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HENDLEY, E. D., G. H. BURROWS, E. S. ROBINSON, K. A. HEIDENREICH AND C. A. BULMAN. Acute stress and the 
brain norepinephrine uptake mechanism in the rat. PHARMAC. BIOCHEM. BEHAV. 6(2) 197-202, 1977. - The kinetic 
constants for norepinephrine uptake in cerebral cortical homogenates were determined in vitro immediately following an 
acute stress consisting of either forced immobilization, cold-wet exposure, combined cold-plus-restraint, swim stress, or 
electric footshock in the rat. The kinetic constants apparent K and V for uptake of 3H-l-norepinephrine were . . . . . .  ' o m max' 
significantly increased only following 10 min swim at 22 C or following 5 min electric footshock. When severe 
hypothermia accompanied the stress, the findings suggested that a profound reduction in body temperature was associated 
with depressed responsiveness of brain noradrenergic mechanisms to stress including decreased uptake kinetic constants. In 
a series in which the duration of electric footshock was varied from 2 to 30 rain, it was noted that the NE uptake kinetic 
constants were increased at 5 rain, but were similar to paired controls at 2, 10 and 30 rain following the onset of 
footshock. It was concluded that various acute stresses did not elicit a generalized response of the cortical NE uptake 
mechanism to stress in the rat. Furthermore, when uptake kinetic constants did change with stress, the values were often 
within the range of normal values seen in the rat. 
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THE appl icat ion of  various aversive t rea tments ,  or stresses, 
in exper imenta l  animals has long been known  to decrease 
s teady state levels of  brain no rep inephr ine  (NE) and to 
increase its tu rnover  [1, 2, 5, 6, 15, 24] .  More recent ly ,  
Korf  et al. [13] es tabl ished that  the locus coeruleus was 
essential  for  media t ing  the enhanced  NE turnover  rate in rat 
cerebral cor tex  fol lowing electric foo t shock ,  and Palkovits 
et al. [17] r epor ted  that  only the arcuate nucleus among 
several hypo tha l amic  nuclei in the rat brain was similarly 
activated in various acute stresses. The present  s tudy 
ques t ioned  whe the r  the brain noradrenergic  neuronal  mem- 
brane NE uptake mechanism was also altered by acute 
stress, in view of  the recent  f indings that  the apparen t  K m 
(Michaelis cons tan t )  for uptake  of  3 H-NE was increased 
fol lowing such stressful st imuli  as i sola t ion- induced fighting 
in mice and electroconvuls ive shock in rats or mice [ 7 - 1 0 ,  
28] .  In the present  s tudy shor t - te rm (acute)  stress para- 
digms were used in which rats were restrained,  or exposed  
to cold, or subjec ted  to shor t  swim per iods  at varying water  
tempera tures ,  or to electric foo t shock .  The rats were killed 
i m m e d i a t e l y  fol lowing each stress procedure ,  and 
Michaelis-Menten kinet ics  were used to de te rmine  the 
apparen t  Km and Vma x for uptake  of  NE in crude 
synap tosome- r i ch  h o m o g e n a t e s  of  the rat cerebral cortex.  

METHOD 

Male adult  Sprague-Dawley rats (Canadian Breeding 
Labs., subsidiary of  Charles River Breeding Labs, Inc.) were 
housed in groups of  6 per cage with food and water  ad lib, 

and al ternate  12 hr periods of light and dark. Rats were 
sacrificed by cervical dislocat ion be tween 10 a.m. and 1 
p.m. Body weights ranged from 150 3 0 0 g  but within a 
given series the mean weights were identical  for cont ro l  and 
exper imenta l  rats. 

Restraint  stress consisted of immobil iz ing the rats in a 
wire mesh  restrainer  in a prone posi t ion at room tempera-  
ture for 1 hr, then  killing immedia te ly  fol lowing the stress. 
Control  rats were undis turbed  cage mates.  

Cold exposure  was carried out  by immersing the rat 
momenta r i ly  in a weak solution of a non-ionic  de tergent  
(Triton X-100, 0.05% in tap water)  which soaked its fur so 
that  it remained wet t h roughou t  the 45 min exposure  to 
cold. The wet  rat was placed in a plastic cage wi thou t  
bedding in an empty  refr igerator  at 2 - 4  °C for 45 rain, after 
which the rat was sacrificed. Controls  were undis turbed  
cage mates.  

Combined  cold-plus-retraint  stress was a combina t ion  of  
the above two procedures .  Thus rats were doused with 
de tergent  solut ion and immobi l ized  in the wire mesh 
restrainer in a prone  posi t ion and placed in 2 - 4 ~ C  for 45 
min then killed. An impor t an t  feature of  this stress was that  
the rat was not  free to curl up, nor  to shake excess liquid 
f rom its coat,  consequen t ly  rectal t empera tu re  fell precipi- 
tously to about  17°C after  45 min cold exposure.  Of 13 
rats subjec ted  to this procedure ,  one fatali ty was observed.  

Swim stress consis ted of immers ing rats in a plastic pipet  
cleaning jar filled with tap water  at varying tempera tures  in 
each series f rom 1 5 ° C - 4 2 ° C .  The level of water  was set so 
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tha t  the  rat  could  n o t  c l imb ou t  of  the  wate r  to  the rim of 
the ja r  and thus  the  ra t  swam c o n t i n u o u s l y  or t r eaded  wate r  
dur ing  the  full 10 rain per iod ,  a f te r  which  it was sacrificed. 
Con t ro l  ra ts  were u n d i s t u r b e d  cage mates .  

