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VIGOR/TO, M., C. E. LAU, M. TANG AND J. L. FALK. Midazolam withdrawal and discriminative motor control: Effects of 
FG 7142 and Ro 15-1788. PHARMACOL BIOCHEM BEHAV 39(2) 351-359, 1991.--Rats chronically drank either water or 
midazolam solution (0.1 mg/ml) in daily, 3-h schedule-induced polydipsia sessions and were evaluated in daily motor control 
sessions after polydipsia when midazolam metabolite levels had fallen to zero (withdrawal). Under midazolam polydipsia, animals 
orally self-administered between 21 and 38 mg/kg daily. The effect of acute drug administration [midazolam (0.75-3 mg/kg, SC), 
FG 7142 (1-8 mg/kg, IP), Ro 15-1788 (10-20 mg/kg, IP)] on motor control performance was similar after either chronic water or 
midazolam polydipsia. Thus chronic, oral midazolam self-administration did not lead to tolerance to the motor impairment pro- 
duced by SC midazolam, nor did the daily discontinuation lead to impaired motor performance, nor had these performances, 
which occurred after daily elevated midazolam metabolite levels had reached zero (withdrawal), become sensitized to the effects 
of either the benzodiazepine inverse agonist FG 7142 or the antagonist Ro 15-1788. 
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IN the last decade, increasing attention has been given to a 
complication associated with the therapeutic use of long-acting 
benzodiazepines: physical dependence development (24). Re- 
cently, a syndrome of rebound anxiety and insomnia upon abrupt 
drug discontinuation has been related to the use of shorter-acting 
benzodiazepines (13). This syndrome suggests that a physical 
dependence can develop with the use of these agents despite 
their relatively brief duration of action. Most of the relevant ani- 
mal experiments, while indicating that physical dependence can 
be produced with short-acting benzodiazepines, administered the 
drugs so that the total daily dose was distributed evenly over 
each 24-h cycle (15, 16, 30). Midazolam is an ultrashort-acting 
benzodiazepine (25) that is administered as a single dose at bed- 
time for the treatment of insomnia (9,23). In order to determine 
whether once-a-day exposure to an ultrashort agent could pro- 
duce a physical dependence in animals, analogous to the rebound 
state (early-morning insomnia) reported in humans (12), rats 
drank a midazolam solution in daily, 3-h schedule-induced poly- 
dipsia sessions and were periodically tested 90 min postsession 
for withdrawal signs (8). Physical dependence, as evidenced by 
susceptibility to audiogenically induced seizures, developed after 
12 weeks of exposure and increased in severity with continued 
exposure. 

Usually, measures of drug dependence have been based on 
the observation of behavioral disruptions after withdrawal from 
repeated drug administration. These disruptions typically consist 
of items such as tremors, activity changes, convulsions and a 

variety of autonomic signs. Such changes in reflexive and other 
unlearned kinds of behavior constitute the definition of physical 
dependence. Recently, Balster (2) proposed that a wider notion 
of behavioral dependence be adopted which encompasses more 
subtle behavioral disruptions that may occur where the classical 
syndrome of physical dependence is not observed. Operant be- 
havior baselines are sensitive to drug withdrawal under circum- 
stances in which signs of physical dependence were not evident 
(2). In previous research, we have used the disruption of oper- 
ant discriminative motor control performance after drug discon- 
tinuation to assess behavioral dependence on ethanol, diazepam 
and midazolam, and cross-tolerance to phenobarbital in ethanol- 
dependent animals (5, 19, 26, 31, 33). In these studies, animals 
either received or self-administered daily drug doses just prior to 
motor control evaluation sessions, and then, dally drug dosing 
was discontinued to evaluate withdrawal effects. In the present 
research, schedule-induced polydipsic intake of midazolam oc- 
curred in a daily session, but the ensuing, daily motor control 
session took place after a delay period such that midazolam and 
its major metabolite were no longer present in the serum. This 
regimen allows the results of chronically self-administered midaz- 
olam to be evaluated daily at the point of drug disappearance. 
This is the point at which the animal analogue of the state de- 
scribed as "rebound anxiety and insomnia" in humans should 
be evident. It is tantamount to daily drug discontinuance. As in- 
dicated above, physical dependence did develop in association 
with daily schedule-induced midazolam intake sessions (8). One 
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purpose of the present study was to use motor control perfor- 
mance measures, rather than seizure susceptibility, to evaluate 
the state after dally drug elimination (the putative rebound 
period). 

