
an incidence effect with time in band per min decreas-
ing 17

 

�

 

3% and amplitude decreasing only 2

 

�

 

1%. Wak-
ing delta, though slightly elevated, was not signifi-
cantly affected by any dose. In waking, as in both REM
and NREM sleep, 2.5 mg/kg CPPene caused a delayed
elevation in 30–50 Hz power/min.

 

High Dose CPPene

 

In nine separate animals, 5, 10, and 20 mg/kg doses of
CPPene were given to help determine the appropriate
range for the dose response study. 5 mg/kg doses were
given at hour 5 or 6 of the dark period, 10 mg/kg doses
were given at h4, and 20 mg/kg doses were given at
h0, dark onset. The data are limited, but some of the
observations are of interest. In all rats, 10 or 20 mg/kg
CPPene induced an extended period (up to 12 h) of in-

Figure 3. Power density (pow/Hz/min) spectra for NREM, REM, and Wake. Data have been standardized for each rat by
expressing 1000 � pow/Hz/min as a percent of the saline day 24-h total power in 0.3–128 Hz in all vigilance states. Mean (�
s.e., n � 7) data displayed are for the first six hours following mid dark period injection of saline (open circles, dotted line)
and 2.5 mg/kg CPPene (filled circles, solid line). Note the different Y-axis scales for the different vigilance states and high
and low frequencies. CPPene depressed NREM 4–20 Hz EEG power, increased �20 Hz REM EEG power, and decreased 10–
20 Hz wake EEG power.
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Figure 4. Time and dose response of CPPene effects on EEG power expressed as a percent of saline power in the same fre-
quency band at the same 6-h period. For each dose and each vigilance state the four traces reflect 6-h time periods starting
with 1–6 h post drug. CPPene dose dependently depressed NREM 4–10 Hz power, elevated REM 20–30 Hz power, and
depressed wake 10–20 Hz power. The 2.5 mg/kg dose produced a delayed increase in high frequency power in all three vig-
ilance states. Lines below each plot reflect statistical analyses for each 6-h time block for the six collapsed frequency bands.
Significant (p � .01) differences from saline are indicated by dark lines.
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toxication characterized by ataxia, stereotypic head wag-
ging, circling, and hyperactivity. The EEG showed spikes
and slow waves similar to those under MK-801 intoxi-
cation. NREM delta was increased post intoxication
but, unlike following MK-801 intoxication, this eleva-
tion was not greater than would be expected for a simi-
lar period of sleep deprivation. A dose of 5 mg/kg CP-
Pene induced fragmented sleep interspersed with
periods of ataxic hyperactivity. In one rat both 10 mg/kg
and 20 mg/kg CPPene induced seizures with spike
wave discharges in the EEG similar to those that some-
times follow systemic MK-801 (Feinberg et al. 1995).
The 10 mg/kg dose induced a series of three seizures 25
to 33 min post injection. Durations of these seizures var-
ied from 20 to 90 s. The EEG spike wave discharges
were accompanied by immobility with small vertical
head nods.

Blood Pressure

We succeeded in recording blood pressure in two of the
four rats implanted with carotid cannulas. Neither of
these rats showed decreased blood pressure associated
with the increased sleep following 2.5 mg/kg CPPene.
Figure 5 shows delta power, rho (25–30 Hz) power and
mean arterial blood pressure (MAP) recorded from one
of these rats. Delta increased following injection as the rat
spent most of the following five hours asleep. Rho peaks
indicate three REM periods. MAP rose and fell with vigi-
lance states, but never dropped below preinjection levels.

DISCUSSION

Implications of CPPene Data for the Mechanism
of MK-801 Stimulation of NREM Delta EEG

CPPene, a competitive NMDA antagonist, significantly
increased NREM sleep and produced a near significant
increase in REM sleep in the six hours following sys-
temic injection. However, CPPene did not increase
NREM delta intensity (power/min). This is in striking
contrast to the delayed massive increase in NREM delta
intensity that follows systemic injection of MK-801. For
example, mid-dark period injections of 0.5 mg/kg MK-
801 increase NREM integrated amplitude per minute
by 111% in the last three hours of the dark period and
by 40% over the subsequent 12-h light period (Camp-
bell and Feinberg 1996a).

