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Effects o f  Angiotensin II on Central Neurons  1 
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WAYNER, M. J., T. ONO AND D. NOLLEY. Effects of  angiotensin H on central neurons. PHARMAC. BIOCHEM. 
BEHAV. 1 (6) 679 691, 1973.-Effects of angiotensin 11 adminstered intravenously and by means of electrophoresis 
through multibarrel micropipette electrodes on the frequency of extracellularly recorded action potentials of brain cells 
were determined. A total of 293 neurons in seven different parts of the brains of male and female hooded rats anesthetized 
with urethan or a mixture of urethan and chloralose were tested. Results indicate that angiotensin affects many different 
cells within the lateral hypothalmus, zona incerta, ventromedial and dorsomedial hypothalamic nuclei, dentate gyrus and 
thalamus. The cells of the LH and zona incerta are the most sensitive to angiotensin and two types of lateral hypothalamic 
neurons were found which were affected differently by angiotensin and stimulation of the basolateral amygdaloid nucleus. 
Some of the Na sensitive neurons, all of which were sensitive to angiotensin, displayed a very pronounced potentiation of 
discharge frequency when angiotensin and Na were administered simultaneously. Angiotensin II might therefore influence 
drinking because of a relatively low threshold effect on hypothalamic neurons. 

Angiotensin 11 Drinking Hypothalamus Zona incerta Thalamus Dorsomedial hypothalamic nucleus 
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A N G I O T E N S I N  appears  to be involved in b o d y  fluid regu- 
la : ion  by  s t imula t ing  the  release o f  a ldos t e rone  and 
an t id iu re t i c  h o r m o n e  [8] and  a possible  direct  ac t ion  on  
h y p o t h a l a m i c  neu ro ns  impl ica ted  in the  con t ro l  of  d r ink ing  
[7 ] .  The  results  which  indicate  tha t  the p reop t ic  region,  
an te r io r  h y p o t h a l a m u s ,  lateral h y p o t h a l a m u s ,  and sep tum 
are d i f fe ren t ia l ly  sensi t ive to  ang io tens in  seem to be 
c o n f o u n d e d  by the  p robab le  spread of  the  admin i s t e red  
fluid a long the  shaf t  of  the indwel l ing ch ron ic  cannu lae  in to  
the ventr ic les  wi th  possible ac t ion  at some o t h e r  t issue sites 
[ 13 ,20] .  Since there  is no evidence  tha t  ang io tens in  crosses 
the  b lood  bra in  barr ier  [17]  and in t r aven t r i cu la r  adminis -  
t r a t ion  elicits d r ink ing  [ 6 ] ,  an indirect  route  to cent ra l  
neu rons  via the  choro id  plexuses,  ce rebrosp ina l  fluid and 
ventr icles  par t icular ly  in to  the  walls of  the  th i rd  ventr ic le  
[23]  seems very likely. In add i t ion ,  b o t h  ang io tens in  and 
ca rbacho l  when  injected in to  the  mid l ine  region of  the  rat  
bra in  p roduce  d r ink ing  [21 ]. These data  cast serious d o u b t s  
o n  t h e  alleged func t iona l  s ignif icance o f  the  renin-  
ang io tens in  sys tem in the  e l ic i ta t ion  of  d r ink ing  and raise 
the  i m p o r t a n t  ques t ion  of specif ic  sensi t iv i ty  of cen t ra l  
neu rons  to angio tens in .  Three  br ie f  repor t s  have appeared  
recent ly  in which  the sensi t ivi ty  of  h y p o t h a l a m i c  neu rons  
to ang io tens in  was d e t e r m i n e d  by  more  direct  means  [16,  
19, 24 ] .  The purpose  of  the  present  s tudy  was to examine  
in greater  detai l  the  effects  of  valine s -ang io tens in  II on  the  
discharge f r equency  of  h y p o t h a l a m i c  and  o t h e r  cent ra l  

