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Regional Blood Flow and Cerebral Metabolic Changes during
Alcohol Withdrawal and Following Midazolam Therapy
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Regional blood flows and cerebral oxygen consumption (CMRo,)
were measured following alcohol withdrawal in alcohol-dependent
rats. In addition, the authors tested the ability of midazolam (0.057,
0.575, or 5.75 mg-kg™') to modify alcohol-induced changes. Rats
received a 3-week treatment of daily ad libitum access to a liquid
diet containing 6.54% ethanol or a sham treatment with the same
caloric intake but with white dextrin substituted for alcohol. Regional
blood flow was measured 12 h after alcohol withdrawal with radio-
active microspheres. Nitrous oxide (70% in oxygen) was used as the
control anesthetic. Rats withdrawn from alcohol treatment had sig-
nificantly increased heart rate, cortical cerebral blood flow (CBF)
(39 + 8%, mean + SE), and CMRo, (41 + 9%) compared with sham-
treated rats (P < 0.05). Subcortical CBF (49 * 8%), myocardial (52
+ 18%), and hepatic arterial blood flow (298 + 47%) also were in-
creased in alcohol-withdrawn rats. Renal blood flow decreased 47
+ 5%, while skeletal muscle and small intestinal blood flow were
not significantly different between the two groups. Midazolam in-
fusion decreased CBF, CMRg,, and hepatic arterial blood flow in
alcohol-withdrawn rats to similar levels as sham-treated rats and
increased renal blood flow in both groups. Skeletal muscle and in-
testinal tissues showed no change in blood flow in response to mid-
azolam. The authors conclude that midazolam may be effective in
lowering blood pressure and brain metabolism and reversing re-
gional blood flow changes produced by alcohol withdrawal in the
rat. (Key words: Alcohol, Anesthetics, gases: nitrous oxide. Anes-
thetics, intravenous: midazolam. Brain: blood flow; metabolism.)

THE ANESTHETIC MANAGEMENT of alcoholics is asso-
ciated with several problems, including cardiovascular
instability"? and increased resistance to neuroleptic and
analgesic agents.>® While the withdrawing person with
alcoholism may show greater resistance to several anes-
thetic agents,®® paradoxically the steady state anesthetic
requirements of these patients may not be different from
normal.? Studies suggest the increased tolerance to the
depressant effects of sedative or anesthetic drugs may be
due to enhancement of neuroexcitatory mechanisms.®!°
Withdrawal of alcohol unmasks this neuronal excitability,
producing cerebral metabolic stimulation and behavioral
withdrawal symptoms."!
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In earlier experiments, it was shown that withdrawal
of alcohol after 3 weeks of daily intake produced a phys-
iologic picture in rats qualitatively similar to that seen in
the human alcoholic, with significant changes produced
in the behavioral response to anesthetic and sedative
agents.'? It was the purpose of these experiments to de-
termine, using this model, the effect of alcohol withdrawal
onregional blood flows and cerebral oxygen consumption
(CMRy,). Theability of midazolam maleate, a short-acting
benzodiazepine, to modify alcohol withdrawal effects also
was tested. It was hypothesized that midazolam may de-
press neuronal excitability and alter regional blood flow
changes associated with alcohol withdrawal.

Methods

ANIMAL PREPARATION

Male Sprague-Dawley rats, housed two per cage, were
allowed ad libitum access to a sustacal liquid diet containing
6.54% ethanol as their only source of food and water for
8 weeks, according to previous reports.'*!* The diet pro-
vides 35% of the caloric needs as alcohol.'® Pair-fed con-
trols were given the same diet except that white dextrin
was isocalorically substituted for the alcohol. The diets
of alcohol- and sham-treated rats were adjusted so that
each group received the same caloric intake. Twelve hours
before testing, animals of both groups were deprived of
food and given free access to water. A qualitative evalu-
ation of behavior was performed before surgical prepa-
ration.