Although the daily, 3-h, polydipsic self-administration of mi- 
dazolam solution led to the development of physical dependence, 
the appearance of withdrawal signs required the use of a precip- 
itating audio stimulus (8). Thus we considered that, although 
discriminative motor control performance is sensitive to drug 
withdrawal, clear evidence of behavioral disruption during a re- 
bound period might require that the state be unmasked or syner- 
gized by the administration of an inverse agonist or antagonist 
agent during this period. Accordingly, the effects of acute doses 
of midazolam (agonist), FG 7142 (a partial inverse agonist) (4), 
and Ro 15-1788 (an antagonist) (3) on discriminative motor 
control performance were evaluated in sessions occurring after 
water polydipsia or after animals had been exposed to chronic 
midazolam polydipsia and were in the putative rebound state. 

METHOD 

Animals 

Eight male albino adult rats of the Holtzman strain were 
used. They were divided into two groups of 4 animals, a Midaz- 
olam Group (mean initial body weight = 383 g; range = 380-388 
g) and a Water Group (mean initial body weight = 385 g; range = 
380-394 g). They were housed individually in Plexiglas cham- 
bers (30 x 2 6 x  23 cm) in a temperature-regulated room with 
continuous illumination. Animals were reduced to 80% of their 
ad lib body weights by limiting daily food rations. Food supple- 
ments necessary for maintaining these weights were made avail- 
able in the living cages immediately after the completion of each 
animal's daily experimental sessions. Body weights were main- 
tained at 80% for the first 5 months of the experiment and then 
allowed to increase slowly over the next 7 months so that, dur- 
ing the last 2 of these months, body weights were at 86%. 

Drugs 

Midazolam maleate (Ro 21-3981) solutions were prepared 
daily by dissolving the drug in distilled water. Midazolam doses 
are expressed in terms of the salt. Midazolam solutions were 
made available under a schedule-induced polydipsia condition to 
the Midazolam Group and were also given by SC injection in a 
distilled water vehicle. The partial inverse agonist agent FG 
7142 (N-methyl-13-carboline-3-carboxamide) and the benzodiaz- 
epine antagonist agent Ro 15-1788 were administered by IP in- 
jection in a 10% solution of Cremophor EL vehicle (Sigma 
Chemical, St. Louis). 

Serum and Brain Analysis of Midazolam and 
4-Hydroxymidazolam 

Blood samples (100 p,1) were taken from the tail tip. Clear 
serum was analyzed for midazolam and its major metabolite, 
4-hydroxymidazolam, with HPLC, using a reversed phase col- 
umn and a UV detector. The method was a modification of that 
developed for the analysis of diazepam (17). The whole brain 
was removed, weighed and homogenized in cold, nanopure wa- 
ter (1 g tissue:4 g water) and centrifuged. The supernatant (100 
Ixl) was used for extraction as for serum samples. 

Apparatus 

Schedule-inducedpolydipsia. Each living chamber was equipped 
with a stainless steel pellet receptacle and a drinking fluid reser- 

voir which consisted of a stainless steel, ball-bearing spout at- 
tached to a 250-ml Nalgene graduated cylinder. There were daily 
3-h sessions during which a 45-mg food pellet (Bio Serv, 
Frenchtown, NJ) was delivered automatically into the food re- 
ceptacle every 60 s (FF 1-min schedule), thus giving a total of 
180 pellets during each feeding session. 