Fo l lowing  b o t h  cold exposure  and  swim stress the  rectal  
t e m p e r a t u r e  was measu red  i m m ed i a t e l y  af ter  decap i t a t i on  
using a l abo ra to ry  t h e r m o m e t e r  inser ted  10 cm in to  the  
colon.  

Electr ic  f o o t s h o c k  was del ivered to the  paws of the  rat  
placed in a luci te-walled cage, 20 x 24 x 19 cm high,  
equ ipped  wi th  a grid f loor  of  e lect r i f iable  rods  set at  1.5 cm 
apart .  Shocks  were of  1 sec dura t ion ,  1.6 mA,  7 per  rain,  
r a n d o m i z e d  wi th in  each rain by intervals  of  3 - 1 5  sec 
be tween  shocks.  The  to ta l  shock  per iod  was varied in each 
series f rom 2 - 3 0  min.  The rats  were sacrif iced immed ia t e ly  
fo l lowing the stress. Con t ro l  rats  were u n d i s t u r b e d  cage 
mates.  

The k ine t ic  c o n s t a n t s  for  the  u p t a k e  of 3 H-1- 
n o r e p i n e p h r i n e  (3H-1-NE) were d e t e r m i n e d  as rapidly  as 
possible a f te r  sacrif icing a pair  of rats,  one stressed and one 
cont ro l ,  in a l t e rna t ing  order  in separate  e x p e r i m e n t s  wi th in  
a given series. The cerebral  cor tex  was rapidly dissected 
f rom the whole  brain  on  a chil led surface and  s tored  briefly 
in chil led 0.25 M sucrose un t i l  b l o t t ed  l ightly,  weighed,  
then  h o m o g e n i z e d  gent ly  in 10 vo lumes  of  0.25 M sucrose,  
using 6 up and  down  s t rokes  of  a Tef lon pest le  in a s m o o t h  
glass h o m o g e n i z e r  (Kon te s  Glass, 0 .004  0 .006 in. clear- 
ance).  Homogena t e s  were cen t r i fuged  in the cold ( D u p o n t /  
Sorvall I n s t rumen t s ,  RC2-B) for  10 min  at 1000 g, and the  
supe rna t an t ,  a c rude  s ynap t o s om e- r i ch  f rac t ion,  was used 
w i t h o u t  f u r t he r  pur i f i ca t ion  for the  u p t a k e  studies.  Ali- 
quo t s  of 100 ul, equ iva len t  to 10 mg of original  cerebral  
cor tex ,  were added  in the cold to 2 ml of  Krebs p h o s p h a t e  
Ringer [26]  modi f i ed  to con ta in  hal f  the  usual  CaC12 
c o n c e n t r a t i o n ,  d i sod ium e t h y l e n e - d i a m i n e t e t r a a c e t i c  acid 
(EDTA,  0.05 mg/ml) ,  ascorbic  acid (0.2 mg/ml ) ,  glucose (2 
mg/ml) ,  Nia lamide  (10  uM, Pfizer Corp. )  to  inh ib i t  m o n o -  
amine  oxidase  and  3 H-1-NE (New England  Nuclear  Corp. ,  
3.7 Ci /mM, 0.04 uM). Nonrad ioac t ive  1 -norep inephr ine  
h y d r o c h l o r i d e  (Ca lb iochem Corp.) ,  dissolved in 1 mM HC1 
con ta in ing  EDTA (0.05 mg/ml) ,  added  to the  med ia  
p rov ided  a range of  5 or 6 d i f fe ren t  3H-1-NE concen t ra -  
t ions  f rom 0 . 0 4 - 0 . 2  or 0.4 uM, while the  acid vehicle was 
kep t  c o n s t a n t  in all t ubes  at less t h a n  0.5% of the  
i n c u b a t i o n  media.  I n c u b a t i o n s  were carr ied ou t  in dupl ica te  
at 37 ° C, wi th  shaking,  in n y l o n  or p o l y p r o p y l e n e  cent r i fuge  
tubes  ( D u p o n t / S o r v a l l  I n s t r u m e n t s )  for  5 min,  using room 
air as the  gas phase.  The u p t a k e  process  was rapidly  
t e r m i n a t e d  by immers ion  of the tubes  s imul t aneous ly  in an 
e thanol- ice  water  ba th ,  t hen  cen t r i fug ing  for 20 min  at 
20 ,000  g in the  cold. The surfaces of the  pel lets  were r insed 
wi th  10 ml of  cold i so ton ic  NaC1 (0.15 M) and  cen t r i fuged  
again for  10 min  at 20 ,000  g. The washings were d iscarded 
and the  tubes  d ra ined  over a b s o r b e n t  paper  for at  least  45 
min.  Pellets  were dissolved in 10 ml of Tr i ton-X 100 in 
to luene  (1 :4 )  con ta in ing  PPO and POPOP and 0.2 ml 
disti l led water.  T r i t i um was c o u n t e d  in a Packard  Tr icarb  
Model  3385 (Packard  I n s t r u m e n t s  Corp. )  l iquid sc in t i l la t ion  
s p e c t r o m e t e r  at  45% eff ic iency.  Since all samples  inc luding  
b lanks  p repa red  in a similar m a n n e r  bu t  w i t h o u t  added 
tissue, as well as samples  of 0.2 ml of  i n c u b a t i o n  m e d i u m ,  
were f o u n d  to have the  same c o u n t i n g  eff ic iency,  moni -  
tored by sample  channe ls  ra t io  or by a u t o m a t i c  ex te rna l  
s t andard iza t ion ,  no  co r rec t ions  were made  for  coun t ing  
eff iciency.  

