Cognitive effects of B-adrenergic
antagonists after single doses:
Pharmacokinetics and pharmacodynamics
of propranolol, atenolol, lorazepam,

and placebo

The behavioral effects of two B-adrenergic receptor antagonists, selected to represent differing li-
pophilicity, were evaluated in a double-blind, single-dose, parallel-group study. A group of 55 healthy
volunteers (mean age, 28 years) received single oral doses of placebo, atenolol (50 mg), propranolol (40
mg), or lorazepam (2 mg). Plasma drug concentrations, self-ratings of sedation and mood, observer rat-
ings of sedation, and performance on the Digit Symbol Substitution Test (DSST) were assessed at mul-
tiple times during 24 hours after drug administration. Information acquisition and recall were tested at
3 and 24 hours after drug administration. Lorazepam significantly increased sedation and fatigue, im-
paired DSST performance, and impaired memory. The time course of these changes was highly consis-
tent with plasma lorazepam concentrations. In contrast, atenolol and propranolol produced at most
small changes in self-ratings and observer ratings and did not alter DSST performance or memory. Un-
der experimental conditions that are sensitive to the depressant effects of a typical benzodiazepine, single
doses of atenolol and propranolol produced no meaningful changes, compared with placebo. (CLiN
Puarmacor THEr 1993;53:577-84.)
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{3-Adrenergic receptor antagonists are used widely
for the treatment of cardiovascular disease. All drugs
of this class have the fundamental property of produc-
ing peripheral (-adrenergic antagonism. However,
there are differences among the various agents in their
pharmacokinetic properties' and in their secondary
pharmacologic effects, such as ‘“membrane-stabiliz-
ing” properties, intrinsic sympathomimetic activity,
and cardioselectivity.* The various (-blockers also
differ in lipophilicity.>*® Theoretically, the equilibrium
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brain: free plasma concentration ratio for a B-blocker
should increase in proportion to its lipid solubility.
This relationship has been confirmed in some stud-
ies.”!2 It has also been suggested that a high degree
of brain uptake of relatively lipophilic B-antagonists
may contribute to central nervous system (CNS) side
effects of these drugs (such as lethargy, fatigue, night-
mares, and possibly depression) reported during long-
term dosing.'® As such, B-antagonists with relatively
low lipid solubility may produce a lower incidence of
CNS side effects.!>17 However, the clinical validity
of this hypothesis has not been clearly estab-
lished.!8:1°

This study used the single-dose paradigm to evalu-
ate the systemic pharmacokinetics and the effects on
mood, psychomotor performance, and memory of the
most lipophilic B-antagonist, propranolol, in compari-
son with a relatively nonlipophilic B-antagonist,
atenolol. Both of these drugs were evaluated in com-
parison to placebo and to lorazepam, a “positive” con-
trol. Lorazepam is a widely used benzodiazepine de-
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Fig. 1. Plasma concentrations of atenolol, propranolol, and
lorazepam. Each point is the mean value for all subjects at
the corresponding time. See Table I for pharmacokinetic
analysis.

rivative known to produce sedative and performance-
impairing effects after single doses.?

METHODS

Subjects. A total of 55 healthy young volunteers
(24 women and 31 men), aged 20 to 44 years (mean
age, 28 years) participated in the study. Each subject
gave written informed consent. All were healthy, ac-
tive, ambulatory adults; none had a history of medical
disease, and none were receiving other medications.
Female subjects did not use oral contraceptive ste-
roids. Twenty-two of the subjects were cigarette
smokers; the remainder were nonsmokers.

Procedure. Subjects participated in a single dose,
double-blind, parallel-treatment study. They were ran-
domly assigned to one of the following four treatment
conditions: (1) placebo, (2) 50 mg atenolol, (3) 40 mg
propranolol, or (4) 2 mg lorazepam. All medications
were packaged identically.

Subjects fasted overnight before drug administra-
tion, and ingested a light liquid breakfast 2 to 3 hours
before dosage. They continued to fast until 3 hours af-
ter dosing, when they resumed a normal diet.

A single oral dose of the appropriate medication
was given at approximately 9 am with 100 to 200 ml
tap water. Venous blood samples were drawn from an
indwelling canula into heparinized tubes before dosing
and at the following times after administration: ', 1,
1'4, 2, 214, 3, 4, 6, 8§, and 24 hours. Blood samples
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were centrifuged, and the plasma was separated and
frozen until the time of assay.

