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A non-lethal, hypoxlc con&ttonlng stimulus has been shown by Rising and D'Alecy to increase hypoxlc survival time m mice To deter- 
mine if endogenous oplolds alter the hypoxlc condltloning-mduced mcrease in hypoxlc survwal time, we administered naloxone (0 1, 1 0 
mg/kg I.p.) or sahne (0.3 ml 1 p ) 5 mln prior to condmonmg. Sixty percent of the m~ce recewed the hypoxlc conditlonlng stimulus consisting 
of three sequential hypoxlc exposures (4.5% oxygen balance mtrogen for 1.5, 2 and 2.5 mm) separated by 5 mln of room air The remaining 
mice did not receive hypoxlc conditioning but instead remained m room air for this time All mice were tested for hypoxlc survwal by first 
exposmg them to 20 s of 8.5% oxygen balance nitrogen followed by exposure to 4.5% oxygen balance mtrogen The hypoxic survival t~me 
was recorded as the time from the onset of the 4.5% oxygen to the cessation of spontaneous ventdatlon Naloxone (1 mg/kg) completely 
blocked the adaptation to hypoxm reduced by hypoxlc condmonmg (P = 0 003) Morphine (1, 5, 10 and 20 mg/kg) had no effect on hypoxlc 
adaptation, however, 50 mg/kg morphine decreased the adaptation reduced by condmomng (P < 0.0001) possibly due to high dose toxlc~ty 
These data suggest that endogenous oplolds are revolved in the protectwe adaptation to hypoxm induced by prior exposure to non-lethal 
hypoxm 

INTRODUCTION 

Condit ioning to stressors such as hypoxia and isch- 

emia has been accomplished in many cases by previous 

less severe exposure to certain stressors. For  example ,  

prior  exposure to hypoxia increases hypoxic tolerance in 

an ensuing hypoxic challenge2L26; brief ischemic bouts 

protect  from subsequent  ischemic damage in hippocam- 

pal neuronst°;  and hyper thermia  has been shown to pro- 

tect against ensuing ischemic exposures in both the rat 4 

and gerbil ~4. The mechanisms by which an animal adapts  

acutely to hypoxic or  ischemic stress have potent ial  to 

be used in the development  of clinical interventions to 

improve the outcome of medical  and surgical procedures  

or t rauma.  Hypoxia  is re la ted to significant morbidi ty  

and mortal i ty  in a number  of clinical settings including 
head injury apnea 15"22 and alt i tude sickness 24. 

Previous work in our labora tory  has shown that  mice 

exposed to three non-lethal  hypoxic periods will have a 

significantly greater  tolerance when subsequently ex- 

posed to lethal hypoxia. 21 This hypoxic condit ioning 

stimulus presumably alters one or  more  systems in the 

mice to effect this improved outcome.  Many candidates 

have been suggested as potent ial  mediators  of the con- 

dit ioning effect in this and other  models.  These candi- 

dates general ly involve components  of the stress response 

such as the appearance  of f l -hydroxybutyrate  in the 

blood 2~ and the synthesis of heat  shock proteins 1°. A 

central mechanism of adapta t ion  ~s proposed  because 

brain electrical activity is reduced m response to hypoxia 

and ul t imately ceases pr ior  to respira tory and cardiovas- 

cular collapse 16. A pathway can therefore  be hypothe-  

sized in which hypoxic stress is the stimulus for an inte- 

grated central nervous system response that produces  

systemic changes to improve hypoxic tolerance.  

A review by Aki l  et al. supports  the theory that a 

major  function of the opioid  systems ~s to orchestrate  the 

variety of physiological changes known as the stress re- 

sponse The locahzatlon of opioids and their  receptors  

in important  regulatory nuclei in the autonomic nervous 

system implicate a central role of oploids in controll ing 

the stress response 1. We hypothesized that the central  

action of endogenous  oploid pept ides  is a necessary step 

in the acute adapta t ton  to hypoxia that occurs during 

hypoxic condit ioning.  The studies presented  here answer 

the more  specific question: will the general  opioid recep- 

tor antagonist ,  naloxone 7, diminish the hypoxic condi- 

t ioning effect? If opiolds are involved m the acute ad- 

apta t ion to hypoxia,  then naloxone would be expected 

to a t tenuate  the condit ioning effect. In addit ion,  this 
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s tudy  d e t e r m i n e d  w h e t h e r  hypox ic  cond i t i on ing  can be 

a u g m e n t e d  by using the  op io id  agonis t ,  m o r p h i n e .  