Discriminative motor control. The experimental space was a 
Plexiglas chamber (25 x 30 x 30 cm) with stainless steel front 
and rear panels and a floor consisting of parallel-mounted, 
spaced, stainless steel rods. Discriminative motor control was 
measured using a force-sensitive, stainless steel operandum 
mounted on the front panel 2.5 cm from the floor. The operan- 
dum was surrounded by a thick Plexiglas shield fashioned with 
a 1.0-cm wide x 4.0-cm high slot so that access to it was lim- 
ited to a single paw. The front edge of the operandum was re- 
cessed 1.2 cm from the front surface of the shield. This prevented 
lever-biting, nose-poking or behavior other than paw actuation 
from operating the lever. The operandum was suspended by a 
phosphor-bronze leaf spring (0.20 mm thick), and its shaft rested 
on a drive rod connected to a force transducer (Model UC3 
strain gauge, Statham Instruments, Oxnard, CA) through a load 
cell (Statham Model UL4). The voltage output from the force 
transducer was conveyed to a customized signal control box 
(Tri-Tech Services, Hamilton Square, NJ) and sorted into one of 
three signal regions: above, below or within a window defined 
by preset lower and upper voltage limits. These limits corre- 
sponded to applied forces of 0.147 N (15 g force) and 0.265 N 
(27 g force), respectively, incident at the paw-placement region 
of the operandum. A buffer was set so that a minimum force of 
0.015 N (1.5 g force) was required for signal recognition. A 
Commodore Pet 4016 microcomputer was programmed in as- 
sembly language to sample signal input once every 10 ms. When 
the force applied by the animal was within the 0.147 to 0.265 N 
band, an audio feedback signal (Sonalert SC648H, P. R. Mal- 
lo W , Indianapolis, IN) was turned on. 

Discriminative Motor Control Measures 

A continuously applied in-band force lasting 1.5 s was re- 
quired for the delivery of a 45-mg food pellet (Bio Serv). If the 
applied force went above or below the band before 1.5 s had 
elapsed, then this timer was reset. Thus the behavior reinforced 
by food pellet delivery was holding the force transducer steadily 
operated within the force band for a continuous, set period of 
time. Ordinarily, a session was terminated when the 50th pellet 
had been delivered, but a session was also terminated if 30 min 
had elapsed without operation of the transducer. The latter oc- 
currences were rare and were associated with a high drug dose. 
They are indicated in the relevant figures in the results. 

The raw measures of motor behavior taken for each session 
were: the session time (the time taken to earn 50 pellets), the 
total response time (amount of the session time that the trans- 
ducer was held operated above the minimum recognition thresh- 
old of 0.015 N), the in-band time (amount of the session time 
that the transducer was held operated within the force band, i.e., 
between 0.147 and 0.265 N), and the entrances (the total num- 
ber of times during a session that the applied force entered the 
band from either the lower or upper set limits). Except in the 
case of the entrances measure, these raw measures in isolation 
are not useful characterizations of motor performance. For ex- 
ample, the in-band time measure is best interpreted in relation 
to how it compares with the minimum total in-band time that 
would satisfy the contingencies set for a particular experiment 
(e.g., in the present case, this value is 1.5 s/pellet for a total of 
50 pellets, which yields a minimum possible in-band time of 
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75 s). Similarly, raw session in-band time is difficult to inter- 
pret unless viewed in relation to total response time. 

Four measures of motor behavior were calculated from each 
session: 

In-band efficiency = 
minimum possible in-band time 

in-band time 

Tonic accuracy = 
in-band time 

total response time 

Work rate = 
total response time 

session time 

Entrances = total number of entrances into the force band 

The in-band efficiency measure has a fixed numerator (50 
pellets × 1.5 s), making the minimum possible time in-band to 
deliver all pellets 75 s. A perfectly efficient performance would 
yield an efficiency measure of 1.00. The measure of tonic accu- 
racy approaches 1.00 as the total time spent responding (i.e., 
more than 0.015 N applied to the transducer) approaches the 
time spent in-band. It measures an aspect of discriminative mo- 
tor control that is somewhat different than that measured by in- 
band efficiency. Although a high proportion of session operandum 
holding might be within the appropriate force band, if the hold- 
ing times are frequently of too short a duration to produce pellet 
delivery, then tonic accuracy could be high although in-band ef- 
ficiency is low. Work rate is simply the proportion of the ses- 
sion time that the animal spends operating the transducer. Because 
work rate can approach a value of 1.00 or zero, the previous 
measures can approximate 1.00 or zero in complete indepen- 
dence of work rate. The entrances measure is simply the num- 
ber of times the applied force enters the appropriate band, with 
a high count indicating difficulty maintaining steady in-band 
holding. It is a different measure than in-band efficiency, in 
which relative inefficiency could indicate that the in-band hold 
times often fall just short of the appropriate hold time; such a 
performance would not yield a high entrances measure. 

