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Summary. 1. An adult male Tupaia belangeri was introduced to another male 
which was an experienced fighter. The latter immediately attacked the new- 
comer and subjugated him (Figs. 1 and 2). The two animals were subsequently 
separated, so that  the subordinate animal could see the victor permanently, but  
could not be attacked by him. The fight and subjugation were repeated every 
1-2 days, in order to maintain dominance relationships. Changes in physiological 
parameters were determined by sacrificing some of the tree-shrews at 2-16 days 
after the first subjugation, 80-100 minutes before the onset of daily activity. 

2. After the first subjugation, subordinate animals lie still in a corner for 
more than 90 % of the daily activity-phase and follow the movements of the victors 
with their heads. The tail-hair is continuously raised, indicating persistent activa- 
tion of the sympathetic nervous system. Subordinate animals eat as long as controls. 

3. After 2-16 days, the skin-temperature of the subordinates abruptly falls 
from more than 35~ to less than 30~ within 24 hours. Cramps and paralysis 
appear in the extremities, the tree-shrews fall into coma and die. Wounds can be 
excluded as the cause of death. 

4. The following physiological changes take place in the subordinate animals: 
a) The animals lose body weight in a linear fashion. The rate of weight-loss 

varies considerably between animals (Fig. 3). The more weight an animal loses 
daily, the more rapidly it dies (r ~ 0.89; Fig. 4). Death is not a result of inadequate 
energy-supply (resp. hypoglyeaemia). 

b) In  subordinates, the glycogen content of the liver is significantly below that  
of controls (p~0.003;  Table 1); but  even dying animals may exhibit normal 
glycogen values. The glucose concentration of the blood is the same under both 
conditions (Table 1). 

c) The haemoglobin content of the blood decreases during stress exposure 
(r ~ 0.75; Fig. 5). The decrease is the more rapid, the more weight a subordinate 
animal loses daily (r~0.68).  The decrease in haemoglobin concentration is pri- 
marily due to haemolysis, but  erythropoiesis is also restricted (Table 2). 

d) The kidney weight decreases with continued stress; animals sacrificed 
more than 10 days after their first subjugation have kidneys approximately 17 % 
lighter than those of controls (p < 0.05; Fig. 8). 

e) During the course of stress, urea-N content of the blood increases (Fig. 6). 
The more rapidly the urea-N increases, the more rapid is the decrease in blood 
haemoglobin content ( r ~  0.89). Subordinate animals can move around normally 
with values up to 150 mg urea-N/100 ml blood, and they look healthy. If the 
concentration rises above this level, symptoms of imminent death appear, and 
the animals die. 

* Dedicated to Professor Dr. t t .  Autrum on the occasion of his 65th birthday. 
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f) The uraemia results from renal insufficiency which can be traced histolo- 
gically to a decrease in renal blood flow. The pathological histology of the kidneys 
is described (Figs. 9-16). The extent  of histologically demonstrable damage to 
the kidneys shows a correlation with the increase of blood urea-N. 

5. In  control animals with surgical impairment  of renal function, the urea-N 
content  of the blood increases by  about  140 rag/100 ml per day (Fig. 7). Death  
occurs after 36-48 hours, as soon as the urea-N level has risen above 180 mg/ 
100 ml. The symptoms of dea th  corresponded to those seen in subordinate tree- 
shrews. This leads to the following two conclusions: Wi th  social stress, death  is 
actually a result  of renal failure. The urea-N content  of subordinate animals can 
rise nearly as rapidly as in operated tree-shrews. Thus, social stress can lead to a 
more-or-less complete renal failure. 

6. Discussion: Death in tree-shrews under  persistent social stress is brought  
about  by uraemia which results from a decrease in renal blood flow. This is inter- 
preted, to some extent  at  least, as a consequence of renal vasoconstriction due to 
high act ivi ty of the sympathet ic  nervous system (through renal nerves as well 
as through adrenal catecholamines). Moreover, indications from literature are 
presented, suggesting t ha t  in natural  populations of various animal species i t  is 
again renal function which is disrupted at  t imes of high population density or with 
pronounced social stress. The evidence from natura l  populations, when examined 
along with the findings from tree-shrews, show the great significance which 
social stress may  have in the origin of renal disease--possibly in man as well as in 
animals. 

Zusammen/assung. 1. Ein  adultes mgnnliches Tupaia belangeri wurde zu einem 
fremden, kampferprobten Mgnnchen gesetzt. Dieses griff den Neuling augenblick- 
lich an und  unterwarf  ihn (Abb. 1 nnd  2). AnschlieBend wurden beide Tiere durch 
eine Zwischenwand getrennt ,  so dab der Unterlegene den Sieger zwar sehen, nicht  
aber yon ihm at tackier t  werden konnte. Der Kampf  mit  Unterwerfung wurde 
alle 1--2 Tage wiederholt. J~nderungen physiologischer Parameter  wurden bes t immt ;  
hierzu wurde ein Tell der Tupajas 2- -16  Tage nach ihrer ersten Unterwerfung 
80--100 min vor ihrem Aktivi tgtsbeginn getStet. 

2. Nach der ersten Unterwerfung liegen unterlegene Tupajas mehr  als 90% 
der Aktiviti~tsperiode still in einer Ecke und  verfolgen die Bewegungen des Siegers 
mi t  dem Kopf. Die Haare auf dem Schwanz sind andauernd aufgerichtet;  dies 
deutet  auf eine st~ndige Aktivierung ihres sympathischen Nervensystems hin. 
Unterlegene Tiere fressen ebenso lange wie Kontrollen. 

3. Nach 2- -16  Tagen sinkt  die t I au t t empera tu r  der Unterlegenen in etwa 
24 Std yon mehr  als 35~ auf weniger als 30~ ab, es zeigen sich L~hmungen und  
Kr~mpfe in den Extremit~ten,  die Tiere fallen in Korea und  sterben. Verwundungen 
sind als Todesursache auszuschlie•en. 

4. Folgende physiologischen Ver~nderungen wurden bei den Unterlegenen 
festgestellt: 

a) Das KSrpergewicht n i m m t  im Verlauf der Belastung gleichm~Big ab;  das 
AusmaB der Gewichtsabnahme vari iert  yon Tier zu Tier betrachtl ich (Abb. 3). 
Je  mehr  ein Tier taglich Gewicht verliert, desto eher s t i rb t  es (r = 0,89; Abb. 4). 
Der Tod ist jedoch nicht  die Folge einer unzureichenden Energieversorgung (bzw. 
Hypoglyk~mie). 

b) Der Glykogengeha l t inde rLebe r l i eg tbe iUn te r l egenens ign i f ikan t (p<  0,003) 
unter  dem Wert  der Kontrol len (Tabelle 1), jedoch k6nnen selbst sterbende Tiere 
noch , ,normale" Glykogenwerte haben. Die Blutzuckerkonzentrat ion ist unter  
Kontroll- und  Stressbedingungen gleich (Tabelle 1). 

17 J. comp. Physiol., Vol. 78 
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e) ])er Hiimoglobingehalt im Blur nimmt im Verlauf der Belastung ab (r = 0,75; 
Abb. 5). Der Abfall ist um so sehneller, je mehr ein Unterlegener tiiglich an Gewicht 
verliert (r=0,68).  Der Abfall der H~moglobinkonzentration beruht vor allem 
auf einer starken H~molyse, jedoch ist aueh die Erythropoese beeintrKchtigt 
(Tabelle 2). 

d) ])as Gewicht der Nieren nimmt im Verlauf der Belastung ab; nach mehr 
als 10 Tagen liegt es signifikant um etwa 17% unter dem Kontrollwert ( p <  0,05; 
Abb. 8). 

e) ])er Harnstoff-Stickstoffgehalt im Blur steigt unter Stress an. Je  schneller 
dieser Anstieg ist, desto schneller nimmt der Hamoglobingehalt im Blur ab ( r=  0.89). 
Bis zu Werten yon 150 mg Harnstoff-N/100 ml Blut kSnnen sich die Tiere normal 
bewegen und machen einen gesunden Eindruck. Steigt die Konzentration dariiber, 
so treten die Exitussymptome auf und die Tiere sterben. 

f) Die Uramie beruht auf einer Niereninsuffizienz, die sieh histologisch auf 
eine - -  yon Tier zu Tier unterschiedliche - -  ])rosselung der Nierendurchblutung 
zurfickfiihren l~Bt. Die pathologischen ~ierenver~nderungen werden beschrieben 
(Abb. 9--16). ]:)as AusmaB der histologisch nachweisbaren SchKden zeigt eine 
Beziehung zum Anstieg des Hamstoff-Stickstoffes im Blur. 

5. ])er Harnstoff-N im Blur yon Kontrollen, deren 3Nieren operativ ausge- 
schaltet wurden, steigt in 24 Std um etwa 140 rag/100 ml an (Abb. 7). ])er Tod 
tr i t t  nach 36--48 Std ein, sobald der Harnstoff auf mehr als 180 rag/100 ml an- 
gestiegen ist. :Die Exitussymptome entsprechen denen unterlegener Tupajas. 
Hieraus ergeben sich zwei 1%lgerungen: ])er Tod bei sozialem Stress erfolgt tat- 
s/s auf Grund einer Niereninsuffizienz. ])er tiarnstoff-N yon unterlegenen 
Tieren kann fast ebenso schnell wie bei operierten Tieren ansteigen; die soziale 
Belastung kann daher offensichtlich zu einem nahezu vollst~ndigen Nierenversagen 
ffihren. 