MATERIALS AND METHODS 

Adult male albino mice (Mus musculus,  Charles Rwer, CD-1 ) 
weighing 15-32 g were housed in a 12:12 light-dark cycle and fed 
rat and mouse chow (Purina) with water available ad lib 

Naloxone hydrochlonde (Lyphomed, 0 4 mg/ml) and morphine 
sulfate (Elkins-Smn, Inc ,  15 mg/ml) were dduted in sterile 0.9% 
saline solution to allow 1.p. injections of less than 0.4 ml. 

Each mouse received an i.p. injection of either naloxone (0.1, 1 
mg/kg) at minus 5 mln, morphine (1, 5, 10, 20 or 50 mg/kg) at mi- 
nus 30 mm, or sahne (0 3 ml) at corresponding times before con- 
&tlonlng. Mice were we]ghed and Individually dosed according to 
body weight. Mice rejected 30 min prior to conditioning were kept 
m temporary housing in which a lamp was used to warm part of 
the cage and therefore provide a temperature gradient which the 
mice could use to minimize any thermal stress. The mice rejected 5 
mm prior to conditioning were immediately placed m the condi- 
tioning chambers. The condmonlng 2~ and hypoxla 23 2s models have 
been previously described and used by our laboratory 6'H-13 20.21 
During the conditioning, mice were put in either of two 500 ml air- 
tight flow-through chambers. The temperature of each chamber 
was continuously recorded (Honeywell recorder) using a copper 
constantan thermocouple. A proportional temperature controller 
was used to maintain the temperature of the conditioning cham- 
bers near 30.9°C, the thermoneutral zone of the mouse 8. This was 
done to reduce any effects thermal stress could have dunng the 
conditioning. The sham and hypoxic conditioning chambers were 
flushed with room air (20% oxygen) at 1.3 1/mm or 4.5% oxygen 
balance nitrogen at 1.3 l/min. Three mice (HC, hypoxlc condition- 
lng) in the experimental chamber recewed three sequential expo- 
sures to the 4 5% oxygen for 1 5, 2 and 2 5 mm separated by 5 mm 
of room air; two mice (SC, sham conditioning) in the sham cham- 
ber received room air for this entire duration After the mice were 
removed from the chambers and during the final 5 mm interval in 
room air, a thermocouple was inserted 2 cm into the rectum of each 
mouse, and the m]ce were placed in five parallel and individual 
airtight, flow-through, 110 ml chambers to measure the hypoxic 
survival time (HST). The five chambers were initially flushed for 
20 s with 8.5% oxygen balance mtrogen at 1 7 l/ram and then 
flushed with 4 5% oxygen balance mtrogen at 1.3 l/mm; the per- 
cent oxygen actually flowing through the chambers was measured 
with an oxygen analyzer (Beckman OM-14). HST was determined 
as previously described 6 H-t3 20 21 23 25 as the time from the onset 
of the 4 5% oxygen to the cessation of spontaneous ventilation 
Mice stdl ahve after 900 s (15 mm) were considered survwors and 
the test was concluded. 

Statistical analyses of rectal temperature were calculated using 
ANOVA and an unpaired, two-tailed, Student's two-sample t-test 
with Bonferrom's correction for multiple comparisons. HST was 
analyzed using survival curves generated by the computer program 
BMDP P1L 2. This program apphed Breslow's version of the gen- 
erahzed Wllcoxon test (analogous to the Kruskal-Walhs non para- 
metric ranking test) to test for slmilanty between the generated 
cu rves  3. A companson was made among the survival curves of 
similarly treated mice (either HC or SC) receiving the same drug 
and the corresponding saline control. For example, the HC saline 
5 mln, HC naloxone 0 1 mg/kg, and the HC naloxone 1 mg/kg curves 
were compared for detection of a change caused by the drug. If 
the group companson showed a significant difference, then com- 
parisons were made between curves for each drug dose and the sa- 
line curve in that group to detect which dose was effective in caus- 
ing a difference. Bonferrom's correction for multiple comparisons 
was also applied to the survwal curve analysis to correct for mul- 
tiple comparisons to the sahne controls. Mice that died dunng the 
course of the hypoxic conditioning were not included in statistical 
analyses of HST. Hypoxlc condmoning mortahty rates were ana- 
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Survival Curves of Saline Injected Mice 
(5 vs. 30 min) 

1 .oo t 
SC 5 mm (23) 

".¢ 0.751 HC 5mm (34) 
"~ t SC 30 mm (58) 

HC 30 mln (80) ~, 0.50] 
~a. 0.25 

0.00 ~ 
o 800 900 

Hypoxic Survival Time (sec) 
Fig 1, Survival curves for HC and SC groups injected with saline 
30 mln and 5 min prior to pretreatment. Time of injection had no 
effect on the survival curves HC mice had slgmficantly longer sur- 
vwal times than SC mice (P < 0.0001, Breslow). Survival time axis 
is 900 s for this and all subsequent figures to facilitate comparison 
Numbers in parentheses indicate sample size HC, hypoxlc con&- 
tlonmg; SC, sham conditioning 

lyzed using Fisher's exact test. 

