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KUHN, C M , C COCHRANE, M N FEINGLOS AND R S SURWIT Exaggerated pertpheral responses to cate- 
~ holammes ~ ontrtbutes to stress-mdu~ ed hyperglvt erma m the ob/ob mouse PHARMACOL BIOCHEM BEHAV 26(3) 
491-495, 1987 ---The present study ~nvest~gated the contribution of altered sympathetic reactivity to the stress-reduced 
hyperglycemia observed ~n the c57BL/6J (ob/ob) mouse, an animal model of type I1 diabetes Blood glucose and msuhn 
responses to sympathetic agomst and antagomst adm~mstrat~on were evaluated ~n ob/ob m~ce and thetr nondiabet~c, lean 
(ob/9) httermates In addition, the abd~ty of nutritional status to modify these responses was determined These studies 
demonstrated that ep~nephnne admmlstrat~on to ob/ob m~ce caused an exaggerated increase m blood glucose and decrease 
m plasma msuhn m ob/ob m~ce relative to lean httermates The dose response curve for epmephnne-mduced increases m 
blood glucose were shifted to the left, and the duration of the blood glucose and plasma msuhn responses was longer 
D~fferences between ob/ob mace and their nond~abet~c httermates were greater when ammals were tested m the fasted state 
In addition, administration of the alpha adrenerg~c antagomst phentolam~ne caused a larger increase tn plasma msuhn ~n 
ob/ob m~ce than was observed in lean httermates These results suggest that altered peripheral responses to sympathetic 
stimuli contribute to stress-~nduced hyperglycemia ~n ob/ob m~ce, and rinse the poss~bthty that altered sympathetic function 
~s an etiologic factor m development of dtabetes in these ammals 

Diabetes Stress Sympathetic nervous system 

N O N - I N S U L I N  dependen t  ( type II) d~abetes in humans ~s 
character ized by obesi ty,  hyperinsul inemla,  lnsuhn resist- 
ance,  hyperg lycemia  and glucose intolerance A number  o f  
ammal models  of  this disease exist,  including the genetical ly 
obese mouse (c57BL/6J, ob/ob), which shows a physiologic 
profile hke that descr ibed above  [4]. Al though the ob/ob 
mouse  is clearly diabetic,  there is a wide variat ion in re- 
por ted values for plasma glucose,  which range f rom mildly 
e levated (150 mg/dl) to ex t remely  hyperglycemic  (500 mg/dl) 
[8, 11, 12]. Recen t  studies f rom this laboratory  have shown 
that basal glucose m the fed ob/ob mouse is not  consis tent ly 
e levated in compar ison  to ht termates,  but  that p lasma glu- 
cose  is markedly  hyperreac t lve  to enwronmenta l  stress 
[19,20]. We showed further  that the blood glucose response  
to a s~ngle dose of  epinephrine ~s s~gnificantly greater  ~n 
ob/ob mice [19] Th~s finding suggests that al tered 
postsynapt~c responsivl ty  to sympathet ic  agomsts  contrib- 
utes to exaggerated glycemlc  responses  m ob/ob mice,  an 
hypothesis  which IS supported by s~milar findings of  en- 
hanced glycem~c responses  to adrenerg~c agomsts  ~n a simi- 
lar mouse  model  o f  non-insulin dependent  d~abetes [ 10] Fur- 

thermore ,  sympathet ic  act ivi ty,  as assessed by norepmeph-  
nne  turnover ,  is normal ~n most  peripheral  organs ~nclud~ng 
heart ,  spleen and pancreas o f  adult ob/ob mice,  further  sup- 
port ing a postsynapt ic  site as the media tor  of  supersensi t iv-  
ity [13] 

The goal of  the present  s tudy was to invest igate further  
the contribution of  altered peripheral  sympathet ic  function 
to the exaggerated glycem~c response to ob/ob m~ce to 
stress To ~nvest~gate th~s quest ion,  p lasma glucose and in- 
sulin responses  to a sympathet ic  agomst  (epinephnne)  and a 
sympathet ic  antagomst  (phentolamine) were  determined in 
ob/ob m~ce and their  lean (ob/9) l i t termates.  The results of  
this study support  our  previous  hypothesis  that exaggerated 
peripheral  responses  to sympathet ic  st imuh contribute to the 
exaggerated glycemic responses  o f  ob/ob m~ce to stress. 