SURGICAL PREPARATION

Rats were anesthetized with halothane in a bell jar,
tracheostomized and ventilated with 1.5% halothane in
O, with the use of a Harvard® small-animal respirator.
Body temperature was maintained at 37° C, and arterial
blood Pgo, was maintained between 35-40 mmHg by ad-
justing ventilation. Bilateral femoral cutdowns were per-
formed, and both femoral arteries and femoral veins were
cannulated with Clay-Adams Intramedic® polyethylene
catheters filled with heparinized normal saline solution,
These catheters were used for continuous heart rate and
pressure monitoring, blood withdrawal, and drug admin-
istration. The left ventricle was catheterized via the right
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common carotid artery for microsphere injections. Pres-
sure tracings were monitored to ensure proper catheter
placement. A Hewlett-Packard® pressure transducer and
chart recorder was used in all cases. The skull was exposed,
a small hole drilled into the sagittal sinus and a catheter
inserted for withdrawal of sagittal sinus blood samples.
Following completion of surgery, halothane was discon-
tinued and the animal was ventilated with 70% NO and
30% O for a 45-min equilibration period. Muscle relax-
ation was achieved with 1 mg+kg™' d-tubocurarine iv.

PROTOCOL

Alcohol- and sham-treated rats were assigned to one
of several treatment conditions (n = 8—13 per treatment).
These treatment conditions included control nitrous oxide
anesthesia or intravenous infusions of midazolam. Rats
given midazolam also received nitrous oxide. Midazolam
treatments included an initial iv injection of 0.02, 0.20,
or 2.00 mg-kg™! midazolam, followed by a 15-min in-
fusion of 0.0025, 0.025, or 0.25 mg - kg™' - min™" to reach
a total dose of 0.057, 0.575, or 5.750 mg/kg, respectively
over the 15-min infusion period. With respect to rats, the
doses of midazolam used here produced behavioral effects
ranging from sedation at 5.75 mg - kg™' to no observable
effect at 0.057 mg - kg'. Clinical doses of midazolam are
in the range of 0.07-0.25 mg/kg,'®'® while experimental
doses have been tested up to 10 mg/kg.'”'® Control-
treated rats received saline vehicle infusions. The volume

infusion rate for all treatments was 0.1 ml-kg™" - min~".

MICROSPHERES

Fifteen micrometer microspheres, labeled with cobalt-
57, (New England Nuclear) were injected at the end of
the 15-min infusion period indicated above. Fifteen-mi-
crometer microspheres were chosen because shunting or
migration occurs to a minimal extent in target organs
with this sphere size.' A stock solution containing
500,000 microsphere/ml was suspended in isotonic saline
with 0.01% Tween-80. Ventricular pressure pulses were
monitored before the microsphere injection. Micro-
spheres were suspended with the use of a vortex mixer
for 1 min, 0.2 ml withdrawn (100,000 microspheres), in-
jected into the left ventricle via the ventricular catheter
(dead space = 0.06 mi), and flushed with 0.2 ml saline
according to previous methods.?® Starting immediately
before the microsphere test and continuing 45 s after the
end of the injection, blood was withdrawn from a femoral
artery at a rate of 0.4 ml - min™' with the use of a Harvard
infusion-withdrawal pump. Arterial blood-gas measure-
ments were made at the end of the microsphere injection
procedure. Arterial and sigittal sinus blood samples also
were taken after the microsphere test for measurement
of cerebral arterial-venous Q; content difference
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(C(a-v)o,). A 0.1-ml blood sample also was taken for mea-
surement of blood ethanol concentrations by gas chro-
matograph. A total of 1.5-2 ml was withdrawn for all
testing procedures. Blood gases and pH were measured
with an Il 1303® blood gas analyzer and oxygen content
was measured with the use of an 11 282 CO-oximeter®.
Mean arterial blood pressure was measured continuously
throughout the microsphere test from the second femoral
artery to ensure blood pressure did not change apprecia-
bly during the procedure. Heart rate was measured before
the microsphere injection. At the end of the microsphere
test the rat was killed with iv ethanol, and the brain, whole
heart, both kidneys and a portion of liver, foreleg skeletal
muscle, and small intestine were dissected out and
weighed. The brain was sectioned into left and right cor-
tical and subcortical samples and weighed. Microsphere
activity in tissue and blood samples was analyzed with the
use of a Nuclear Chicago 1035 Gamma Counter® and a
Nuclear Data 600® multichannel analyzer. Tissue blood
flow was analyzed according to the methods of Heymann
et al.?' CMRo, was calculated as the product of cortical
CBF corrected for brain weight and C(a-v)o,. The blood
flow in the left and right kidneys was compared to evaluate
the adequacy of microsphere mixing, but the average of
right and left kidney blood flow was used for statistical
analysis.