6. Diskussion: ])er Tod yon Tupajas bei sozialem Stress wird durch eine 
Ur/~mie bewirkt, die auf einer Verringerung der l~ierendurchblutung beruht. 
])iese ist - -  zumindest zum Tell - -  durch eine Konstriktion der Nierengef~Be er- 
kl~rbar, die auf einer erhShten Aktivit~t des sympathischen Nervensystems be- 
ruht. Es werden weiterhin Hinweise aus der Literatur daffir aufgefiihrt, dab auch 
in natfirlichen Populationen verschiedener Tierarten die Funktion der ~ieren in 
Zeiten hoher BevSlkerungsdichte bzw. bei starker sozialer Belastung beeintr~chtigt 
ist. Dies deutet im Zusammenhang mit  unseren Befunden an Tupajas auf die 
groBe Bedeutung hin, die soziale Belastungen - -  mSglicherweise auch beim Men- 
schen - -  fiir die Entstehung yon ~ierenerkrankungen haben kSnnen. 

A. Introduction 

Social  c o n t a c t  in m a m m a l s  can  be  a source  of stress,  to  wh ich  the  
o r g a n i s m  m a y  a d a p t  w i t h  h o r m o n a l  changes .  These  a d a p t i v e  responses  

can  he  i n t e r p r e t e d  on t h e  basis of t h e  s tress  concep t  d e v e l o p e d  b y  

Se lye  (for s u m m a r y ,  see Selye,  1950): T h e y  a re  p r i m a r i l y  cha rac t e r i s ed  

b y  inc reased  a c t i v i t y  of t h e  h y p o p h y s e a l - a d r e n a l  s y s t e m  a n d  a corres-  

p o n d i n g  r e d u c t i o n  in  a c t i v i t y  of t h e  h y p o p h y s e a l - g o n a d a l  sys tem,  depend-  

ing  u p o n  t h e  degree  of s t ressor  ac t ion .  
Chr i s t i an  (1950) was  t h e  f i rs t  to  p o i n t  o u t  t h e  g r ea t  i m p o r t a n c e  which  

such  h o r m o n a l  a d a p t a t i o n s  m a y  h a v e  for se l f - regu la t ion  of p o p u l a t i o n s :  
I n c r e a s i n g  p o p u l a t i o n  densi t ies ,  a cco rd ing  to  his concep t ,  l ead  to  an  
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increase in "social stress" and thus to a reduction in fertility and 
vitality, which operates against population increase (for summaries, see: 
Wynne Edwards, 1962 ; Christian, 1963 ; Barnett ,  1964 ; Welch, 1964; 
Calhoun, 1971). HormonM adaptat ion to social stress and associated 
changes in growth and fertility have been demonstrated in tree-shrews 
(Tupia belangeri) (Autrum and v. Holst, 1968; v. Holst, 1969). 

I f  stress exceeds a certain level, adaptat ion of the organism is not 
feasible--at  least over an extended period of t ime- -and  the individual 
will die. Stress of lethal intensity can also be produced through social 
interactions in mammals.  Although, particularly in captivity, death can 
be brought about  by persistent at tacks and resulting wounds which the 
subordinate animal cannot escape, in most cases conflicts between con- 
specifies lead to dominance relationships and thus to extensive reduction 
of actual fighting. Yet, subordinate animals will still frequently die 
within a short time, even though they suffer no serious wounds (Bar- 
nett, 1958 ; Christian, 1963 ; Andrzejewski et al., 1963 ; Reimer and 
Petras, 1967), and it has been demonstrated tha t  this also happens under 
natural  conditions (Calhoun, 1948). In  tree-shrews, fighting between two 
animals (males or females) always results in extremely rapid subjuga- 
tion of one by  the other. 

In  a fairly large cage (floor more than 5 square meters), the victor 
will pay  virtually no attention to the submissive animal, the latter, 
however, will cower in a corner which it leaves only to feed, and death 
will invariably ensue within a few days (v. Holst, 1969). 

The following paper is concerned with the cause of death of sub- 
ordinate tree-shrews under such conditions. Since wounds and infections 
can be excluded, it must  be assumed that  it is the stress-induced physio- 
logical response itself which becomes destructive. 

The results suggest tha t  in Tupaia belangeri it is rapidly-appearing 
renal failure which results in the deaths of submissive animals. 

B. Materials and Methods 

1. Animal Maintenance 
The experiments  were carried out  with male Tupaia belangeri, most  of which 

were captured as adults  in Thailand. Some animals were bred in captivi ty in the 
Ins t i tu te  colony. Before the investigations were started, all tree-shrews were 
mainta ined in isolation for more than  three months ,  in order to exclude as far as 
possible the after-effects of capture, t ranspor t  and acclimatization to the labora- 
tory environment.  All animals were weighed once a week before the onset of their 
daffy act ivi ty period. The investigations were carcied out  with animals whose 
body-weight had  remained constant  (variation less t ha n  ~_ 3 %) for more than  6 
weeks prior to the experiments,  and  whose weights lay in the range 180-220 g. 
All experimental  animals were more than  9 months  old. 

The tree-shrews were kept  singly in cages with a floor area 50 • 100 cm 2 and 
height of 50 cm. The front wall and the floor of each cage were made of cage-wire, 

17" 
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permit t ing the passage of faeces and food remains, and the remaining walls con- 
sisted of wooden panels. The animals were screened from direct physical contact  
with  one another, and they were also visually isolated. To the front  wall of each 
cage a small wooden box was attached, in which the animals slept a t  night  or hid 
after disturbance during the day. This sleeping-box could be removed from outside; 
this  made it  possible to obtain the animals wi thout  any delay due to capture. 

Day-length was mainta ined constant,  with artificial light, a t  L:D= 12:12 
hours. Room temperature  was kept  a t  23 -k 3 ~ C. 

Food and water were always available ad libitum, unless otherwise stated. 
The food consisted of chopped beef heart ,  diced fruit  of various kinds, and mineral 
and vi tamin additives (see v. Holst, 1969). 

2. Experimental Procedure (" Psychosocial Stress") 
The experiment was conducted in a room which was visually and acoustically 

isolated from the animal maintenance room. I t  contained one cage (floor area: 
100 • 100 cm~; height:  60 cm), which could be divided by  a vertical cage-wire 
part i t ion into two compartments,  each of which corresponded approximately in 
size to the s tandard maintenance cages. This experimental  cage was continuously 
occupied by a male ("f ighter  '~) which had already proved to be successful in 
fighting. A strange male was then introduced, was usually at tacked at  once and 
subjugated in less than  2-3 minutes (for details see p. 241). The two animals were 
then separated from one another  by  the vertical parti t ion,  so t ha t  the submissive 
animal could see the victor continuously, bu t  was protected from physical at tack.  
Every 1-2 days, the fight and subsequent submission sequence was repeated 
between the two animals. 

Some of the experimental animals were left in this si tuation unti l  they died; 
bu t  most  animals were removed from their  sleeping-boxes 2-16 days after onset 
of stress exposure and sacrificed in the manner  described below. Animals living 
in the maintenance room served as controls. 

3. Chemical Determinations 
Both experimental and control animals were killed 80-100 minutes prior to 

onset of the l ight phase ( ~  act ivi ty phase), by incision of the left carotid artery. 
Blood was then collected for the various tests and blood-extraction always completed 
less than  2 minutes after removal of the sleeping animal from the nest-box. 
The liver was removed and deep-frozen in an alcohol/carbon dioxide mixture,  
less than  30 secs after completion of blood-collection. Various organs were dissected 
out, roughly cleaned of fat  and at tached connective tissue, weighed and then fixed 
in Bouin's solution. After embedding in Paraffin, the organs were sectioned (sec- 
tions 3-6 ~z) and usually stained with t taematoxylin-Eosin 1. 

Wi th  some animals, small blood samples were taken from the tail arteries 
several times during the course of the investigations. This was also done without  
exception 80-100 minutes before the onset of the light-phase. 

The following parameters were measured: 
Glycogen content of the liver, using Pfleiderer's enzymatic technique (1962). 
Glucose concentration of the blood, using the hexokinase (HK) method developed 

by the Boehringer company (Mannheim). 
Urea-nitrogen content of the blood, measured semi-quanti tat ively with Azostix- 

str ip-test  (Merck Company, Darmstad t  and Ames Company, Elkhart)  and with 

1 I wish to thank  Mrs. Wallisch for preparation of the histological material.  



Renal Failure in Tupaias Exposed to Social Stress 241 

Boehringer-test-combination (Boehringer Company, Mannheim). The Azostix-test 
only requires a drop of whole blood and little more than one minute is required 
for the determination of urea-l~. According to Dugle and Free (1969) this method 
will yield values comparable to those obtained with conventional methods. During 
the course of our experiments we found that the values obtained with the strip-test 
were about a third to a quarter the urea-nitrogen levels as determined by Boehringer- 
test-combination (correlation coefficient r~0 .96 ;  p~0.001;  n~46) ,  in tree- 
shrews as well as in rats and mice. An increase in concentration, however, is readily 
visible with the Azostix-method. Changes of urea-nitrogen levels during persistent 
stress were followed with the strip-test alone, since the quantity of blood required 
for measurement by other methods could not be obtained from a single animal on 
several occasions during the course of the experiment. These values were not 
corrected by any factor, but marked distinctly as Azostix-values (see Fig. 6). 

