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ABSTRACT

The effects of diazepam alone, and in combination with acute
and chronic exposure to methadone, on arterial pH, pCO, and
pO:. in the rat were evaluated. Measurements were made before
drug administration and at 15, 30, 60, 120, 180 and 240 min
postadministration. Diazepam (20 mg/kg s.c.) did not cause any
significant changes in arterial pCO. or pH. However, it did cause
a significant’ increase in arterial pO, tension (P < .05). The
magnitude of this effect was essentially the same after acute
and chronic diazepam treatment. The increase in arterial pO.
tension was attributed to a decrease in tissue uptake of oxygen
associated with the decrease in body temperature that occurred
after diazepam treatment. Acute and, to a far lesser extent,
chronic administration of methadone (5 mg/kg/day i.p.) caused

significant decreases in arterial pH and pO, and increases in
pCO. (P =< .05). When given in combination with methadone,
diazepam potentiated markedly the respiratory depressant ef-
fects of methadone. The most severe respiratory depression
occurred when both drugs were used together acutely. The
effects of the acute diazepam-chronic methadone treatment
were 100 to 200% greater than those that occurred with the
chronic diazepam-chronic methadone treatment, indicating the
development of a tolerance to the potentiating ability of diaze-
pam. These results show that there is a real potential for severe
respiratory depression when these drugs, methadone and diaze-
pam, are used concurrently, especially for the first time.

Respiratory depression is a common adverse reaction asso-
ciated with the use of methadone and other narcotics (Jaffe
and Martin, 1980; Eckenhoff and Oech, 1960). It also is a
reported side effect of diazepam and other members of the
benzodiazepine group (Dixon et al., 1970; Forster et al., 1980;
Divoll et al., 1981). Whereas the respiratory depressant effects
of therapeutic doses of narcotics can potentially be lethal to
the narcotic-naive individual (Eckenhoff and Oech, 1960), the
use of therapeutic doses of diazepam rarely causes clinical signs
of respiratory embarrassment unless the individual has pre-
existing obstructive pulmonary disease (Delpierre et al., 1981;
Rao et al., 1973; Soroker et al., 1978).

Because both of these drugs have the potential for causing
respiratory depression, it is possible that the combined use of
these drugs could be very dangerous. Although therapeutic drug
levels of methadone and diazepam have been found together in
victims of multiple drug-related deaths in the U.S. and Canada

Received for publication August 12, 1983.

! This work was supported in part by National Institutes of Health Grants
RR00469 and RR07006 and National Institute on Drug Abuse Grant DA-01618.

2 Present address: School of Veterinary Medicine, North Carolina State Uni-
versity, 4700 Hillsborough St., Raleigh, NC 27606.

(Finkle et al., 1979; Lewis et al., 1979), it has not been proven
conclusively that they, or other drugs also found in those
individuals, played significant roles in the deaths.

Today, this drug combination of methadone and diazepam is
widely used by narcotic addicts in methadone treatment pro-
grams (Kleber and Gold, 1978; Stitzer et al., 1981). Forty to
seventy percent of participants have reported that they fre-
quently use diazepam supplied by their supervising clinician or
obtained it from illegal drug dealers (Dewy, 1972; Woody et al.,
1975a,b; Stitzer et al., 1981).

Studies of the interaction of diazepam and methadone in
humans have been hampered due to the difficulty in obtaining
a representative group of subjects that is homogenous with
regard to sex, age, physical condition and prior exposure to
abused drugs. Hence the use of experimental animals in which
these variables are more easily controlled provide an acceptable
alternative. The laboratory rat has been shown to be susceptible
to the central nervous system depression caused by either
diazepam or methadone (Greenblatt and Shader, 1973; White
and Zagon, 1979) and the pharmacokinetics of these drugs in
humans and rats are well documented (Basel and Casarett,
1972; Schwartz et al., 1967; Balderssarini, 1980; Jaffe and
Martin, 1980).