neu rons  of  the  rat when  appl ied in t r avenous ly  and by  
means  of  microe lec t rophores i s .  Results  indica te  tha t  angio- 
tensin af fec ts  m a n y  d i f fe ren t  cells wi th in  the  lateral 
h y p o t h a l a m u s  (LH),  zona incer ta ,  ven t romed ia l  and dorso-  
medial  h y p o t h a l a m i c  nuclei ,  d en t a t e  gyrus and tha lamus .  
The cells of  the LH and zona incer ta  are the  mos t  sensi t ive 
to ang io tens in  and two types  of LH neurons  were found  
which were affected d i f fe ren t ly  by  angio tens in  and baso- 
lateral amygdala  s t imula t ion .  Some of  the Na sensit ive 
neu rons ,  all of  which  were sensi t ive to  ang io tens in ,  
d isplayed a very p r o n o u n c e d  p o t e n t i a t i o n  of  discharge 
f requency  when  angio tens in  and Na were admin i s t e red  
s imul taneous ly .  Angio tens in  might  inf luence  d r ink ing  
because  of  a specific effect  on some ionic mechan i sm in Na 
sensi t ive h y p o t h a l a m i c  neurons .  

METHOD 

Animals 

Expe r imen t s  were pe r fo rmed  on male and  female  
hooded  rats, 2 4 5 - 2 9 0  g in weight ,  selected f rom our  
colony.  

Procedures 

In the  e x p e r i m e n t s  e m p l o y i n g  in t r avenous  adminis-  
t r a t ion  t echn iques ,  animals  were anes the t i zed  wi th  
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50 ing/kg of  urethan.  When e lec t rophorec t ic  eject ion of  
angiotensin II and Na was used, animals were anes the t ized  
with a mixture  of chloralose,  5 0 m g / k g ,  and ure than,  
0.5 g/kg, adminis tered intraper i toneal ly .  Subsequent  main- 
tenance doses of chloralose,  10 20 mg/kg, and urethan,  
0.1 0.2 g/kg, were injected when necessary. The intra- 
venous doses of angiotensin 11, CIBA HYPERTENSIN,  were 
adminis tered as a single injection of 5 ug in 0.05 ,nl of 
distilled water at the rate of  0.54 ml/min.  The dose was 
calculated from the earlier work of others  [q ] .  The Na(?l 
solut ion was adminis tered in the same way, a s tandard 
volume of  0.05 ml of  15~7, Na('l. 

The coordimttes  of  recording and s t imulat ing sites were 
taken from the de ( ; root  atlas I111. Three barrel re- 
c o r d i n g  e lect rode arrays were inserted into the I,H 
according to the following coordinates :  A 5 . 8 ,  L 1.9. 
H • 2.9, with 1 0 - 1 5 '  f rom the vertical line. Briefly. three 
barrel glass capillary microelec t rode  arrays were used. 
Extracellular single unit discharges were recorded through 
one barrel filled with 4 M/I NaCI, resistance varied from 
5 25 M,~z. Action potent ia ls  were antplified, moni to red  
visually, s tored on magnetic tape,  and analyzed by conven- 
tional means. The o ther  two barrels were filled with 
angiotensin II, CIBA 835;-. valineS-angiotensin 11 anti 17q¢ 
a m m o n i u m  acetate ,  1 2 - 6 0  mg/ml m distilled water  with a 
final pll  of  5.0: and monosod ium- l -g lu t ama te ,  2 M/l, pll  of 
8.0 (NaOIl).  Both substances were ejected in the vicinity of 
the tip mainly by outward currents  supplied by a constant  
current source [251. The resistances of  these two barrels 
varied from 5---80 M,~z. The overall tip d iameter  of  the three 
barreled array varied form 3 6/~. Possible direct  electrical 
effects  of the microe lec t rophore t ic  currents  were ewduated 
on the basis of  previously published criteria 151 and 
unreliable data were discarded. Tests pe r fo rmed  with 
ammon ium  acetate alone in distilled water were negative 
and indicate that the effects  repor led  here can be a t r r ibuted 
to the angiotensin.  

Bipolar concentr ic  s t imulat ing e lec t rodes  were placed in 
the lateral part of  the basolateral amygdaloid nucleus 
(ABL~ according to the following coordinates :  A 4.6, [, 4.8, 
H 3.6. The outer  pole was made of 25 gauge, 0.4 mm 
O.D., stainless sleel tubing insulated with varnish and the 
inner e lect rode was made of enamel coated stainless steel 
wire. l i p  separat ion was 0.2-  0.4 mm and the I)C resistance 
was 20 60 k~z. Rectangular s t imulat ing pulses 0 . 0 5 - 0 . 4  
m A, 0.01 or 0.1 msec durat ion were delivered 
through a st imulus isolation unit.  The inner e lec t rode  was 
negative. In general the remainder  of  the procedures  were as 
described previously ] 26] .  