METHOD 

Obese  (c57BL/6J, ob/ob) and their  lean h t termates  
(c57BL/6J,  ob/9) were  obtained f rom the Jackson Labora tory  
(Bar Harbor ,  ME) at 1 month  of  age Animals  were  used for 
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TABLE 1 

PLASMA GLUCOSE AND INSULIN IN OBESE AND LEAN MICE 

Glucsoe Insuhn 
(mg/dl) (/.tU/ml) 

Lean 
Fed 153 ___ 7 40 _+ 5 
Fasted 91 --- 4* 16 _+ 3 

Obese 
Fed 184 _+ 8 544 ___ 39 
Fasted 185 _+ 8 223 _+ 32* 

M~ce were fed ad hb, or were fasted for 18 hours, and blood was 
collected by retroorb~tal s~nus puncture, centrifuged and plasma as- 
sayed for glucose and msuhn N=10-15 ~n each group *Indicates 
p<0 05 or better relative to fed control 

experiments between 2 and 3 months of  age (20-30 g body 
weight for leans, 40-50 g body weight for ob/ob) Animals 
were housed m group cages with four to six animals per cage 
in an animal room with a 12 hour hght- 12 hour dark day-night 
cycle They were provided with water and Purina laboratory 
chow ad hb, except in the fastang experiment, in which food 
was removed for a 24 hour period before the experiment. 
The mice were accustomed to handling and blood collection 
before the experiments by daily handling and two basal 
blood collections dunng a 1 month habituation period 

AnLrnals were stressed for 1 hour as described previously 
by lmmobthzatlon combined with shaking [19], or were in- 
jected subcutaneously with the indicated dose (/xg salt/10 g 
body weight) of eplnephnne bltartrate or phentolamlne 
mesylate. Epinephrine was used as a model adrenergic 
agonlst which has been shown to stimulate both alpha and 
beta receptors in peripheral organs of mice at the doses used 
[10] Phentolamine was used as an alpha adrenergic 
antagonist which is known to elevate insulin secretion m 
normal and diabetic mice [10], presumably by blockade of 
alpha receptors in the pancreas Controls in the lmmohihza- 
tlon experiment were not handled, while controls in the epl- 
nephrme experiment were injected subcutaneously with an 
equal volume of saline 

After one hour of  stress, or at the indicated time after 
drug mjection, blood (300/~1) was collected by retroorbltal 
sinus puncture into heparinized pipettes. Plasma was sepa- 
rated by centrifugation at 1,000 x g for 15 minutes, and 
frozen for later analysis 

Plasma glucose was analyzed with a Beckman Glucose 
analyzer Insulin was determined with a double-antibody 
radiolmmunoassay using a commercially available k~t (Cam- 
bridge Medical Diagnostics). 

Results were analyzed by 3-way ANOVA and post-hoc 
unpaared Student's t-tests to determine the significance of 
single points. 

RESULTS 

Basal Glucose and Response to Stress 

Table 1 shows basal plasma glucose m ob/ob and lean 
(+/?) httermates in the fed or fasted state. As reported previ- 
ously [6], basal plasma glucose values In fed ob/ob trace were 
not different from their lean httermates. However,  a slgnifi- 
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FIG 1 Effect of ~mmoblhzat~on stress on plasma glucose and ~nsu- 
hn in ob/ob and lean mice Mice were bled after 60 minutes of ~m- 
moblhzat~on and plasma glucose and tnsuhn determined as de- 
scribed m the Method section Results are expressed as mean+-_SEM 
(mg/dl) glucose or(/~ umts/ml) lnsuhn N=9-12 m each group *Indi- 
cates statistically different from nonstressed control, p<0 05 or bet- 
ter 

cant difference between lean and obese mice was observed 
m basal blood plasma glucose in the fasted state (p<0 05) 
Ob/ob animals were markedly hypennsuhnemlc in the fed or 
fasted state (p<0 05 for an effect of nutritional status) In 
addition, the plasma glucose and plasma insulin responses to 
lmmohillzatlon stress were exaggerated ~n fed ob/ob mice in 
comparison to lean (ob/9) controls (Fig 1) Both the increase 
in glucose and the decrease in insulin were significantly 
greater in obese than ~n lean mice (p<0.01 for an effect of 
stress, p < 0  01 for an effect of strmn and p < 0  05 for the 
mteractlon of strain with stress response for glucose, p <0 05 
for the interaction of strain with stress response for glucose, 
p<0.05 for the interaction of strain and stress effects for 
lnsuhn). 