ABBREVIATION: CPD, citric acid-sodium biphosphate-dextran-adenine anticoagulant.
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It was the purpose of this study to document the effects of
diazepam and methadone on arterial pH, pCO; and pO; in the
rat and to evaluate the interaction of diazepam and methadone
in regards to their combined effect on the respiratory system
after acute and chronic administration. Pepelko’s and Dixon’s
(1975) technique for monitoring blood gas concentration and
pH in rats was utilized and quantitative assessments of arterial
pCO,, pO; and pH in adult male rats were used as criteria for
evaluation.

Materials and Methods

Animals. Male Sprague-Dawley rats (Charles River Breeding Labs,
Wilmington, MA) weighing 325 to 350 g upon arrival were used in this
study. All rats were quarantined for 5 days before the start of experi-
mentation. The animals were housed five per stainless-steel wire-
bottom cage and kept in an environment maintained at 21 + 0.5°C
with 50 + 20% relative humidity and a 100% fresh air exchange rate of
15 complete changes per hour. The photoperiod was maintained at 12
hr of light (7:00 A.M.-7:00 P.M.) and 12 hr of dark (7:00 P.M.-7:00 A.M.)
without twilight. Rat chow from Agway, Inc. (Syracuse, NY) and water
were provided ad libitum. The rats were assigned to groups using a
table of random numbers. They were weighed and identified with tail
markings.

Drugs and treatment regimens. Dosages for methadone hydro-
chloride (Eli Lilly Co., Indianapolis, IN) and diazepam (Hoffmann-La
Roche, Inc., Nutley, NJ) that have been shown to cause a nonfatal
central nervous system depression in the rat (Greenblatt and Shader,
1973; White and Zagon, 1979) were selected for this study. All doses of
methadone were diluted up to 1 ml with sterile water. Methadone was
administered i.p. All doses of diazepam were diluted up to 1 ml with a
propylene glycol solution. The propylene glycol solution, used in com-
mercial diazepam preparations, was prepared so as to yield a solution
with the final composition of 40% propylene glycol, 10% ethyl alcohol,
1.5% benzyl alcohol, 4.88% sodium benzoate and 0.12% benzoic acid.
Diazepam was administered s.c.

The study was conducted in two phases. In the first phase of the
study the effects of acute administration of 20 mg/kg of diazepam and
5 mg/kg of methadone individually, and in combination, on the arterial
pH and blood gas concentrations were studied. The data collected from
these animals were compared to that of controls which were given the
solvents of the two drugs, sterile water (1 ml i.p.) and 40% propylene
glycol solution (1 ml s.c.). Thirty-two animals were used in this phase,
eight being assigned to each treatment regimen.

In the second phase of the study the effects of acute and chronic
administration of 20 mg/kg of diazepam to rats treated chronically
with 5 mg/kg of methadone were examined. The rectal temperature as
well as the arterial pH, pCO, and pO, were measured. Rats treated
chronically were given their drugs once daily for 14 days. Those that
received the acute diazepam-chronic methadone treatment were given
one dose of diazepam on the 14th day of methadone treatment. The
data collected from these rats were compared to that from rats receiving
chronic methadone, chronic diazepam or the solvents of the drugs
(sterile water and propylene glycol solution). Forty animals were used
in this phase, eight being assigned to each treatment regimen.

Catheter implantation and sampling procedures. On the days
designated for blood collection and analysis (day of acute administra-
tion of drugs in phase one and day 14 of chronic treatment in phase
two), each rat was anesthetized with a halothane-oxygen mixture using
an open anesthetic delivery system (Soma, 1971) before implantation
of an arterial catheter. Total anesthesia time per animal was 20 min
and each was allowed a 2-hr recovery period before further experimen-
tation. This recovery period was selected because it has been shown
that when most animals are exposed to halothane anesthesia for up to
1 hr the arterial blood gas concentrations and pH return to preanes-
thetic values within 2 hr after the administration of the gas has been
discontinued (Fisher, 1961).

A Teflon catheter, pretreated with heparinized saline, was implanted
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surgically into the middle caudal tail artery using techniques described
by Pepelko and Dixon (1975). The catheter was held in place by means
of 3-0 suture and a gauze-adhesive tape bandage. The rats were placed
in individual plastic restraint chambers for recovery and blood collec-
tion. Compressed air was blown into the restraint chambers through a
plastic tube connected to the front of the restraint chamber to prevent
carbon dioxide build-up within the chamber.