DRUG AND REAGENTS

Midazolam maleate (RO 21-3981/1. Hoffman-La-
Roche, Inc. Nutley, New Jersey) was dissolved in normal
saline to a stock concentration of 0.2 mg-ml™'. Blood
ethanol levels were measured by placing 0.1-ml blood
samples into 0.9-ml deionized water to lyse the red blood
cells. One-microliter samples of this solution were injected
directly onto a Teflon® Column 18" X %" OD packed
with Chromosorb® P-AW-DMCS 60-80 mesh in a Pack-
ard® gas chromatograph equipped with flame ionization
detector. Alcohol calibration standards were diluted in
water in concentrations from 1 to 50 mg-dl™.

STATISTICAL METHODS

All data are reported as mean + SE. A group-by-treat-
ments analysis of variance was used to compare the effects
of midazolam infusion in alcohol-withdrawn versus sham-
treated rats. Where significant group-treatment interac-
tions existed, supplemental analyses of variance were used
to determine midazolam treatment effects separately in
alcohol- and sham-treated groups as described by Bruning
and Kintz.?2 Independent ¢ tests were used to compare
withdrawal versus sham treatment during nitrous oxide
anesthesia (no midazolam). These tests were planned be-
fore the start of the experiment to ensure that the tenet
of probability theory was not violated.??
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TABLE 1. Blood Pressure, Heart Rate, and Arterial Blood Gas Tensi
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ons during Nitrous Oxide Anesthesia and Midazolam Infusions

Blood Pressure Heart Rate Paco, Pao,
Midazolam Dose (mg/kg) n (mmHg) (min™") (mmHg) {(mmHg) pH
Sham treated
0 8 141 £5 380 £ 12 37 +1 183 £ 11 7.39 + 0.01
0.057 9 111 £ 4 386 + 16 35 %1 150 + 23 7.39 £+ 0.01
0.575 10 111 6 400+ 9 37+1 136 + 6 7.40 £ 0.01
5.750 9 110 £ 6 389 + 14 37 +1 126 = 7 7.41 £ 0.01
Alcohol treated
0 13 138 + 2 451 £ 5* 35+ 1 156 £ 13 7.39 + 0.01
0.057 11 117 + 4 438 + 12 38+1 172 + 14 7.39 £ 0.01
0.575 13 120 £ 4 383 £ 6 38+1 174 £ 8 7.41 £ 0.01
5.760 10 101 £3 344+ 9 38+ 1 141 £ 10 7.36 £ 0.01
Analyses of variance
F for groups 0.791 1.522 2.817 7.716% 0.0
F for treatment 14.505% 4.993 0.565 1.883 0.783
F for group X treat 1.756 10.622% 2.428 0.263 2.284

* P < 0.05 as analyzed by ¢ test, sham- versus alcohol-treated rats.

Results

Preliminary behavioral analysis was performed on al-
cohol-withdrawn and sham-treated rats before anesthesia.
Although no spontaneous seizures or tremors were seen,
alcohol-treated rats consistently showed increased motor
activity and hyperresponsiveness to touch and sound
stimuli.

Arterial blood pressure, heart rate, and blood gas ten-
sions are shown in table 1. Heart rate was increased in
alcohol-withdrawn rats, but blood pressure was not sta-
tistically different between the two groups. Blood gases

" were controlled by artificial ventilation. Blood ethanol
concentrations were measured and found to be unde-
tectable (<1 mg-dl™") in both test groups at the time of
the study.

