
ORIGINAL ARTICLE

Differential EffectsofMK801andLorazepamonHeartRate
Variability in Adolescent Rhesus Monkeys

(Macaca Mulatta)

Allyson J. Bennett* and Paolo B. DePetrillo†

Abstract: Previous research shows that ketamine significantly alters

cardiac signal regulation in rhesus monkeys, however relatively little

is known about the mechanism for this effect. In the study reported

here the relative contributions of NMDA receptor activation on car-

diac signal dynamicswere determined by administering a specific NMDA

antagonist, MK801, to rhesus monkeys. The general effects of seda-

tion were assessed by measuring cardiac response to lorazepam,

a sedative drug without direct NMDA receptor activity. Electrocar-

diographic signal dynamics were examined before and after I.V. ad-

ministration of either MK801 (0.16 mg/kg) or lorazepam (0.48 mg/kg).

Inter-beat interval time series data were analyzed in the frequency

domain after Fourier transform, and a nonlinear measure of auto-

correlation, the Hurst exponent (H), was derived. After MK801 admin-

istration, log [HF /Total power] increased post-infusion (M = 1.11, SD =

0.45) compared with pre-infusion values [M = 20.19, SD = 0.32,

F(1,4) = 19.49, P = 0.01] while H decreased, mean pre versus post

0.52+/2S.D. 0.10 versus 0.01+/2 0.05, P = 0.0002. Lorazepam

administration did not significantly alter heart rate variability mea-

sures obtained in the frequency or nonlinear domains. To our knowl-

edge, this is the first study that has defined the effects of peripherally

administered MK801 on cardiovascular dynamics in primates and

establishes that peripheral administration of NMDA antagonists result

in large increases the high-frequency components of cardiac rhythm

and increased heart rate variability compatible with MK801-associated

increases in parasympathetic outflow.
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Ketamine is widely used in animal and human anesthe-
sia,1,2 particularly in nonhuman primates,3 in pediatric pop-

ulations,4 in developing countries,5 and in war surgery.6

Recreational use of ketamine is also growing as a ‘‘club drug’’
used by adolescents and young adults.7 Although ketamine is
a widely used agent in both animals and humans, relatively
little is known about its effects on critical physiological
systems.

In rodents, ketamine not only increases heart rate vari-
ability (HRV),8 but also has anti-arrhythmic effects.9–11 In non-
human primates, weak anti-arrhythmic effects of ketamine have
been hypothesized to account for the low rate of arrhythmias
present in ketamine-anesthetized animals as compared with
those anesthetized with other agents.12 Conversely, NMDA-
receptor agonists have been shown to promote cardiac ar-
rhythmias.13 The relatively high incidence of heart palpitations
noted in a series of illicit ketamine users presenting to an
emergency room14 suggests however, that under some con-
ditions the drug may be associated with clinically significant
pro-arrhythmic effects.

Ketamine acts on multiple receptor systems. Ketamine is
an NMDA antagonist that also has direct potentiating effects
on 5-HT3 receptor function15 and is an antagonist of the sero-
tonin reuptake protein.16 We have previously shown that pe-
ripherally administered ketamine significantly increases HRV
in rhesus monkeys. Furthermore, we found that blockade of
5-HT3 receptors with ondansetron only partially attenuated ket-
amine-induced increases in HRV, suggesting that serotonergic
action at the level of 5-HT3 receptors is not a major deter-
minant of ketamine-induced changes in cardiac signal dynamics.17

What remained unknown, however, was whether ketamine’s
effects on cardiovascular dynamics could be explained pri-
marily by its action as an NMDA antagonist.