Immediately before the administration of the drug treatments and
at 15, 30, 60, 120, 180 and 240 min after treatments, a 0.6-ml arterial
blood sample was collected from each rat. Blood samples were analyzed
for pH, pCO; and pO; content using an Instrumentation Laboratories
blood gas analyzer (Boston, MA). After each sampling, 0.5 ml of CPD-
treated blood and 0.5 ml of heparinized saline were infused into the
tail artery of each rat to maintain blood volume and prevent the
respiratory alkalosis associated with blood loss (Miller et al., 1976).
Heparinized saline was prepared by adding 3000 USP U of heparin
sodium to 500 ml of sterile saline. CPD-treated blood was prepared by
mixing 1 ml of the anticoagulant (i.e., CPD) to each 10 ml of blood
taken from a male Sprague-Dawley blood donor that had not received
any drugs.

Rectal temperature. The rectal temperature of each rat was mon-
itored before drug administration and at 30, 60, 120, 180 and 240 min
postinjection of drug treatment in phase two. A Bailey Instruments
electronic thermometer (Saddle Brook, NJ) was used to measure the
rectal temperature in degrees centigrade.

Statistical analysis. A two-way analysis of variance was used to
evaluate the blood gas concentration and pH data collected in each
phase of the experiment. A three-way analysis of variance was used to
compare the results obtained in phases one and two. Length of treat-
ment (acute and chronic) and type of drug treatment were treated as
between group factors, whereas sampling time was treated as a repeated
measure. Further analysis between the drug-exposed groups and con-
trols within each phase of the experiment matched for time, as well as
additional comparisons between postinjection time periods and the
preinjection time periods, were made using the Newman-Keuls proce-
dure (Winer, 1971). A probability of .05 or less was considered signifi-
cant.

Results

Phase |

Behavior. Control animals treated acutely with sterile water
and propylene glycol remained alert during the entire testing
period. Animals that were given 5 mg/kg of methadone were
sleeping, but could be aroused by tapping on the top of the
restraint chamber at 15 and 30 min postinjection and were
completely alert at 60 min postinjection. Rats that received 20
mg/kg of diazepam were in a deep sleep at the 15-min sampling
period and were not completely awake until 240 min postinjec-
tion. Rats that were injected with both 20 mg/kg of diazepam
and 5 mg/kg of methadone were in a deep sleep in less than 5
min and did not become completely alert until 240 min post-
injection.

pH. There were significant differences (F = 13.92, dF = 3/
28, P < .05) between the mean arterial pH values of the groups
tested. Data for these groups are presented in figure 1. Although
the administration of 20 mg/kg of diazepam failed to elicit a
detectable change in pH, when given in combination with
methadone a 166% greater drop in arterial pH occurred than
when methadone was given alone.