Haemoglobin-content of the blood, estimated as haemiglobincyanide using the 
Asid company photometric method. 

Number o/ leucocytes in the blood, counted in a Fuchs-Rosenthal counting 
chamber following staining with Tfirk's solution. 

Number o/ erythrocytes in the blood, counted in a Thoma counting chamber 
following staining with Hayem's solution. 

Number o~ erythroblasts in the blood, computed from their percentage rela- 
tionship to the leucocytes and the absolute count of the latter per mm 3 of blood. 
The percentage representation of the erythroblasts was determined by blood- 
smears which were stained with Pappenheim's panoptic method (peroxydase- 
reaction, modificationII, following Undritz's "tt~matologische Tafeln Sandoz" 
for eosinophil cells). 

C. Results  

1. Behaviour 

If  an  adu l t  male  t ree-shrew is p laced  in the  cage with  the  f ighter  
the  newcomer  is a t t a c k e d  a t  once (Fig. 1). This leads to a bou t  of bi t ing,  
which usua l ly  ends af ter  a few seconds wi th  submiss ion of the  in t roduced  
animal .  F r o m  this  t ime  onwards,  the  subord ina te  an imal  u t t e r s  " f ea r  
squea l s"  (Sprankel ,  1961) whenever  app roached  b y  the  dominan t ,  and  
a t t e m p t s  to  f l ee - -unsuccess fu l ly  under  these expe r imen ta l  condit ions.  
Whi le  a t t e m p t i n g  to  escape, the  subord ina te  an imal  is r epea t ed ly  b i t t en  
on rump,  th ighs  and  the  root  of the  ta i l ;  b u t  such b i t ing  produces  only  
superf icial  abrasions.  Af te r  some t ime (30-120 sec), the  escape a t t e m p t s  
cease and  the  submi t t i ng  an imal  lies m o t i o n l e s s - - a n d  of ten s i l e n t - - o n  
the  floor. However ,  the  p ros t r a t e  an imal  is qui te  capable  of movement ,  
since i t  will a lways  leap up and  flee if the  v ic tor  is removed.  The 
motionless  pos tu re  does no t  p reven t  the  d o m i n a n t  an imal  f rom sub- 
sequen t ly  launching  r ap id  series of a t t acks  on the  submi t t ing  an imal  
(Fig. 2); bu t  even in such a t t a c k s ,  the  l a t t e r  susta ins  only  superficial  
wounds,  and  no bleeding occurs. ~Tevertheless, there  is a r a p i d  appea rance  
of i r regular  brea th ing ,  r e sp i r a to ry  ar res t  and  death .  I n  6 exper iments ,  this  
occurred 45-200 see af ter  the  f irst  a t t a c k  made  b y  the  fighter.  The 
accompany ing  s y m p t o m s  resemble  those  of "vagus  d e a t h "  observed in 
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Fig. 1 

Fig. 2 

Figs. 1 and 2. Fighting between two male tree-shrews. Attack by the "fighter" 
(Fig. I) and submission of the newcomer (Fig. 2) 
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Norway rats under quite different stress conditions by Richter (1957), 
and which Barnett  (1958) has already discussed in connection with death 
in Norway rats following social conflict. 

If the two animals are separated by the cage-wire partition (see 
methods) after the first complete submission, the subordinate animal 
always recovers within 5-10 minutes. However, the snbordinate's be- 
haviour changes markedly: I t  hardly moves at all, spending more than 
90% of the daily activity-phase lying motionless in a corner and 
following the movements of the victor with its head. Under control 
conditions, resting time represents only about 20-30% of the daily 
activity-phase. Approach of the victor on the other side of the partition 
sometimes leads to "fear  squealing ", but otherwise the subordinate ani- 
mal gives the general impression of apathy. The hairs on the tail and 
the rest of the body are raised continuously, giving the subordinate 
animal an untidy appearance, which is further emphasised by the fact 
tha t  submissive animals virtually cease to groom themselves (0-300 see 
per 12-hour activity-phase, compared with 1000-3000 sees in controls). 
Water-intake appears to increase; but quantitative measurements have 
yet  to be carried out. A subordinate animal ea ts - -a t  least during the 
first few days-- jus t  as long as control animals (1500-2500 see per day), 
but  the food is eaten far more rapidly. Marking with the sternal and 
abdominal glands and with urine, which is normally observed at high 
frequency, is completely laeking in subordinate animals from the time of 
submission onwards. 

In the experiments, the subordinate animal was usually exposed to 
the fighter once a day by removing the cage-wire partition, and this 
always led to instantaneous at tack by the dominant animal. The sub- 
missive animal still occasionally at tempted to escape from these renewed 
attacks, but  it normally accepted them with complete passivity. Since 
animals exposed to renewed attacks die following very few attacks, after 
exhibiting the symptoms described above (respiratory arrest, etc.), the 
attack time was kept very short (10-30 sec). Such attacks were merely 
intended to maintain the dominance relationship. Nevertheless, during 
the course of the investigations, three animals died within 10-15 see 
during these renewed attacks. For this reason, very weak tree-shrews 
and those which were highly aroused (pronounced hair-raising ; fear squeal- 
ing, etc.) were not exposed to further attacks. 

The changes in weight and physiological state of the subordinate 
tree-shrews which will be reported subsequently are mainly brought 
about by the continuous threatening impact of the victor and not 
merely by the summed after-effects of daily defeats: 

In three cases, subordinate animals obviously learned that  a victor 
separated by a cage-wire partition is "harmless".  Although they ex- 
hibited considerable losses in body weight during the period immediately 
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after subjugation and showed behaviour similar to that  of the other 
submissive animals, they subsequently (after 3, 7 and 8 days respectively) 
ceased to respond with pilo-erection to the presence of the dominant, 
moved around normally in their cage-section and increased in body weight, 
despite the fact that  they were exposed to particularly vigorous sub- 
missions every day. Thus, their responses corresponded to those of 
animals which are exposed to fighting daily, but  which are separated for 
the rest of the time from the victor by an opaque partition (see Raab, 
1971). Under such conditions, animals only exhibit mild weight-loss and 
very little change in behaviour. 

The three tree-shrews were then  placed in a large cage with a male 
which similarly subjugated them, but subsequently left them virtually un- 
disturbed. All three animals died after a few days in this situation, in 
which there was a persistent possibility of attack by the dominant 
animal. 

Excitation produced by the presence of the victor, ff maintained con- 
tinuously for several days, leads to pronounced weight-loss (see below) 
and to death within a period of 20 days: Of 17 animals, 3 died after 
2 ~ 3  days, 10 died after 4--7 days and 4 died after 10--16 days. 15 of 
these animals died at night or shortly before the onset of activity and 
2 died during the day. 

1--2 days before death, a reduction in skin temperature is already 
present, a drop to 30.0 ~ C from 35.4 ~ C (~-average normal temperature) 
occurring. At the same time, the movements of the subordinate animals 
become faltering and locomotion difficult. Running, climbing or jumping 
are impossible, although at the beginning threat  will provoke an attempt. 
Roughly 20 hours before death, convulsions and paralysis appear in the 
extremities. In most cases, the animals will no longer react to their 
environment, allowing themselves to be handled, by this stage being in 
deep coma. 

Death itself was not observed as most animals died during the night. 
In addition, the animals were usually sacrificed when death appeared to 
be imminent, in order to obtain data on physiological changes. 

2. Body Weight 
The body weight of subordinate animals decreases regularly from 

the time of submission to death, although there is virtually no locomo. 
tion. The daily weight-loss is more-or-less constant for any individual 
animal throughout the entire experiment; but there are considerable 
differences between individuals (examples : Fig. 3). Daily weight-loss can 
be between 1.6 and 6.5% of the initial body weight. In animals which 
died under these conditions, the mean value was a loss of 3.5% of the 
initial body weight per day. 
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There is an extremely good correlation between number of days 
between initial confrontation and death and daily weight Joss (correlation 
coefficient r ~ 0 . 8 9 ;  p <0.001 ; n ~  17): The more weight an animal loses 
per day, the sooner it dies (Fig. 4). 

From this, it could be concluded that  there is metabolic collapse due 
to insufficient energy-supply. The animals do, in fact, continue to take 
food up to the day of death (faeces were almost always present in the 
colon of dying or sacrificed animals) ; but digestion and resorption might 
be disrupted to such an extent by stress that the food is no longer 
processed. For example, Baker (i952) found with rats under stress that  
there was a pronounced restriction of nutritional processing. However, 
insufficient energy-supply seems to be unlikely as a cause of death in 
tree-shrews. Even when no food is available at all, animals of compa- 
rable initial body weight live longer than 12 days under control condi- 
tions (4 experimental animals). During the course of time, they lose more 
than 25% of their body weight and attain a "minimal weight" of 
approximately 130 g before dying (see Fig. 3). 

Under continuous stress, fat and muscle tissue are resorbed in just 
the same way as is the case with hunger. After 4-7 days, there is usually 
no fat left in the body, and the resorption of the skeletal musculature 
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Fig. 4. Time of death of subordinate tree-shrews under persistent social stress, 
related to the daily weight-loss of individual animals 

leads to a conspicuous alteration of bodily appearance (see v. Holst, 
1969). However, the animals usually die before reaching their "minimal 
weight" ;  tha t  is, before the available energy reserves have been com- 
pletely exhausted. With those animals which die within 6 days i.e. those 
which have the highest daily weight-loss--fat tissue is frequently still 
present in the abdominal cavity at  death. 