The final e lect rode tip posi t ion within the brain for each 
exper iment  was de termined  by perfusmg the animal wilh 
the e lect rode shaft in place. After  f ixat ion the e lec t rode  
was removed and the brain was sect ioned at 40 ~, stained 
with cresyl violet, anti examined by means of a dissecting 
microscope.  

RESU L'I'S 

E/ f  cots o f  Intravenous A dmznistration of  ,,lngiotensin 11 
and :\:a('l 

The data on 79 cells from 7 di f ferent  brain sites are 
summarized in "Fable 1. The data on these 7q cells were 
selected from a total of  326 cells and represent  clear and 
reliable results. As repor ted  previously [24 ] ,  two different  

types  of  net, ron were found in the [,tt; those def ini te ly  
within the medial forebrain bundle  (LII-MFB), and ano the r  
variety located about  0.5 mm more ventral and more  
medial (LH) from the center  o f  the LII. The di f ferences  
be tween these two types  of cell will be described in more 
detail when the data obta ined by the e lec t rophore t ic  appli- 
cation of  angiotensin is discussed. In general the I,H cells 
have relatively low spon taneous  discharge frequencies  at the 
time they are encoun te red  and for this reason are usually 
difficult  to locate. The range in discharge f requency for the 
11 [,It cells in Table 1 is 0. 25 per sec with a mean of  3.1 
per sec and a s tandard deviation of  3/9 per sec. Of the 11 
tested with angiotensin,  3 increased (I} and 5 decreased (DI 
in discharge rate and 3 were not affected (NE). The increase 
in one cell is illustrated in Fig. 1 where the discharge fre- 
quency  in spikes per sec is p lo t ted  as a funct ion of  linte. 
The intraveneous adminis t ra t ion of  angiotensin and ringer's 
solut ion is indicated by the downward  vertical arrows. The 
increase duc to angiotensin is obvious.  A cell which 
decreased in discharge f requency in response to angiotensin 
is illustrated in Fig. 2. Both cells were affected in the same 
way by the intravenous adminis t ra t ion of 0.05 ml of  I55; 
NaCI, not illt, s trated.  Of the 3 LH cells which increased. 2 
were tested with Na and increased. Three of  the 5 Ltl cells 
which decreased were tested with Na and they decreased.  
One of  the 3 1,II cells which was not affected by angio- 
tensin was tested with Na and was tlot affected.  

TABI.E I 

A SUMMARY ()F "1111C 1"~ I: I" l'i( ' l'.'q OI. 1N 1" 1~, A V I- N (_) U.":, 
• '~Nf;I()I'I'~NSIN II AND Na ()N IHI" NI'I'RONS O1" SEVI'~N 

I'III.'t.I'IRI,INT BRAIN SI'I'ES 

S i t e  

ANiHO'II',NS1N I1 Na 

N 1 1) NI( N 1 1) NI( 

l t l  1 I 3 5 3 2:'3 2 

3/5 3 

1.'3 I 

IA4-MI:B 20 9 ~} 11 9/20 9 

I I / 2 0  I 1 

Zona lncerta 16 6 4 6 4/6 4 

1,"4 1 

6/6 6 

VMII l0 3 It 7 1;'3 I 

2/7 2 

DMII 7 4 0 3 1:'4 1 

I/3 1 

Thalamus 6 2 I~ 4 3/4 2 1 

Den tale (;yrus 9 4 2 3 I/4 l 

I/2 1 
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FIG. 1. An X-Y plot of the discharge frequency of an LH neuron illustrating the effects of intravenous administration of 5/~g of angiotensin 
and an equal volume of ringers solution. Downward arrows indicate the beginning of the infusions. Angiotensin increased the discharge 

frequency. 
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FIG. 2. An X-Y plot of the discharge frequency of an LH neuron illustrating a decrease in frequency produced by intravenous administration 
of 5 gg angiotensin applied at each downward pointing arrow. 
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FIG. 3. An X-Y plot of the discharge frequency in an LIt-MI.'B neuron illustrating the increase due to intravenous administration of 5 ug of 
angiotensin and then the potentiation produced by the intravenous administration of an equal fluid volume of 2.5 gg of angiotensin plus 

I).025 ml of 156; NaCI. Downward arrows indicate when the infusion pump was turned on. 

