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Summary. Electron microscopic examinations were carried out in the brains of cats with 
acute arterial hypertension produced by intermittent compression of the descending aorta. 

The ultrastructural changes included swelling of the astrocytic processes, dilatation of the 
endoplasmic reticulum, and slight enlargement of the extracellular space of the white matter. 
Swelling of the mitochondria with disruption of the cristae was sometimes observed. The 
extracellular space of the gray matter showed no expansion. 

The changes in the ultrastructure of the central nervous system in hypertensive and 
ischemic encephalopathy were found to be very similar. This finding is discussed with special 
regard to the pathogenesis of acute hypertensive encephalopathy. 

Zusammen/assung. Es wurden elektronenmikroskopische Untersuchungen am Gehirn yon 
Katzen bei akuter Hypertonie, die durch wechselnde Kompression der absteigenden Aorta 
erzeugt wurde, ausgeffihrt. 

Die ultrastrukturellen Ver~nderungen umfal3ten Schwellung der Astrocytenausl~ufer, 
Erweiterung des endoplasmatischen Reticulums, und geringe Erweiterung des Extracellnl~r- 
raumes des Gehirnmarks. Manchmal wurde auch Schwellung der Mitochondrien mit ZerstSrung 
der Cristae beobachtet. Der Extracellularraum der Gehirnrinde zeigte keine Erweiterung. 

Die Ver~nderungen in der Ultrastruktur des Zentralnervensystems werden im Hinblick 
anf die Pathogenese der hypertonisehen Encephalopathie diskutiert. 

K e y - W o r d s :  H y p e r t e n s i v e  e n c e p h a l o p a t h y - - I s c h e m i c - a n o x i c  eneephalopa-  
t h y - - E d e m a  a n o x i c - - E l e e t r o n  m i e r o s c o p y - - A s t r o c y t i c  swelling. 

OPPENHEI1VIEE and  FIS~BE~a in 1928 in t roduced  the  t e rm  "hype r t ens ive  ence- 
p h a l o p a t h y "  to descr ibe t he  func t iona l  and  his to logical  changes in the  b ra in  
assoc ia ted  wi th  a r te r ia l  hyper tens ion .  Pos t  m o r t e m  examina t ion  of  the  bra ins  of  
hyper t ens ive  pa t i en t s  and  resul t s  of  an ima l  exper imen t s  have  shown t h a t  the  
sever i ty  of  cl inical  man i fe s t a t ion  of  hype r t ens ion  is d i r ec t ly  r e l a t ed  to  an  a b n o r m a l  
increase of  wa te r  in t he  bra in  (OPPE~HEIME~ and  FISHBERG; ALAJOUA~I~E; 
TIIUREL). However ,  no genera l  ag reemen t  has  been reached  wi th  regard  to  the  
edema fo rma t ion  and  the  pa thogenes i s  of  hyper t ens ive  encepha lopa thy .  I n  the  
pas t ,  morphologica l  d i s t inc t ion  was made  be tween ex t race l lu la r  b ra in  edema and  
in t race l lu la r  b ra in  swelling, b u t  in l ight  of  modern  inves t iga t ions ,  such a dis t inc-  
t ion is no longer  va l id  (BAKAu and  L~E, 1965). I t  is, however ,  genera l ly  accep ted  
t h a t  cerebra l  edema var ies  a g rea t  dea l  as far  as t be  locat ion and  chemical  compo- 
s i t ion of  the  excess fluid is concerned.  I n  mos t  cerebra l  edemas  the  increase  
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b ra in  wate r  and  solutes is associa ted  wi th  an increase in the  pe rme a b i l i t y  of  the  
b lood-bra in  barr ier .  The  few d a t a  avai lab le  on bar r i e r  pe rme a b i l i t y  in hyper tens ive  
encepha lopa thy  r e su l t ed  in controvers ia l  conclusions. Some inves t iga tors  bel ieve 
t h a t  high ar te r ia l  pressure damages  the  vascu la r  wall  ; th is  resul ts  in the  exuda t ion  
of p l a sma  into the  sur rounding b ra in  t issue (MoYw~ et al., 1952; F~IGIN and 
POrOFF; HA~A). Others  m a i n t a i n  t h a t  the  muscular  l ayer  of  the  ar ter ioles  reac ts  to 
the  increased in t r a lumina l  pressure b y  const r ic t ion or spasm and  t h a t  hyper tens ive  
encepha]opa thy  is a consequence of  ischemia (BAYHss ; F L o ~ Y ;  FoG ; MEY~a et 
al. ; BY~OM; RODDA and  D w ~ Y - B R o w ~ ) .  Since l ight  microscopy  is i nadequa t e  to  
de tec t  the  subt le  changes in m e m b r a n e  pe rme a b i l i t y  and  t issue hydra t ion ,  and  
since the  pa thogenes is  of  hyper tens ive  eneepha lopa thy  cannot  be e luc ida ted  in the  
compl ica ted  chronic cases of  hyper tens ion ,  the  presen t  inves t iga t ions  were carr ied 
out  to s tudy  the  u l t r a s t r uc tu r a l  changes in the  b ra in  of  cats rendered  acu te ly  
hyper tens ive  and  to  corre la te  these changes wi th  a l t e ra t ions  poss ib ly  p r o m o t e d  b y  
ischemia.  