RESULTS 

B o t h  n a l o x o n e  and  m o r p h i n e  a l t e red  the  hypox ic  con-  

d i t i o n i n g - i n d u ced  inc rease  in HST. H y p o x i c  cond i t ion -  

i ng - induced  ch an g es  in recta l  t e m p e r a t u r e  w e r e  also 

mod i f i ed  by these  drugs .  

TABLE I 

Rectal temperature (Tr) at start o f  hypoxic survival test 

Rectal temperatures measured immediately prior to the onset of 
the hypoxlc survival test. HC mice have significantly lower tem- 
peratures than SC mice for all treatments (P = 0.0001, Student's 
t-test). Mice receiving 1 mg/kg naloxone had higher T, compared 
to T r of HC saline mice rejected at 5 mm. 10 mg/kg morphine 
increased T r of SC mice compared to SC saline mice injected at 
30 mm. HC, hypoxlc conditioning; SC, sham conditioning. 

T r Mean + S E.M. (°C) 

SC n H C  n 

Drug~Dose 
Saline (5 min) 37.6+0.2 23 35 6+0.1 34 

Naloxone 
0.1 mg/kg 38.0+0 1 9 36.1+0.1 15 
1.0 mg/kg 38.1+0.1 22 36.8+0.2* 19 

Saline (30 mln) 37.9+0.1 55 35.9+0 1 77 

Morphine 
1 mg/kg 37 8+0 2 18 35.9+0.2 24 
5 mg/kg 37.9+0.4 18 36.0+0.2 28 
10 mg/kg 38 5+0.1"* 24 36.1+0.1 29 
20 mg/kg 37.6+0.1 26 35.8+0.1 43 
50 mg/kg 37.9+0.3 14 36.3+0.2 17 

*P = 0.0002 compared to HC sal 5 min T r. **P = 0.007 com- 
pared to SC sal 30 mln T,. 
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Hypoxic conditioning (sahne) 
Hypoxic conditioning increased the HST compared to 

mice receiving the sham conditioning (Fig. 1). This in- 
crease was seen in mice injected with saline at either 5 
or 30 min prior to conditioning (P < 0.0001, Breslow). 
The mean HST of SC mice was 139 _+ 6 s (30 min) and 
164 _+ 16 s (5 min) compared to the mean HST of HC 
mice which was 426 _+ 28 s (30 min) and 401 _ 45 s (5 
min). A significant decrease in rectal temperature was 
observed in the HC mice in both 30 and 5 min injection 
groups (P = 0.0001, Student's t-test, see Table I). Time 
of injection (30 or 5 min) did not cause a significant dif- 
ference in either HST or rectal temperature. 

Naloxone 
Naloxone at 1 mg/kg significantly reduced the HST in 

SC mice (P -- 0.003, Breslow, Fig. 2 top panel). This 
same dose of naloxone blocked the hypoxic condition- 
ing-induced increase in HST (P = 0.0003, Breslow, Fig. 
2 bottom panel). The block of the HC effect was com- 
plete to the extent that no significant difference was de- 
tected between the survival curves of HC mice receiving 
1 mg/kg naloxone and SC mice receiving saline (P = 
0.4362, Breslow, Fig. 3). In addition, there was an in- 
crease in the mortality rate during the hypoxic condi- 

Naloxone Effect on HST 
1.00 ] 

'~ 0.75 

g 0.25 

0.00 / 

Sham Condlt=omng 
Sahne (5 rain) (23) 

¢ Nal (0 1 mg/kg) (9) 
,I, Nal (1 0 mg/kg) (22) 

1.00" 

"¢ 0.75- 
> 
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o. 
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Hypoxic Condltiomng 

(34) 
,; 05)  
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Hypoxic Survival T ime (see) 

Fig. 2. Survival curves of SC mice (top) and HC mice (bottom) re- 
ceiving saline, 0.1 or 1 0 mg/kg naloxone 1 mg/kg naloxone de- 
creases survwal time compared to sahne m both SC and HC mice 
(P -< 0.003, Breslow). Numbers in parentheses indicate sample 
size 

Naloxone Inhibition of Hypoxic 
Conditioning Effect 

1.00  

+ HC Nal (1 0 mg/kg) (20) 
't~ - - ' - O ~  SC Saline (5 mm) (23) • ~ 0.75- 

:; . 

if) 
c 0.50- 
.9 

a. 0.25 2 
a. 