Several o f  the LH and LIt-MFB cells which respond to 
bo th  angiotensin and Na alone displayed a large multipli-  
ca:ive increase in discharge f requency  in response to mixing 
bo th  solut ions in a single adminis t ra t ion .  The effect  is illus- 
t rated in the 2 LH-MFB cells of Figs. 3 and 4. in the 
combined  t rea tment  only half  of  each previously adminis-  
tered dose was mixed toge ther  and consequen t ly  the 
volume injected remained the same as for a single adminis-  
t rat ion.  An obvious pos texc i t a to ry  depress ion was observed 
in some neurons.  The magni tude  of  the changes are also 
di f ferent  for the two cells. 

Twenty  LII-MFB cells were tested with angiotensin  and 
9 increased in f requency ,  none  decreased,  and I I were not  

af fected.  These data are summarized  in Table 1. The 9 cells 
which increased were also increased by Na and the o ther  1 1 
were also not  af fec ted  by Na. In the zona incerta 16 cells 
were examined and 6 increased in response to angiotensin,  
4 decreased,  and 6 were not  af fec ted .  Four  of  those which 
increased were tested with Na and all 4 increased. One of  
the 4 which decreased also decreased when tested with Na. 
The six cells which were not af fec ted  by angiotensin were 
also not  af fec ted  by Na. In the ventromedia l  hypotha lamic  
nucleus (VMH) 10 cells were tested with angiotensin,  3 
increased, none  decreased,  and 7 were not  af fected.  Of the 
3 which increased,  one also increased in response to Na. 
Similar results were obta ined in the dorsomedia l  hypo-  



682 W A Y N E R ,  O N ( )  A N D  N O L I . E Y  

r- 

z 
O 
%9 

un. 

~n 
u~ 

x 

150- 

125- 

100. 

75- 

50- 

ANGIOTENSIN ANGIOTENSIN 2.5 /ag 
5#g +NaCI 0.025ml 

25- 

0- 
! I 1 I 

I'1(;. 4. Similar Io t:ig. 3 except a different LH-MH~ neurc, n. 

5 MIN 

"FABLE 2 

A SUMMARY OI. THE EFFEf 'TS Ol. ANGIOTENSIN 11 AND Na EJI.ICTEI) I.II.I.X'TRO- 
PHORETICAI.LY ON THE NEURONS OF FIVE DII"H'~RENT BI,IAIN SITES 

ANGIOTENSIN I1 Na 

Site N 1 1) NI-2 N I I) NI( N 

ABI, 

I 1) N 1"i 

I.H 17 0 9 8 2 / 9  I) 1 I 7 / 9  7 (I 11 

1/I (I)1 1 (I 0 

LH-MFB 34 21 I) 13 14,"21 3 () 11 3/3 

4:'11 

11/13 ~1 {I I1 

Zona Incerta 38 24 2 12 19/24 4 I) 15 4/4 

1/12 

2/2 0 1 1 

9!12 o 0 9 

Thalamus 11)2 28 7 67 22/28 0 0 22 11/18 

8/67 (I (1 8 I.,'67 

7/7 0 0 7 

Cortex 23 0 I 22 6/22 (I (I 6 

() 3 1) 

I1 3 I 

I) 3 1 

0 0 1 

2 1 8 

(I 0 

t h a l a m i c  n u c l e u s  (DMII ) .  In 6 t h a l a m i c  cells s t u d i e d ,  2 
i n c r e a s e d ,  n o n e  d e c r e a s e d  and  4 were  n o t  a f f e c t e d  by  ang io -  
t en s in .  T h r e e  o f  t h e  4 cells w h i c h  we re  n o t  a f f e c t e d  b y  
a n g i o t e n s i n  we re  t e s t ed  w i t h  Na and  2 d e c r e a s e d  a n d  o n e  
was  no t  a f f e c t e d .  In t h e  d e n t a t e  g y r u s  9 cells were  t e s t ed  
w i th  a n g i o t e n s i n ,  4 i n c r e a s e d .  2 d e c r e a s e d ,  and  3 were  n o t  
a f f e c t e d .  O n e  o f  t h e  4 w h i c h  i n c r e a s e d  was  t e s t e d  w i t h  Na 
a n d  it d e c r e a s e d .  O n e  o f  t he  2 w h i c h  d e c r e a s e d  was  t e s t e d  
w i t h  Na a n d  it d e c r e a s e d .  In gene ra l ,  cel ls  o f  t h e  L H - M F B  
a p p e a r  to r e s p o n d  to  b o t h  a n g i o t e n s i n  a n d  Na b y  i n c r e a s i n g  