Mater ia l  and Methods 
Adult cats of 2.9--3.6 kg body weight were used. Under Nembutal anesthesia, tracheo- 

stomy was performed, and the animal was placed on artificial respirator. The respiratory rate 
was regulated at 14--16 per minute with an air pressure of 14--18 Hg mm. The right common 
carotid artery was exposed, and a cannula was inserted in the direction of heart. The blood 
pressure was continuously monitored by a Sanborn electro-manometer after the artery was 
ligated distal to the cannula. Acute hypertension was achieved through intermittent inter- 
ruptions of the blood flow by compressing the descending thoracic aorta as described by LEE 
and OLSZ:EWSKI. Upon opening the chest, a loop of suture silk was passed around the aorta close 
to the diaphragm. The two limbs of the loop were threaded through a glass tube. When these 
limbs were pulled, the aorta was drawn up by the loop firmly against the lower end of the tube, 
and thus, the blood flow was interrupted, This maneuver was carried out for 10--15 sec at 
5-min intervals. The duration of the experiments ranged from 11/e--3 hours. Toward the end 
of the experiment, perfusion-fixation with glutaraldehyde was carried out as described 
previously (LnE and :BAKAu 1965). The sections were stained with lead citrate and covered by 
carbon film. As our experiments were designed to produce acute arterial hypertension in the 
left hemisphere and isehemia in the right, the following tissues obtained from both sides were 
processed for studies with a JEM-T6S electron microscope: frontal cortex and white matter, 
head of caudate nucleus, thalamus, cerebellar cortex and white matter, and area postrema. 

Observations 

The average in i t ia l  a r te r ia l  pressure was 60/50 t t g  mm.  The systol ic  pressure  
rose to a m a x i m u m  of 200 H g  mm,  following the  compress ion of  the  aor ta ,  and  
r e tu rned  to normal  upon  release of  the  vessel. However ,  a f te r  a few repea ted  com- 
pressions,  the  res t ing pressure  became higher ;  i t  was usua l ly  m a i n t a i n e d  a t  a level  
of 100--125 JcIg m m  systol ic  pressure  (Fig. 1). 

100 

s0 

0 
Fig. 1. A sample of recorded blood pressure (Hg mm) of right carotid artery obtained before, 
during, and after compressing the descending thoracic aorta for 10--15 see at 5-min intervals 
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The gross appearance of the perfused brains was not remarkable. They were 
firm and pale with no overt sign of swelling. 

Ultrastructural changes were observed in both the hypertensive and the sup- 
posedly ischemic sides involving all selected areas. Surprisingly enough, the chan- 
ges were similar in the two hemispheres. The capillary wall appeared intact without 
any enlargement of the space between the endothelial cells. However, the pinocyto- 
tic activity seemed to be increased as evidenced by the formation of numerous 
large vesicles in the endothelial cytoplasm (Fig. 2). The basement membrane was 

