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TURKKAN, J. S., R. D. HIENZ, R. P. ALLEN AND H. J. BEZOLD. ~-Blocker effects on 24-h activity in normo- 
tensive and renovascular hypertensive baboons. PHARMACOL BIOCHEM BEHAV 42(3) 465-471, 1992.- Spontaneous 
motor activity of normotensive and renovascular hypertensive baboons was measured during oral dosing with the/~-adrenergic 
antagonists atenoloi HCl (2.6 mg/kg/day) and d,/-propranolol HC1 (6.8 mg/kg twice dally) in separate studies. Each study 
administered active drug for 21 consecutive days. Piezoelectric monitors sensitive to movement were worn continuously by 
the baboons. Propranolol decreased overall 24-h average activity during the third week of dosing in normotensive baboons 
but not in renovascular hypertensive baboons. The greatest reductions in activity averaged 20°70 at those times of day 
corresponding to the second daily drug dose both in normotensive baboons and, at this time of day only, in the majority of 
hypertensive baboons. Activity decreases reversed to baseline levels when propranolol was discontinued. For atenolol, most 
normotensive but no hypertensive baboons showed decreases in activity at the time of day corresponding to the daily drug 
dose. 

B-Adrenergic blocking agents Propranolol Atenolol Motor behavior Renovascular hypertension 
Blood pressure Antihypertensive agents Adverse side effects Nonhuman primates Baboons 

THE use of :/-adrenergic receptor blocking agents in clinical 
medicine has become particularly widespread in the last two 
decades, with their major use in cardiovascular diseases such 
as hypertension, angina, arrhythmias, and obstructive disor- 
ders. Propranolol, the prototypical :/-blocker, is widely used 
as the first or second drug in stepped-care control of hyperten- 
sion (7). Atenolol, a hydrophilic :/j selective antagonist, has 
been used in place of propranolol when patients would not 
comply with a multiple-pill dally dose regimen; atenolol in a 
single dally dose has been shown to control blood pressure 
for 24 h (21). 

Collaborative group studies such as the Boston Collabora- 
tive Drug Surveillance Program (8) cite common instances of 
disturbances in CNS function with :/-blockers. During oral 
propranolol, for example, reported side effects have included 
fatigue, dizziness, impaired sleep, and alterations in mood and 
thought that appear to be independent of dose. Up to 14°10 of 
adverse reactions to oral propranolol have been found to be 

sensory and behavioral, although it has been suggested that 
such side effects may be the result of either reduced cardiac 
output or direct CNS action (8). The :/-blockers have, how- 
ever, heterogeneous pharmacological properties that make 
their behavioral study difficult. In the CNS, :/-blockers inter- 
act with a variety of systems such as in altering the metabolism 
of norepinephrine, dopamine, serotonin, and acetylcholine. 
In addition to :/-blockade, the :/-blockers show properties such 
as membrane stabilization (i.e., local anesthetic effects) and 
:/-receptor stimulation (intrinsic activity). In addition, com- 
pounds in this class vary with respect to their ability to cross 
the blood-brain barrier. For example, propranolol is highly 
lipid soluble 0ipophilic) and readily crosses the blood-brain 
barrier, in comparison to atenolol (a hydrophilic agent). 

Consistent with the heterogeneous pharmacology of the 
:/-blockers, the laboratory literature has been contradictory 
on the adverse or ameliorative behavioral effects of the 
:/-blockers in both humans and animals (15,25). Studies with 
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mildly hypertensive adults have found no changes in simple 
or complex reaction times after propranolol (11,14). In an- 
other study that found propranolol to worsen complex reac- 
tion time performance, scores progressively improved during 
the 3-week dosing period (2). Propranolol has worsened accu- 
racy of visual discrimination tasks in rhesus monkeys (17). 

Atenolol has been reported to produce fewer behavioral 
side effects than propranolol (4) and has had little effect on a 
variety of  psychomotor tasks in human studies [e.g., (26,27)]. 
In addition, atenolol has not been detected in the cerebral 
brain stem of squirrel monkeys after 30 min despite the rapid 
onset of a hypotensive effect (1). Some studies performed with 
hypertensive human subjects have found atenolol to produce 
increased concentration [e.g., (24)], but others also performed 
with hypertensive subjects have found atenolol to slightly im- 
pair learning and recall of everyday objects (13). 