To address this question, the study reported here examined
the relative contributions of NMDA receptor activation on car-
diac signal dynamics by administering a specific NMDA an-
tagonist, MK801, to rhesus monkeys (Macaca mulatta). To assess
heart rate variability we used both frequency-domain and
nonlinear time-series analyses. Our previous work, along with
others, has demonstrated that nonlinear analysis results in a
sensitive measure of cardiovascular drug effects.17,18 Cardio-
vascular dynamics are also influenced by experiential state19–21

such that the general effects of sedation may contribute to the
observed change in cardiac dynamics produced by the dis-
sociative effects of ketamine and MK801. Therefore, mea-
surement of response to lorazepam, a sedative drug without
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direct NMDA receptor activity, was used to assess and contrast
the general effects of sedation on cardiac measures.

MATERIALS AND METHODS

Subjects
Five adolescent, male rhesus monkeys (Macaca mulatta)

between 37 and 43 months of age (M = 41.26, SD = 2.28) at
the onset of testing served as subjects. Subjects were socially
housed with age-mate peers in indoor:outdoor runs at the time
of testing. All animal procedures were approved by the NIAAA
Animal Care and Use Committee (protocol #LCS-AB-01).
The investigation conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996).

Experimental Procedure
In a preliminary experiment, doses from 0.08 to 0.32mg/kg

MK801 and 0.08 to 0.48 mg/kg lorazepam were administered
intravenously. We determined the minimal doses at which se-
dation occurred and was maintained for at least 20 minutes from
these preliminary data.

To begin testing, each subject was caught and briefly
restrained for intravenous infusion of either MK801 (0.16
mg/kg) or lorazepam (0.48 mg/kg). Drug was dosed in a total
volume of 3 mL of 0.9% normal saline through an intravenous
catheter (22 g) that was placed in the saphenous vein and kept
patent with 0.9% normal saline infused at a rate of 15 mL/h.
Each animal received each drug in a counterbalanced order
with no fewer than seven days lapsed between the two test ses-
sions. After 5 minutes of restraint, drug infusion began and
continued at a constant rate over 5 minutes.

Electrocardiographically derived (ECG) inter-beat interval
(IBI) data were collected during restraint and infusion. The
procedure for data collection is described elsewhere17; briefly,
gel ECG electrodes were placed on the anterior chest wall, and
attached to anMMPolar transmitter. AMini-Logger Series 2000
receiver (Mini-Mitter Co, Inc., SunRiver OR) was used to
collect the telemetric IBI data. Arterial blood pressure was
recorded prior to the beginning of the infusion and within 5
minutes following the end of the infusion using an automated
system (Dinamap Veterinary Blood Pressure Monitor 8300,
Critikon, Inc.) with the upper edge of a disposable neonatal
cuff (Critikon Disposa-Cuff, Neonatal #5 2619, Range 8–15
cm) placed at approximately the midpoint of the forearm.

Data Analysis
Inter-beat interval data, in milliseconds, were retrieved from

the Mini-Logger receiver and were filtered using linear inter-
polation if any single IBI was more than twice the magnitude
of the previous IBI. The maximum number of data points re-
quiring adjustment for any IBI time series examined was 7.6%
of the total number of IBI data points. Two epochs of 1000
heartbeats were abstracted for analysis beginning 5 minutes
before and 5 minutes after drug administration for the pre-drug
and post-drug conditions. Data were analyzed using an algo-
rithm described elsewhere,18,22 which extracts the Hurst (H)
exponent of the time-series. IBI time series were also analyzed
in the frequency domain using a Fast Fourier Transform (FFT)
and spectral analysis by means of TSAS Version 3.01.01b.23

The relative contribution of the high-frequency components of
each IBI time-series was determined by calculating the spectral
exponent, b.24–28 This is simply the negative slope of the least-
mean square fit of the linear portion of the relationship:

logðPSDÞ ¼ �ßlogðfÞ þ c

where f is frequency (Hz), PSD is power spectral density
(ms2 /Hz), and c is a constant.