I t  is also conceivable tha t  mobilisation of these energy reserves is 
hindered by  a lack of adrenal hormones. For example, Christian 
(summary: 1963) concludes that  the release of glueocorticoids and/or 
catecholamines can be impaired to such an extent by  persistent social 
stress tha t  it results in deficient gluconeogenesis, with resulting 
hypoglycaemia. However, in tree-shrews the concentration of gluco- 
corticoids in the serum following a temporary reduction in the first 
days of stress exposure--is  ult imately greatly increased (v. Itolst, 1972). 
For this reason alone, insufficient mobilisation of glycogen reserves is 
improbable. But  the strongest evidence against inadequate or non-existent 
energy-mobilisation is provided by the blood sugar concentration (see 
below). 

3. Liver Glycogen and Blood Sugar 
The glycogen-content of the liver varies over a wide range in tree- 

shrews under control and stress conditions (Table 1). In  80% of animals 
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Table 1. Liver glycogen and blood sugar concentrations in male tree-shrews under 
control conditions and under persistent social stress 

Experimental Number of Mean value Standard Range 
situation animals error of 

the mean 

Glycogen in mg per g of liver 

Control 12 56.5 6.8 14.5-87.7 
Social stress 23 28.8 4.9 1.1-68.3 

Glucose in mg per 100 ml blood 

Control 10 100.5 2.1 90-110 
Social stress 16 91.4 4.1 52-110 

under  stress, the  value  is lower t h a n  the  mean  control  level, and  the  
mean  values  of the  two groups of an imals  are  s ignif icant ly  different  
(p=-0.003)  2. D e a t h  was no t  caused b y  exhaus t ion  of glycogen reserves 
in the  l ivers:  Glycogen values  of less t han  3 mg/g  were found  af ter  
2 days  in some an imals  as well as af ter  7 - - 1 4  days  in others.  However ,  
even dy ing  animals  (skin t e m p e r a t u r e  below 30 ~ C ; convulsions and  coma) 
st i l l  had  on occasion more t han  35 mg of glycogen per  g of liver.  

Unde r  stress oonditions,  the  blood sugar  conten t  of t ree-shrews is 
a lmos t  as high as t h a t  of control  an imals  (Table 1). The mean  value  for 
the  stressed animals  is, in fact ,  somewha t  lower;  bu t  th is  difference is 
en t i re ly  due to the  low values  for 3 of the  16 exper imenta l  animals ,  
whose blood conta ined  be tween  52 and  73 mg glucose per  100 ml. These 
low values  were not  a resul t  of absence of glycogen reserves in  the  
l ivers of such animals ,  since t h e y  stil l  conta ined  10.8-56.0 mg/g of 
glycogen. 

B y  contras t ,  even those animals  wi th  ex t r eme ly  low glycogen values  
(3 animals  wi th  less t h a n  2 rag/g) stil l  h a d  norma l  b lood sugar  values  of 
90- -105  mg/100 ml. 

I n  7 eases, blood was t a k e n  for glucose es t ima t ion  several  t imes  
dur ing  the  course of stress exposure  (every 2 - 4  days) .  Those values  also 
showed a genera l ly  cons tan t  and  normal  b lood sugar  concent ra t ion  
t h roughou t  the  exper iment .  

I n  no ease d id  animals  wi th  para lys i s  of the  extremit ies ,  muscula r  
convulsions and  cold skin surface (i. e. wi th  typ ica l  s y m p t o m s  of hypo-  
g lyeaemia)  exhib i t  low blood sugar  values.  

Al though  these f indings do no t  exclude the  poss ib i l i ty  t h a t  the  blood 
sugar  levels of ind iv idua l  an imals  migh t  drop  jus t  before dea th ,  hypo-  
g lyeaemie  shook cannot  be the  cause of dea th  in tree-shrews.  

2 Statistical evaluation of differences was carried out by the t-test throughout. 
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4. Haemoglobin Content o/the Blood 

Control animals possess 19.44- 0.2 mg haemoglobin per 100 ml blood 
(n-~-20). During the course of stress exposure, the haemoglobin content 
decreases (correlation coefficient r~- 0.75 ; p < 0.001 ; n :  46). 

After two days, the haemoglobin content is already significantly 
(p~0.001) below the initial value, having reached 14.24-1.3 g/100 ml 
(n~  5), and--despite considerable variation--i t  is still above the mean 
value measured when animals were sacrificed after 10 days of stress 
exposure (p ~0.05) (see Fig. 5). 

The extent of haemoglobin reduction varies considerably from animal 
to animal. The more body weight an animal loses each day, the more 
rapid is the reduction in haemoglobin content of the blood (correlation 
coefficient r~-0.68; p < 0.001; n :  31). Since there is a very good corre- 
lation between the extent of daily weight-loss and the time of death 
(p. 244), mortality could be interpreted as a product of reduced or 
arrested oxygen-supply to the tissues. The experimental animals are, 
as previously mentioned, cold to the touch more than 20 hours prior 
to death, and at this time they have haemoglobin values of less than 
10 g/100 m] blood. Although such anaemia certainly weakens the orga- 
nism, the fall in skin-temperature, convulsions and eventual death in 
tree-shrews cannot be attributed to the decrease in haemoglobin con- 
centration. For example, the blood of 4 animals just prior to death (skin 
temperature below 30 ~ C, convulsions and coma) showed a haemoglobin 
content only marginally below the normal value (15.8-18.1 g/100 ml). On 
the other hand, in 3 animals with haemoglobin values of 5.0-9.5 g/100 ml 
normal skin temperature (34.4-35.3 ~ C) was still present and they ex- 
hibited no behavioural signs of impending death. 

Reduction in haemoglobin content is primarily due to a corresponding 
decrease in the number of erythrocytes. A slight alteration in haemo- 
globin concentration of the individual erythrocytes cannot yet be ex- 
cluded, however. 

The reduction of the number of erythrocytes--and thus the fall in 
haemoglobin concentration--cannot be attributed to loss of blood. 

In no case did confrontation lead to wounds producing externally recognisable 
bleeding, and no macroscopic signs of internal bleeding were evident. In addition, 
even the extraction of large quantities of blood during the course of several days 
in control animals did not produce such low haemoglobin values as those evoked 
by social stress: When collecting blood by sectioning the carotid artery, 8-10 ml 
of blood were obtained. The total blood volume in a tree-shrew is about twice this 
amount. Even collection of approx. 2 ml of blood daily only lowers the haemo- 
globin value of control animals to about 12 g/100 ml after 5 days, whereas the 
haemoglobin value of tree-shrews under stress fell to 5.5-15.8 g/100 m] after this 
period of time. 
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Fig. 5. Haemoglobin concentration of the blood of male tree-shrews related to the 
duration of social stress. Each bar shows the mean value for various categories, 
with the standard deviations and the number of experimental animals. Categories: 
controls; animals at 2, 3-6, 7-10 and 11 16 days after onset of stress exposure 

Reduct ion  in  haemoglobin concentra t ion  under  stress is obviously the 
result  of some degree of haemolysis, which often results in a yellowish 
discoloration (icterus) of the blood serum. Provisional  results indicate tha t  
there is a relat ionship between the in tens i ty  of haemoglobin loss and  
increase in  bi l i rubin  concentra t ion  in  the blood. However, bi l i rubin levels 
have not  yet  been quan t i t a t ive ly  estimated.  

All animals in which the haemoglobin content had dropped to 5 10 g/100 ml 
in less than 5 days had an intensely yellow serum. Repeated blood extraction on 
successive days showed that the yellowish discoloration of the serum disappears 
when the haemoglobin concentration has dropped to such low values (n--5). 
In animals with a slower rate of reduction of haemoglobin--still showing more than 
12 g/100 ml after 5 days--no yellowish discoloration of the serum appeared. 

A serum which has a pronounced yellowish colour always produces 
discoloration of the bodily organs. I n  9 of 23 exper imental  animals,  
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Table 2. Number of erythroblasts and haemoglobin concentration in the blood 
of male tree-shrews under various conditions (see text for details) 

Number Number of erythroblasts per mm a Haemoglobincontent 
of of blood in g per 100 ml blood 
animals 

Mean Standard l~ange Mean l~ange 
value error of value 

the mean 

Controls 17 140 27 32-550 19 .4  16.8-21.0 

Stressed 21 86 17 0-306 1 3 . 1  9.1-17.0 
animals 

"Blood- 2 965 - -  730-1200 11 .7  10.0-13.4 
donors" 

"l~ecuperators" 4 340 161 120-820 1 3 . 8  10.2-18.1 

there was a marked greenish-grey discoloration of the kidneys a n d - -  
to a lesser e x t e n t - - o f  the liver. I n  2 cases, the liver had an  intense 
yellow-green appearance.  

The gall-bladder was always extremely large, and  the normal ly  in- 
visible gall-bladder capillaries were in  m a n y  cases recognisable macro- 
scopically owing to their  expanded contents.  The yellowish discoloration 
of the serum is thus  probably  the result  of " cumula t ive  j aund ice"  pro- 
duced by  extensive haemolysis. 