Procedure 

The training sequence for producing the final discriminative 
motor control performance has been described previously (5). 
After 4 months of daily training, all animals were started on the 
additional, daily schedule-induced polydipsia procedure (FF 1-min 
schedule) with water as the available fluid. This 3-h session oc- 
curred from 0800 h to 1100 h, followed by a 5-h delay, and 
then the motor control session occurred. After 2 months on this 
regime, both polydipsic intake and motor performance daily val- 
ues were stable, and the effects of midazolam, Ro 15-1788 and 
FG 7142 injections on motor performance were evaluated. All 
drug doses were given in an ascending dose order, and doses 
were separated by at least 5 days. First, midazolam injections 
were given 30 min before the motor performance session (0.75, 
1.5 and 3.0 mg/kg, SC), then Ro 15-1788 at 15 rain presession 
(10 and 20 mg/kg, IP) and finally FG 7142 at 15 min presession 
(1, 2, and 4 mg/kg, IP). Either 1 or 2 doses of the appropriate 
vehicle were administered at the beginning or end of the injec- 
tion series for each drug. 

Upon completion of the evaluation of these drug effects on 
motor performance, the animals continued their daily sessions 
but were divided into two groups. One group (N = 4) continued 

to drink distilled water during the 3-h polydipsia sessions, and 
the other (N = 4) had midazolam solution substituted for water. 
At all other times, distilled water was freely available to both 
groups in their living cages. The concentration of the midazo- 
lam solution available to the Midazolam Group during the daily 
polydipsia session was slowly increased over 45 days from 0.02 
to a final concentration 0.1 mg/ml. (A particular concentration 
was available for 2-4 days before being increased.) The final 
concentration was available for 202 days. 

It was deemed necessary that the session polydipsic intakes 
of the two groups be approximately equal. Therefore, a few ani- 
mals that did not acquire a strong polydipsic response to the FT 
1-min schedule had their session fluid contents adjusted by the 
addition of a minimal amount of sodium saccharin to maintain 
the required reliable increase in session intake. In the Water 
Group, animals G4 and G9 drank water throughout the study, 
but G14 and G15 drank 0.04% saccharin. In the Midazolam 
Group, E8 and G17 drank midazolam solution throughout the 
study. For animal G2, when the midazolam concentration was 
increased to its final value of 0.1 mg/ml, it was necessary to 
offer the midazolam solution in a 0.02% saccharin solution for 
10 days to attain a satisfactory level of polydipsia. Thereafter, 
the saccharin component was withdrawn, and G2 drank the 
standard 0.1 mg/ml midazolam solution for the remainder of the 
study. After about 2 months of exposure to the final midazolam 
concentration, the polydipsic intake of animal G1 began to de- 
crease, and it was necessary to adjust its solution so that it con- 
tained 0.08% saccharin for the remainder of the study. 

After the Midazolam Group had been drinking the final con- 
centration (0.1 mg/ml) for about 2 weeks, tail-tip blood samples 
were taken for analysis immediately after the polydipsic session 
and again at 1, 2, 4 and 5 h postsession. 

After an additional 2 weeks, daily individual intakes had sta- 
bilized, and the evaluation of drug effects on motor performance 
was again determined for both groups. Midazolam and FG 7142 
dose-effect relations were determined as before, except an 8-mg/kg 
dose of FG 7142 was added. Then, in the light of results ob- 
tained with FG 7142 (see the Results section), the delay period 
between the end of the polydipsia session and the time of the 
motor performance session was increased from 5 to 19 h. Con- 
sequently, the 3-h polydipsia sessions were begun at 1030 h and 
motor performance sessions at 0830 h the next day. The FG 
7142 dose-effect relation was redetermined under this regimen, 
and then the scheduling of the sessions was returned to the orig- 
inal 5-h delay period for the evaluation of Ro 15-1788. 