Sedative effects and mood state were rated on 100
mm visual analog scales??® by the subjects them-
selves and by a trained observer who was unaware of
the treatment condition. Ratings were obtained twice
before medication administration and at Y2, 1, 2, 3, 4,
6, 8, and 24 hours after dosing. The digit symbol sub-
stitution test>!"?® (DSST) also was administered twice
before dosing and at the times described above. Sub-
jects were asked to make as many correct symbol-for-
digit substitutions as possible within 2 minutes. For
each DSST, the subjects completed one of 100 ran-
domly selected variants of the test, so that no individ-
ual took the same test more than once.

Information acquisition and recall were evaluated
by use of a word-list test procedure.?'>% At 3 hours
after medication administration, a list of 16 words,
taken from four different categories, was read in ran-
dom order. Recall was tested after each of six consec-
utive presentations of the list, each time with the
words in a different random order. Twenty-four hours
after dosing, subjects were first asked to recall as
many words as possible from the previous day’s list
(free recall). The learning procedure was then re-
peated, with the same list presented in six different
random sequences.

Analysis. Plasma concentrations of lorazepam were
determined by gas chromatography with electron cap-
ture detection.’-?® Propranolol and atenolol plasma
levels were measured by high performance liquid
chromatography.®>*® Peak plasma concentration and
the time of peak concentration were used to estimate
the rate of drug appearance in the systemic circula-
tion. The slope (B) of the terminal log-linear phase of
the plasma concentration curve was determined by lin-
ear regression analysis and used to calculate the appar-
ent elimination half-life. The area under the plasma
concentration curve (AUC) up to the final detectable
concentration was measured by use of the linear trap-
ezoidal method and extrapolated to infinity. Oral
clearance was calculated as the administered dose di-
vided by total AUC.

For each of the visual analog scales, the two ratings
obtained before dosing were averaged (the baseline
value), and all subsequent scores were expressed as
the increment or decrement relative to this average
predose value. Scores on the DSST were similarly an-
alyzed, except that only the second of the predose tri-
als was used as the baseline. This was done to accom-
modate the practice effects on performance testing.
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Fig. 2. Changes over predose baseline in self-rated sedation (A) and observer-rated sedation (B)
in the four treatment conditions. Each point is the mean value for all subjects at the corresponding
time. Asterisk (*) along the x-axis indicates significant (p < 0.05) differences among the four
treatment condition based on ANOVA. Asterisk (*) above individual data points indicates a sig-

nificant (p < 0.05) difference from zero change.

Table 1. Summary of pharmacokinetic variables

Propranolol Atenolol Lorazepam
Peak plasma concentration (ng/ml) 249 £ 54 372 £ 48 16.2 = 1.0
Time of peak (br after dose) 2.1 0.3 23*0.2 2.1 £0.2
Elimination ty, (hr) 34+03 6.4 0.3 13.8 = 1.1
Total AUC (ng/ml - hr) 151 = 38 - 2812 * 242 319 = 31
Oral CL (ml/min) 6623 + 1086 321 £ 23 120 = 14

Data are mean values = SEM.

ty, Half-life; AUC, area under the plasma concentration curve; CL, clearance.

Results of the word-list memory test were analyzed as
absolute scores.

Statistical procedures included linear regression,
ANOVA, Student ¢ test, and the Fisher exact test.

RESULTS

The four treatment groups did not differ signifi-
cantly in subjects’ mean age or body weight, in the
distribution of men versus women, or in the distribu-
tion of smokers versus nonsmokers.

Fig. 1 and Table I show mean plasma concentra-
tions and pharmacokinetic variables for the three
groups receiving active medications. Mean values of
tnax OCcurred between 2 and 3 hours after dosing in all
treatment groups. Pharmacokinetic variables for pro-

pranolol, atenolol, and lorazepam are consistent with
previous reports, !=3-31:32

Among subjects receiving lorazepam, significant in-
creases over baseline occurred in self-ratings and ob-
server ratings of sedation (Fig. 2), and the ratings
were significantly intercorrelated (Fig. 3). There were
similar increases in self-ratings of fatigue and feeling
“spacey” (Fig. 4). Changes were initially observed at
1 to 2 hours after dosing and persisted for up to 6
hours after dosing.