Under  persis tent  stress condit ions erythropoiesis is reduced, or no t  
ac t ivated  to the extent  which would be expected from the low haemo- 
globin concentrat ion.  The differences between Control and  stressed ani- 
mals are no t  significant, however - -perhaps  simply because of the small 
number  of measurements  available (Table 2). 

Whereas each animal  possesses a t  least 30 erythroblas t  per m m  a of 
blood under  control conditions, with more t h a n  30 % of the subordinate  
animals  i t  was impossible to f ind any  erythroblas t  at  all. This reduct ion 
in erythroblast  count  is par t icular ly  surprising because a reduct ion in 
erythrocyte  count  normal ly  leads to a very marked increase in the 
number  of erythroblasts  in  the blood. 

We found, for example, that with 2 animals whose haemoglobin concentration 
had been reduced by 30 and 45 % respectively through extraction of large quantities 
of blood (approx. 8 ml in 4 days) there was an increase in the erythroblast count 
to 730 and 1200 per mm ~ of blood, respectively ("blood-donors", Table 2). 

In the same way, the haemoglobin concentration of tree-shrews which have 
low values when removed from stress conditions will begin to rise after only 2 days. 
Correspondingly, the number of erythroblasts in the blood is markedly increased 
compared to the stressed animals ("recuperators", Table 2). 
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Fig. 6. Urea-nitrogen content in the blood of subordinate tree-shrews during 
social stress. The values were determined by the Azostix-strip-test. This method is 
relatively inexact (see methods). The urea-nitrogen content may vary within a 

range of =~15% 

Thus,  the  low haemoglobin  values are also pa r t i a l l y  a resul t  of 
r educed  or a r res ted  erythropoiesis .  

5. Function and Morphology o/the Kidney 

a) Urea -Ni t rogen  Content  of the  Blood 

Control  an imals  showed 5-20  mg u rea -N in 100 ml of blood (morning 
va lue :  13.2 ~ 0.8 rag/100 ml ;  n~-21) .  Dur ing  the d a y  the u rea -N can rise 
(e. g. af ter  feeding) up  to 40 rag/100 ml (day  values  : 25.0 ~ 2.2 rag/100 ml ; 
n ~  12). 

Unde r  condi t ions of pers i s ten t  social stress, the  level of blood u rea -N 
increases;  bu t  there  is a considerable  va r ia t ion  between animals  in the  
ex t en t  of this  increase (Fig. 6): whereas the  blood of some subord ina te  
an imals  possesses more  t han  150 nag u rea -N in 100 ml of blood af ter  
2 days ,  others  only  a t t a i n  a value  of 60-80 rag/100 ml af ter  10-14 days.  

Fighting alone does not lead to an increase in urea-nitrogen content: Thus, 
the victors never exhibited levels of urea-N higher than 35 rag/100 ml. Similarly, 
there was no increase in three animals which had each been exposed on 5-8 sueces- 
sive days to serious subjugation, but were unable to see the victor in the inter- 
vening periods. 

Whi le  subord ina te  an imals  can move a round  no rma l ly  wi th  u rea -N 
values  of less t han  150 rag/100 ml (Azost ix-value:  approx .  40), values  
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above this are accompanied by symptoms of impending death (con- 
vulsions, paralysis, coma), and death follows within a few hours. 

An increase of breakdown products of protein metabolism in the blood 
is referred to as uraemia. I t  is characterized by poisoning of the orga- 
nism, which is expressed through tiredness, muscular spasms in the 
extremities and comatose condition. Death always follows after a deep 
coma--often as a result of cardiac arrest (Zollinger, 1966; Doerr, 1970). 

These symptoms of uraemia correspond so closely with our findings 
on tree-shrews that  it can be concluded: Under social stress, tree-shrews 
die from uraemia. 

It is not yet clear whether it is the accumulation of urea and ereatinine per se 
that causes the death or rather the accumulation of other toxic substances (such as 
organic acids or phenols). However, the concentration of blood urea-N is a suitable 
index of the severity of uraemia independent of whether the symptoms are caused 
by urea and/or other toxic substances or by corresponding changes in electrolyte- 
and water balance. 

Such uraemia can have different causes: 
Catabolic Uraemia. There is a weak correlation between weight-loss 

and increase of the urea-N content of the blood (correlation coefficient 
r ~  0.51 ; 10 <0.01 ; n~- 25) : The more rapidly an animal loses weight, the 
faster the increase in urea-N in the blood. This relationship could be 
explained on the basis of catabolic uraemia, since enhanced catabolism 
leads to an increase of protein breakdown products in the blood. 

In  order to test this possibility, 5 animals were kept for up to 
10 days without food, and 2 others were fed only with a protein-rich 
diet. The urea-nitrogen content of the blood was measured at regular 
intervals. Although all animals lost 3.0-3.5% of their initial weight per 
day and rcsorbed their skeletal musculature to a great extent during 
the process, the urea-N did not rise above 45 (25,6-43,1) rag/100 ml in 
any instance. Thus, the great increase in urea-N during stress cannot 
be explained on the basis of increased formation of protein breakdown 
products. 

Exsiccosis. Inadequate or the absence of water results in water re- 
tention by the kidneys (due to the effect of vasopressin). This can lead 
to reduced excretion of breakdown products of protein metabolism. 

As observations showed, tree-shrews do drink water under persistent 
stress, but the uptake could be insufficient. To determine the increase 
in urea-N in animals under permanent thirst, we kept 4 controls without 
food and water. This resulted in a loss of 6-7% of body weight per 
day. The levels of blood urea-N rose only slightly in all animals: after 
2 days: 43.7 ~= 1.8 mg/100 ml; after 4 days: 49.1 :k4.7 rag/100 ml. The 
experiment was then terminated with 2 of the animals, because it showed 
that  the increase of blood urea under stress could not be caused by 
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inadequate water uptake. Two animals were kept in the experimental 
situation until death occured after 6 and 7 days respectively. 

Renal Insu[jicieney. Particularly during the first days after the onset 
of social stress, urine-production seems to be considerably reduced or 
even completely arrested. Animals which were sacrifJced 2-6 days after the 
initial confrontation (approx. 2 hours before onset of activity) usually had 
a virtually empty  bladder, whilst control animals always had a com- 
pletely full bladder at  this time. Quantitative investigation of urine- 
production during stress is in progress. 

We obtained enough urine from 7 subordinate animals when they 
were sacrificed to conduct analysis. The urine of one animal was blood- 
colonred. Although the urine of the others was colourless, sedimentation 
of the urine showed a large number of erythrocytes in 4 animals and 
a few erythrocytes in two others. No erythroeytes were found in the 
urine of control animals (n=--8). 

There is a very close negative relationship between urea-N and 
haemoglobin concentration in the blood: the faster the increase in con- 
centration of urea-N, the more rapid the decrease in haemoglobin content 
of the blood (correlation coefficient r =  0.89; p <0.001; n =  22). 

This close correlation, along with restriction of urine-production 
indicates impaired renal function: Kidney diseases almost always lead 
to anaemia, which is primarily a result of some degree of hacmolysis. 
Damage to the renal tubules also affects erythropoiesis, by reducing 
the formation and release of erythropoietin (e. g. see : Zollingcr, 1966 ; 
Erslev, 1970; Penington and Kincaid-Smith, 1971; Takaku et al., 1971). 

Liver InsuJ/icieney. Even with complete intact  kidneys, the urea-N 
content can increase in case of severe liver damage. In  many  eases, there 
is combined insufficiency of the liver and kidneys ("hepatorenal syn- 
drome").  However, our findings with tree-shrews can be explained--  
at  least for the first few days of stress exposure--entirely by  renal 
damage, on the basis of microscopic evidence (see p. 255) and the data 
presented above. But  this does not exclude some participation by the 
liver. 

b) Surgical Impai rment  of Renal Function 

In  order to obtain some indication of the degree to which renal 
function is disrupted by social stress, 4 control animals were examined 
for increase in blood urea-N after the renal arteries, veins and the 
ureters on both sides had been ligatured. 

All animals became active again less than 1 hour after the operation 
(narcosis with ether), moving around normally in the cage and eating 
well. After 30-40 hours, their movemeh~s became faltering, convulsions 
and paralysis appeared, and soon afterwards the animals fell into coma. 

18 J .  eomp.  Physiol . ,  Vol. 78 
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Despite the maintenance of glucose values of more than 50 mg/1O0 ml 
blood, the skin temperature rapidly declined to less than 30 ~ C. The 
haemoglobin content of the blood decreased by about 50% in 24 hours 
(falling on average from 14.5 to 7.5 rag/100 ml from the 12th to the 
36th hour after operation). Internal  haemorrhage may, however, be in- 
volved in this reduction. Death followed 36-48 hours after the operation. 

The urea-nitrogen content of the blood increased more or less linearly 
after operation, rising by about  140 mg/100 ml in 24 hours (Fig. 7). At 
death, the urea-N concentration of the blood was always more than 
180 rag/100 m]. 

The behaviour of the animals, the fall in skin temperature and the 
urea-N values at  death largely correspond to the conditions prevailing 
under persistent social stress. This provides support for the assumption 
tha t  death in tree-shrews due to social stress should be interpreted on the 
basis of renal insufficiency. 