RESULTS 

Schedule-Induced Fluid and Midazolam Intakes 

Tables 1 and 2 show the schedule-induced session intakes for 
each animal in the Midazolam and Water Groups. Each value in 
the tables is the mean (---SE) of values occurring in the phase 
of the experiment denoted by the names of the drugs (left col- 
umn) that were being evaluated in the ensuing discriminative 
motor control sessions. As indicated in the procedure section, 
for animal G1, a 0.08% saccharin solution was introduced as 
the vehicle for midazolam at the start of FG 7142 evaluation 
during drug polydipsia (cf. Table 1, middle row of 2nd panel). 
Also, the values shown in Table 2 for G14 and G15 are for 
0.04% saccharin as the drinking solution. Animal G17 devel- 
oped an anterior pituitary tumor and had to be sacrificed during 
the evaluation of the FG 7142 dose-effect relation (19-h post- 
polydipsia delay condition). Consequently, half the data for this 
condition and the ensuing evaluation of Ro 15-1788 are missing 
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TABLE 1 

FLUID (ml) AND MIDAZOLAM INTAKES (mg/kg) DURING 3-H SCHEDULE-INDUCTION SESSIONS FOR 
MIDAZOLAM-GROUP ANIMALS DURING WATER AND MIDAZOLAM (0.1 mg/ml) POLYDIPSIA PHASES 

Animals 
E8 G I  G2 G17 

rnl mg/kg ml mg/kg ml mg/kg ml mg&g 

During Water Polydipsia (5 h Post) 

Midazolam 117.0 -- 138.0 -- 99.2 
('-.4.1) -- (-+6.2) -- (-+4.8) 

Ro15-1788 121.7 -- 127.3 -- 97.7 
(-+7.5) -- ('--0.8) -- (+ 11.0) 

FG 7142 129.3 -- 129.5 -- 114.5 
('--3.6) -- (_+2.5) -- (-+5.5) 

During Drug Polydipsia (5 h Post) 

Midazolam 125.8 38.0 72.2 21.7 93.2 
(-+4.9) (-+ 1.4) (___ 14.0) (_+4 .2 )  (-+6.0) 

FG 7142 103.3 31.6 94.8 28.6 93.2 
(_+5.7) ( _ + 1 . 8 )  ( _ + 3 . 7 )  (-+1.4) (-+2.0) 

Ro15-1788 125.0 38.1 118.7 35.5 126.7 
(_+13.9) (-+3.9) ( _ + 2 . 9 )  ('--0.9) (_+6.4) 

During Drug Polydipsia (l 9 h Post) 

FG 7142 87.0 26.7 104.1 31.0 98.8 
(---7.1) (-+2.2) (-+8.2) (-+2.3) ('--9.3) 

-- 122.2 
- -  ( _ + 2 . 7 )  

-- 120.0 
- -  ( - 1 . 4 )  

- -  1 2 1 . 8  

- -  ( ' - - 2 . 6 )  

m 

m 

27.8 94.6 28.7 
(_+1.8) ('-.13.1) (_+4.1) 

27.9 84.4 25.8 
('--0.8) (_+2 .9 )  (---0.9) 

37.8 -- - -  

( - + 1 . 8 )  - - 

29.5 68.0 20.6 
(_+2.9) (-+5.7) (_+3.1) 

Drug names (left column) refer to stages of experiment during which those agents were being evaluated in the 
ensuing discriminative motor control sessions. 

TABLE 2 

FLUID (ml) INTAKES DURING 3-H SCHEDULE-INDUCTION SESSIONS 
FOR WATER-GROUP ANIMALS DURING ALL POLYDIPSIA PHASES 

Animals 
G9 G14 G15 G4 

During Water Polydipsia (5 h Post) 

Midazolam 86.4 80.2 101.6 87.6 
(+3.8) (_+4.8) ( _ + 2 . 4 )  (-+5.5) 

Ro15-1788 79.0 71.0 105.3 70.3 
('--3.0) (---13.0) (+2.2) (_+7.0) 

FG 7142 76.8 69.0 98.7 69.25 
(-+4.0) ('--3.8) (_+15.7)  (_+4.5) 

During 2nd Water Polydipsia (5 h Post) 

Midazolam 104.8 96.4 82.6 76.6 
(_+4.6) (_-_2.2) (_-.5.2) (_+2.7) 

FG 7142 103.2 91.6 72.4 76.6 
(---3.6) (+__3.6) (_+4.3) (---3.31) 

Ro15-1788 88.3 89.0 75.0 71.3 
(---2.9) (--_4.6) (-+3.7) (__.6.53) 

During 2nd Water Polydipsia (19 h Post) 

FG 7142 91.0 106.2 67.0 57.2 
(+--10.5) (+-11.7) (---7.1) (-+4.2) 

Drug names (left column) refer to stages of experiment during which 
those agents were being evaluated in the ensuing discriminative motor 
control sessions. 

for this animal in Table 1 and the relevant figures. In general, 
polydipsia was well maintained for the duration of the study. 
The associated intakes of midazolam were between 21 and 38 
mg/kg/session (Table 1). 