For the FFT analysis, low-frequency power was defined
as between 0.00 and 0.15 Hz and high-frequency power was
defined as between 0.15 Hz and 8.000 Hz. In the absence of
any available normative data for rhesus monkeys the cut-off
value of 0.15 Hz was based on visual inspection of log (fre-
quency) versus log (power spectral density) of the Fourier
transform of the time series, which showed a clear discon-
tinuity in the slope at a frequency corresponding to approx-
imately 0.15 Hz. This value corresponds to the value commonly
used in FFT spectral analysis of human IBI data. The high-
frequency power cut-off was set to 8 Hz to capture all high-
frequency information because we had no basis for deciding
on a lower value. Nevertheless, the contribution of frequencies
.2 Hz to the magnitude of the total power was negligible. The
frequency components are expressed in normalized units (nu),
LF, low-frequency power/total power and HF, high-frequency
power/total power. A log transformation of LF and HF was
performed prior to parametric analyses to equalize variance.

The effects of lorazepam or MK801 on H, spectral expo-
nent, IBI, HF, and LF were subjected to repeated-measures
analysis of variance (ANOVA, post-drug-infusion versus pre-
infusion conditions) to assess whether their mean values were
significantly different. Systolic and diastolic arterial blood pres-
sure pre- and post-drug infusion were compared within and

TABLE 1. Summary of Results for Cardiac Measures Shown as Mean Values and Standard Deviations for
Each Measure Pre- and Post-drug Infusion

Measure

Lorazepam MK801

Pre Post Result Pre Post Result

Hurst Exponent (H) 0.38 (0.16) 0.47 (0.07) P = 0.28 0.52 (0.10) 0.10 (0.05) P = 0.0002

Spectral Exponent (b) 1.78 (0.59) 1.98 (0.66) P = 0.65 2.08 (0.58) 0.92 (0.18) P = 0.007

IBI (ms) 303.19 (36.29) 333.18 (23.97) P = 0.04 292.02 (33.75) 322.72 (44.70) P = 0.05

log HF Power (n.u.) 0.23 (0.65) -0.16 (0.42) P = 0.45 -0.19 (0.32) 1.11 (0.45) P = 0.01

log LF Power (n.u.) 0.57 (0.61) 0.34 (0.37) P = 0.51 0.92 (0.20) 0.59 (0.29) P = 0.09
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between drug condition with repeated-measure ANOVA. For
both measures of HRV used in this study, the Hurst parameter
(H) and the spectral exponent (b), higher values are associated
with lower HRV.29

RESULTS
Table 1 contains a summary of results. MK801 admin-

istration produced similar effects on H (Figs. 1A and 2B) as
were previously shown for ketamine (Fig. 1B),19 whereas lor-
azepam failed to significantly influence cardiac signal complexity
(Figs. 1C and 2A). Lorazepam failed to produce significant
alterations inH, F(1,4) = 1.59, P = 0.28 (Fig. 2A). By contrast,
MK801 administration resulted in a significant increase in HRV
as indicated by the lower Hurst exponent (M = 0.10, SD =
0.05) when compared with pre-infusion values (M = 0.52,
SD = 0.10), F(1,4) = 183.68, P = 0.0002 (Figs. 1A and 2B).

A parallel increase in HRV was evident in the decreased
spectral exponent for MK801 (M = 0.92, SD = 0.18) compared
with pre-infusion values (M = 2.08, SD = 0.58), F(1,4) = 25.32,
P = 0.007 (Fig. 2D). Spectral exponent was not significantly
altered by lorazepam (M = 1.98, SD = 0.66) compared with
pre-drug administration (M = 1.78, SD = 0.59), P = 0.65 (Fig.
2C). IBI was slightly increased with lorazepam administration
(pre-infusion: M = 303.19 milliseconds, SD = 36.29; post-
infusion:M = 333.18 milliseconds, SD = 23.97, F(1, 4) = 9.13,
P = 0.04) (Fig. 2E). Inter-beat interval was also slightly af-
fected by MK801 (pre-infusion:M = 292.02 milliseconds, SD =
33.75; post-infusion: M = 322.72 milliseconds, SD = 44.70),
F(1, 4) = 8.29, P = 0.05 (Fig. 2F).