The relation of plasma lorazepam concentration to
rating scale changes indicated no evidence of clock-
wise or counterclockwise hysteresis (Fig. 5). The
plasma level versus response relationships were con-
sistent with a function of the form: y = Bx#.
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. 3. Relation between changes over baseline in self-
ratings of sedation (x-axis) and in observer ratings of seda-
tion (y-axis) among recipients of lorazepam. Each time
point for each individual subject is shown. Solid line was
determined by linear regression analysis (r = 0.79, p <
0.001).
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In contrast to lorazepam, few significant differences
from baseline were observed in the propranolol,
atenolol, and placebo treatment groups. Exceptions
were, in the atenolol group, an increase in self-rated
sedation at 6 hours after dosing and small but signifi-
cant increases in observer-rated sedation and in self-
ratings of feeling spacey at 2 and 3 hours after dosing
(Figs. 2 and 4). In the propranolol group, self-ratings
of fatigue were slightly but significantly increased
over baseline at 2 hours after dosing.

In the propranolol, atenolol, and placebo treatment
groups, DSST scores improved over time relative to
the baseline, consistent with practice or learning ef-
fects (Fig. 6). However, in the lorazepam group,
DSST scores were reduced relative to baseline, and
relative to the other conditions, between 2 and 6 hours
after dosing (Fig. 6). In subjects receiving lorazepam,
self-rated and observer-rated sedation scores were sig-
nificantly correlated with changes in DSST scores
(Fig. 7).

The number of words recalled averaged 13.5 of 16
among the subjects who received placebo (Table II).
This was slightly reduced, to 12.4 and 11.5 words, re-
spectively, in the atenolol and propranolol groups.
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Fig. 4. Changes over predose baseline in self-ratings of feel-
ing “spacey” in the four treatment conditions. Each point is
the mean value for all subjects at the corresponding time.
Asterisks (*) have the same meanings as in Fig. 2.

Among subjects in the lorazepam group, an average of
10.6 words was learned. The difference among the
four groups just failed to reach significance at the 0.05
level based on ANOVA (F = 2.69; p < 0.06). Dun-
nett’s test indicated that the lorazepam-placebo differ-
ence was significant (p = 0.05), whereas differences
between placebo and atenolol or propranolol condi-
tions were not significant. When free recall was tested
at 24 hours after dosing, differences among groups
were highly significant (F = 13.95, p < 0.0001). A
mean of 12.9 words was recalled by placebo recipi-
ents; this was slightly and not significantly reduced to
11.9 and 11.7 words in the atenolol and propranolol
groups, respectively. However, among recipients of
lorazepam, an average of only 6.2 words were re-
called at 24 hours after dosing. After the 6 relearning
trials at 24 hours, differences among the four treat-
ment conditions were not significant.

DISCUSSION

Adverse CNS effects of B-adrenergic antagonists
are generally of concern during long-term treatment of
hypertension or heart disease. Nonetheless, the single-
dose study paradigm has proved to be extremely use-
ful in evaluating the time course and intensity of CNS
effects of many centrally acting compounds, the rela-
tion of these changes to plasma drug concentrations,
and differences among drugs both within class and be-
tween class. This study evaluated the pharmacokinet-
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Fig. 5. Relation of mean plasma lorazepam concentrations
(x-axis) to mean change over baseline in self-rated sedation
(y-axis). Actual data points (solid triangles) are connected
by broken lines, with arrows indicating the direction of in-
creasing time. Solid line represents the function of best fit
consistent with the equation y = Bx* (B = 6.3 X 107%
A = 3.92).

ics and pharmacodynamic effects of clinically compa-
rable single doses of two -antagonists, propranolol
and atenolol, in healthy young volunteers. The effects
of these two medications were compared with placebo
and with a high therapeutic dose of the benzodiaz-
epine derivative lorazepam. The tests of mood, psy-
chomotor performance, and memory used in this study
have been extensively used in previous studies from
our laboratory®*?® and elsewhere.®*3° These tests are
well established to be sensitive to the CNS depressant
effects of drugs such as alcohol, barbiturates, and the
benzodiazepine derivatives.