Initial Dose-Effect Relations After Water Polydipsia Sessions 

In the initial phase of drug effect evaluation by motor control 
performance, both groups were water polydipsic in the sessions 
preceding each motor performance session. Figures 1 and 2 
show the midazolam (SC) results for this period (open circles). 
The decreases in In-Band Efficiency, Tonic Accuracy and Work 
Rate, and increases in Entrances, indicate impaired discrimina- 
tive motor control performance. A dose-related aspect is not ap- 
parent. The drug effect appears quantal rather than graded, 
while, with the largest dose, there are instances of uncompleted 
sessions (pausing greater than 30 min). 

Figures 3 and 4 show the corresponding results for Ro 15- 
1788 (open circles) and FG 7142 (open squares). Animals G4 
and G17 yield evidence of equivalent impairment by both doses 
of Ro 15-1788; G9 was affected only by the lower dose, while 
the other animals were little affected by this agent. About one- 
half of the animals show some impairment with doses of FG 
7142, with G2 and E8 ceasing work at the highest dose used in 
this initial series (4 mg/kg). 

Dose-Effect Relations After Polydipsic Sessions Exposing 
Groups to Either Water or Midazolam Solutions 

Figures 1 and 2 show the second midazolam dose-effect de- 
termination (filled circles) in groups currently continued on wa- 
ter polydipsia (Fig. 1) or polydipsic on midazolam solution (Fig. 
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FIG. 1. Water polydipsic group. Mean (SE) discriminative motor control indices as functions of midazolam dose (SC) for indi- 
vidual animals measured 5 h after 3-h water polydipsia sessions. B = baseline; 0.0 = vehicle injection. *Session not finished. 

2). Although there was a 5-month period between the end of the 
1st midazolam dose-effect determination and the beginning of 
the 2nd determination, the baseline levels (B) and effects of ve- 
hicle injection (0.0) were remarkably reproducible. Only G15 
showed a baseline shift (increased In-Band Efficiency and de- 
creased Entrances), indicating that motor control performance 
had improved between determinations. In general, the 2nd mi- 
dazolam dose-effect determination was similar to the 1st for the 
Water Group (Fig. 1). Likewise, the current high dally intake of 
midazolam in the Midazolam Group had little appreciable effect 
on the redetermination of the dose-effect relation (Fig. 2). The 
most notable difference was that animals in either group that did 
not complete a drug session on the 1st determination did so on 
the 2rid. 

Redetermination of the FG 7142 dose-effect relation was 
done f'LrSt with the same 5-h delay time between sessions, and 
then with a 19-h delay. Both redeterminations included a dose 
higher than that employed in the 1st determination, viz., 8 mg/ 
kg. The 5-h delay redetermination (filled squares) overall showed 
no remarkable change from the initial FG 7142 determination 
(Figs. 3 and 4). In the Midazolam Group, animal G1 (increased 
In-Band Efficiency and Tonic Accuracy, and a decreased En- 
trances compared to the 1st determination) and G2 (which now 
completed the session under the 4-mg/kg dose) were, contrary 

to the hypothesis, somewhat less impaired by the drug on the 
2nd determination. The results of the 19-h delay redetermination 
(solid triangles) were not appreciably different from those of the 
5-h delay in both groups. 

Redetermination of the Ro 15-1788 dose-effect relation yielded 
no appreciable differential effect between the two groups, nor 
were the results different for individual animals for the two de- 
terminations. Unfortunately, the animal most affected by Ro 15- 
1788 on the initial determination (G17) was the one that developed 
the anterior pituitary tumor and was eliminated from the experi- 
ment prior to this redetermination. 