The operated animals lost about 4.1 (3.2-4.8) % of their body weight 
in 24 hours. This degree of weight-loss lies in the upper range of daily 
weight-loss measured under conditions of social stress (see p. 244). Thus, 
urea-production (through protein-supply and endogenous protein cata- 
bolism) should be approximately the same in operated animals and in 
tree-shrews exposed to social stress. 

The urea-N concentration of operated animals increases by about 
140 mg/100 ml in 24 hours (Fig. 7). In  extreme cases, nearly the same 
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rapid increase can be found with subordinate tree-shrews (see p. 251), 
which indicates that almost complete renal failure may be brought 
about by exposure to social stress. Correspondingly, a less rapid increase 
in urea-N under conditions of persistent stress indicates a lesser degree 
of renal insufficiency. 

e) Weight and Appearance of the Kidneys 

The weight of the kidneys of control animals varies between 1225 
and 2021 rag; the mean weight is 1584-4=_ 72 mg (n~  15). In  the course 
of stress exposure, the weight of the kidneys decreases (correlation co- 
efficient r ~ 0.35 ; p ~0.05 ; n ~ 48). The kidneys of animals which were 
killed after more than 10 days of stress exposure were significantly 
(p ~ 0.05) lighter than those of control animals (by approximately 17 % ; 
Fig. 8), despite the great variation in weight. 

The external coloration of the kidneys in subordinate tree-shrews is 
almost always lighter (pale brownish-green) than in those of controls. This 
suggests that  there is reduced blood-supply to the renal cortex in sub- 
missive animals. 

In  4 out of 9 animals which had survived for more than 10 days under 
social stress conditions, the renal cortex was fragmented by deep fissures, 
and the fragments were only loosely held together by the renal medulla 
(see Fig. 11). 

Such "fragmented" kidneys were found in 2 animals which had already died 
2-6 hours before dissection and in 2 animals which had been sacrificed while in 
coma. Even in the first two animals the condition of the kidneys was unlikely 
to have been due to post-mortem changes, since kidneys which were not removed 
from control animals until 24 hours after death never showed such changes. 

d) Microscopic Condition of the Kidneys 

The glomerular capillaries of subordinate tree-shrews are markedly 
distended in comparison with control animals, and contain very few 
crythrocytes or none at all (Figs. 13-15). In the Bowman's capsule 
there is usually accumulated material, indicating increased permeability 
of the basement membranes. In  many cases, individual glomeruli are 
ruptu,~ and collapsed, and erythrocytes can be seen in the tubules. As 
exposure to stress continues, the form of the glomeruli becomes in- 
creasingly irregular (Figs. 15 and 16) and glomerular capillaries sporadi- 
cally disintegrate. 

The lumina of the renal tubules are more-or-less distended in all 
animals exposed to persistent stress, whilst in controls, with a few ex- 
ceptions, they have a closed appearance (Figs. 9 and 10). 

The lumina of kidneys fixed after death do not correspond to the conditions 
in the living organism. In the latter, renal tubules are expanded. After arrest of 

18" 
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Fig. 8. Kidney weight in male tree-shrews during exposure to social stress. Each 
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filtration, respectively of circulation following death, intact tubules resorb the 
filtrate which they contain and collapse, thus histologically exhibiting a narrow 
lumen. Damage to the tubules inhibits this supravital tubule collapse (Walther, 
1965). 

Part icular ly during the first 6 days, the tubules and the collecting 
ducts of the renal medulla are frequently completely packed with 
material, which is probably  largely composed of disintegration debris 
of erythrocytes  (e.g. Fig. 10). The form of the tubules becomes in- 
creasingly irregular during the course of stress (Figs. 15 and 16), and 
the tubule epithelium becomes reduced in thickness until  it ul t imately 
consists of no more than  a thin layer. 

After about  10 days of stress, the first signs of tubular  necrosis can 
be recognized, and in subsequent days necrosis can become widespread 
(e. g. Fig. 12). However,  apparent ly  functional tubules can often be seen 
alongside completely necrotic areas. 
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Severe necrosis was in two cases an obvious cause of the "fragmentation" 
of the kidneys described above, since the disrupted cells formed large lacunae 
extending out to the surface of the kidney. In two other cases, however, the kidneys 
were fragmented without any signs of necrosis in the area concerned (e.g. Fig. 11). 

There is a relationship between histologically demonstrable kidney 
damage and increase in urea-N content of the blood: The kidneys of 
controls contain almost exclusively nephrons with a functional appea- 
rance. With subordinates exhibiting an urea-N increase of less than 30 rag/ 
100 ml in 24 hours, glomeruli of normal appearance may lie directly 
alongside functionally impaired glomernli. Correspondingly, the tubules 
associated with the glomeruli have an intact appearance or exhibit 
distended lumina. The more rapidly the urea-N in the blood of a sub- 
ordinate animal increases, the more glomeruli are ischaemic and the 
more advanced is ischaemia in individual glomeruli. (The quantitative 
relationships between morphology and function are now being studied in 
greater detail.) In extreme eases, all glomeruli are ischaemic or anaemic, 
and all renal tubules are expanded and thus non-functional (e.g. see 
Fig. 10); the urea-N content of such animals had always increased by 
more than 80 mg/100 ml in 24 hours. Thus the histological appearance 
of the nephrons and the increase in breakdown products of protein 
metabolism in the blood both indicate more-or-less complete renal 
failure. 

D. Discussion 

1. Psyehosocial Processes as the Cause o/Social Stress 

The deaths of subordinate tree-shrews are brought about by the 
continued presence of the victor, since it has been shown that  even 
1-2 daily subjugations do not in themselves lead to death (p. 251). There- 
fore, in the experimental situation, stress is not due to active social 
interactions, but to perception and some central nervous process(es) based 
on experience and learning. This is particularly obvious from the 
following two observations: 

Tree-shrews only die when they are exposed to the presence of the 
animal which has subjugated them. The continued presence of a strange 
"f ighter"  does not lead to the death of a subordinate animal even when 
the latter is subjugated once a day by the dominant animal with which 
it is actually acquainted. 

If an animal learns that  the dominant tree-shrew can no longer 
attack after separation by the cage-wire partition, the subordinate does 
not die but recovers again, despite severe subjugation encounters every 
day (see p. 243). 

Bronson and Eleftheriou (1965) were the first to demonstrate that  
the sight of a dominant mouse can produce stress in another mouse, 
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Fig. 9 

Fig. 10 
Figs. 9 and 10. Sections through kidneys of male tree-shrews under control and 
stress conditions. Sections approx. 5 ~ thick;  staining with Haematoxylin/Eosin.  
Fig. 9. Control. Fig. 10. After two days of stress exposure. The tubules are distended. 

Cylinders can be seen in the renal medulla 
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Fig. 11 

Fig. 12 
Figs. 11 and 12. Sections through "fragmented" kidneys of subordinate tree-shrews. 
Sections 5 ~ thick; staining with Haematoxylin/Eosin. Fig. 11. Kidney without 
necrosis after 14 days of stress exposure. Fig. 12. Kidney with severe necrosis 

after I1 days of stress exposure 
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Fig. 13 

Fig. 14 
Figs. 13-16. ~Nephrons of male tree-shrews under control conditions and Mter 
different periods of exposure to social stress. Sections approx. 3 ~z thick; staining 
with ttaematoxylin/Eosin; all sections same magnification. Fig. 13. Control animal. 

Fig. 14. After 2 days of stress. Fig. 15. After 4 days of stress. Fig. 16. 
After 12 days of stress 
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Fig. 15 

Fig. 16 
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which had previously been subjugated by the former: The hypophyseal- 
adrenal system of the subordinate animal is activated almost to the 
same extent as in actual fighting. 

In  tree-shrews, any activation of the sympathetic nervous system is 
accompanied by pilo-erection in the tail (v. Holst, 1969), and the sub- 
ordinate animal actually exhibits this reaction continuously in the 
presence of the dominant. 

In  a situation of less intense stress (e.g. daily subjugation without 
continued presence of the victor) the tail-hair is not spread during the 
entire day, and physiological changes take place, the degree of which 
relates to the daily duration of activation of the sympathetic nervous 
system. In  such cases the organism can adapt  itself (see v. ttolst, 1969 
for details). Only the continuous activation over several days, as present 
in the above described experimental situation, leads to death. Thus, it 
is not the intensity, but  the permanent  duration of social stress which 
causes death in tree-shrews. 

2. Physiological Cause o/Death 

a) Carbohydrate Metabolism 

An increased level of activity in the sympathetic nervous system 
(indicated by  the pronounced spreading of the tail-hair) is doubtless 
accompanied by release of adrenaline and noradrenaline from the adrenal 
medulla (summarised by Levi, 1967; Mason, 1968). Glucocorticoid hor- 
mones from the adrenal cortex arc similarly discharged into the blood in 
increased quantities (v. Holst, 1972). Increased synthesis and release of 
these substances leads to a considerable increase in adrenal weight. 

After only 2 days of stress exposure, the adrenal weight is significantly 
(p ~ 0.001) above the initial value of 18.0 • 0.5 mg (n = 18). After 4 days, it attains 
a level (31.7 ~_ 0.9 mg; n =21) which is maintained virtually constant until death. 