0.00 - , , . 
0 300  600  900  

Hypoxic Survival  T ime (sec) 

Fig. 3. Survwal curves of HC mice given 1 mg/kg naloxone (re- 
peated from bottom of Fig. 2) and SC mice gwen sahne (from top 
of Fig 2) No significant difference was detected between the two 
curves by the Breslow test indicating a complete block of the hyp- 
oxlc conditioning effect by naloxone. Numbers in parentheses in- 
dicate sample size. HC, hypoxlc condiuomng, SC, sham condmon- 
mg 

tioning from 5.5% in the saline-treated HC mice to 
37.5% in the HC mice receiving 1 mg/kg naloxone (P = 
0.002, Fisher's exact, Table II). The decrease in rectal 
temperature that accompanies hypoxic conditioning was 
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Fig. 4. Survival curves of SC mice (top) and HC mice (bottom) re- 
cewing either saline,I, 5, 10, 20 or 50 mg/kg morphine (MS). 50 
mg/kg decreased the survival time m HC mice compared to sahne 
HC mice (P < 0.0001, Breslow). Numbers m parentheses indicate 
sample size 



TABLE II 

Hypoxic conditionmg mortahty rate 

Percent mortality occurring during hypoxlc condmoning is shown 
for each group 1 mg/kg naloxone has significantly increased 
mortality during hypoxlc conditioning (*P = 0.002, Fisher's ex- 
act) HC, hypoxic conditioning, SC, sham conditioning. 

Percent No deaths/ 
mortahty No total HC mtce 

Drug~Dose 
Saline (5 min) 5.5 2/36 

Naloxone 
0.1 mg/kg 0 0/15 
1.0 mg/kg 37.5* 12/32 

Sahne (30 mm) 8.0 7/87 
Morphme 

1 mg/kg 7.6 2/26 
5 mg/kg 9.6 3/31 
10 mg/kg 15.3 6/39 
20 mg/kg 2.2 1/44 
50 mg/kg 15.0 3/20 

also blunted (P = 0.0002, Student's t-test, see Table I). 
None of these effects were detected at 0.1 mg/kg nalox- 
one. 

Morphme 
None of the five doses of morphine produced a de- 

tectable change in the survival curve for SC mice (Fig. 4 
top panel). However, 50 mg/kg morphine blocked the 
hypoxic conditioning-induced increase in HST (P < 
0.0001, Breslow, Fig. 4 bottom panel). Rectal tempera- 
tures of SC mice given 10 mg/kg morphine were higher 
than SC mice given saline (P = 0.007, Student's t-test, 

Table I). No statistically significant changes were de- 
tected in either HST or temperature with the other doses 
of morphine, and no significant effect on mortality dur- 
ing hypoxic conditioning was detected. 

DISCUSSION 

The goal of these studies was to explore the hypoth- 
esis that the central action of endogenous opioid pep- 
tides is necessary in the acute adaptation to hypoxia that 
occurs during hypoxic conditioning. The confirmation 
that hypoxic conditioning increases HST supports earlier 
observations of this phenomena using this same 
model 2~. Rising found that hypoxic conditioning increased 
HST from 108 + 4 s to 403 + 42 s 21 comparing favor- 
ably with the current observation of an increase in HST 
from 139 + 6 s and 164 + 16 s to 426 + 28 s and 401 + 
45 s (30 and 5 min saline injection times). 

The new question this study approached was the de- 
pendence of this conditioning response on endogenous 
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opioid peptides. We tested this hypothesis by adminis- 
tering naloxone, a narcotic antagonist 7. The data indi- 

cates that 1 mg/kg naloxone was sufficient to block acute 
adaptation to hypoxia. Mice given this dose of naloxone 
failed to show the increase in hypoxic tolerance after 
hypoxic conditioning. Additionally, the increased hyp- 
oxic conditioning mortality rate in mice given this dose 
of naloxone indicates that the adaptation necessary to 
survive the hypoxic conditioning stimulus is blocked. 
Further, one would also suspect that some adaptation 
occurs during the actual hypoxic survival test, and the 