Net  u p t a k e  veloci ty  was calcula ted as nmoles  of NE 
accumula t ed  in 5 min  per  gram of original  cerebral  cor tex  
at 37°C minus  t ha t  a ccumula t ed  at 0°C (17% of the 
accumula t i ons  at  37°C).  NE accumula t ed  in 5 rain unde r  
similar cond i t i ons  was previously  found  to be a lmos t  
comple t e ly  u n m e t a b o l i z e d  ca t echo l amine  [ 19].  

The k inet ic  cons tan ts ,  a p p a r e n t  K m and Vmax,  were 
e s t ima ted  w i t h o u t  weight ing  f rom Cleland 's  [4] Fo r t r an  
program for  non- l inear  regression (best  fit  to a h y p e r b o l a )  
using a PDP-8/e  c o m p u t e r  (Digital  E q u i p m e n t  Corp.)  and a 
4010-1 graphics  t e rmina l  (Tek t ron ic s  Corp.)  connec t ed  to a 
Sigma 6 (Xerox  Corp.)  compute r .  

Special care was t aken  to t rea t  con t ro l  and stress t issues 
c o n c o m i t a n t l y  and ident ical ly  wi th  respect  to t ime,  t emper -  
a ture  of  i n c u b a t i o n  and cen t r i fuga t ion  cond i t ions ,  thus  
ensur ing a legi t imate  stat is t ical  compar i son  be tween  pairs of  
con t ro l  and  stressed animals  (paired t- test) .  The k inet ic  
cons t an t s  are derived values at best,  and would not  be 
comparab l e  excep t  unde r  ident ical  cond i t ions  of measure-  
men t .  

RESULTS 

Exposure  of  rats,  while wet,  to 2 4°C for 45 m i n ( c o l d  
stress) failed to al ter  the  k ine t ic  cons t an t s  for ~I t - I -NE 
u p t a k e  (Table  1). These  rats  had  s ignif icant ly  reduced  rectal  
t e m p e r a t u r e  (30°C).  I m m o b i l i z a t i o n  of rats  for  one hr  at 
r oom t e m p e r a t u r e  ( res t ra in t  stress) was also ineffect ive in 
a l ter ing the  k ine t ic  c o n s t a n t s  for  3 H-1-NE up take  (Table 1). 

During c o m b i n e d  cold-plus-res t ra int ,  rats  were immobi -  
lized in the  res t ra iner ,  t hen  placed in the ref r igera tor  
(2 4°C)  for  45 min.  Fo l lowing  this  stress the i r  snouts ,  
paws, tails and  geni ta l ia  were br ight  red in appearance ,  and 
they  were grossly inact ive  prior  to sacrificing at the end of 
the  stress per iod.  They  failed to r ight  themselves  when  
released f rom the  res t ra iner  and gave no  res is tance to 
hand l ing  and  sacrificing. Thei r  rectal  t e m p e r a t u r e s  fell 
marked ly  to an average of 17°C (Table  1) as a resul t  of  
being depr ived  of  two i m p o r t a n t  means  of conserving body  
heat ,  n a m e l y  shaking off  excess mo i s tu re  and curl ing up to 
lower  to ta l  body  surface area. More i m p o r t a n t l y ,  per iphera l  
vasodi la t ion  in the  skin of these rats  was evident ,  un- 
d o u b t e d l y  c o n t r i b u t i n g  s ignif icant ly  to the p r o f o u n d  heat  
loss and  ind ica t ing  a fai lure of the  noradrenerg ica l ly -  
med ia t ed  response  to hea t  loss. in these ra ts  the  appa ren t  
K m fell to  an average of  17% below paired con t ro l  values 
and this  decrease was of bo rde r l ine  signif icance (Table  1). 
There  was no  s ignif icant  a l t e ra t ion  in the Vma x . 

In rats  sub jec ted  to swim stress (10 rain swim in tap 
water  of  varying t empe ra tu r e s )  the resul ts  ob t a ined  varied 
wi th  the t e m p e r a t u r e  of  the  wate r  (Table  2). When rats  swam 
in wate r  at b o d y  t e m p e r a t u r e  (38°C),  rectal  t e m p e r a t u r e  
increased slightly bu t  cons i s t en t ly  (p < 0 .01)  by  0.5°C,  
p re sumab ly  as a result  of  inabi l i ty  to dissipate hea t  
genera ted  by the  muscu la r  exer t ion  of swimming.  There  
were no  s ignif icant  changes  in the  k ine t ic  cons t an t s  
appa ren t  K m and  Vmax  in these  rats. They  swam vigor- 
ously at  the beg inn ing  of the 10 min  per iod but  a f te r  
several minutes ,  spent  m u c h  of the t ime in t reading  water.  
They did no t  appear  to search con t i nuous ly  for escape 
rou tes  as did rats  t ha t  swam in cold water.  