Results from the frequency domain analyses are given in
normalized units (n.u.) where log HF (n.u.) is log (HF/total
power) and log LF (n.u.) is log (LF/total power). For MK801,
log HF (n.u.) increased post-infusion (M = 1.11, SD = 0.45)
compared with pre-infusion values (M = 20.19, SD = 0.32),
F(1,4) = 19.49, P = 0.01 (Fig. 2H). The log LF (n.u.) was not
significantly different followingMK801 infusion (pre-infusion:
M = 0.92, SD = 0.20; post-infusion: M = 0.59, SD = 0.29),
F(1,4) = 4.90, P = 0.09 (Fig. 2J). For lorazepam, log HF (n.u.)
was not significantly changed between post-infusion (M =
20.16, SD = 0.42) and pre-infusion (M = 0.23, SD = 0.65),
P = 0.45 (Fig. 2G). Neither was log LF (n.u.) significantly dif-
ferent between pre- (M = 0.57, SD = 0.61) and post-lorazepam
(M = 0.34, SD = 0.37) infusion, P = 0.51 (Fig. 2I).

Arterial blood pressure was not significantly affected by
drug administration (Table 2).

DISCUSSION
In the current study, NMDA receptor blockade produced

by the peripheral administration of the noncompetitive NMDA
antagonist MK801 was sufficient to increase HRVand produced
the key elements of the IBI response induced by ketamine.17

Both the Hurst exponent and the spectral exponent, b, have been
shown to increase with vagal blockade after atropine admin-
istration in humans, while the magnitude of high-frequency
power normalized for total power is decreased.29 The decrease
in spectral exponent b seen in this study after MK801 admin-
istration is due to a relative increase in the high-frequency

components of the IBI time series, as suggested by the higher
values of high-frequency power seen after MK801, as com-
pared with lorazepam, administration. Together these data sug-
gest that peripheral NMDA antagonist administration results
in robust increases in parasympathetic outflow.

Neither lorazepam nor MK801 significantly altered low-
frequency power. These results should be interpreted with some

FIGURE 1. The IBI time-series and corresponding H-values from
one monkey undergoing (A) MK801 (B) ketamine (from
DePetrillo et al, 2000) and (C) lorazepam are shown to
illustrate the effect of the three drugs on cardiac measures. The
y-axis shows the magnitude of each IBI and value of the H
parameter 3 1000. The arrows point to the beat number at
which drug infusion began.
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caution however, for two reasons: first because the low- frequency
components of the IBI may not have been adequately sampled
due to the relatively short time period examined, which encom-
passed 1000 IBI time points. Second, there is disagreement in
the field about the validity of the correlation between low-
frequency components of the IBI time series and sympathetic
activity. For example, in several studies30,31 low-frequency
components of the IBI time series were shown to depend on
the interaction between sympathetic and parasympathetic tone,

whereas high-frequency components were tightly correlated
with parasympathetic activity.

The possibility that the effects observed here were due to
drug actions on the baroreflex arc was investigated by deter-
mining systolic and diastolic arterial blood pressures (ABP) as
well as IBI before and after drug administration. While there
was a trend for both MK801 and lorazepam to increase both
systolic and diastolic ABP, IBI increased only slightly after drug
administration and was essentially the same for both drugs. The