Serum and Brain Drug Profile 

Figure 5 shows the serum concentration-time profile of 4-hy- 
droxymidazolam for the Midazolam Group animals. Midazolam, 
which is rapidly metabolized, was not detected. Peak concentra- 
tion for 4-hydroxymidazolam was attained between 1 and 2 h 
postsession. For 3 of the 4 animals, the metabolite concentration 
was zero by 5 h postsession, and it had fallen to a low level for 
G2. After the last midazolam polydipsia session, the animals 
were sacrificed at 5 h postsession and the brains removed for 
drug analysis. Brain midazolam and 4-hydroxymidazolam levels 
were not detected. 
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D I S C U S S I O N  

The daily 3-h, schedule-induced oral intake of midazolam 
was greater (Table 1) than the intakes obtained in our previous 
studies, which were approximately 17 mg/kg (7,8), mainly be- 
cause the concentration available was 0.1 mg/ml rather than 0.05 
mg/ml. As described in the Introduction, physical dependence 
was shown to develop when animals self-administered the lower 
concentration (8). Inasmuch as the midazolam intakes of the 
present animals were notably greater, their dependence status 
would be at least comparable. The 4-hydroxymidazolam metab- 
olite reached its peak serum concentration at 1-1.5 h postses- 
sion (Fig. 5), as it did in our previous study (8). This bitonic 
profile was unlike that for another rapidly metabolized agent, 
cocaine and its metabolites (6), or for ethanol (32), in which 
concentrations were highest immediately after the 3-h schedule- 
induced polydipsia session and decayed thereafter. 

During the initial water polydipsia phase, the acute effects of 
midazolam (Figs. 1 and 2) and of Ro 15-1788 (Figs. 3 and 4) 
on discriminative motor control performance were entirely con- 
sistent with results presented in our previous reports (18,33). 

During the second polydipsic phase, during which groups 
drank either water again or midazolam solution, little change 
was evident in the redetermined midazolam dose-effect func- 

tions, which again were obtained after a 5-h postpolydipsia de- 
lay. The only notable change was that those animals that originally 
had not finished certain motor performance sessions (cf. aster- 
isks, Figs. 1 and 2), usually owing to the highest dose of SC 
midazolam, now completed all sessions. But groups were not 
different in this regard. This tolerance to the suppressive effects 
of midazolam on Work Rate reflects a tolerance to the sedative 
effect of midazolam, a tolerance that is complete after only a 
few doses of the drug (33). As only a few doses are required to 
effect a complete tolerance to Work Rate suppression by midaz- 
olam, the lack of a group difference is not unexpected. Thus 
tolerance to the suppression of Work Rate was not a function of 
midazolam polydipsia; rather, it was due to the SC midazolam 
doses administered in obtaining these functions. 

In previous research, we found that, although some tolerance 
developed to the motor impairment produced by presession doses 
of SC midazolam, this tolerance, as measured by the motor per- 
formance indices other than Work Rate, was not complete (33). 
For the present Midazolam Group, dally presession midazolam 
self-administration was completed 5 h presession, and serum and 
brain midazolam and 4-hydroxymidazolam levels were zero or 
very low by the time motor performance was evaluated. Hence, 
these animals were functionally an "after group" in the usual 
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"before"  versus "af te r"  drug-injection design for evaluating 
behavioral tolerance (34). Insofar as the midazolam dose-effect 
relations did not change as a result of chronic exposure to mi- 
dazolam, this group's results were consistent with those we re- 
ported for a discriminative motor performance "af te r"  group re- 
ceiving chronic midazolam doses (33). Further, discontinuing 
chronic SC midazolam injections in that experiment did not yield 
any withdrawal effect (motor performance disruption) in the 
"af te r"  group, but did disrupt "before"  group performance 
(33). Again, these two findings are consistent with: a) the 
present Midazolam Group functioning like an "af te r"  group, 
and b) demonstrating that this discriminative motor control pro- 
cedure can detect midazolam withdrawal effects. 