Rats  tha t  swam in relat ively ho t  water  (42°C)  were 
severely h y p e r t h e r m i c  af ter  10 min  (41 .5°C,  Table 2). They  
appeared  to be s o m e w h a t  inact ive  at the end  of  the swim 
per iod  a l t hough  they  were aggressive when  handled .  There  
were no  s ignif icant  d i f ferences  in the  NE u p t a k e  k inet ic  
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T A B L E  1 

KINETIC CONSTANTS FOR UPTAKE OF 3H-I-NOREPINEPHRINE IN HOMOGENATES OF RAT CEREBRAL CORTEX: 
EFFECTS OF COLD, RESTRAINT STRESS 

Rectal Temp Apparen t  K m Vrnax 
°C # M  nmol/g/5 min 

Control Stress Control Stress  Control Stress 

Cold stress:  45 min at 2-4°C, wet fur 
37.6 _+ 0.2 30.0 _+ 0.1 0.19 ___ 0.01 0.20 _ 0.01 0.76 _+ 0.06 0.75 _+ 0.05 

(16) (16) (16) (16) (16) (16) 
p <0.001 p >0.05 p >0.05 

Restraint  s tress:  1 hr  at room temp 
- -  - -  0.22 _+ 0.01 0.22 _+ 0.02 0.74 _+ 0.10 0.77 _+ 0.04 

(6) (6) (6) (6) 
p >0.05 p >0.05 

Combined  Cold-Plus-Restraint  for 45 min 
37.6 + 0.1 16.7 + 0.7 0.18 + 0.01 0.15 _+ 0.01 0.63 __ 0.04 0.61 _+ 0.04 

(12) (12) (12) (12) (12) (12) 
p <0.001 0.1 >p >0.05 p >0.05 

Values  are means  _+ SEM,  n u m b e r  of  rats in paren theses .  
p values  from paired t-test.  

T A B L E  2 

KINETIC CONSTANTS FOR UPTAKE OF 3H-I-NOREPINEPHRINE IN HOMOGENATES OF RAT 
CEREBRAL CORTEX: SWIM AT VARYING TEMPERATURES 

Rectal  Temp Apparent  K m Vma x 
°C IzM nmol/g/5 min 

Control  Stress  Control  Stress  Control Stress 

10 rain Swim at 15°C 
37.6 __- 0.2 23.1 + 0.2 0.24 _+ 0.02 0.24 _+ 0.03 0.86 _+ 0.07 0.94 _+ 0.15 

(8) (8) (8) (8) (8) (8) 
p <0.001 p >0.05 p >0.05 

10 rain Swim at 22°C 
37.5 + 0.2 27.4 -+ 0.3 0.20 _+ 0.02 0.30 _+ 0.04 0.60 + 0.06 0.81 -+ 0.09 

(9) (9) (9) (9) (9) (9) 
p<0.001 p<0 .05  p<0 .05  

10 rain Swim at 38°C 
38.0 __- 0.1 38.5 + 0.1 0.18 _+ 0.01 0.19 _ 0.02 0.53 _+ 0.02 0.61 _+ 0.07 

(12) (12) (12) (12) (12) (12) 
p <0.01 p >0.05 p >0.05 

10 min Swim at 42 ° C 
37.8 _* 0.1 41.5 _+ 0.1 0.24 _+ 0.01 0.23 + 0.01 0.79 +_ 0.04 0.75 _+ 0.02 

(20) (20) (20) (20) (20) (20) 
p<0.001 p > 0 . 0 5  p>0 .05  

Values are m e a n s  ± SEM,  n u m b e r  of  rats in parentheses .  
p values  f rom paired t-test .  

c o n s t a n t s  in t h e s e  r a t s  w h e n  c o m p a r e d  w i t h  n o n s t r e s s e d  
c o n t r o l s .  

W h e n  ra t s  s w a m  fo r  10 m i n  in w a t e r  a t  2 2 ° C ,  r ec t a l  
t e m p e r a t u r e  fel l  to  2 7 ° C  ( T a b l e  2). T h e s e  r a t s  s w a m  
v i g o r o u s l y  a n d  c o n t i n u a l l y  s e a r c h e d  fo r  e x i t s  to  e s c a p e ,  
s u c h  as b y  d iv ing  to  t h e  b o t t o m  o f  t h e  j a r  o r  a t t e m p t i n g  to  
r e a c h  fo r  t h e  r im  o f  t h e  jar .  T h e  a p p a r e n t  K m  in th i s  se r ies  
i n c r e a s e d  s i g n i f i c a n t l y  by  50% a b o v e  n o n s t r e s s e d  c o n t r o l s ,  
a n d  V m a  x by  35%.  

In  r a t s  t h a t  s w a m  fo r  10 m i n  at  15 °C ,  r ec ta l  t e m p e r a t u r e  
fell  to  an  ave rage  o f  2 3 ° C  ( T a b l e  2). T h e s e  r a t s  s w a m  
v i g o r o u s l y  a n d  s e a r c h e d  fo r  e x i t s  fo r  e s c a p e  ea r ly  in t h e  
s w i m  b u t  s o o n  gave  u p  t h e s e  e f f o r t s  a n d  a t t e m p t e d  to  k e e p  
as m u c h  o f  t he i r  b o d i e s  o u t  o f  t h e  w a t e r  as t h e y  c o u l d .  
T h e y  c o u l d  a c c o m p l i s h  th i s  b y  k i c k i n g  t h e  h i n d l i m b s  in 
p lace  a n d  a v o i d i n g  s w i m m i n g  m o v e m e n t s  t h a t  i m m e r s e d  t h e  
w h o l e  b o d y .  A t  t h e  e n d  o f  10 m i n  t h e s e  r a t s  we re  
e x h a u s t e d  a n d  r e l a t i ve ly  u n r e s p o n s i v e  to  h a n d l i n g  o r  t o  
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HG. 1. Effects of alterations in body temperature on percent 
change from paired controls in the kinetic constants for 3H-I- 
norepinephrine uptake in cerebral cortical homogenates. Data are 
taken from series in Tables 1 and 2, in which rectal temperature was 
measured at the end of the stress procedure. *At 27°C both 
apparent K m and Vma x were significantly increased (Table 2). At 
17°C the fall in apparent K m was of borderline significance (Table 
1). All other differences from paired controls were not statistically 

significant. 

righting themselves.  Their kinet ic  cons tan t s  for 3H-1-NE 
uptake were not  significantly d i f fe rent  f rom nons t ressed  
paired cont ro l  rats (Table 2). 