This report documents the effects of  atenolol hydrochlo- 
ride (Study 1) and propranolol hydrochloride (Study 2), two 
widely used/3-adrenergic blocking agents that differ with re- 
spect to lipophilicity and/3~ selective properties, on spontane- 
ous motor activity. Although there is a large literature on the 
psychomotor and sleep side effects of/3-blockers (15), and 
/3-blockade has been found not to affect spontaneous activity 
of  rodents (5,9), no studies have obtained objective laboratory 
information about the effect of  B-blockers on continuous ac- 
tivity of  humans or nonhuman primates. Objective informa- 
tion is particularly lacking about the effects of/3-blockers on 
activity in hypertensive subjects and during chronic dosing 
as found in clinical settings. In this series of  studies, both 
hypertensive and normotensive baboons were studied to deter- 
mine the degree to which each drug's effects on spontaneous 
activity may be modulated by the hypertensive condition. 

METHOD 

Subjects 

Six adult, male baboons (Papio cynocephalus & Papio an- 
ubis) served as subjects. Animals ranged in weight between 
17-28 kg. Three baboons surgically prepared with unilateral 
renal artery stenosis (2-kidney, 1-clamp) were obtained from 
the Southwest Foundation for Biomedical Research [San An- 
tonio, TX; see (16) for details of  the surgical procedures] 
approximately 4 years prior to the current study. These hy- 
pertensive baboons are referred to as the "renovascular hy- 
pertensive" baboons (SBP/DBP + SEM 152 + 10/96 _+ 
4 mmHg). The remaining three baboons were surgically intact 
and were normotensive (113 + 1/79 +_ 2 mmHg). 

Apparatus and Environment 

Animals were individually housed in home cages [(LWH) 
1.2 × 0.9 × 1.4 m] except during dally 75-rain behavioral 
testing periods. Cages contained a seating bench and a spout 
for ad lib ingestion of  tapwater. Two housing rooms each 
contained between seven to nine other individually caged ba- 
boons. Each baboon's field of  view included at least one other 
baboon at all times. The l ight:dark cycle of  the housing 
rooms was 12 L : 12 D; lights were on at 0600 h. 

Animals wore a noninvasive, 1-oz. activity-monitoring de- 
vice with no external wires (LWH = 5.5 × 3.3 × 1.5 cm; 
Individual Monitoring Systems, Inc., Baltimore, MD) that 
was slightly modified from one developed at NIH (3). The 
modification adjusted the response frequency to be maximum 
for 0.5-10 Hz, the range noted to be most significant for body 
movements in humans (19). The monitor was inserted into a 

padded metal container mounted on the outer surface of a 
soft leather collar. The collar did not interfere with eating or 
movement, was well tolerated, and allowed animals' access to 
all body parts. 

A microprocessor within the monitor records activity over 
1,024 time intervals, each of  0.88-s duration. Each interval is 
further divided in 4,096 equal time bins, with each bin set to 
either 0 or 1, depending upon whether or not any activity 
within that time bin exceeds the threshold level (0.1 g force) 
of  the piezoelectric sensor. These activity counts are then 
summed over the 4,096 bins. Dividing these counts by 4,096 
thus provides a measure of  the proportion of  active periods 
(referred to as "activity density") within each of  the 1,024 time 
intervals. We report here the proportion of  these intervals 
during a 60-min period. For intense movement such as run- 
ning or rapidly jumping up and down the movement density 
approaches 100% (proportion x 100) and for inactive peri- 
ods such as during sleep the activity density approaches 0%. 
Movement of  the animal in any direction was recorded. 

The activity density for each successive 60-min period was 
recorded by the unit for up to 42 days; at the end of  the 
recording period, data were transferred from the monitor to a 
computer for analysis. Within-subject reliability of  activity 
measurements across days was previously determined by use 
of  odd-even day (i.e., test-retest) correlations [e.g., (20)] dur- 
ing a 260-day prestudy evaluation period of  the monitoring 
system in two baboon subjects. Correlations of odd-even day 
activity density were significant at p < 0.01 (Pearson's r = 
0.513 and 0.525 for each of two baboons), showing that the 
system was reliable. 