ability of 1 mg/kg naloxone to shorten the HST of SC 
mice indicates that even the minimal adaptation that oc- 
curs during the hypoxic survival test is blocked. The fail- 
ure of adaptation to occur reflected by these three pa- 
rameters (hypoxic conditioning-induced increase in HST, 
hypoxic conditioning mortality and HST) in the presence 
of 1 mg/kg naloxone suggests that acute adaptation is 
dependent on the binding of endogenous opioids to a 
naloxone blockable receptor(s) implicating that endoge- 
nous opioids are protective in this setting. Naloxone 
given at low doses as in this study is very specific for 

opioid receptors. Also, doses given in this study are far 
below the LD50 of 286 mg/kg s.c. 19, making it unlikely 
that any of the effects are due to toxicity. 

Blockade of the hypoxic conditioning response by 
naloxone implicates an opioid peptide pathway; how- 
ever, since naloxone is a non-selective opioid antagonist, 
it does not specify the type of opioid receptor involved. 
This study also examined the potential hypoxic tolerance 
modification by the opioid agonist, morphine, which was 
a useful tool for these experiments because it has cen- 
tral nervous system access and is relevant due to com- 
mon clinical use. Morphine acts predominantly at the/~ 
type opioid receptor, but also has affinities for the 6 and 

opioid receptors based on binding assays in guinea pig 
brain homogenate ~7. We hypothesized that morphine 
would augment HST. The results from the morphine ex- 
periments on HC mice showed no shift in the survival 
curves compared to saline-treated mice until a dose of 
50 mg/kg was reached. This effect of morphine is likely 
to be due to toxic effects such as respiratory depression 
especially because this effect was seen only at a very high 
dose. It is unlikely that morphine depresses hypoxic tol- 
erance by a mechanism identical to naloxone. Evidence 
supporting different mechanisms is that morphine does 
not alter the hypoxic conditioning mortality or the sur- 
vival times of SC mice as was demonstrated with nalox- 
one. This would suggest that morphine's action is a toxic 
side effect and not a direct effect on the ability of the 
mice to adapt. Our results do not allow us to make con- 
clusions about specific receptor involvement. It is possi- 
ble that more than one opioid receptor type is involved 
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in this process and that different receptor types play dif- 

ferent roles. More selective agonists and antagomsts of 

the specific opioid receptors will be useful probes to 

identify the receptor type involved in hypoxic adapta- 

tion. Despite the lack of morphine 's  selectivity as a 

probe for the opioid receptor type involved, these ex- 

periments provide potentially relevant information con- 

cerning the clinical use of morphine in patients at risk of 

becoming hypoxic. 

It is not surprising that endogenous opioid peptides 

are revolved in the hypoxic conditioning response. Acute 

exposure to hypoxia induces a lower body temperature 

and initiates a spectrum of cardiovascular and respira- 

tory responses including increased respiratory rate, heart 

rate and pulse pressure. Many of these responses are 

thought to be regulated by endogenous opioids 5"9. Car- 

diovascular, pulmonary and thermoregulatory systems 

could be effector mechanisms to mediate hypoxic toler- 

ance and thus regulate acute adaptation. One possible 

mechanism by which endogenous opioids could coordi- 

nate these various functions is through the nucleus of the 

solitary tract, a major autonomic relay nucleus and also 

known to be part of the endogenous opioid pathways 1. 

The data presented confirm the lower body temperatures 

that occur with hypoxic conditioning 2t. Naloxone atten- 

uated this change in body temperature indicating that 

these lower body temperatures may be induced by the 

action of endogenous opioid peptides. Thermoregulat ton 

is potentially an effectwe modulator  of hypoxic tolerance 

by virtue of its effect on metabolic rate and therefore on 

oxygen demand 27. The interaction of the endogenous 

opioid system with potential hypoxic adaptation effector 

mechanisms such as the thermoregulatory, cardiovascu- 

lar and respiratory systems lends support to the hypoth- 

esis that the central nervous system pathway mediating 

the adaptation to hypoxlc tolerance is opioid dependent .  

These data support the conclusion that endogenous 

oploid peptides are necessary for acute adaptation to 

hypoxia. Mice given naloxone faded to adapt to hypoxia 

and did not lower their body temperature during hyp- 

oxic conditioning. A mechanism can now be proposed 

in which hypoxia is a stimulus that via a naloxone-block- 

able pathway is able to cause an increase in hypoxic tol- 

erance possibly mediated by the effects of lowered body 

temperature and/or altered metabolism. 
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