In order  to evaluate the ef fec ts  of  t empera tu re  change 
per se on NE uptake  kinetic cons tants ,  we p lo t ted  the 
percent  change in kinetic  cons tan ts  against mean rectal  
t empera tu re  regardless of  the applied stress, using the series 
in Tables 1 and 2 in which rectal  t empera tu re  had been 
recorded  {Fig. 1 ). We felt just i f ied in ignoring the ef fec ts  of  
physical  exercise in swimming on the basis of  the findings 
of Stone  [23] tha t  the neurochemica l  changes during cold 
swim stress were due to h y p o t h e r m i a  and no t  to the 
muscular  exer t ion  involved. The data in Fig. 1 suggested 
that  the uptake kinetic cons tan t s  were not  al tered by 
hype r the rmia  (rectal t empera tu re  38.5 ° or 4 1 . 5 ' C )  or by 
hypo the rmia  to a level of 30 ° C  When rectal t empera tu re  
averaged 2ToC we observed significant increases in apparen t  
K m and Vmax,  however ,  as h y p o t h e r m i a  became even more  
severe the kinetic  cons tan ts  progressively decl ined f rom a 
significant increase above cont ro ls  to a decrease in the 
apparen t  Km(albei t  of  border l ine  statistical significance),  
and to no significant change in the Vma x. The effects  on 
the kinetic  cons tan ts  observed at rectal t empera tu res  of 23 '~ 
and 17 ~' were associated with depressed behavioral reactiv- 
ity a l though no objective behavioral  measuremen t s  were 
made in these studies. 

The effects  of  foo t shock  on the kinet ic  cons tan ts  for 
H-1-NE uptake  varied with the dura t ion of the shock 

procedure  (Table 3). Rats shocked  for only  2 min exhib i ted  
no significant changes in the kinetic  constants .  Fol lowing 5 
min foo t shock  there  was a significant increase in apparent  
K m (33% above controls)  as well as in Vma x (28!7~ above 
controls) .  After  f oo t shock  for 10 min or 30 min there  were 
no de tec table  d i f ferences  in kinet ic  cons tan ts  f rom paired 
contro l  values. Behaviorally the rats appeared to detes t  the 
foo t shock  p rocedure  more  than any of the o ther  stresses in 
this s tudy.  During 2, 5 or 10 min foo t shock  per iods  the rats 
made cont inual  ef for ts  to escape,  including digging at- 
t empts  with their  paws in the corners  of the shock 
apparatus ,  and making cont inual  futile searches and jumps  
for escape routes.  Rats shocked for 2 min were wi thou t  
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excep t ion  ex t remely  irritable when removed f rom the 
apparatus  and usually a t t e m p t e d  to bite the investigator.  
After  5 or 10 min foo t shock  mos t  of the rats exhib i ted  
similar irritable behavior,  a l though others  were seen to 
cower  in a corner.  During 30 min foo t shock  the rats made 
cont inual  a t t emp t s  to search for exits  for the first 15 min,  
after which t ime they appeared  to cease resisting the 
inevitabil i ty of  the shock procedure .  At the end of the 30 
min per iod they were docile when removed from the 
apparatus.  

DISCUSSION 

In the present  s tudy the lability of  the neuronal  
membrane  NE uptake  mechanism in the rat cerebral cor tex  
was tes ted using various acute stresses that  have been 
associated in the l i terature with enhanced  adrenocor t ica l  
act ivat ion [12, 14, 16, 17, 27] and with sympa thoadreno-  
medul lary  s t imulat ion [181. In this l imited series we were 
not  able to de tec t  a generalized response of the neuronal  
memb ran e  NE uptake  mechanism to stress in the rat, 
a l though a more  thorough  investigation,  such as varying the 
intensit ies and /o r  the durat ions  of each stress, might have 
revealed a c o m m o n  generalized response to stress once a 
presumed threshold  had been reached.  Keim and Sigg [12] 
conc luded  f rom a s tudy of  3 stress paradigms in the rat that  
the t ime course and direct ion of  the various neurochemica l  
changes observed were not  cons is tent  with the concep t  of  a 
generalized neurochemica l  response  to stress. Among  the 
acute stresses tes ted in the present  s tudy,  only 10 rain swim 
at 22°C, or electric foo t shock  for 5 rain, increased apparent  
Km and Vma x significantly. It must  be emphasized,  
however,  that  for the most  part, the significantly elevated 
kinetic cons tan ts  in these two series were well within the 
normal  range of values observed among control  rats in o ther  
series within this study. The variability,  of cont ro l  data 
observed from one series to ano the r  was not  a t t r ibutable  to 
di f ferences  in mean age or weight of  the rats be tween  series, 
nor  to the season in which each series was run. It should be 
reemphas ized  here that  within a given series, ages and mean 
body weights were identical  for control  and stressed rats. as 
were also the in vitro condi t ions  for measuring uptake in 
pairs of control  and stressed rats. Nevertheless,  the fact that  
stressed rats recorded kinetic cons tants  within the physio-  
logical range compels  us to draw only tentat ive conclusions 
f rom this s tudy.  