The effects of lorazepam are very similar to those
observed in previous studies of this drug,2>:26-38:40-43
Lorazepam significantly increased self-rated and ob-
server-rated sedation, with a high correlation between
self-ratings and observer ratings. Lorazepam also pro-
duced significant increases in self-rated fatigue and in
the sensation of feeling spacey. The time course of
these changes was consistent with the time course of
plasma lorazepam concentrations. Effects were maxi-
mal at 2 to 3 hours after dosing, approximately corre-
sponding to the time of maximum plasma levels. As
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Fig. 6. Changes over predose baseline in scores on the Digit
Symbol Substitution Test (DSST). Each point is the mean
value for all subjects at the corresponding time. Asterisk (*)
along the x-axis indicates significant (p < 0.05) differences
among the four treatment conditions based on ANOVA.
Asterisk (*) above individual data points indicates significant
(p < 0.05) difference from the value in the placebo group at
that time based on Dunnett’s ¢ test.
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Fig. 7. Mean values of self-rated sedation (x-axis) versus
mean changes in DSST score (y-axis) among subjects in the
lorazepam treatment group. Each point is the mean value
for all subjects at the corresponding time. Solid line was
determined by linear regression analysis (r = —0.78, p <
0.05).
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Table II. Drug effects on information acquisition and recall
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Mean + SEM words recalled (of 16)

Six initial learning trials (at 3 hr)

Free recall (at 24 hr)  Six relearning trials (at 24 hr)

Treatment condition

Placebo 13.5 £ 0.6
Atenolol 124 = 0.8
Propranolol 11.5= 1.0
Lorazepam 10.6 = 0.6%

Result of ANOVA among
four treatments

F =2.69;p < 0.06

12.9 = 0.7 14.1 + 0.7
11.9 = 0.9 13.8 £ 0.6
11.7 £ 0.9 13.7 = 0.8
6.2 £ 0.7* 13.7 2 0.5
F = 13.95; p < 0.0001 F =0.10; NS

*Significant difference from placebo value based on Dunnett’s test.
NS, Not significant.

reported in a previous study of diazepam,* the con-
centration-response relationship was consistent with
an equation of the form y = Bx*. This can be seen as
a modification of a sigmoid E . relationship, for
which a maximum effect has not been attained and a
50% effective concentration (ECsy) cannot be deter-
mined. The lack of evident clockwise hysteresis in the
concentration-response profile suggests that acute tol-
erance to lorazepam is not evident under conditions of
this study.*>4!

Lorazepam also significantly impaired performance
on the DSST, a psychomotor performance test used
widely to evaluate the time course and intensity of
pharmacodynamic effects of benzodiazepines and
other drugs with CNS-depressant properties.!-26-37-3
As with the rating scale changes, DSST alterations at-
tributable to lorazepam were consistent with plasma
lorazepam concentrations and were also significantly
correlated with self-ratings and observer ratings of se-
dation.

Lorazepam significantly impaired the capacity for
immediate recall of a list of 16 words presented at 3
hours after dosing, close to the time of both maximum
plasma lorazepam concentrations and maximum ef-
fects on the other pharmacodynamic tests. At 24 hours
after dosing there was a large and highly significant
“loss” of the information that was acquired. Again,
these findings are consistent with the dose- and con-
centration-dependent impairment of information ac-
quisition and of subsequent storage and delayed recall
produced by lorazepam®>-?*? and by all other benzo-
diazepine derivatives.?>?*38:45-47 “Relearning” of a
16-word list at 24 hours after dosing was unimpaired,
indicating that the amnesic effect is transient and re-
versible.

The doses of propranolol and atenolol used in this
study are in the low range of single doses used clini-
cally. These doses, or lower doses, have been admin-

istered to treat anxiety or panic disorder.*®*° Al-
though we did not objectively verify the production of
peripheral B-antagonism in this study, many previous
reports indicate that significant peripheral B-antago-
nism is caused by these doses and plasma concentra-
tions of propranolol and atenolol.>®® In contrast to
lorazepam, the two B-antagonists produced minimal if
any changes in the same tests of mood, psychomotor
performance, and memory. These two drugs represent
opposite ends of the scale of B-blocker lipid solubil-
ity,>° a property that has been implicated in a poten-
tially different incidence of CNS side effects during
multiple-dose therapeutic use.'® The findings from the
present single-dose study confirm other reports that
used both single-dose and multiple-dose design,'?->7-%3
indicating that differing lipid solubility of B-antago-
nists has, at most, a small influence on the occurrence
of adverse CNS effects.

References

1. Johnsson G, Regardh CG. Clinical pharmacokinetics of
[3-adrenoceptor blocking drugs. Clin Pharmacokinet
1976;1:233-63.