Whilst the catecholamines stimulate glycogenesis in liver and skeletal 
muscle, glucocorticoides induce gluconeogenesis. This leads to a reduction 
in body weight which, in the present experiment, varies from animal 
to animal (see p. 24r Although there is a close correlation between 
the intensity of weight-loss and the time from the onset of stress to 
death (see p. 244), this does not mean that  animals die from the exhaustion 
of mobilisable carbohydrate reserves (i.e. hypoglycaemia): even dying 
tree-shrews may  have blood-sugar values which correspond to those of 
control animals. Nevertheless, in subordinate animals, the utilization of 
glucose is obviously so pronounced that  it cannot be offset by the 
increase in fresh glucose production. This leads to a reduction in glycogen 
concentration in the liver (see p. 246). 

A corresponding reduction in liver glycogen is also known from other 
animal soecies exposed to massive stress. For example, snowshoe hares 
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from collapsing populations always die within a few days after capture, 
with accompanying convulsions and paralysis, whilst this is not the case 
with animals taken from normal populations (Green and Larson, 1937; 
1938; Green et al., 1939). In  the view of the authors cited, the considerably 
reduced glycogen content of the dying animals indicates " s h o c k  disease" 
(hypoglycaemie shock) as the cause of death in natural  populations. With 
field-voles, too, individuals taken from collapsing populations exhibit 
reduced liver glycogen content and, in some cases, lowering of the blood 
sugar level. Frank (1953) also concluded from this that  hypoglycaemic 
shock is the cause of population crashes, and this opinion is shared by 
Christian (1963). On the basis of his extensive investigations with 
rodents, Christian regards this " fa i lure"  of carbohydrate metabolism as 
the results of adrenal exhaustion. 

This assumption is, however, based exclusively on morphological and histo- 
chemical investigations. In fact, there is often a lack of correlation between morpho- 
logical and functional parameters of the adrenals (Elton et al., 1959; Vecsei and 
Csalay, 1965; v. Holst, 1972). Exclusively morphological studies therefore do 
not justify such a conclusion. 

But  these indications of hypoglycaemia as the cause of death are, 
in themselves, inconclusive, since the glycogen content of the liver and 
the blood sugar concentration of snowshoe hares and voles often lie in 
the range of control animals. In  addition, high insulin discharge in 
voles may  lead to a reduction of liver glycogen and blood sugar, but 
this cannot produce the typical cramps and paralysis found in animals 
taken from collapsing populations (see Chitty, 1959, for a detailed dis- 
cussion). 

The extensive studies of Norway rats conducted by Barnett  et al. 
(Barnett, 1958; Barnet t  et al., 1960; Evans and Barnett,  1965) also con- 
tradict  the suggestion that  hypoglycaemia plays a significant role in 
causing death in social stress situations. These authors found indications 
in subordinate Norway rats of considerable increase in adrenocortical 
activity,  inhibition of thyroid function, and a reduction in glycogen 
content of the liver. However, even dying animals had a normal, or 
even slightly elevated, blood sugar level. None of the observed changes 
can explain the resulting deaths (Barnett, 1964). 

b) Renal Function 

The kidneys of subordinate tree-shrews correspond histologically to the 
" s h o c k  kidneys" observed in human beings after serious loss of blood or 
following therapy with powerful blood-pressure reducing drugs (Zollinger, 
1966). However, in the case of tree-shrews, a general drop in blood- 
pressure is improbable, since this is usually accompanied by a fall in skin 
temperature.  In  subordinate tree-shrews, however, skin temperatures can 
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be 1 -2~  above the normal value, with a considerable drop occurring 
just before death. Collection of blood from the tail arteries also showed 
no indication of a blood-pressure d rop - - a t  least not to the extent tha t  
would be necessary to explain complete arrest of renal circulation. The 
deficient renal blood flow is thus most unlikely to be a consequence of 
an overall drop in the animal's blood-pressure, but is probably due to 
specific constriction of renal blood vessels. 

Deleterious effects upon renal function can arise from increased 
adrenoeortical activity as well as from high activation of the sym- 
pathetic nervous system and release of adrenaline from the adrenal 
medulla. These factors will now be considered in detail. 

lnlluenee o] Adrenal Cortex. The adrenocortical hormones released into 
the blood in response to stressors of various kinds can provoke renal 
damage. Selye and Constantinides (1948) found that,  following ~reatment 
with corticoid hormones, their experimental animals exhibited renal 
lesions--nephrosis and sometimes even acute nephritis. This finding has 
since been repeatedly confh~med (see Zollinger, 1966). For instance, 
stimulation of adrenocortical activity in mice by daily administration 
of ACTIt  leads, after only 20 days, to pronounced dilation of individual 
glomerular capillaries and to lesions. The renal tubules become ex- 
panded, and necrosis reminiscent of thrombosis appears in the renal 
medulla (Christian, 1964a). Even natural  activation of adrenal function 
by cold stress leads to severe kidney damage particularly in the renal 
tubules (rats: Munday and Blanc, 1961). 

In  contrast to activation of the sympathetic nervous system (see 
below) adrenocortical hormones do not lead to renal isehaemia, and, in 
addition, the kidneys usually become hypertrophied (Constantinides, 
1951 ; Gross and Meier, 1951 ; Pasley and Christian, 1971). 

The causes of the pathological effects of increased adrenocortical 
activity are as yet obscure. Some authors (Skelton, 1955; Anderson, 
1963) assume tha t  there is direct damage to the glomerular tufts caused 
by corticoid hormones ; but it seems more likely that  there is secondary 
deterioration of the renal vessels brought about  by the action of hor- 
mones on the mineral balance of the body, and thus upon blood pressure 
(see Zollinger, 1966). 

Influence o/Sympathet ic  Nervous System. The kidney has a very rich 
supply of vasoconstrictor fibres from the thoracolumbar region. Electrical 
stimulation of these sympathetic fibres produces, in all animals so far 
investigated (rat, rabbit, dog, cat), immediate renal ischaemia, which is 
primarily due to vasoconstriction of afferent arterioles a. After only a few 
seconds, the renal tubules become collapsed; the production of urine is 

3 Study and Shipley, 1950; Houck, 1951a; Block et al., 1952; Cort, 1953; Kubicek 
et at., 1953; Eichholtz et al., 1954. 
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at once restricted. However, it has not been experimentally possible to 
produce persistent renal ischaemia or anuria by continuous stimulation 
of renal nerve fibres (Block et al. ,  1952). 

Similar renal vasoconstriction can be produced by stimulating vaso- 
motor centers in the brain. Thus, Green and ttoff (1937) found in cats 
and monkeys that  kidney volume diminished during electrical stimulation 
of the cerebral cortex (sigmoid gyrus). In line with the data presented 
below, this indicates vasoconstriction in the kidney. In the dog, electrical 
stimulation of various areas in the brain-stem leads to pronounced re- 
striction of renal blood flow and urine production (Wise and Ganong, 
1960). Steinmetz and Kiley (1960) found that  patients with lesions in the 
frontal cortex area had acute renal failure, which they interpreted as a 
result of renal vasoconstriction. 

In  the present context, the results of Hoff et al. (1951) with cats are 
of particular interest: Electrical stimulation of narrowly defined areas in 
the sigmoid gyrus produces immediate ischaemia in the renal cortex. 
Experiments in which brief stimulation was given several times, over a 
period of several days or weeks, led to pathological changes in the 
kidneys, which correspond to " l o w e r  nephron nephrosis ". Kidneys with 
this condition resemble, in their histological appearance, the human 
" s h o c k  kidney", and many authors have therefore used this same term 
to describe them. 

A strong influence exerted on renal function by catecholamines 
released with any pronounced activation of the sympathetic nervous 
system was described by Unna as early as 1935, and has since been 
confirmed by many ther authors. Release of adrenaline restricts renal 
circulation in proportion to the dose, and there is a corresponding 
change in glomerular filtration and in urine production 4. 

The response of individual nephrons or their blood vessels to adrenaline ad- 
ministration is not uniform. Whereas circulation in some regions of the kidney 
returns to normal even with a continuous supply of adrenaline, other areas remain 
ischaemic for quite a long time after cessation of the administration of vasopressor 
substances (Moses, 1952; Epstein et al., 1970). Variation in the responsiveness of 
individual renal vessels could explain why individual, presumably functional, 
glomeruli can still be found in tree-shrews with kidneys showing widespread 
ischaemia. 

The volume (or weight) of kidneys decreases in proportion to the 
dose following injection with adrenaline (Shultz, 1970), and can thus be 
taken as an index of the filling stage of the kidneys (see also Collier and 
Swann, 1971). Therefore, the decrease in kidney weight observed in sub- 
ordinate tree-shrews could depend to some extent on renal vasocon- 
striction. 

4 Itouck, 1951b; Moses, 1952; Mills et al., 1953; Carpenter and Kunin, 1961; 
Ogle, 1968; Shultz, 1970; Epstein et al., 1970. 
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I t  would seem tha t  no experiments involving investigation of the 
effects of long-term administration of high doses of adrenaline on kidney 
function have yet  been conducted. However, in human beings with 
turnouts in the adrenal medulla (" phaeochromoeytoma "), varying degrees 
of disruption of renal function occur (uraemia, oliguria or anuria). The 
renal tubules are dilated, and in many  eases there is widespread necrosis 
in the renal medulla (Carpenter and Kunin, 1961 ; Zollinger, 1966). Such 
damage is interpreted as the result of restriction of renal blood flow by  
periodically or permanently raised adrenaline levels in the blood. 