Procedures 

Drugs studied were the/31 selective/3-adrenergic antagonist 
atenolol hydrochloride (2.6 mg/kg/day, PO; Study 1) and the 
nonselective /3-adrenergic antagonist d,i-propranolol hydro- 
chloride (6.8 mg/kg twice daily, PO; Study 2). Drugs were 
administered orally to mimic human clinical dosing methods. 
For precise dosing, both atenolol and propranolol (Sigma 
Chemical Co., St. Louis, MO) were weighed in powdered 
form and inserted into a small piece of fruit as vehicle. On 
no occasion was an animal seen to reject the drug; ingestion 
occurred in less than 5 min. Doses were chosen to be at the 
high end of doses clinically used for hypertension, matched 
with humans for mg/kg body weight. 

Each study consisted of  the following consecutive phases: 
a 14-day baseline (daily vehicle alone), followed by a 21-day 
active dosing period with drug, and concluding with a 14-day 
vehicle-alone condition ("postdrug recovery'~. Changes in 
dosing conditions (e.g., onset of active dosing, termination of  
active drug) occurred on Tuesdays. 

Propranolol was administered twice dally and atenolol was 
administered once daily. During baseline and postdrug recov- 
ery conditions, vehicle alone was administered once daily for 
the atenolol study, and twice dally for the propranolol study. 
Propranolol was administered at a 2-h dosing interval for 
practical reasons to maintain a constant interval between 
doses for the last animal tested each day since personnel were 
not present to deliver a second dose late in the evening. 

On weekdays, drug administration was staggered to coin- 
cide with each animal's behavioral testing session. Drug ad- 
ministration occurred between 0800-1700 h across animals, 
with the order of drug administration strictly alternated be- 
tween normotensive and hypertensive baboons. On weekends, 
all animals were administered drug at 9 a.m.; the second dally 
dose of  propranolol was administered at 3 p.m. 
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TABLE 1 
MEAN (+ SEM) ACTIVITY DENSITY/24 h BEFORE, DURING, AND FOLLOWING PROPRANOLOL DOSING 
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Baseline WK2 PROP WKI PROP WK2 PROP WK3 POST WKI POST WK2 

Renovascular hypertensive* 40.65 + 13.47 39.33 + 12.68 41.80 :t: 12.8 40.86 + 12.45 40.78 + 12.85 47.26 + 13.98 
Normotensive1" 23.31 + 8.00 23.93 + 8.15 23.05 + 6.97 19.52 + 6.16 26.65 + 8.42 24.62 + 7.61 

PROP, propranolol; WK, week. 
* n = 3 .  
tn = 2. 

During these studies, baboons were tested dally (Mon-Fri) 
on an operant repeated-acquisition task during 75-min experi- 
mental sessions conducted in a separate testing chamber. Be- 
havioral performances and response reaction time data mea- 
sured during the sessions are reported elsewhere (Turkkan and 
Hienz, submitted). 

Data analysis. A "day" was defined as a 24-h period begin- 
ning at 0300 h. For comparison of the treatment conditions, 
weekly (5-day means excluding weekends and holidays) data 
were analyzed as percent change from the baseline week imme- 
diately preceding drug administration. Several measures of 
activity were summarized for data analysis: a) average activity 
density/day (activity density/60 min as an average for 24 h); 
b) total inactive periods/day (total number of 60-rain periods/ 
24 h containing zero activity); c) consecutive inactive periods/ 
day (total number of consecutive 60-min periods of zero activ- 
ity/24 h); and d) average activity during each of six dally time 
periods, each 4 h in duration. Finally, sleep fragmentation 
was indexed by the number of inactivity interruptions per 24-h 
period. 