2. Regardh CG. Pharmacokinetic aspects of some beta-
adrenoceptor blocking drugs. Acta Med Scand 1982;
suppl 665:49-60.

3. Riddell JG, Harron DWG, Shanks RG. Clinical phar-
macokinetics of B-adrenoceptor antagonists. Clin Phar-
macokinet 1987;12:305-20.

4. Frishman W, Silverman R. Clinical pharmacology of
the new beta-adrenergic blocking drugs. Part 2. Physio-
logic and metabolic effects. Am Heart J 1979;97:797-
807.

5. Arendt RM, Greenblatt DJ. Liquid chromatographic re-
tention of B-adrenoceptor antagonists: an index of lipid
solubility. J Pharm Pharmacol 1984;36:400-1.

6. Woods PB, Robinson ML. An investigation of the com-
parative liposolubilities of {-adrenoceptor blocking
agents. J Pharm Pharmacol 1981;33:172-3.



CLINICAL PHARMACOLOGY & THERAPEUTICS
VOLUME 53, NUMBER 5

10.

1.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

van Zwieten PA, Timmermans PBMWM. Comparison
between the acute hemodynamic effects and brain pen-
etration of atenolol and metoprolol. J Cardiovasc Phar-
macol 1979;1:85-96.

. Neil-Dwyer G, Bartlett J, McAinsh J, Cruickshank JM.

-adrenoceptor blockers and the blood-brain barrier. Br
J Clin Pharmacol 1981;11:549-53.

. Abrahamsson T, Lignell E, Mikulski A, Olovson SG,

Regédrdh CG. Central nervous system kinetics of
atenolo] and metoprolo! in the dog during long term
treatment. Drug Metab Dispos 1989;17:82-6.

Arendt RM, Greenblatt DJ, deJong RH, Bonin JD, Ab-
erncthy DR. Pharmacokinetics, central nervous system
uptake, and lipid solubility of propranolol, acebutolol,
and sotalol. Cardiology 1984;71:307-14.

Taylor EA, Jefferson D, Carroll JD, Turner P. Cerebro-
spinal fluid concentrations of propranolol, pindolol and
atenolo]l in man: evidence for central actions of
B-adrenoceptor antagonists. Br J Clin Pharmacol 1981;
12:549-59.

Bianchetti G, Elghozi JL, Gomeni R, Meyer P, Mor-
selli PL. Kinetics of distribution of dl-propranolol in
various organs and discrete brain areas of the rat. J
Pharmacol Exp Ther 1980;214:682-7.

McAinsh J, Cruickshank JM. Beta-blockers and central
nervous system side effects. Pharmacol Ther 1990;
46:163-97.

Koella WP. CNS-related (side-) effects of B-blockers
with special reference to mechanisms of action. Eur J
Clin Pharmacol 1985;28(suppl):55-63.

Fodor JG, Chockalingam A, Drover A, Fifield F, Pauls
CJ. A comparison of the side effects of atenolol and
propranolol in the treatment of patients with hyperten-
sion. J Clin Pharmacol 1987;27:892-901.

Westerlund A. Central nervous system side-effects with
hydrophilic and lipophilic B-blockers. Eur J Clin Phar-
macol 1985;28(suppl):73-6.

Henningsen NC, Mattiasson 1. Long-term clinical expe-
rience with atenolol—a new selective $-1-blocker with
few side-effects from the central nervous system. Acta
Med Scand 1979;205:61-6.

. Dimsdale JE, Newton RP, Joist T. Neuropsychological

side effects of f-blockers. Arch Intern Med 1989;
149:514-25.

Drayer DE. Lipophilicity, hydrophilicity, and the cen-
tral nervous system side effects of beta blockers. Phar-
macotherapy 1987;7:87-91.

Ameer B, Greenblatt DJ. Lorazepam: a review of its
clinical pharmacological properties and therapeutic
uses. Drugs 1981;21:161-200.

Scavone JM, Greenblatt DJ, Goddard JE, Friedman H,
Harmatz JS, Shader RI. The pharmacokinetics and
pharmacodynamics of sublingual and oral alprazolam in
the post-prandial state. Eur J Clin Pharmacol 1992;
42:439-43.

Greenblatt DJ, Harmatz JS, Shapiro L, Engelhardt N,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Greenblatt et al. 583

Gouthro TA, Shader RI. Sensitivity to triazolam in the
elderly. N Engl J Med 1991;324:1691-8.