It was also no ted  that  the magni tude  of the change in 
kinetic  cons tan ts  observed in the rat was only 2 5 - 5 0 %  
above paired controls ,  and considerably  lower than the 
change in apparent  K m fol lowing one fight 168% above 
controls)  or one electroconvulsive shock (110%:, / above 
controls)  in the mouse [28] .  However,  considering that  
uptake has been es t imated  to account  for  removal of about  
70 80% of  the released Nk i l l ] ,  a change in kinetic 
cons tan ts  of  only 25 50~,  if real, should nevertheless  be 
consequent ia l  in altering the availability of NE for stimula- 
t ion of  pos t synapt ic  sites. 

Assuming that  Michaelis-Menten kinetics for enzyme 
sys tems may be also applied to carr ier-mediated t ranspor ts  
such as the NE uptake mechanism [291, then  the increased 
apparen t  Km may reasonably be in te rpre ted  as indicating a 
decreased aff ini ty of  the NE terminal  membrane  carrier for 
uptake of  NE, and the increased Vma x as an increase in the 
number  of  NE t ranspor t  sites on the terminal membrane  as 
a result of  these stress procedures .  

Swim stress for 10 min at varying tempera tures  revealed 
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tha t  the  response  of  the  NE u p t a k e  m e c h a n i s m  varied wi th  
the t e m p e r a t u r e  of  the  wa te r  ba th .  F r o m  signs of the  ra ts '  
con t inua l  a t t e m p t s  to escape, i t  was clear t ha t  the  stress 
became  more  aversive to the  ra ts  as wate r  t e m p e r a t u r e  fell 
be low n o r m a l  body  t e m p e r a t u r e .  Af ter  22°C swim rectal  
t e m p e r a t u r e  fell to  27°C and  a p p a r e n t  K m and  V ma  x were 
s igni f icant ly  elevated.  Af te r  15°C swim the k ine t ic  con- 
s tan t s  were no  d i f fe ren t  f rom uns t ressed  cont ro ls .  We 
p ropose  tha t  the  severe h y p o t h e r m i a  in the  l a t t e r  series 
( rectal  t e m p e r a t u r e  23 ° C), wh ich  is k n o w n  to be associated 
wi th  decreased  bra in  NE synthes i s  and  u t i l i za t ion  ra tes  
[22,231 also p r even t ed  the  increase in NE u p t a k e  k ine t ic  
c o n s t a n t s  t h a t  we observed  dur ing  less severe h y p o t h e r m i a  
(Fig. 1). This conc lus ion  is f u r t h e r  bo rne  ou t  by the  series 
on co ld-p lus- res t ra in t  stress (Table  1, Fig. 1) where  rectal  
t e m p e r a t u r e  fell to  an average of  17°C, a p p a r e n t  K m 
seemed to decrease  r a t h e r  t h a n  increase,  and rats  gave 
evidence  of  fai lure of  the no rad rene rg i ca l l y -med ia t ed  hea t  
conse rva t ion  m e c h a n i s m  to opera te  effect ively (marked  
per iphera l  vasodi la t ion  dur ing  severe cold exposure) .  S tone  
[22,231 p roposed  t ha t  cold stress d i f fered  f rom o t h e r  
fo rms  of  stress in t h a t  bra in  NE m e t a b o l i s m  was decreased 
r a t h e r  than  increased as in o t h e r  stresses. He also associated 
a decreased brain  NE u t i l i za t ion  rate  wi th  m a r k e d  behav-  
ioral wi thdrawal  and  t o r p o r  in severely b y p o t h e r m i c  rats, as 
s u p p o r t e d  also by our  f indings.  

One can assume f rom the  decrease  in a p p a r e n t  K m wi th  
severest  h y p o t h e r m i a  (Fig. 1) t h a t  an increase in intra-  
neu rona l  m e t a b o l i s m  of  NE and  a decrease  in e x t r a n e u r o n a l  
b r e a k d o w n  of  brain NE would prevail  u n d e r  such condi-  
t ions.  In acco rdance  wi th  this  p red ic t ion ,  Stolk  et al. [21]  
r epo r t ed  t ha t  d e a m i n a t e d  metabo l i t e s  of  brain NE had 
increased in the  rat  a f te r  20 min  swim at 15°C while the 
O-me thy l a t ed  me tabo l i t e ,  n o r m e t a n e p h r i n e ,  was decreased.  

The  sequence  of  changes  in var ious brain  noradrenerg ic  
m e c h a n i s m s  fo l lowing acute  f o o t s h o c k  in the ra t  can now 
be discerned f rom several s tudies,  a l t hough  cer ta in  key 
m e a s u r e m e n t s  tha t  would give a more  c o m p l e t e  p ic ture  are 
still lacking. As early as 5 rain af te r  onse t  of  foo t shock ,  
b r a in s t em NE was s ignif icant ly  dep le ted  [ 1 5 ] ,  t u rnove r  of 
b ra ins t em NE newly  syn thes i zed  f rom d o p a m i n e  was 
increased [ 2 0 ] ,  and  brain NE u p t a k e  k ine t ic  cons t an t s  in 
the  cerebral  cor tex  were s igni f icant ly  e levated (Table  3). 
Af te r  10 rain f o o t s h o c k  the  k ine t ic  c o n s t a n t s  r e tu rned  to 
con t ro l  levels (Table  3). Af te r  15 rain f o o t s h o c k  there  was 
an increase in ra te  of  u t i l i za t ion  of  newly  syn thes ized  NE in 
the  b r a in s t em while at  the  same t ime  there  was no  
detec table  change  in the accumula t ion  o f  in tracis ternal ly  
admin i s t e r ed  3 H- 1-NE in to  the  b r a in s t em [ 25 ]. Fo l lowing  
30 min  f o o t s h o c k  NE tu rnove r  in cerebral  cor tex  was 
elevated,  bu t  only  if the  locus coeru leus  was also in tac t  
[ 13 ] .  At  the  same t ime (30  rain),  NE u p t a k e  k ine t ic  
cons t an t s  were no  d i f fe ren t  f rom con t ro l  levels in the  
cerebral  co r t ex  (Table  3). Fo l lowing  45 rain ta i l shock,  a 
re la ted  stress paradigm,  e n d o g e n o u s  NE levels in cerebral  