The different delta sleep responses to CPPene and
MK-801 are consistent with the proposition of our ho-
meostatic model that the requirement for NREM delta
is proportional to the waking metabolic rate of plastic
brain structures. As noted above, systemic injection of
MK-801 stimulates metabolism of limbic structures, but
systemic CPPene does not (Boddeke et al. 1992). While

consistent with the metabolic hypothesis of the homeo-
static model, our results with CPPene do not prove it.
Competitive and noncompetitive NMDA antagonists
do share important anticonvulsant (cf. Smith et al. 1993)
and antiexcitotoxic (cf. Hargreaves et al. 1994) actions
as well as causing similar behavioral effects such as ste-
reotypy, ataxia, and hyperlocomotion (Willets et al.
1990; Smith et al. 1993). However, these two classes of
antagonists differ in ways other than their effects on
limbic metabolism. For example, there are strong dose
differences in the antiexcitotoxic and behavioral effects
(De Sarro and De Sarro 1993; Lowe et al. 1994) and dif-
ferences in operant behavior (Willets et al. 1990). It,
therefore, remains possible that the different NREM
delta effects are produced by differences in brain ac-
tions other than those on regional metabolism.

There are several caveats that should be considered.
One is the possibility that the difference in sleep EEG
response to CPPene and MK-801 is caused by a differ-
ence in effective dose rather than representing different
biological actions. Indeed, high doses of competitive
antagonists have been reported to increase limbic me-
tabolism (Hargreaves et al. 1993). However, even the 20
mg/kg dose we injected i.p. in our pilot studies is well
below a 60 mg/kg i.v. dose of CPPene that did not alter
brain metabolism (Boddeke et al. 1992). It might be ar-
gued that the 1.25 and 2.5 mg/kg CPPene doses that
stimulated NREM sleep but did not increase NREM
delta were simply less potent than the noncompetitive
antagonist doses that strongly increased NREM delta.

Figure 5. Delta EEG power, rho (25–30 Hz) EEG power and
mean arterial blood pressure in 10 s epochs recorded from a
restrained rat before and after injection of 2.5 mg/kg CPPene
(time 0). EEG traces are smoothed with a 30-s running aver-
age. CPPene induced NREM sleep as indicated by the high
delta power post drug. Rho power peaks indicate REM sleep
episodes. Mean arterial blood pressure changed with vigi-
lance state, but never dropped below predrug levels.
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However, in our pilot experiments with high dosage
(10 and 20 mg/kg), CPPene did not stimulate NREM
delta. Moreover, 25 mg/kg ketamine increased NREM
delta, whereas 15 mg/kg did not affect either delta or
NREM duration (Feinberg and Campbell 1993).

In summary, the following evidence strongly sup-
ports, but does not establish the homeostatic interpreta-
tion of the increase in slow wave EEG following MK-
801. NMDA receptor antagonists that increase brain
metabolism greatly increase NREM delta following a
period of intoxication, whereas an NMDA receptor an-
tagonist that does not increase brain metabolism does
not increase NREM delta intensity, although it immedi-
ately increases NREM sleep. The stimulus for increased
delta intensity produced by MK-801 persists across a
12-h period of sleep deprivation (Campbell and Fein-
berg 1996b). The EEG responses following MK-801 in-
toxication (elevated NREM delta power and REM 10–20
Hz power) resemble those following sleep deprivation
(Campbell and Feinberg 1999).

CPPene Effects on Vigilance States and Behavior

CPPene dose dependently increased NREM sleep and
decreased waking in the six hours post injection. REM
sleep increased by 50%, but because of its typically high
variability in the dark period this change did not reach
significance at the � � 0.01 level. In addition to stimu-
lating NREM sleep, CPPene caused a striking increase
in estimated eating time in the first hour post injection.
The sleep and eating drives seemed to compete. At
times the animal fell asleep while at the food bin. These
combined alterations of sleep and eating raise the ques-
tion whether CPPene’s effects are mediated by the
hypocretin/orexin systems. Hypocretins increase vigi-
lance as indicated by the findings that ICV injections of
hypocretin increase waking in rats (Piper et al. 2000)
and that deficiencies in hypocretin production cause
the vigilance impairment associated with narcolepsy
(Nishino et al. 2000; Thannickal et al. 2000). Hypocre-
tins have also been implicated in the regulation of feed-
ing where they have a stimulating effect (reviewed in
Sakurai 1999). However, it is difficult to reconcile CP-
Pene’s stimulation of both sleep and eating with altered
function of a hypocretin system that acts to increase
waking and eating. It, therefore seems unlikely that a
single action on hypocretin neurons could explain both
the sleep and eating responses to CPPene.

When evaluating drugs that directly stimulate sleep,
it is important to consider whether one is measuring
pathological slow waves rather than the physiological
delta EEG of NREM sleep. One possible source of
pathological delta is decreased cerebral blood flow
caused by systemic blood pressure changes (Feinberg
and Campbell 1999). The integrity of the cerebral circu-
lation is strongly protected and only massive changes

in systemic blood pressure will alter cerebral perfusion.
Such massive changes were effectively ruled out by our
experiment although blood pressure was recorded in
only two animals.