Comparison of right and left kidney blood flow in each
rat suggested a good mixing of microspheres. The average
difference in flow between the two kidneys was 5 £ 1%
for all rats. Regional blood flow changes produced by
alcohol withdrawal are shown in figure 1. Rats withdrawn
from alcohol had elevated blood flow in brain, heart, and
liver and decreased kidney blood flow during NyO anes-
thesia compared with sham-treated rats. CMRo, was also
increased significantly in alcohol-withdrawn rats (hg. 2).

Midazolam produced a significant decrease in heart rate
in alcohol-withdrawn (F = 22.32, P < 0.01) but not sham-
treated rats (F = 0.74, P > 0.10) and a significant differ-
ence in response between the two groups (F = 10.52, P
< 0.01) (see table 1). Midazolam also decreased blood
pressure 10-30% with no difference in response between
the two treatment groups (table 1). The decrease in blood
pressure produced by midazolam was seen even with the
lowest subsedative dose, suggesting that both sham- and
alcohol-withdrawn rats were sensitive to the cardiovas-
cular effects of midazolam. Midazolam also produced sig-

+ P < 0.01 for analyses of variance.

nificant decreases in cortical and subcortical CBF and
myocardial blood flow in both alcohol-withdrawn and
sham-treated rats (table 2). Cortical and subcortical CBF
decreased significantly more in alcohol-withdrawn rats
during midazolam treatment (F = 5.11, F = 4.35 respec-
tively, P < 0.01). Midazolam produced a significant de-
crease in liver blood flow in alcohol-withdrawn (F = 24.71,
P < 0.01) but not sham-treated rats (F = 2.74, P < 0.05).
Renal blood flow increased with midazolam treatment in
both alcohol (F = 3.65, P < 0.05) and sham-treated rats
(F = 3.63, P < 0.05) but remained elevated in the sham-
treated animals. As with blood pressure, the changes in
blood flow produced by midazolam in cerebral, liver, and
renal tissues were apparent even at the lowest dose (0.057
mg - kg™') in alcohol-withdrawn rats. Skeletal muscle and
intestinal blood flow did not change significantly in either
test group during midazolam infusion. As indicated by
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FIG. 1. Tissue blood flow in alcohol-treated rats under NyO-anes-
thetized conditions, plotted as a per cent of sham-treated controls tested
under the same treatment conditions. Significance indicates difference
from sham-treated rats for each tissue.
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FIG. 2. Cerebral O consumption changes in alcohol- and sham-
treated (control) rats during midazolam infusion. Number of rats in
each treatment group are shown in table 1. Significance value indicate
differences between sham- and alcohol-treated rats at each midazolam
dose. Midazolam produced a decrease in CMRog, in both alcohol- and
sham-treated rat (F = 26.95, P < 0.01) and a significantly greater
decrease in CMRg, in alcohol-treated rats (F = 6.97, P < 0.01).

analysis of variance, blood flow to muscle tissue was sig-
nificantly depressed in alcohol-withdrawn rats when con-
sidered over the NyO anesthetized and all midazolam
treatment conditions. Midazolam also decreased CMRg,
in both treatment groups (F = 26.95, P < 0.01) with a
greater decrease in alcohol-withdrawn versus sham-treated
rats (F = 6.97, P < 0.01) (fig. 2).

Discussion

There are several animal models that have been pro-
posed to study the physiologic and behavioral effects of
chronic ethanol administration and withdrawal. These
include a miniature swine, which voluntarily drinks al-
cohol,?® as well as mouse, rat, and dog models, which do
not,'01113.1424-27 1y each of these models it has been
shown that chronic administration of alcohol will produce
alcohol tolerance and dependence. Withdrawal of alcohol
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after dependence has produced results of classic with-
drawal symptoms.'!#*2® These symptoms depend on the
degree of alcohol dependence and include hyperrespon-
siveness to external stimuli, stereotyped movements,
tremor, rigidity, and production of stimulus-induced or
spontaneous seizures.'' Ethanol dependence and ethanol
withdrawal symptoms can be induced in as little as 3-4
days in the rat by continual maintenance of severe intox-
ication (blood alcohol concentrations = 6.6 mg/ml).'%!!
However, the clinical relevance of such an extreme model
may be questioned. A more moderate and longer term
of alcohol intoxication can be performed in rats by com-
bining ethanol with a nutritionally complete liquid
diet.!>!* Daily administration of this diet produces blood
alcohol levels of 1-2 mg/ml throughout the day (unpub-
lished results) and results in significant increases in tol-
erance to anesthetic drugs after 3 weeks of treatment.'?
As shown here, rats withdrawn from alcohol after 3 weeks
of the diet showed signs of increased motor activity and
hyperresponsiveness to external stimuli. Judging from
previous reports, these symptoms may be indicative of
moderate alcohol dependence as defined in humans and
animals,®!!:28:29