pCO.. The analysis of pCO, values revealed a significant
difference between the treatment groups (F = 13.77, dF = 3/
28, P < .05). The data for these groups are presented in figure
2. Whereas the arterial pCO, of the controls and rats receiving
diazepam injections remained essentially unaltered during the
240-min study, rats given methadone had a postinjection ele-
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Fig. 1. Effect of acute exposure to diazepam and
methadone on arterial pH in rats. Values represent
mean blood pH for eight adult male rats at each post-
injection time interval. S.E.s < 1% of mean values.
Drugs were administered after the 0 time reading. *Sig-
nificantly different from control at matched time intervals
(P <.05). O, 1 ml of sterile water (i.p.) and 1 ml of 40%
propylene glycol solution (s.c.); A, 20 mg/kg of diaze-
pam (s.c.); O, 5 mg/kg of methadone (i.p.); ®, 20 mg/
kg of diazepam (s.c.) and 5 mg/kg of methadone (i.p.).
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Fig. 2. Effect of acute exposure to diazepam and
methadone on arterial pCO; in rats. Values represent
mean blood pCO, for eight adult male rats at each
postinjection time interval. S.E.s < 7% of mean val-
ues. Drugs were administered after the 0 time reading.
S~ * *Significantly different from control at matched time
- intervals (P < .05). O, 1 ml of sterile water (i.p.) and 1
mi of 40% propylene glycol solution (s.c.); A, 20 mg/
kg of diazepam (s.c.); O, 5 mg/kg of methadone (i.p.);
®, 20 mg/kg of diazepam (s.c.) and 5 mg/kg of
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Fig. 3. Effect of acute exposure to diazepam and
methadone on arterial pO, in rats. Values represent
mean blood pO, for eight adult male rats at each
postinjection time interval. S.E.s < 9% of mean val-
ues. “Significantly different from control at matched
time intervals (P < .05). O, 1 ml of sterile water (i.p.)
and 1 ml of 40% propylene glycol solution (s.c.); A,
20 mg/kg of diazepam (s.c.); O, 5 mg/kg of metha-
done (i.p.); ®, 20 mg/kg of diazepam (s.c.) and 5 mg/
kg of methadone (i.p.).
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vation of pCO, which was 20% higher than their preinjection
values at the 30-min sampling period. An even greater elevation
of arterial pCO, was observed in those rats given both diazepam
and methadone, with a maximum elevation of 53% above
preinjection values occurring at the 60-min sampling period.
pO.. The analysis of pO, values revealed a significant differ-
ence between the treatment groups (F = 8.89, dF = 3/28, P <
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.05). The data for these treatment groups are presented in
figure 3. When rats were given only diazepam, no remarkable
changes were observed in their arterial pO, within the first 60
min postinjection. However, after that time period the mean
arterial pO, of the diazepam group increased with time such
that for the remainder of the test period the mean pO, was
14% higher than the preinjection value. In contrast, the rats
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that were given methadone or methadone and diazepam had 21
and 30% decreases in arterial pO,, respectively, within the first
15 min postinjection. Although neither of these two groups had
a pO, that was significantly higher than the control, by the
240-min period the arterial pO, of the methadone-diazepam
group was 17% higher than that of the methadone group.

McCormick et al.

Phase Il

Behavior. Rats which received sterile water and propylene
glycol or methadone chronically always remained alert after
their injections. Those that were treated with diazepam chron-
ically were in a deep sleep 15 min postinjection, arousable at
180 min and fully awake at 240 min postinjection. After admin-
istration of diazepam acutely or chronically in conjunction with
chronic methadone treatment, the rats were in a deep sleep in
less than 5 min postinjection, sleeping but arousable by 180
min and fully awake by 240 min postinjection.

pH. There were significant differences in arterial pH values
between the treatment groups (F = 24.53, dF = 4/35, P < .05).
The data for these treatment groups are presented in figure 4.
Whereas there were no significant changes in the arterial pH
of rats treated chronically with diazepam, rats that were given
both diazepam and methadone chronically had a decrease in
pH that was 50% lower than the decrease observed in those
treated chronically with only methadone. An even greater de-
crease in pH occurred when an acute dose of diazepam was
given to rats that had been treated chronically with methadone.
At 30 min postinjection, the mean arterial pH of that group
reached a maximum low which was three times the drop in pH
observed in the chronic methadone group.

pCOs. In the analysis of pCO, values, there was a significant
difference between the groups (F = 7.93, dF = 4/35, P <.05).
The data for these groups are presented in figure 5. The 20-
mg/kg dose of diazepam administered chronically produced no
detectable pCO, changes, yet when it was given acutely or
chronically to rats treated chronically with methadone, a 29
and 19% increase in arterial pCO., respectively, above control
values was noted. These changes were 81 and 19%, respectively,
greater than changes elicited by chronic methadone injections
alone.

pO.. There was a significant difference in pO, values between
the treatment groups (F = 9.86, dF = 4/35, P < .05). The data
for these groups are presented in figure 6.

In contrast to the chronic diazepam group that had no
significant changes in arterial pO, during the first 30 min
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postinjection, the chronic methadone-chronic diazepam,
chronic methadone and chronic methadone-acute diazepam
groups had decreases in arterial pO, within the first 15 min
postinjection that were 14, 12 and 8%, respectively, lower than
controls.

After 60 min postinjection, a significant elevation of arterial
pO. occurred in all groups receiving diazepam acutely or chron-
ically, with or without methadone. At the 240-min period the
pO: of these groups was 16 to 21% higher than controls, whereas
the chronic methadone group did not differ significantly from
the control at that time.