T A B L E 3  

KINETIC CONSTANTS FOR UPTAKE aH-I-NOREPINEPHRINE IN 
HOMOGENATES OF CEREBRAL CORTEX: ELECTRIC FOOT- 

SHOCK* FOR VARYING TIME PERIODS 

Apparent K m Vmax 
/zl~ nmol/g/5 min 

Control Stress Control Stress 

2 min Footshock 
0.23 __. 0.02 0.24 ___ 0.05 0.80 __ 0.10 0.67 ± 0.09 

(13) (13) (13) (13) 
p >0.05 p >0.05 

5 min Footshock 
0.15 ± 0.01 0.20 ± 0.02 0.54 e 0.05 0.69 ± 0,05 

(9) (9) (9) (9) 
p <0.025 p <0.05 

10 rain Footshock 
0.18 ± 0.01 0.16 ± 0.01 0.70 ± 0.04 0.65 ± 0.06 

(11) (11) (11) (11) 
p >0.05 p >0.05 

30 rain Footshock 
0.23 ± 0.01 0.22 ± 0.01 0.85 ± 0.04 0.82 ± 0.04 

(16) (16) (16) (16) 
p>0.05 p>0.05 

Values are means ± SEM, number of rats in parentheses. 
p values from paired t-test. 
*Shocks were of 1 sec duration, 1.6 mAmp, 7/rain. 

cor tex  and h y p o t h a l a m u s  were marked ly  reduced,  plasma 
co r t i cos t e rone  was elevated,  ty ros ine  hyd roxy la se  act ivi ty 
in the  fo rebra in  was unchanged ,  and no  change in ~H-NE 
up take  was discernible  in cerebral  cortical slices [271.  F rom 
this  compos i t e  p ic ture  it appears  t ha t  the earl iest  neuro-  
chemical  changes  were de tec tab le  no t  only  in the brain-  
s tem,  where  the  noradrenerg ic  cell bodies  are loca ted ,  bu t  
also in the  cerebral  cor tex ,  where no rad rene rg ic  nerve 
te rmina ls  exh ib i t ed  increased appa ren t  K m and Vma x for  
NE uptake .  With increasing du ra t ion  of  f o o t s h o c k  stress, 
NE ut i l i za t ion  rate was elevated at  a t ime when rate of  NE 
synthes is  could no t  keep pace with tu rnover ,  resul t ing in 
marked  dep le t ions  of  e n d o g e n o u s  levels of  NEI as original ly 
p roposed  by Bliss et al. [3 ] .  In teres t ing/y ,  wi th  more  
p ro longed  du ra t ion  of  f o o t s h o c k  (3 hours ;  [ 2 4 ] ) ,  or 
chron ic  f o o t s h o c k  (15 days; [271) ,  bra in  NE up take  
m e c h a n i s m s  again appeared  to be a l tered in response  to 
stress. 

ACKNOWLEDGEMENTS 

We are grateful to David Karnes for help in computer pro- 
gramming, and to Pfizer, Inc. for a generous gift of Nialamide. This 
work was supported by USPHS 05429-13 and by USPHS MH25811. 

R E F E R E N C E S  

1. Barchas, J. D. and D. X. Freedman. Brain amines: response to 
physiological stress. Biochem. Pharmac. 12 :1232-1  235, 1963. 

2. Bliss, E. L. and J. Zwanziger. Brain amines and emotional 
stress. J. Pweh&t. Res. 4: 189-198,  1966. 

3. Bliss, E. L., J, Ailion and J. Zwanziger. Metabolism of 
norepinephrine, serotonin and dopamine in rat brain with 
stress.,/. Pharmac. exp. Ther. 164: 122-134,  1968. 

4. Cleland, W, W. The statistical analysis of enzyme kinetic data. 
Adv. Enzymol. 29: 1-32,  1967. 

5. Corrodi, H., K. Fuxe and T. Hokfelt, The effect of immobiliza- 
tion stress on the activity of central monoamine neurons. Life 
Sci. 7: 107-112,  1963. 



202 H E N D L E Y ,  B U R R O W S ,  R O B I N S O N ,  H E I D E N R E I C H  A N D  B U L M A N  

6. Gordon,  K., S. Spector, A. Sjoerdsma and S. Udenfriend. 
Increased synthesis  o f  norepinephrine and epinephrine in the 
intact  rat during exercise and exposure to cold. J. Pharmac. 
exp. Ther. 153: 4 4 0 - 4 4 7 ,  1966. 

7. Hendley, E. D. Electroconvulsive shock and norepinephrine 
uptake kinetics in the rat brain. Psychopharmac. Communs 2: 
1 7 - 2 5 ,  1976. 

8. Hendley,  E. D. and G. H. Burrows. Alterat ion of  the kinetic 
constants  for norepinephrine uptake in the rat cerebral cortex 
by electroconvutsive shock or by acute stress. NeuroscL Abst. 
1: 302, 1975. 