Several changes were observed in alcohol-withdrawn
rats when compared with their sham-treated controls. Al-
cohol-withdrawn rats had elevated CBF, myocardial and
liver arterial blood flow, and a 47% decrease in renal
blood flow. The increase in CBF paralleled the increase
in CMR,, suggesting normal coupling of flow and me-
tabolism. Increases in myocardial blood flow in withdrawn
rats were consistent with an increase in heart reate. Other
studies also have shown that alcohol withdrawal produces
cardiovascular stimulation.®* Liver blood flow changes
agree with the enhancement of liver enzymatic activity
associated with alcohol dependence.?

TABLE 2. Regional Blood Flow during Nitrous Oxide Anesthesia and Intravenous Midazolam Infusion

Cerebral
Midazolam dose (mg/kg) Cortex Subcortex Heart Liver Muscle Kidney Intestine
Sham
0 175 £ 11 140+ 9 387 = 37 20.7 £ 2.7 8313 237 + 41 92 + 13
0.057 130 +9 120+ 8 510 = 60 359+ 6.2 12.0 £ 2.0 358 + 50 105 + 21
0.575 101 £ 7 104 = 10 275 + 26 210+ 43 10.2 = 1.4 336 + 38 78 £ 10
5.750 100 = 12 92+9 290 % 46 26.1 + 6.8 10.9 = 0.9 310 = 26 92 £ 11
Alcohol withdrawn
0 243 + 18* 209 * 15* 588 + 75* 82.3 £ 9.0* 6.6 +1.3 125 + 15% 70 £ 15
0.057 138+ 8 129 + 10 536 + 52 29.0 = 1.7 8.7 + 2.7 210+ 7 76 £ 6
0.575 135 + 12 132 + 11 450 + 56 26.6 + 7.1 6.0 + 0.8 278 + 20 94+9
5.750 108 + 12 112 =13 301 + 46 22.6 + 4.9 6.6 +1.3 336 + 32 92 + 18
Analyses of Variance
F for groups 4.616% 6.116% 7.499% 7.301% 7.947% 11.666% 0.500
F for treatment 26.729% 11.435% 7.520% 3.8371 1.410 3.722% 0.163
FforGXT 5.110% 4.345% 1.929 14.505% 0.536 1.342 1.131
Tissue blood flow reported as ml- 100 g~' - min™". dose only).

Number of animals in group given in table 1.
* P < 0.05 as analyzed by ¢ test, alcohol- versus sham-treated (zero

+ P < 0.05 for analyses of variance.
4 P < 0.01 for analyses of variance.
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Midazolam reversed many of the measured effects of
alcohol withdrawal and returned regional blood flow to-
ward sham-treated levels. Heart rate and CMRo, de-
creased more in alcohol-dependent rats together with CBF
and liver blood flow. Midazolam also produced significant
increases in renal blood flow, but these changes were not
different between the two treatment groups. It may be
noted that midazolam produced significant cardiovascu-
lar, regional blood flow and CMRo, with changes in al-
cohol-withdrawn rats even at subsedative doses (0.057
mg-kg™"). This is consistent with the sensitive neuro-
modulatory role of benzodiazepines at specific receptor
sites.?! It also suggests that many of the cardiovascular
and metabolic stimulatory effects of alcohol withdrawal
may be effectively treated in doses that do not produce
behavioral sedation.