Response to Eptnephnne 

The appearance of significant differences between blood 



STRESS-INDUCED HYPERGLYCEMIA 493 

" ;  soo 
~. 
(_',1 
~, 500 

LLI 
03 400 
C3 
L) 

_1 300 
(.3 

200 

D FASTED 

~FEO 

?_'_'_'. 
\ \ \ \  

\ \ \ ~  
x \ \~  
X\\x~ 
\ \ \ '<  

"T 

xNNX 

_ N 

SAL EPI SAL EPI 

LEAN 

T 

SAL EPI SAL EP! 

OBESE 

-1- 
\ x x x  
~ x x x  
~ x \ x  
x x x x  
~ x x \  
x x \ ~  
~ x x x  
x x x x  
~ x x \  
x x \ x  
~ x x ~  

~ x x \  
~ \ \ x  
x x x N  

\ \ \ x  
x x \ x  
x x x x  
~ x x \  

.\\'.~ 
,\ '.~ 
.\\'.~ 
.-..\'.~ 

600 

500 

~ 400 

Z 
~ 300 

03 
Z 200 

I00 

D FASTED 

~ F E 0  

I ~ I  ~ ~ - ' ~ ' ~ l ~  

SAL EPI SAL EPI 

T 

SAL EPI SAL EPI 

LEAN OBESE 

FIG 2 Plasma glucose and ~nsuhn response to ep~nephnne ~n fed 
and fasted m~ce Plasma glucose was determined 30 minutes after 
ep~nephnne (3 t~g/10 g b wt ) Controls were rejected at the same 
t~me w~th sahne Results are expressed as mean_+SEM glucose 
(mg/dl) or ~nsuhn (/~ umts/ml) N=8-10 ~n each group *Indicates 
statistically d~fferent from fasted control, p<0 05 or better 

glucose of lean and ob m~ce only in fasted animals suggested 
that further characterization of sympathetic responsivity in 
these animals required careful consideration of nutritional 
status. Therefore, we repeated our original study of glucose 
and ~nsuhn responses to epinephnne under both fed and 
fasted conditions The results of this experiment are shown 
m Fig. 2. The increase in blood glucose after epinephnne in 
lean animals was considerably greater in the fed state 
(p<0 01 for an effect of treatment,p<0.01 for a strmn effect, 
and p < 0  01 for an interacaon of strain w~th response to epi- 
nephrine). The glucose response to epmephnne in obese 
mice did not change with nutritional status. Therefore, the 
differences between the obese and lean mice were greater in 
the fasted state (p<0.01 for an Interaction of strain with nu- 
tritional status). Interestingly, plasma insulin levels in lean 
ammals were not affected by epinephrine at this dose, while 
~nsulln was markedly suppressed m both fed and fasted 
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FIG 3 Effect of ~ncreas~ng doses of epmephnne m plasma glucose 
m ob/ob and lean m~ce M~ce were bled 60 minutes after epmephnne 
adrnlmstratlon Sahne-mjected controls are shown as sal Dose ~s 
expressed as/xg salt/10 g b wt Results are expressed as mean-+SEM 
glucose (mg/dl) N=5-8 m each group 

obese mice (p <0.01 for an interaction of strain with response 
to epinephrine). 

The plasma glucose response of fasted obese and lean 
mice to varying doses of epinephrine is shown in Fig. 3. 
While eplnephnne caused a dose related increase in plasma 
glucose in lean animals in the dose range from 1-5/~g/10 g 
body weight (10/~g/10 g proved toxic), plasma glucose re- 
sponses were maximal at the lowest dose of epinephrine 
tested in obese mice (p<0.01 for an effect of dose, p<0.01 
for a difference between obese and lean mice, andp <0.01 for 
an interaction of strain with epinephrine dose) 