FIGURE 2.Measures of cardiac function
shown as mean values pre-drug (open
bars) and post-drug (filled bars)6 SEM
for lorazepam (left bars) and MK801
(right bars). Results are shown with
statistical significance level indicated as:
*P , 0.05; **P , 0.01; ***p = ,0.001.
A and B, MK801 significantly decreased
H, F(1,4) = 183.68, P = 0.0002, while
lorazepam failed to produce significant
alterations in H, F(1,4) = 1.59, P = 0.28.
C and D, Spectral exponent was
decreased significantly after MK801
administration, F(1,4) = 25.32, P =
0.007, but was not changed with
lorazepam administration F(1,4) =
0.244, P = 0.65. E and F, IBI was
somewhat increased with MK801 ad-
ministration, F(1, 4) = 8.29, P = 0.05.
Lorazepam administration increased
inter-beat interval, F(1, 4) = 9.13., P =
0.04. G and H, The high-frequency
power expressed as log HF (n.u.) was
increased by MK801, F(1,4) = 19.49,
P = 0.01, but not lorazepam, F(1,4) =
0.75, P = 0.45. I and J, Neither MK801
nor lorazepam significantly influenced
low-frequency power expressed as log
LF (n.u.), F(1,4) = 4.90, P = 0.09 and
F(1,4) = 0.53, P = 0.51, respectively.
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trend toward increased ABP after MK801 might be causally
related to increases in parasympathetic outflow, however several
studies suggest that increases in ABP do not account for cor-
responding changes in nonlinear indices of HRV.32–34 Thus, we
conclude that the effects observed here with MK801 are more
likely due to other factors than possible baroreceptor reflex
stimulation.

Our data support the conclusion that the effects ofMK801
cannot be attributed to a non-specific sedative anesthetic effect
on heart rate regulation. Lorazepam produced levels of im-
mobility similar to MK801 without significant corresponding
changes in HRVor in the magnitude of IBI. The results of this
drug comparison are also important in light of the widespread
and routine use of NMDA antagonists, and most typically
ketamine, in nonhuman primate research. This ubiquitous use
stands in contrast to a relative paucity of data examining the
effects of these agents on cardiovascular measures. Hence, by
demonstrating significant but contrasting effects of an NMDA
antagonist and lorazepam on cardiac signal regulation, the data
reported here highlight the importance of empirical study
aimed at determining the specific effects of different anes-
thetics agents used in animal research. At the same time,
because chemical restraint is often a necessary component of
nonhuman primate testing, the results of this study point to
consideration of lorazepam as a viable alternative to ketamine
when deep sedation in not required and cardiovascular out-
come measures are of interest.

Ventilation was not monitored, thus raising the possibility
that by altering respiratory frequency MK801 increased the
high-frequency components of the IBI time series. Previous
work strongly suggests that this is not the case. For example,
data from human populations has clearly demonstrated that
respiratory frequency is not a major explanatory factor for
within-subject variance in the high-frequency components of
HRV.35 Thus, the large effect size observed in the present study
after administration of MK801 is probably not explained simply
by differences in respiratory frequency under control and drug
conditions. Nonetheless, it remains for future study to directly
test this alternative hypothesis.

While we report that lorazepam increased the magnitude
of the IBI, our results are in contrast to the findings of a
previous study in which both IBI and HRV were shown to
decrease with lorazepam administration in humans.36 Among
the potential sources for this discrepancy are differences in
subjects’ state during testing as well as selection of different
dependent measures. For monkeys the test situation was likely
moderately stressful, while the test situation experienced by
the human subjects may have been considerably less so. With
respect to dependent measures, Vogel et al36 evaluated HRV
using measures in the time-domain and we selected both non-
linear and frequency domain analyses.

Both MK801 and ketamine17 increase HRV when pe-
ripherally administered. These NMDA antagonists have been
demonstrated to be cardioprotective because they decrease the
risk of arrhythmias under conditions of transient ischemic
insults.9 We theorize that the increase in high-frequency power
seen in the current study after administration of MK801 may
be associated with the antiarrhythmic effects of NMDA antag-
onists. Supporting evidence for this interpretation is found in
the observation that enhanced vagomimetic activity suppresses
ventricular arrhythmias in the setting of post-myocardial in-
farction.37,38 Furthermore, MK801 was also demonstrated to
significantly decrease pacing-induced ventricular arrhythmias
in dogs exposed to cocaine.39 Low HRV is a significant prog-
nostic risk factor for sudden death,40–44 therefore we suggest
that the pharmacodynamic effects of NMDA antagonists on
HRV may be associated with their cardioprotective effects.
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