Omnibus hypothesis testing employed repeated-measures 
analysis of variance (ANOVA) for group (hypertensive vs. 
normotensive) and treatment week (percent change from base- 
line across dosing and postdrug weeks). Probability levels less 
than or equal to 0.05 were considered significant. The more 

conservative Huynh-Feldt probability levels were used to con- 
trol for violations of sphericity due to repeated measures, 
which may result in inflated ANOVA F ratios. All posthoc 
comparisons of means were conducted with use of 95°/0 confi- 
dence intervals. Because each animal received drug at an indi- 
vidual time of day, ANOVAs to determine time of day effects 
were conducted on activity levels of individual subjects across 
experimental weeks; the most conservative Greenhouse- 
Geisser probability levels are reported for individual-subject 
ANOVAs. Also, individual-subject A_NOVAs were conducted 
only if an overall significant treatment effect was observed. 
Due to monitor malfunction, data were excluded from one 
normotensive baboon (PW) during the propranolol study. 

RESULTS 

Propranolol Effects 

Group d(fferences. Average activity density/24 h decreased 
below baseline in the third week of propranolol dosing and 
increased to or above baseline after active drug was discon- 
tinued [treatment: F(4, 12) = 8.82, p = 0.0015]. For the nor- 
motensive baboons, activity was decreased by approximately 
4 e  in the third week of dosing (Table 1 and Fig. 1); decreases 
in activity during the third week were significantly greater 

24-HR AVERAGE ACTIVITY 
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FIG. 1. Average (+ SEM) percent change in activity density across propranolol 
(filled bars) and postdrug weeks (unfilled bars) as a function of baboon group 
(renovascniar n = 3; normotensive n = 2). Each datum is a 24-h average, aver- 
aged across 5 days. Significant differences between means were found for normo- 
tensive baboons: between the first and third propranolol dose weeks and between 
the third propranolol dose week and the first postdrug week. 
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FIG. 2. Upper: Percent change in average activity density at the time of day of the second daily propranolol 
dose as a function of successive weeks. Functions for individual baboons are shown for renovascular hyperten- 
sive (filled data points) and normotensive baboons (unfilled). Each datum is an average over 4 h encompassing 
the time of day that an animal's second daily dose of propranolol was administered, averaged over 5 successive 
weekdays. Lower: mean ( + SEM) percent change averaged over animals across successive experimental weeks. 
Baboon ME, who showed an increase in activity, is omitted from the average. 

than in the first week. Overall activity for the renovascular 
baboons was unchanged across experimental weeks [treatment 
week x group: F(4, 12) = 6.25, p = 0.006; Table 1 and Fig. 
1]. Activity in both groups increased after propranolol was 
discontinued, although increases reached significance only in 
the normotensive baboons. 

Time of day effects. Each animal received drug at an indi- 
vidual time of day to coincide with his dally operant testing 
session, necessitating individualized analysis of  propranolol 's 
effects on activity as a function of time of day. These analyses 
revealed that not all times of day were sensitive to the effects 
of propranolol on activity (all individual-subject ANOVAs 
were significant for treatment × time of  day interactions). 
Maximal changes in activity for all animals were evident at 
about the time of  day corresponding to their second daily 
propranolol dose. Four animals showed decreases in activity 
at this time of day, while activity of one renovascular animal 
increased (ME) as illustrated for individual animals across 
experimental weeks in Fig. 2 (top). Average maximal decreases 
in activity at this time of  day were approximately 20070 during 
the third week of propranolol dosing (Fig. 2, bottom). 

Propranolol 's effect on activity as a function of time of 

day is shown in 24-h functions for normotensive baboon JA 
(Fig. 3). Little change in activity occurred during the first 
week of propranolol dosing in comparison to baseline weeks, 
with progressive decreases evident during the second and third 
weeks of  drug dosing. This animal's activity decreased maxi- 
mally at 1100 h, the time of day when his second dally pro- 
pranolol dose was ingested. Activity also was decreased at 
0800 h, when the first dally dose was ingested. 

No significant effects of propranolol were obtained for the 
sleep fragmentation index, the number of l-h periods with 
inactivity, or for consecutive periods with inactivity. 