To determine ff the apparent differences in the dose- 
response relationship for plasma glucose elevation by epi- 
nephnne in obese and lean mice resulted from a shift in the 
time course of epinephnne action in the obese animals, the 
time course of the glucose and insulin response to a submax- 
imal dose of epinephrine was tested. The results of th~s ex- 
periment are shown in Figs. 4 and 5. Epinephnne adminis- 
tration caused a marked rise in plasma glucose in both obese 
and lean rmce, although the increase was significantly 
greater in obese animals (p<0 01 for an effect of time, 
p <0.01 for an effect of strain, and p <0 01 for an interaction 
of strain with time). The effects of epinephrine on plasma 
insulin were striking (Fig. 5). Epinephrine caused an ex- 
tremely rap~d and marked suppression of plasma insulin in 
obese mice, but caused no change in plasma insulin of lean 
mice (p<0 01 for an effect of time, p<0.01 for a difference 
between strains and p<0.01 for an interaction of time with 
strain). 

Response to Phentolamtne 

In normal ammals, sympathetic stLrnuli inhibit insulin se- 
cretion tonically via an alpha adrenerglc mechanism [16]. 
The results of the prewous experiment suggested that 
postsynaptlc responses to exogenous challenge were mark- 
edly abnormal m obese mice However, this experiment d~d 
not evaluate the response of the pancreas to changes in en- 
dogenous neural activity. To determine if manipulation of 
endogenous sympathetic activity evoked similarly marked 
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FIG 4 T~me course of plasma glucose response to ep~nephnne (3 
/xg/10 g b.wt ) Ammals were mjected w~th epmephnne at t=0, and 
different groups of ammals were bled at the indicated time after 
mjectlon As no s~gmficant effect of saline mjectaon on basal glucose 
was observed, control glucose values have been pooled and shown 
at t=0 Results are expressed as mean±SEM glucose (mg/dl) Dot- 
ted hne indicates ob/ob nnce, and sohd lme represents data from 
lean controls N=8-12 m each group 
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Ttme course of plasma ~nsuhn response to ep~nephnne 
Ammals were treated as described i n  legend to Fig 5 Results are 
expressed as mean_SEM ~nsulm (~ unlts/ml) Dotted hne repre- 
sents ob/ob m~ce, and sohd hne represents lean controls N=8-12 m 
each group 

changes i n  plasma insulin, insulin responses to adrenerglc 
blockade with phentolamme were evaluated. In this experi- 
ment, both fed and fasted animals were tested, as tonic sym- 
pathetic activity to the pancreas is affected s~gmficantly by 
nutritional status [14] The results of  this experiment are 
shown in Fig. 6. In obese animals, basal insulin levels were 
markedly higher, and were increased more (in terms of  abso- 
lute increases in insulin) than in leans (p <0.01 for an effect of 
drug, p < 0  01 for an effect of  straan, a n d p < 0  05 for an inter- 
action of strain w~th response to phentolamine). Inter- 
estingly, nutritional status did not have a dramatic effect on 
the insulin response to adrenerglc blockade. Blood glucose 
was decreased slightly but significantly in fed mice (303-+21 
to 252-+ 11 in obese mice, from 177_ + 17 to 134-+9 mg/dl in fed 
lean mice, p<0.01 for an effect of  treatment) but did not 
change s~gntficantly in fasted ammals. 

D I S C U S S I O N  

The results of this study confirm and extend our previous 
reports of exaggerated glycem~c responses of  ob/ob m~ce to 
both behavioral and pharmacologic manipulations. The 
present findings demonstrate clearly that blood glucose re- 
sponses to the adrenergic agonist epinephnne are markedly 
enhanced in ob/ob mice ~n comparison to their lean htter- 
mates. The increased glycemic responses of ob/ob mice to 
stress or to epinephnne are accompanied by marked sup- 
pression of lnsuhn secretion in diabetic but not in control 
mice. These results corroborate a previous report of  altered 
blood glucose and insulin responses to sympathetic stimuli in 
another mouse model of non-insulin-dependent diabetes, the 
KK mouse [10] 