CPPene Effects on EEG

CPPene produced complex state-specific effects on the
EEG in the first six hours post drug. NREM low fre-
quency power decreased. Waking mid-frequency
power decreased. REM high frequency power in-
creased. The NREM and wake low and mid-frequency
power decreases resulted primarily from decreased
wave incidence. In contrast, increased REM high fre-
quency power was entirely due to increased wave am-
plitude. Changes in wave amplitude are thought to re-
flect changes in summed potential changes in large
neuronal populations. Changes in wave incidence are
presumed to result from changes in the frequency of a
central oscillator or of more localized EEG thalamocor-
tical circuits. It is increasingly recognized that spectral
analysis cannot distinguish amplitude and incidence ef-
fects and that this distinction is biologically important
(Amzica and Steriade 1998; Dijk 1999). EEG waves are
generated by complex cortico-thalamic interactions
(Steriade et al. 1993). The CPPene effects on EEG dem-
onstrate that these interactions can be differentially al-
tered in different vigilance states.

CPPene increased NREM sleep in the absence of an
increased homeostatic need caused by increased wak-
ing duration or brain metabolism. One might expect
such excess sleep to be less intense as indicated by
lower levels of NREM delta. Such a response was ob-
served here. 1.25 mg/kg CPPene significantly de-
creased delta (1–4 Hz) power/min. 2.5 mg/kg CPPene
decreased power in 3–4 Hz (but 1–3 Hz power was
roughly at baseline levels). Had significant recupera-
tion occurred in the NREM sleep stimulated by CP-
Pene, homeostatic models predict a subsequent de-
crease in NREM sleep. The absence of such a decrease
suggests that little recuperation occurred in the CP-
Pene-stimulated NREM sleep.

CPPene caused a delayed (by 6 h) increase above
control levels in high frequency EEG in all three vigi-
lance states. The delay suggests that this increase is a re-
sponse to initial changes induced by the drug. In-
creased high frequency EEG normally indicates
increased arousal level. The delayed increase in high
frequency EEG we recorded may be a rebound increase
in arousal in response to any small amount of recupera-
tion provided by the initial increase in sleep time.

Glutamate and Sleep and Clinical Implications

The data presented here add to a growing literature
that glutamate plays a significant role in sleep regula-
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tion. Glutamate plays a key role in a neuronal detoxifi-
cation model of sleep (Inoue et al. 1995). Earlier stud-
ies found that systemic or brain injections of
glutamate receptor antagonists increased sleep (Arm-
strong-James and Fox 1988; Stutzmann et al. 1988; Ju-
hasz et al. 1990) and that agonists decreased sleep (Mi-
lasius et al. 1990). More recently, Ferraro et al. (1999)
proposed an inhibitory GABA/glutamate interaction
in the medial preoptic area, and Azuma et al. (1996)
showed that glutamate levels in the medial preoptic
area of rats vary with vigilance state, increasing across
waking and peaking at the onset of NREM sleep. Also,
NMDA injections into the basal forebrain increase
waking (Manfridi et al. 1999; Cape and Jones 2000).
Our findings with CPPene contradict the finding of
Stone et al. (1992) that light period injections of the
competitive NMDA antagonist NPC 12626 impaired
REM sleep at doses from 1 to 100 mg/kg and de-
creased NREM sleep at doses 50 mg/kg or greater. Al-
though they do not present behavioral observations,
we suspect that the high doses (�50 mg/kg) caused
the intoxication syndrome we observed with high
dose (10 and 20 mg/kg) CPPene. The absence of
NREM stimulation by low doses of NPC 12626 may be
due to injections of the drug during the light period
when NREM sleep is already high. However, we can-
not explain why NPC 12626 impaired rather than in-
creased REM sleep.

Involvement of glutamate in sleep regulation has po-
tential clinical relevance. Current hypnotics in clinical
use are GABAergic compounds that act to enhance in-
hibitory neurotransmission. Central nervous system in-
hibition and excitation work in tandem. It is, therefore,
possible that sleep promoting effects similar or possibly
superior to those of GABAergic hypnotics could be cre-
ated by dampening excitatory neurotransmission. The
short term increase in NREM sleep demonstrated here
for a competitive NMDA antagonist supports this pos-
sibility and should encourage further exploration of
drugs that modulate excitatory neurotransmission for
hypnotic and other therapeutic (anxiolytic) actions.
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