A tenolol Effects 

Although statistically significant changes in activity were 
not obtained across the atenolol study weeks (treatment p > 
0.10), atenolol decreased activity in two normotensive ba- 
boons at the time of  day corresponding to the dally drug dose. 
Maximal activity decreases for the normotensive baboon 
group (Table 2) averaged approximately 15-25070 (depending 
upon time of day; Fig. 4) below baseline during the second 
and third atenolol dosing weeks. Activity increased toward 
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FIG. 3. Weekly average 24-h plots of hourly activity density for normotensive baboon JA. Baseline weeks (unfilled data 
points) are contrasted with propranolol dosing weeks (filled data points). Each data point is activity density recorded over a 
l-h period, averaged over 5 successive weekdays. D denotes times of day when drug was administered. Seventy-five-minute 
operant sessions occurred at 0900 h, and the animal received his daily food ration at approximately 1200 h. 

baseline in the postdrug weeks. There was sufficient variability 
across baboon groups that treatment x group interactions 
were not, however, significant. 

DISCUSSION 

Propranolol decreased spontaneous motor activity of nor- 
motensive baboons and had little overall effect on activity in 
hypertensive baboons. Maximal decreases in activity of nor- 
motensive baboons occurred in the third week of twice-daily 
oral dosing. Propranolol's effects on activity corresponded to 
times of day when ingestion of the second daily dose occurred. 
Atenolol produced a similar, although nonsignificant, trend 
for normotensive baboons. As reported elsewhere (Turkkan 
and Hienz, submitted for publication), the two drugs pro- 
duced differential changes in blood pressure with BP de- 
creased during propranolol but not during atenolol. 

The differential effects of atenolol and propranolol on 
spontaneous activity conform to some suggestions in the liter- 
ature that propranolol produces greater CNS side effects than 

atenolol due to its nonselective /~-antagonist and high lipo- 
philic properties (15). Comparisons of the psychomotor ef- 
fects of atenolol vs. propranolol have, however, produced a 
variety of outcomes. In a pair of studies using identical single- 
dosing protocols in normal humans, for example, both ateno- 
lol and propranolol impaired psychomotor function to an 
equivalent degree (22,23). On the other hand, normal human 
subjects show enhanced CNS effects of propranolol on sleep 
variables but not on psychomotor measures, whereas atenolol 
has no effect on either of these measures (10). In other studies, 
neither atenolol nor propranolol affected psychomotor per- 
formances after up to 7 days of chronic dosing [e.g., (12)]. 

With regard to sleep and 24-h ambulation measures, Kostis 
and Rosen (10) examined a variety of measures including sleep 
variables, psychomotor performance, and self-reported mood 
after administration of several/3-blockers differing in dimen- 
sions of lipophilicity, selectivity for El receptors, and intrinsic 
sympathomimetic activity. Their data suggest that lipophilic 
agents such as propranolol impair sleep, perhaps due to their 
relative ease in crossing the blood-brain barriers. No changes 

TABLE 2 
MEAN (+SEM) ACTIVITY DENSITY/24 h BEFORE, DURING, AND FOLLOWING ATENOLOL DOSING 

Baseline WK2 ATEN WKI ATEN WK2 ATEN WK3 POST WKI POST WK2 

Renovascularhypertensive* 41.03 + 12.8 37.25 + 12.35 41.17 + 12.77 40.59 + 12.8 40.63 + 12.96 40.59 + 12.73 
Normotensivet 24.78 + 6.89 19.43 + 5.55 19.08 + 5.42 19.05 ± 5.21 21.00 ± 5.75 21.47 ± 6.07 

ATEN, atenolol; WK, week. 
* n = 3 .  

tn = 3. 
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FIG. 4. Average percent change (+ SEM) in activity density across atenolol 
(filled columns) and postdrug weeks (unfilled columns) as a function of time of 
day. Each datum is a 4-h average, averaged across 5 days and averaged over 3 
normotensive baboons. 

in the indirect sleep indexes were found in the present study, 
such as increases in 1-h periods with inactivity or the sleep 
fragmentation index. It may be that the l-h recording intervals 
used were not sufficiently sensitive to changes in these indices. 
And, since electroencephalogram activity was not recorded 
occasions of  sleep had to be inferred indirectly from the pres- 
ent activity measures. 