The findings of this study suggest that altered peripheral 
responses to sympathetic stimuh contribute to the enhanced 
glycemic responses of  ob/ob mice to behavioral stimuli The 
pattern of increased glucose and suppressed msulin parallels 
the changes ehcited by stress Furthermore, reports that 
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FIG 6 Plasma ~nsulln response to phentolamlne Ammals were bled 
60 m~nutes after injection with sahne or phentolamme (200 gg/10 g 
b wt ) Results are expressed as mean±SEM msuhn (/~ umts/ml) 
*Indicates stat~sttcally different from fed control N=8-10 in each 
group 

cold-stressed-~nduced ~ncreases ~n norep~nephnne turnover 
~n fat, pancreas, hver and heart in ob/ob m~ce [13] suggest 
that increased nerve impulse activity does not contribute to 
the observed effects. Finally, we have demonstrated previ- 
ously that glucocorticoid secretion, the other likely mediator 
of stress effects, is not differentially affected by stress in 
obese mice [19] However,  recent reports that endogenous 
opioids enhance glycem~c responses to epinephrine m dogs 
[9], ~n combination wtth the number of studies demonstrating 
abnormaht~es ~n endogenous opimd function in ob/ob m~ce 
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[15,17], suggest that stress-~nduced changes m endogenous 
opioid secretion could also contribute to this phenomenon. 

An even more intriguing possibility raised by these find- 
ings is that altered sympathetic function ~s an etiologic factor 
in the development of diabetes m this mouse strain. Our 
findings suggest that altered peripheral responsivity to ad- 
renerglc agonists an peripheral organs ~nvolved in glucose 
output or glucose uptake might contribute significantly to the 
hyperglycemia observed in the ob/ob mouse. However, such 
an hypothesis must be tested cautiously, as the exaggerated 
glycemic response observed m this study might result in part 
from other factors which alter the cellular response to cate- 
cholamines. A similarly enhanced response might be ob- 
served following changes in levels of other glucoregulatory 
hormones. 

The relative contribution of altered insulin secretaon and 
peripheral glucose uthzation to the hyperglycemia caused by 
eplnephnne administration is not clear. Phentolamine admm- 
astrataon to these anamals ehcated a large change in insulin 
secretaon that was associated w~th a suppressaon of blood 
glucose. This finding suggests that decreases in insulin asso- 
ciated with stress or epinephrine administrataon contribute to 
the observed changes in blood glucose. However, ~mpaired 
peripheral utdizatlon of glucose, which as markedly abnor- 
mal m these animals, could also contribute to this effect [4]. 

The specific receptor defect medaating the exaggerated 
glucose response to epanephnne is not clear. One simple 
possabd~ty as that pancreatic or peripheral adrenergic recep- 
tors are supersensative as a consequence of dmbetlc 
neuropathy, as has been reported an db/db mice [5]. How- 
ever, an alternative is suggested by recent baochemacal 

studies of adenylate cyclase function in ob/ob mice. Studies 
in normal mice suggest that epinephnne-induccd increases in 
glucose reflect a combination of alpha-2 receptor mcdmtcd 
inhibition of insulin secretion, and beta receptor mediated 
changes fat and glucose metabolism [16,18]. Several labora- 
tories have shown that inhibitory influences on adenylate 
cyclase are less effective m ob /ob  mice because of a change 
in the interaction of the guanine nucleotide regulatory 
protein with the catalytic subunit of adenylate cyclase [1, 2, 
7]. This effect could result In a failure of normal inhibitory 
influences to offset beta adrenerg~c stimulation of cyclase 
This hypothesis is supported by the reported ability of the 
beta antagonist propranolol to block epinephnne-induced 
hyperglycemia in the absence of changes in insulin [10]. Al- 
though th~s conclusion is highly speculative, it represents an 
avenue for further investigation into this problem. 

In summary, the findings of the present study suggest that 
the enhanced glycemic responses of ob/ob mice to behav- 
aoral stimuli result in part from exaggerated peripheral re- 
sponses to changes ~n sympathetic stimuli The increased 
glucose and insulin responses to epinephnne observed m the 
present study support a role for altered receptor and/or 
post-receptor responses an this effect. However, sympa- 
thetic stamulation of the pancreas or peripheral tissues could 
also contribute to this phenomenon An additional finding of 
the present study as that plasma insuhn, like glucose, is ex- 
tremely sensative to behavioral and pharmacologic manipu- 
lataons an ob/ob mice. This labd~ty of insulin secretion might 
provide a significant mechanism for glucoregulataon, despite 
the relative msuhn resastance that has been reported in these 
anamals 
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