If Midazolam Group animals were in a rebound state either 5 
or 19 h after midazolam self-administration, when their serum 
and brain midazolam and metabolite levels had returned to zero, 
then it might be expected that FG 7142 administration would 
exacerbate the rebound, and that exacerbation would manifest as 
a disruption in motor performance. Figures 3 and 4 yield no ev- 
idence of this. In fact, as indicated in the Results section, two 
animals in the Midazolam Group gave some evidence of im- 
proved performance under the 5-h delay condition. Several stud- 
ies have demonstrated that mice discontinued from chronic 
administration of flurazepam, diazepam or lorazepam were more 
likely to convulse after a 40-mg/kg IP dose of FG 7142 (20, 21, 
28, 29). It is difficult to compare seizure incidence in mice with 

the motor control measures used with rats in the present experi- 
ment. Also, the FG 7142 dose used with mice was much greater 
than the upper range of doses we could use: Three animals failed 
to complete motor performance sessions at doses of 4 and 8 
mg/kg (Figs. 3 and 4). 

The effects of Ro 15-1788 on motor performance were not 
appreciably different as a function of either dose-effect redeter- 
ruination or a history of chronic, oral midazolam self-adminis- 
tration. Again, the possible induction of a rebound or dependence 
state was not manifest as a changed reaction to this benzodiaz- 
epine antagonist after the imposed 5-h delay period. In a recent 
study, rats given diazepam doses (5 mg/kg) twice per day 
showed decreases in fixed-ratio behavior when injected with Ro 
15-1788 at 1 h (10 mg/kg) or 3 h (33 mg/kg) after the last diaz- 
epam dose, but not after a delay of 18 h (22). This is of interest 
since the plasma half-life of diazepam (5 mg/kg) is 0.88 h for 
the rat (10) and a comparable 0.92 h for serum midazolam (33). 
The respective metabolites are also rapidly eliminated (8,10). 
These results suggest that the lack of effect of Ro 15-1788 in 
the present experiment might have been due to the single, daily 
midazolam dose regimen [in comparison with twice-daily dosing 
(22)] or too long a postdosing delay time (5 h) relative to the 
magnitude of the highest antagonist dose administered (10 rag/ 
kg). Baboons exposed to a single daily dose of midazolam (5.6 
mg/kg) for 5 days and then given a 5-mg/kg dose of Ro 15- 
1788 1 h after the 5th dose showed low but unmistakable with- 
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drawal signs (27). Again, the relatively short delay (1 h) between 
the last midazolam dose and the antagonist injection may have 
permitted the detection of the withdrawal signs. 

In designing this study, our aim was to produce the rodent 
equivalent of the early morning insomnia rebound state occur- 
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FIG. 5. Serum time-concentration profile for 4-hydroxymidazolam for 
individual animals after 3-h midazolam solution (0.1 mg/ml) polydipsia 
session. *Value missing for animal G1. 

ring in humans who remain exposed subchronically to a once/ 
day regimen of an ultrashort-acting benzodiazepine. The state is 
reported to consist in a worsening of sleep in the last third of 
the night and increased anxiety throughout the day (11). Recent 
studies found midazolam to be therapeutically efficacious in 
promoting sleep in insomniacs but failed to find evidence of the 
early morning rebound state (1,14). These investigators suggest 
that therapeutically adequate doses do not give rise to the early 
morning rebound state, but that doses greater than those required 
for hypnotic efficacy can do so (1,14). 

We have previously presented evidence for the induction of 
physical dependence on midazolam by the chronic oral self-ad- 
ministration of midazolam solution in daily 3-h sessions (8). The 
dependence was measured as the incidence of audiogenically in- 
duced seizures 90 min after the end of a midazolam self-admin- 
istration session. The present study used a more precise measure 
of motor control disturbance and specific pharmacologic precipi- 
tating stimuli but failed to yield evidence for a state homologous 
to the early morning rebound insomnia sometimes observed in 
humans. In humans, evidence indicates that it is a relatively 
high-dose phenomenon. In the light of literature reviewed, our 
animals probably did not manifest the rebound state owing to 
kinetic-profile parameters. Exposure to a single daily midazolam 
dose orally self-administered over a 3-h period, even though it 
was a large total dose, did not produce the drug peak concentra- 
tion elevation seen with administration by injection (33) or by 
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oral capsule.  The postsession delay t ime (5 h), set to permit  
4-hydroxymidazolam to disappear complete ly  prior to motor  

performance evaluation, also may have al lowed any induced re- 
bound state to dissipate as well.  
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