Fig. 2. Caudate nucleus. The intercellular space (Is) between the endotheliM cells of a blood 
capillary is intact, but there are many large pinocytotic vesicles (V) inside the endothelial 
cells. The basement membrane (Bm) is slightly widened, and its electron density is reduced. 
The perivascular astroeytic processes (P) are swollen wi%h distended EI~; however, the inter- 

cellular space between the processes is not enlarged. L lumen of artery ( • 11,100) 

widened, and its electron density was reduced (Figs.2 and 3). The perivascular 
astrocytic processes were swollen to a varying degree, but  their endoplasmic reti- 
culum (Eta) was definitely distended (Figs.2 and 3). The plasma membrane of 
these processes was intact, and the intercellular space remained in the 150--200 ]k 
range. The swollen astrocytic processes with distended ER were also found in the 
neuropil and among the myelinated nerve fibers of the white matter (Fig. 4). In the 
neuropil of the thalamus or caudate nucleus, some dendrites were swollen (Fig. 5). 
Here the ER was also distended. Changes in mitochondria were sometimes seen; 

19" 
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these consisted of swelling and disruption of eristae (Fig. 6). The mitochondrial 
changes occurred predominantly in the myelinated axons and the oligodendroglial 
processes of the white mat ter  (Figs. 6 and 7). In  the white matter ,  slight enlarge- 
ment  of the intercellular space was observed (Figs. 3 and 6). This was never seen 
in the gray mat ter  (Figs. 2 and 4). The nerve cells did not show any abnormality. 

Discussion 
Both acute and chronic hypertension, with or without functional changes, was 

found to be associated with cerebral edema (ALAJOUA~I~]~ ; THUm~L). 1V[Ou et al. 

Fig. 3. Cerebellar white mat, teL The widened basement membrane (Bin) is in close contact with 
a hydrated astrocytic process (P). The EI~ is moderately distended and is pushed against the 
basement membrane. The intercellular space (Is) is slightly enlarged in the vicinity of myeli- 

hated fibers (M/). L lumen of capillary ( • 18,000) 

(1952) postulated tha t  hypertensive encephalopathy is caused by  a relative relaxa- 
tion of the muscle tone of the vascular wall in the presence of increased arterial 
pressure. The diminished vascular tone allows transmission of pressure to the capri- 
]ary bed with subsequent transudation of fluid into the surrounding brain tissue. 
F~IGI~ and POPOFF found PAS-positive material, similar to plasma constituents, 
in the perivascular space of hypertensive brains. I-IARA observed by  means of light 
and electron microscopy tha t  hypertensive cerebral edema is extracellular, result- 
ing from destruction of the vascular wall. These studies suggest tha t  the edematous 
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changes of hypertensive encephalopathy are due to exudation of plasma from the 
intravascular lumen into the extravascular space because of a breakdown of the 
blood-brain barrier or a gross destruction of the vascular wall. However, most of 
these observations were made in longstanding, chronic arterial hypertension that  
furnishes no information about the initial changes in tissue hydration. 

We found that  although the astrocytic processes are swollen, their limiting 
membrane is intact, and the intercel!ular space in the neuropil remains 150--200 A 
(Figs. 2 and 4). The appearance of the hydrated cytoplasm is clear. The capillaries 
do not change except for the numerical increase of pinocytotic vesicles. I t  appears 

Fig.4. Cerebellar cortex. A swollen astrocytic process (P) contains distended EI~. The inter- 
cellular space (Is) is not enlarged ( • 16,000) 

that  the swelling in the neuropil is intracellular rather than extracellular, at least 
at the early stages of acute hypertension. Slight enlargement of the intercellular 
space has been observed only in the white mat ter  (Figs. 3 and 6). The changes in 
hypertensive encephalopathy are comparable to, but  less pronounced than, those 
secondary to cold injury and electric coagulation (ToI~ACK et al. ; L~E and ]~AKAY, 
1966; BAKAY and L~n, 1966). The PAS-positive substances found in the perivascu- 
lar space (FnmIN and POrOFF) are not necessarily proof of extravasation of the 
blood plasma, since such substances are present in the cytoplasm of nol~nal glia 
cells (Lw~sD~).  Our observation that  the initial phase of the cerebral swelling in 
hypertension takes place in the astroeytes is suggestive of an increased perme- 
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ability of the blood-brain barrier and of the astrocytic plasmalemma to water and 
electrolytes, but  not necessarily to large molecules such as plasma proteins. 