Rectal temperature. There was a significant difference in
rectal temperature of the treatment groups (F = 7.27, dF = 4/
35, P < .05). As illustrated in figure 7, the rectal temperature
of rats receiving diazepam alone or in combination with meth-
adone decreased to a point significantly lower than the controls
from 60 to 240 min postinjection of the drugs.

Discussion

The acute and chronic administration of 20 mg/kg of diaze-
pam failed to induce any detectable changes in the arterial pH
and pCO; in the rat. This is at variance with observations seen
in humans (Gross et al., 1982) and rabbits (Bradshaw et al.,
1973), in which healthy subjects given 0.4 mg/kg and 4 mg/kg,
respectively, experienced significant changes in these param-
eters. This may be the result of a species variation in resistance
to the respiratory depressant effects of diazepam, as there are
also differences in doses that are considered lethal for these
species: humans, LDy, = 50 mg/kg; rabbit, LDs, = 900 mg/kg;
rat, LDs = 300 mg/kg (U.S. Department of HEEW. et al.,
1977). A much higher dosage would perhaps be required to
elicit detectable respiratory depression in the rat.

The observation that the dose of diazepam that caused se-
dation in the rat failed to cause an alteration in arterial pCO,
and pH is in contrast to observations in humans (Gross et al.,
1982). Gross and his associates (1982) have suggested that there
is a strong correlation between the degree of respiratory de-
pression and the state of consciousness after diazepam admin-
istration, as humans given 0.4 mg/kg of diazepam i.v. experi-
enced both peak respiratory depression and unconsciousness
within the first 30 min postinjection. However, the observations
made in this study show that there is not a correlation between
the state of consciousness and the arterial blood gases and pH
after diazepam treatment.

Fig. 4. Effects of acute and chronic exposure to
diazepam on arterial pH of rats chronically exposed

to methadone. Values represent mean blood pH for
eight adult male rats at each postinjection time inter-
val. S.E.s < 1% of mean values. Drugs were admin-
istered after the 0 time reading. *Significantly different
from controls at matched time intervals (P < .05). O,

7.30 L v

1 ml of sterile water (i.p.) and 1 mi of 40% propylene
glycol solution (s.c.) chronically; A, 20 mg/kg of diaze-
pam (s.c.) chronically; ll, 5 mg/kg of methadone (i.p.)
chronically; ®, 20 mg/kg of diazepam (s.c.) and 5§ mg/
kg of methadone (i.p.) chronically; ©, 5 mg/kg of
methadone (i.p.) chronically and 20 mg/kg of diaze-
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Fig. 5. Effects of acute and chronic exposure to diaze-
pam on arterial pCO. of rats chronically exposed to
methadone. Values represent mean blood pCO, for
eight adult male rats at each postinjection time interval.
S.E.s < 6% of mean values. Drugs were administered
after the 0 time reading. *Significantly different from
controls at matched time intervals (P < .05). O, 1 ml of
sterile water (i.p.) and 1 mi of 40% propylene glycol
solution (s.c.) chronically; A, 20 mg/kg of diazepam
(s.c.) chronically; B, 5 mg/kg of methadone (i.p.) chron-
ically; @, 20 mg/kg of diazepam (s.c.) and 5 mg/kg of
methadone (i.p.) chronically; ©, 5 mg/kg of methadone
(i.p.) chronically and 20 mg/kg of diazepam (s.c.)
acutely.
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Fig. 6. Effects of acute and chronic exposure to diaze-
pam on arterial pO. of rats chronically exposed to
methadone. Values represent mean blood pO, for eight
adult male rats at each postinjection time interval. S.E.s
< 7% of mean values. Drugs were administered after
the 0 time reading. *Significantly different from controls
at matched time intervals (P < .05). O, 1 ml of sterile
water (i.p.) and 1 mi of 40% propylene glycol solution
(s.c.) chronically; A, 20 mg/kg of diazepam (s.c.) chron-
ically; l, 5 mg/kg of methadone (i.p.) chronically; ®, 20
mg/kg of diazepam (s.c.) and 5 mg/kg of methadone
(i-p.) chronically; ©, 5 mg/kg of methadone (i.p.) chron-
ically and 20 mg/kg of diazepam (s.c.) acutety.
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In contrast to its lack of effect on arterial pCO. and pH, the
20-mg/kg dose of diazepam did cause an increase in arterial
oxygen tension when given acutely or chronically. An increase
in arterial pO; after diazepam treatment has not been reported
to occur in humans. However, in most of these clinical studies
only arterial pH and pCO, were monitored (Catchlove and
Kafer, 1971; Gasser and Bellville, 1976; Gross et al., 1982). In
those few studies in which arterial pO, was monitored (Dixon
et al., 1970; Rao et al., 1973), no measurements were made after
30 min postinjection, which was the time after which the rise
in pO, was observed in the rats. An increase in arterial pO, has
been reported in dogs treated acutely with 3 mg/kg of diazepam
and chronically with 10 mg/kg of diazepam (Stepanek, 1973).
Stepanek (1973) suggested that this was due to a diazepam-
induced decreased tissue oxygen consumption after acute treat-
ment and a compensatory mechanism to correct a metabolic
acidosis associated with the accumulation of diazepam break-
down products after chronic use. A metabolic acidosis was not
associated with chronic use of diazepam in this study; however,
there is evidence that suggests a decrease in tissue uptake of
oxygen may have occurred after diazepam treatment. Animals
treated with diazepam alone or in combination with methadone
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had a decrease in rectal temperature that was significantly
lower than that of controls from 60 to 240 min postinjection.
Blair (1971) has shown that as the body temperature decreases
from 37 to 30°C there is a dramatic decrease in cellular oxygen
uptake. This is very likely the basis of the increased arterial
pO; tension observed in the rats after diazepam treatment in
this study.