Lapierre KA, Greenblatt DJ, Goddard JE, Harmatz JS,
Shader RI. The neuropsychiatric effects of aspartame in
normal volunteers. J Clin Pharmacol 1990;30:454-60.
Greenblatt DJ, Harmatz JS, Engelhardt N, Shader RI.
Pharmacokinetic determinants of dynamic differences
among three benzodiazepine hypnotics: flurazepam,
temazepam, and triazolam. Arch Gen Psychiatry
1989;46:326-32.

Greenblatt DJ, Harmatz JS, Dorsey C, Shader RI.
Comparative single-dose kinetics and dynamics of
lorazepam, alprazolam, prazepam, and placebo. CuLn
PraarMacor THER 1988;44:326-34.

Shader RI, Dreyfuss D, Gerrein JR, Harmatz JS, Alli-
son SJ, Greenblatt DJ. Sedative effects and impaired
learning and recall following single oral doses of
lorazepam. CLIN PrarRMAcoL THER 1986;39:526-9.
Greenblatt DJ, Franke K, Shader RI. Analysis of
lorazepam and its glucuronide metabolite by electron-
capture gas-liquid chromatography: use in pharmacoki-
netic studies of lorazepam. J Chromatogr 1978;146:
311-20.

Greenblatt DJ, Engelking LR. Enterohepatic circulation
of lorazepam and acetaminophen conjugates in ponies.
J Pharmacol Exp Ther 1988;294:674-9.

Divoll M, Greenblatt DJ, Arendt RM. Propranolol ki-
netics: use of automated liquid chromatography. Int J
Clin Pharmacol Ther Toxicol 1984;22:457-60.

Miller LG, Greenblatt DJ. Determination of atenolol in
plasma by liquid chromatography with application to
single dose pharmacokinetics. J Chromatogr 1986;
381:201-4.

Greenblatt DJ. Clinical pharmacokinetics of oxazepam
and lorazepam. Clin Pharmacokinet 1981;6:88-105.
Greenblatt DJ, Shader RI. Pharmacokinetics of anti-
anxiety agents. In: Meltzer HY. Psychopharmacology:
the third generation of progress. New York: Raven
Press, 1987:1377-86.

Bond A, Silveira IC, Lader M. Effects of single doses
of alprazolam and alcohol alone and in combination
on psychological performance. Hum Psychopharmacol
1991;6:219-28.

Lucki I, Rickels K, Geller AM. Chronic use of benzo-
diazepines and psychomotor and cognitive test perfor-
mance. Psychopharmacology (Berl) 1986;88:426-33.
Ingum J, Bjerklund R, Bjgrneboe A, Christophersen
AS, Dahlin E, Mgrland J. Relationship between drug
plasma concentrations and psychomotor performance
after single doses of ethanol and benzodiazepines. Psy-
chopharmacology (Berl) 1992;107:11-7.

Linnoila M, Erwin CW, Brendle A, Simpson D. Psy-
chomotor effects of diazepam in anxious patients and
healthy volunteers. J Clin Psychopharmacol 1983;3:88-
96.

Johnson LC, Chernik DA. Sedative-hypnotics and hu-



584 Greenblatt et al.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

man performance. Psychopharmacology (Berl) 1982;
76:101-13.

Woods JH, Katz JL., Winger G. Benzodiazepines: use,
abuse, and consequences. Pharmacol Rev 1992;44:151-
347.

Wittenborn JR. Effects of benzodiazepines on psy-
chomotor performance. Br J Clin Pharmacol 1979;
7:618-7S.

Ellinwood EH, Nikaido AM, Heatherly DG, Bjornsson
TD. Benzodiazepine pharmacodynamics: evidence for
biophase rate limiting mechanisms. Psychopharmacol-
ogy (Berl) 1987;91:168-74.

Gupta SK, Ellinwood EH, Nikaido AM, Heatherly DG.
Simultaneous modeling of the pharmacokinetic and
pharmacodynamic properties of benzodiazepines. I
Lorazepam. J Pharmacokinet Biopharm 1990;18:89-
102.

Patat A, Klein MJ, Surjus A, Rostand A, Granier J.
Study of effects of clobazam and lorazepam on memory
and cognitive functions in healthy subjects. Hum Psy-
chopharmacol 1991;6:229-41.