9. Hendley,  E. D. and B. L. Welch. Electroconvulsive shock: 
Sustained decrease in norepinephrine uptake affinity in a 
reserpine model  of  depression. Life Sci. 16: 4 5 - 5 4 ,  1975. 

I0. Hendley, E. D., B. L. Welch and B. Moisset. Catecholamine 
uptake in cerebral cortex: Adaptive change induced by 
fighting. Science 1 8 0 : 1 0 5 0 - 1 0 5 2 ,  1973. 

11. Iversen, L. L. Uptake mechanisms  for neurot ransmi t te r  animes.  
Biochem. Pharmac. 2 3 : 1 9 2 7 - 1 9 3 5 ,  1974. 

12. Keim, K. L. and E. B. Sigg. Physiological and biochemical  
concomi tan ts  of  restraint stress in rats. Pharmac. Biochem. 
Behav. 4: 2 8 9 - 2 9 7 ,  1976. 

13. Korf, J., G. K. Aghajanian and R. H. Roth.  Increased turnover 
of  norepinephrine in the rat cerebral cortex during stress: Role 
of  the locus coeruleus. Neuropharmacology 12: 933 938, 
1973. 

14. Maickel, R. P., E. O. Westermann and B. B. Brodie. Effects of  
reserpine and cold-exposure on pituitary-adrenocortical  func- 
tion in rats. J. Pharmac. exp. Ther. 134: 1 6 7 - 1 7 5 ,  1961. 

15. Maynert ,  E. W. and R. Levi. Stress-induced release of brain 
norepinephrine and its inhibition by drugs. J. Pharmac. exp. 
Ther. 143: 9 0 - 9 5 ,  1964. 

t6. Morgan, W. W., P. K. Rudeen and K. A. Pfeit. Effect  of  
immobil izat ion stress on serotonin content  and turnover in 
regions of  the rat brain. Life Sci. 17: 1 4 3 - 1 5 0 ,  1975. 

17. Palkovits, M., R. M. Kobayashi ,  J. S. Kizer, D. M. Jacobowitz 
and 1. J. Kopin. Effects  of  stress on catecholamines and 
tyrosine hydroxylase  activity of  individual hypotha lamic  
nuclei. Neuroendocr inology 1 8 : 1 4 4  153, 1975. 

18. Roizen, M. F., V. Weise, J. Moss and I. J. Kopin.  Plasma 
catecholamines:  Arterial-venous differences and the influence 
of body temperature .  L~fe Sci. 1 6 : 1 1 3 3 - 1 1 4 4 ,  1975. 

19. Snyder,  S. H. and J. T. Coyle. Regional differences in 
H3-norepinephrine and H3-dopamine uptake into rat brain 
homogenates .  J. Pharmac. exp. Ther. s,165: 7 8 - 8 6 ,  1969. 

20. Stolk, J. M. and J. D. Barchas. Brain stem norepinephrine:  
Behavioural and biochemical  differentiat ion of  responses to 
footshock in rats. In: Frontiers in Catecholamine Research, 
edited by E. Usdin and S. H. Snyder. New York: Pergamon 
Press, 1973, pp. 719 722. 

21. Stolk, J. M., J. D. Barchas, M. Goldstein, W. Boggan and D. X. 
Freedman.  A comparison of psychomimet ic  drug effects on rat 
brain norepinephrine metabol ism.  Z Pharmac. exp. Ther. 189: 
4 2 - 5 0 ,  1974. 

22. Stone, E. A. Swimm-stress-induced inactivity: Relation to 
body temperature  and brain norepinephrine,  and effects o f  
d-amphetamine.  Psychosom. Med. 3 2 : 5 1 - 5 9 ,  1970. 

23. Stone, E. A. Behavioral and neurochemical  effects of  acute 
swim stress are due to hypothermia .  Life Sci. 9: 8 7 7 - 8 8 8 ,  
1970. 

24. Thierry,  A. M., F. Javoy, J. Glowinski and S. S. Kety. Effects 
of  stress on the metabol ism of  norepinephrine,  dopamine and 
serotonin in the central nervous system of  the rat. 1. 
Modifications of  norepinephrine turnover.  J. Pharmac. exp. 
Ther. 163: 1 6 3 - 1 7 1 ,  1968. 

25. Thierry, A. M., G. Blanc and J. Glowinski. Effect of  stress on 
the disposition of  catecholamines localized in various intra- 
neuronal  storage forms in the brain stem of the rat. Neuro- 
chemistry 18: 4 4 9 - 4 6 1 ,  1971. 

26. Umbrei t ,  W. W., R. H. Burris and J. F. Stauffer. Manometric 
Techniques. Minneapolis: Burgess, 1957, pp. 1 4 9 - 1 5 0 .  

27. Weiss, J. M., H. I. Glazer, L. A. Pohorecky,  J. Brick and N. E. 
Miller. Effects of  chronic exposure to stressors on avoidance- 
escape behavior and on brain norepinephrine.  Psyehosom. Meal. 
37: 5 2 2 - 5 3 4 ,  1975. 

28. Welch, B. L., E. D. Hendley and I. Turek. Norepinephrine 
uptake into cerebral cortical synaptosomes  after one fight or 
electro-convulsive shock. Science 183: 2 2 0 - 2 2 1 ,  1974. 

29. Wilbrandt, W. and T. Rosenberg. The concept of  carrier 
t ransport  and its corollaries in pharmacology.  Pharmac. Rev. 
1 3 : 1 0 9  183, 1961. 