Activity decreases obtained during chronic propranolol 
could have resulted from orthostatic (postural) hypotension. 
During chronic dosing, systolic blood pressures decreased by 
12-17 mmHg across animals, with no differences observed 
for the normotensive vs. renovascular groups (Turkkan and 
Hienz, submitted). Because blood pressure decreases of  this 
magnitude were obtained in normotensive baboons, blood 
pressures may have fallen below levels needed for adequate 
perfusion, resulting in orthostatic hypotension with attendent 
dizziness. Blood pressure decreases of  similar magnitude in 
the renovascular hypertensive baboons merely returned their 
blood pressures to normal levels. This hypothesis is consistent 
with the finding that although blood pressures decreased in 
both groups during propranolol only normotensive baboons 
demonstrated decreases in average 24-h activity (Table 1). Or- 
thostatic hypotension as assessed by acute BP decrease to ver- 
tical tilt has not, however, been found in cynomolgous mon- 
keys after acute infusions of  propranolol (18). The doses 
studied, however, were lower than the present dose. Also, in 
the present study maximal decreases in activity occurred in 
the third week of  propranolol dosing, suggesting that if ortho- 
static hypotension developed it may not be problematic until 
propranolol is administered for some duration. It should be 
noted that anecdotal observations of  animals did not reveal 
decreases in activity to the degree of  immobility (e.g., lying 
on the cage bench), which is supported by a failure to find 
increases in the number of hourly intervals with zero activity. 

It is unclear why one of  the renovascular hypertensive ba- 
boons displayed increases in activity during propranolol.  An 
examination of the circadian patterns of  this animal revealed 
a shift in the activity pattern so that peak activity occurred 
earlier in the day in addition to overall increased activity; the 

source of these shifts is, however, unknown. It is unlikely that 
the increased activity was due to the drug since activity did 
not return to baseline levels after drug was terminated. All 
animals showed increased activity after propranolol was dis- 
continued, either back to or slightly above baseline levels. The 
abrupt withdrawal of  propranolol, as done here, has not been 
recommended therapeutically (28). 

Psychomotor performances of  animals were assessed in 
daily sessions with use of  a repeated acquisition paradigm 
(Turkkan and Hienz, submitted). Atenolol but not proprano- 
lol increased response latencies and decreased accuracy. The 
time of day activity outcomes of  the present study suggest the 
possibility that stronger evidence of psychomotor impairment 
under propranolol may have been obtained if the behavioral 
sessions had been conducted after the second daily dose rather 
than after the first daily dose. While renovascular hyperten- 
sive baboons showed little overall decreases in activity, two 
of three hypertensive animals did display decreased activity 
following ingestion of  the second daily dose, with one hyper- 
tensive baboon's activity dropping by 40°70. Although acute 
blood pressure decreases are maximal within 30 rain after oral 
dosing at the dose used here, previous studies have shown that 
peak plasma concentrations of propranolol occur at 1 ½-2  h 
after oral dosing in humans (6). This is the interval following 
the first daily drug administration after which maximal effects 
on activity were obtained, coinciding and perhaps summating 
with the effects of the second dally dose. 

We have objectively demonstrated decreased activity 
during chronic oral dosing with the prototypical fl-blocker 
propranolol.  The decreases occurred in the initial weeks of  
dosing, corresponding to frequent patient reports of  fatigue, 
weakness, and lethargy at the onset of  medication with 
fl-blockers (15). Since the behavioral side effects of  proprano- 
1ol and to some extent also for atenolol appear to be modu- 
lated by times of  day coinciding with drug ingestion, the mea- 
surement of spontaneous motor activity can be an important 
adjunct to the study of  the behavioral pharmacology of anti- 
hypertensive drugs by providing data about behavioral side 
effects outside of explicit testing sessions. These data also 
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prompt  similar investigations o f  long-acting or  patch methods 
o f  pharmacotherapy,  as these methods may  stabilize b lood 
levels of  drug and therefore minimize fluctuations in ambula-  
tion and activity. 
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