Subhan Z, Harrison C, Hindmarch 1. Alprazolam and
lorazepam: single and multiple-dose effects on psy-
chomotor skills and sleep. Eur J Clin Pharmacol
1986;29:709-12.

. Friedman H, Greenblatt DJ, Peters GR, et al. Pharma-

cokinetics and pharmacodynamics of oral diazepam: ef-
fect of dose, plasma concentration, and time. CLIN
PrarMAcoL THER 1992;52:139-50.

Ghoneim MM, Mewaldt SP. Benzodiazepines and hu-
man memory: a review. Anesthesiology 1990;
72:926-38.

Curran HV. Benzodiazepines, memory and mood: a re-
view. Psychopharmacology (Berl) 1991;105:1-8.

Lister RG. The amnesic action of benzodiazepines in
man. Neurosci Biobehav Rev 1985;9:87-94.

Heiser JF, DeFrancisco D. The treatment of pathologi-
cal panic states with propranolol. Am J Psychiatry
1976;133:1389-94.

Peet M, Ali S. Propranolol and atenolol in the treatment
of anxiety. Int Clin Psychopharmacol 1986;1:314-9.
Cuthbert MF, Collins RF. Plasma levels and (3-adreno-
ceptor blockade with acebutolol, practolol and pro-
pranolol in man. Br J Clin Pharmacol 1975;2:49-55.
Brown HC, Carruthers SG, Johnston GD, Kelly JG,
McAinsh J, McDevitt DG, Shanks RG. Clinical phar-
macologic observations on atenolol, a beta-adrenocep-
tor blocker. Cuin PrarmacoL Trer 1976;20:524-34.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

CLINICAL PHARMACOLOGY & THERAPEUTICS
MAY 1993

Amery A, De Plaen JF, Lijnen P, McAinsh J, Rey-
brouck T. Relationship between blood level of atenolol
and pharmacologic effect. CLin PuarMacoL THEr 1977,
21:691-9.

Fitzgerald JD, Ruffin R, Smedstad KG, Roberts R,
McAinsh J. Studies on the pharmacokinetics and phar-
macodynamics of atenolol in man. Eur J Clin Pharma-
col 1978;13:81-9.

Ochs HR, Grube E, Greenblatt DJ, Kniichel M, Bodem
G. Kinetics and cardiac effects of propranolo!l in hu-
mans. Klin Wochenschr 1982;60:521-5.

Wellstein A, Palm D. Correlation between pharmaco-
logical response, kinetics of plasma concentration and
in vitro receptor affinities exemplified with B-adreno-
ceptor blocking drugs. Methods Find Exp Clin Pharma-
col 1984;6:641-4.

Wellstein A, Palm D, Belz GG, Pitschner HF. Receptor
binding characteristics and pharmacokinetic properties
as a tool for the prediction of clinical effects of
B-blockers. Arzneimittelforschung 1985;35:2-6.
Dimenas E, Dahlof C, Olofsson B, Wiklund I. CNS-
related subjective symptoms during treatment with ;-
adrenoceptor antagonists (atenolol, metoprolol): two
double-blind placebo controlied studies. Br J Clin Phar-
macol 1989;28:527-34.

Gengo FM, Huntoon L, McHugh WB. Lipid-soluble
and water-soluble B-blockers. Comparison of the cen-
tral nervous system depressant effect. Arch Intern Med
1987;147:39-43.

Lewis RV, Jackson PR, Ramsay LE. Side-effects of
B-adrenoceptor blocking drugs assessed by visual ana-
logue scales. Br J Clin Pharmacol 1985;19:255-7.
Currie D, Lewis RV, McDevitt DG, Nicholson AN,
Wright NA. Central effects of (3-adrenoceptor antago-
nists. I: Performance and subjective assessments of
mood. Br J Clin Pharmacol 1988;26:121-8.

Adler L, NY VAMC Study Group. CNS effects of beta
blockade: a comparative study. Psychopharmaco! Bull
1988;24:232-7.

Gengo FM, Fagan SC, de Padova A, Miller JK, Kinkel
PR. The effect of B-blockers on mental performance on
older hypertensive patients. Arch Intern Med 1988;
148:779-84.

Landauer AA, Pocock DA, Prott FW. Effects of
atenolol and propranolol on human performance and
subjective feelings. Psychopharmacology (Berl) 1979;
60:211-5.