I t  is interesting to note tha t  our findings show a similarity of ultrastructural 
changes between the ]eft cerebral hemisphere rendered hypertensive and the right 
hemisphere which is supposedly ischemic from the ligation of the right common 
carotid artery. It can be argued that the hypertensive side is also isehemic or that 
the ischemic side is actually hypertensive through collateral circulation. Since the 
circle of WILLIS is known to be a poor pressure equalizer in acute ischemia of one 

Fig.5. Thalamus. A swollen dendrite (D) is in synaptic relation with an axon terminal (A). 
Note distended ER in the dendrite. The intercellular space (Is) of the neuropil is not enlarged 

( • 21,700) 

hemisphere (DICKInSOn, 1961b), it is unlikely tha t  the relatively ischemie hemi- 
sphere on the side of the ]igated carotid artery would be supplied by  the same 
amount  of blood from the other side. I t  is much more likely tha t  the identical 
changes seen in both hemispheres are caused by  ischemia. 

Ischemia as a sequel to hypertensive encephalopathy has been reported by  
many  investigators. This could be explained by  the assumption tha t  the muscular 
layer of the arterioles reacts to increased intraluminal pressure by  contraction, 
although the Bayliss effect is still a mat te r  of controversy as far as the cerebral 
vasculature is concerned. Both F L o ~ u  and FoG observed tonic changes of the 
pial arteries in response to an increased arterial pressure. MEY]~R et al. demonstrated 
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a similar constriction of small cerebral arteries. According to BYno~, and RODDA 
and D~N~Y-B~ow~, the constriction may  be accompanied by  spasm. All these 
reports indicate tha t  the muscular contraction and subsequent narrowing of the 
vascular lumen with an increase of the peripheral resistance are common to most 
cases of hypertension. Based on the principles of physics, reduction of the arterial 
lumen to half of its normal diameter would diminish the volume of blood flow 
through the artery to ~/16 of its previous level (ConDaY et at.). Therefore, even the 
slight constriction of the vascular wall of hypertensive patients would significantly 

Fig. 6. Cerebellar white matter. A swollen mitochondrion (M) with disrupted cristae is located 
inside a myelinated axon (M]). The intercellular space (Is) is moderate]y enlarged ( X 30,800) 

reduce the volume of blood flow to the brain tissue and result in cerebral ischemia. 
That  hypertension, in itself, is related to the production of cerebral ischemia has 
been emphasized by  R o N ~ o v - J ~ s s ~ ,  and MARSHALL, Furthermore, R~INMUT~ 
and ED~g~DO measured the cerebral blood flow of relatively young patients with 
hypertension and infarction of brain and observed a 50% reduction. A higher rate 
of reduction was expected in older patients. DICKINSON (1961a) found tha t  the 
decrease of blood flow through the medullary vessels was proportionate to the 
degree of hypertension. The relationship between arterial hypertension, reduction 
of blood flow, and cerebral ischemia seems, therefore, to be well estabished. Our 
observation of similar ultrastruetural  changes suggest a correlation between 
arterial hypertension and cerebral ischemia, although the exact degree of vascular 
constriction and ischemia in the two hemispheres could not be ascertained on 
account of the unavoidable perfusion-fixation procedure. 
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With regard to the effect of ischemia, it is uncertain whether or not anoxia is 
solely responsible for the edematous changes. Although it is possible that  histologi- 
cal changes of hypertensive eneephalopathy are the result of ischemic anoxia, final 
conclusions cannot be reached until the relative importance of anoxia, hyper- 
capnia, and other concomitant changes is properly evaluated at the electron micro- 
scopic level. Our present findings suggest tha t  anoxic edema of the type seen in 
hypertensive encephalopathy can be induced only by the combination of oxygen 
deprivation and C02 accumulation. 

Fig. 7. Cerebellar white matter. A swollen mitoehondrion (M) with disrupted eristae is seen in 
an oligodendroglial process. M] myelin sheath ( X 35,000) 

In our experiments, swollen mitoehondria were found with disruption of the 
cristae (Figs. 6 and 7). This may indicate changes in the oxidative enzyme system. 
Mitochondrial abnormalities have been observed in ischemie-anoxic encephalo- 
pathy (BECKER), in conjunction with a decrease in the oxygen and glucose uptake 
and loss of some oxidative enzymes (MAcDo~cALD and SP~c~o~; ATKINSON). I t  is, 
therefore, interesting to note that  a reduction of glucose utilization and oxygen 
uptake has also been found in patients with hypertensive encephalopathy (R~IN- 
~ V T ~  et al. ; ~ o Y ~  et al., 1953). I t  seems that  in this respect, a similarity exists 
between isehemic-anoxic encephalopathy and hypertensive encephalopathy. 
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