Influence o/Stress/ul Situations. The results cited so far were almost 
exclusively derived from anaesthetised animals. They show that  activa- 
tion of the sympathetic nervous system can lead to impairment of renal 
function through renal nerves as well as through adrenaline. In  a wakeful 
state, as well, a decrease in renal blood flow occurs as par t  of the 
reactions of an organism against stressful stimuli. Thus in 1859, Bernard 
described oliguria in laboratory animals and man following pronounced 
pain or strong emotional responses. This finding has since been con- 
firmed by many  authors (summarised by Mason et al., 1968). However, 
it is not yet clear how far the effects on urine production and release 
were elicited by nervous and/or hormonal influences (adrenaline, vaso- 
pressin, etc.). In  man, Wolf et al. (1948) showed that  pain and psycho- 
logical stress are accompanied by acute renal vasoconstriction. Meehan 
(1960) determined the renal plasma flow of human subjects who had been 
induced to adopt  various emotional states (such as "happiness, fear and 
depression") under hypnosis. All these different kinds of emotion as well 
as exposure to cold or severe physical exertion, led to a reduction in 
renal eireulation--a particularly pronounced fall (by about  50% ) oeurr- 
ing with "depression". 

Conclusions. As has been shown by the findings presented above, 
ergotropic situations involving a rise in blood-pressure are particularly 
characterized by a decrease in renal blood flow. Thus, the kidney responds 
like the rest of the "splanchnic" viscera; its blood flow is preferentially 
shunted to skeletal muscle (Pickering, 1968; Forsyth and Harris, 1970; 
Collier and Swann, 1971). Accordingly, a typical picture of renal 
ischaemia can occur without loss of blood and with constant, or even 
increasing, blood-pressure. 

With regard to tree-shrews I am inclined to draw the following con- 
clusions from the above and from the results reported here : Confrontation 
with the victor leads in some tree-shrews to immediate and total renal 
failure. This can be explained as the result of sympathetic arousal. In  
contrast to the situation of artificial stimulation of the renal nerves (see 
p. 265), the renal circulation can apparently be reduced for a period of 
days in such cases. 
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I t  seems unlikely, however, that this sustained renal vasoconstriction is caused 
exclusively by the sympathetic nervous system. Possibly the primary decreased 
renal blood flow results in an increase of angiotensin level, which would maintain 
or even potentiate renal vascoconstriction. 

In  some subordinate tree-shrews, renal function is initially adequate 
to ensure excretion of toxic substances from the body. But  even in these 
animals, the urea-nitrogen content of the blood begins to rise after 
6-10 days of stress exposure, and death follows in a few days. This 
cannot be entirely explained (if at all) on the basis of high sympathetic 
nervous system activity. I t  indicates instead (additional ?) damaging 
alterations in the mineral balance or in metabolism, which only take 
effect after some period of stress. Increased adrenocortical activity, which 
has been demonstrated in tree-shrews, is particularly significant in this 
respect. I t  is also possible that  changes in blood pressure play an im- 
por tant  role (e.g. via the renin-angiotensin mechanism). For example, 
Henry  et al. 5 found in laboratory mice that  there was always a considerable 
rise in blood-pressure and the concomitant appearance of severe patho- 
logical changes in the kidneys when the animals were exposed to long 
periods of social confrontation. 

Thus, the origin of renal damage in subordinate tree-shrews is only 
understood to a limited extent;  but further investigations should provide 
answers to some of the questions raised. 

c) Indications of Renal Damage under Natural  Conditions 

Does impairment in renal function occur in free-living animals as 
well, and could this (perhaps in combination with other factors) provide 
an explanation for population crashes or for the death of subordinate 
animals ? As yet, the function and/or morphology of the kidneys has only 
been considered in very few investigations. Nevertheless, a number of 
findings suggest possible kidney damage brought about by social stress. 

Snowshoe Hare. The most comprehensive studies of physiological 
changes in natural  populations have been carried out by Green et al. with 
snowshoe hares (Lepus americanus).  The authors suggest that  the cause 
of population crashes is hypoglycaemic shock; but  various inconsistencies 
render this unlikely (see p. 263). Some of the data provided indicate, on 
the contrary, tha t  there is severe renal damage in the animals of 
collapsing populations. For example, the kidneys of roughly 60 % of the 
animals investigated showed advanced pathological changes (haemorr- 
hage, tubular degeneration, etc.). The nonprotein nitrogen content in the 
blood of dying hares (n~-21) had a mean value of 89.2 (57.4-156.8) 
mg/100 ml, whilst with 10 animals examined prior to emergence of 

5 Henry et al., 1967; Henry and Cassels, 1969; Henry and Stephens, 1969; Henry 
et al., 1971. 
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symptoms indicating impending death, the nonprotein nitrogen content 
was 49.8 (39.2-60.0) mg/100 ml. There was no investigation of control 
animals from normal (non-collapsing) populations; but  these results alone 
indicate uraemia, though this is not discussed by the authors themselves. 

Field Vole. In voles (Microtus), as well, indications of hypoglycaemia 
are not convincing (see p. 263). Chitty (1959) therefore rejected shock 
disease as cause of death. Animals from overcrowded populations 
exhibited anaemia and splenic hypertrophy (Dawson, 1956; Chitty, 1957). 
This led Chitty to the conclusion that  haemolytie anaemia was the cause 
of population crashes. This anaemia, however, could also be a consequence 
of renal insufficiency (see p. 253). The symptoms preceding death as 
described by Frank (1953), i.e. convulsion and paralysis, and the pro- 
nounced fall in skin temperature, were also explicable on this basis. 
Studies of the function or morphology of vole kidneys have yet  to be 
carried out. However, Andrews and Strohbehn (1971) found in males of 
the closely-related lemming (Lemmus trimucronatus) that  there was 
cardiac hypertrophy and histologically demonstrable renal damage at 
times of high population density. 

Laboratory Mouse. If male mice are exposed to the influence of daffy 
confrontations with rivals for a period of weeks, conspicuous renal da- 
mage results (Henry et al., see p. 267), though it is not severe enough to 
bring about the death of the animals. 

The kidneys of males kept in groups for weeks were significantly 
lighter (by about 10%) than those of isolated controls (Welch and 
Welch, 1969). 

The kidney weight of female mice which were housed for 6 weeks at 
high density and which exhibited no fighting behaviour was 12% 
(p < 0.001) below that  of controls (Deisz, 1972). 

Woodchuck and Silca Deer. Christian and his co-workers found pro- 
nounced kidney disease in woodchucks (Marmota monax) from over- 
crowded populations (Christian, 1964b) and in sika deer (Cervus nippon) 
from a collapsing population (Christian et al., 1960). The pathological 
changes corresponded to glomerulonephritis of such intensity that  in 
some animals it resulted in destruction of all glomeruli. The extent of 
renal disease was clearly correlated with population density; it was most 
pronounced in collapsing populations and ceased to appear after the 
number of individuals had been reduced. However, the authors did not 
regard renal disease as the factor responsible for the mass deaths. 

Man. An impressive example of severe renal disease under extreme 
stress is known from man under the name of "war  nephritis (Feld- 
nephritis)". This epidemic disease--which corresponds to glomerulo- 
nephritis--was first observed in the American Civil War, in which it 
claimed many victims. I t  was equally widespread in the First and 
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Second World Wars, but the mortal i ty rate was vast ly reduced by means 
of improved t reatment  techniques. Early investigators at tr ibuted such 
renal damage to infections germs, but this suggestion proved to be just 
as difficult to confirm as did various other hypotheses which were put  
forward: renal vasoconstriction through cold and dampness; poisoning 
by louse powder; damage to the brainstem (diencephalosis); allergically 
induced infections. Even today, the aetiology of war nephritis is com- 
pletely obscure, and there is a whole range of mutal ly opposed hypo- 
theses (Hoff, 1962; Brock, 1964; Zollinger, 1966; Doerr, 1970). 

Our findings with tree-shrews suggest another possibility: Vasocon- 
striction of the renal vessels brought about by severe nervous tension 
and possibly magnified by cold or other environmental influences. Sub- 
sequent and additional damage to the glomerular capillaries through 
readily available germs (e.g. streptococci) would be more than likely 
with reduced or arrested renal blood flow. 

The findings from natural  populations suggest that  social stress can 
lead to renal disease, though it is as yet unclear how far such renal 
damage can lead to malfunction of an organism or even death in the 
various animal species. The possibility seems to exist to date since renal 
function can be easily disrupted in all of the animals in- 
ves t iga ted--and in human beings as wel l - -by brief activation of the sym- 
pathetic nervous system. However, apart  from this study of tree-shrews, 
there are no further reports of long-term experimental studies on the 
influence exerted upon the kidney by social stress or by emotionally 
induced activation. Previous experiments have been exclusively concerned 
with renal damage provoked by toxic substances, crushing of muscles, 
ligation of renal vessels, etc. I t  would seem that  the participation of 
persistent emotional processes in the origin of renal damage has been 
generally neglected. This is surprising, since renal diseases--particularly 
those associated with elevated blood-pressure--have a prominent place 
among civilized ailments and are gradually increasing in frequency with- 
out any obvious cause having been established. 

I thank Mrs. M. Jaenicke for technical assistance, and Drs. R. ~Iartin and 
C. Walther for the English translation of this paper and for their valuable comments. 
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