The ability of acute alcohol administration to produce
central nervous system (CNS) depression and anesthesia
in high doses and to potentiate these actions in combi-
nation with other anesthetic agents is well established.
Chronic alcohol intake apparently produces tolerance to
these effects. True alcohol withdrawal symptoms occur
only after prolonged intake following adaptation to the
pharmacologic actions of ethanol.?® Minor symptoms may
become evident with the daily consumption of 20 ounces
of 100-proof alcohol for several days, but chronic daily
consumption of 25-30 ounces of alcohol for 1-3 months
are necessary to produce major withdrawal symptoms.?*
In humans, minor withdrawal symptoms include anorexia,
insomnia, hallucinations, tremors, disorientation, and oc-
casionally convulsions.?’ These symptoms begin within a
few hours of withdrawal and peak at 10-30 h. Major
withdrawal symptoms are seen in only a small percentage
of patients and begin 60-80 h after cessation of drinking.
These symptoms include autonomic hyperactivity with

tremors, tachycardia, fever and anxiety, perceptual dis-
orders, and hallucinations. The autonomic hyperactivity
may involve beta-adrenergic receptors as the number and
sensitivity of these receptors are increased following with-
drawal.?? Central beta-adrenergic mechanisms also may
modulate increases in CMRq,. Propranolol treatment has
been shown to lower the elevated brain metabolism seen
following withdrawal and is used clinically to treat tremors
and anxiety.>® Data here suggest the benzodiazepine re-
ceptor also may alter the response to alcohol withdrawal,
possibly by interacting with central B-adrenergic mech-
anisms.

A widespread distribution of benzodiazepine receptor
subtypes in the brain and peripheral tissues suggests that
the drug may act centrally as well as peripherally to alter
tissue metabolism and regional vascular resistance.>' The
presence of high affinity, saturable stereospecific binding
sites for benzodiazepines was first established in 1977.%4
The correlation between the potencies of benzodiazepine
compounds in displacing (H?)-diazepam binding in vitro
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and their potencies as anxiolytics, anticonvulsants, and
muscle relaxants strongly suggest that these binding sites
are pharmacologic receptors.®! Biochemical evidence
suggests that benzodiazepine receptors are physically as
well as functionally associated with the gamma amino-
butyric acid (GABA) receptor and the chloride ionophore.
GABA acts at the benzodiazepine~-GABA-receptor chlo-
ride ionophore complex by directly increasing chloride
conductance and depressing neuronal activity.?® The in-
teraction of benzodiazepines and alcohol have been es:
tablished in several reports. Alcohol may facilitate the
action of benzodiazepines by enhancing benzodiazepine
receptor affinity.*® As an example, benzodiazepines have
been shown to decrease CBF and CMRo, alone.'” When
given with alcohol, this effect is potentiated, producing a
greater depression in brain metabolism than either alcohol
or benzodiazepines given alone.?” This potentiation sug-
gests that alcohol may interact directly with the benzo-
diazepine-GABA receptor complex to enhance depres-
sion. This is supported by the fact that benzodiazepine
antagonists will reverse the cerebral metabolic depression
produced by midazolam-alcohol treatment.®” Tolerance
may be produced following chronic alcohol administration
by alteration of the sensitivity and activity of the benzo-
diazepine receptor complex. This may explain why al-
cohol-withdrawn rats have an elevated CMRo, and why
midazolam produces a greater decrease in brain metab-
olism in these animals.

The anesthesiologist is confronted with several com-
plications in the management of the withdrawing alcoholic
patient. He must be aware of and treat minor and major
withdrawal symptoms as well as dealing with a generalized
increase in tolerance to anesthetic agents.29 Autonomic,
cardiovascular, metabolic, and regional blood flow
changes also may be apparent following alcohol with-
drawal, increasing the risk of stroke, myocardial infarc-
tion, and renal failure. These results suggest that mida-
zolam infusion may be of use in anesthetic management
of the alcoholic because of its ability to decrease brain
metabolism and heart work while increasing renal per-
fusion. The ability of midazolam to produce these changes
in subanesthetic and often at subsedative doses suggests
that many of the deleterious effects of alcohol withdrawal
can be altered by very small drug doses. This may be of
value in the treatment of alcoholics apart from surgical
procedures. It also may be relevant to the anesthesiologist,
particularly if he can “‘normalize” the alcoholic patient
by midazolam pretreatment.
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