Although the 20-mg/kg dose of diazepam did not elicit de-
tectable respiratory depression when given alone, it was able to
potentiate the respiratory depression caused by methadone.
When the two drugs were given together acutely, the arterial
pCO; tension increased by 45% and the pO; decreased by 33%
compared to an increase of arterial pCO, of only 19% and a
reduction of arterial pO, of only 16% when the methadone was
used alone. These results corroborate those of Bradshaw et al.
(1973) that showed potentiation of the morphine-induced ele-
vation of arterial pCO, when diazepam and morphine were used
together acutely.

The results of this study also show that the respiratory
depressant effects of methadone and the ability of diazepam to
potentiate this effect decreases with chronic use. The effects
produced by the acute diazepam-acute methadone treatment
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were 100 to 200% greater than that caused by the acute diaze-
pam-chronic methadone treatment, which was in turn 100 to
200% greater than caused by the chronic diazepam-chronic
methadone treatment. This decrease in respiratory depression
observed with chronic use of the drugs is probably related to
the development of receptor tolerance as has been reported to
occur with chronic use of other opioids (Simon and Hiller,
1978) and benzodiazepines (Al-Khudhairi et al., 1982; Barnett
and Fiore, 1973; Braestrup and Olsen, 1980; Lippa et al., 1982).

The development of a tolerance to the ability of diazepam to
potentiate the respiratory depressant effect of methadone is in
contrast to what was observed in its effect on sedation and
arterial pO, tension. The magnitude of the effect of diazepam
on these parameters, as monitored in this study, were essen-
tially the same after acute and chronic treatment. This suggests
that diazepam interacts with different receptor types to elicit
its effects. This viewpoint has been proposed by several other
investigators as well (Gee and Yamamura, 1982; Lippa et al.,
1982).

Because diazepam and methadone interact with different
receptor types to cause their effects on the respiratory system
(Gee and Yamamura, 1982; Jaffe and Martin, 1980; Mohler and
Okada, 1977, Ward and Holaday, 1982), yet compete for me-
tabolism by the same hepatic enzyme system (Spaulding et al.,
1974), the potential for severe respiratory depression is great
when the two drugs are used concurrently. As shown in this
study, when diazepam and methadone were used at dosages less
than one-tenth of the LDs, for these drugs in the rat (U.S.
Department of HE.W. et al., 1977, 1979), significant respira-
tory depression occurred. Because this potential exists, great
caution should be taken when these drugs are used concur-
rently.
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