d i s c h a r g e  f r e q u e n c y ;  w h e r e a s  the  Li l ,  z o n a  i n c e r t a ,  and  
d e n t a t e  g y r u s  a re  p o p u l a t e d  by  cells o f  a p p r o x i m a t e l y  eq u a l  
n u m b e r s  w h i c h  i nc r ea se ,  d e c r e a s e ,  o r  a p p e a r  to be  n o t  
a f f e c t e d .  O u t  o f  a to ta l  o f  36 cells  t e s t e d  in t he se  t h r e e  
s i tes ,  13 i n c r e a s e d ,  11 d e c r e a s e d  and  12 were  n o t  a f f e c t e d  
by  t he  a n g i o t e n s i n .  (?ells o f  t he  L I I - M F B ,  VMII ,  DMH an d  
t h a l a m u s  e i t h e r  i n c r e a s e d  o r  were  n o t  a f f e c t e d .  O f  t h e  43  
cells t e s t ed  in t h e s e  f o u r  s i tes ,  18 i n c r e a s e d ,  n o n e  d e c r e a s e d ,  
and  25 were  n o t  a f f e c t e d  by  a n g i o t e n s i n .  All o f  t he  cells  o f  
t he  L[I ,  L H - M F B  and  zona  i nce r t a  w h i c h  were  r e s p o n s i v e  to 
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angiotensin responded in the same way to Na. 
The la tency,  durat ion,  and after effects  are relatively 

unreliable and also compl ica ted  by tachyphylaxis .  These 
effects will be discussed in greater detail in the next  section. 

L~fects of" Electrophoretic Application o~ Angiotensin 11 
and Na 

Data were obtained on 214 neurons in 32 female hooded  
rats, 245--290 g. The results are summarized in Table 2. 
Cells of  five different  brain sites were studied and the 
number  of  cells, N, for each site is included in the table. 
The existence of two different  types of  LH neuron was 
confi rmed.  Of  the 17 L/! cells studied,  9 decreased (D), 
none increased (!), and 8 were not  affected (NE) by the 
ejected angiotensin. Of the 9 which decreased, 2 were 
tested with Na and in one the discharge frequency decreas- 
ed (D) and the o ther  was not  affected.  These cells of  
the lower LII have a relatively low spontaneous  discharge 
frt;quency which make them difficult  to locate;  a range of  
0--22 spikes per sec with a mean discharge f requency of  4.8 
spikes/see and a standard error of  0.94 spikes/sec. Searching 
was facilitated by the e lec t rophore t ic  appl icat ion of  
glutamate through one of  the capillaries. The effects of  
ght tamate and angiotensin on one of  these neurons are illus- 
trotted in Figs. 5 and 6. This cell had a spontaneous  
discharge f requency of  about  one every 3 sec, as indicated 
in Fig. 5, which was def ini te ly  increased by the eject ion of  
glutamate which cont inued from the vertical arrow until 
th,~ end of  the four th  tracing. The inhibi tory effects of 
angiotensin ejected by currents of  2. 5 and 20 nA are also 
illustrated. The durat ion of  the angiotensin applicat ion is 
indicated by the horizontal  line. The exper iment  was 
repeated on the same cell for eject ion currents of  2, 5, 15 
and 4 0 h A ,  indicated by the hor izontal  lines, and an X-Y 
plot of  similar data on subsequent  tests on the same cell is 

presented in Fig. 6. Since three barrel electrodes were used 
and one capillary was filled with glutamate ,  it was impossible 
to test any one cell with both angiotensin and Na. The two 
cells tested for Na therefore  did not  have enhanced 
discharge frequencies due to glutamate.  Seven of  the 9 cells 
which decreased in discharge f requency increased during 
electrical s t imulat ion of  the basolateral amygdala nucleus 
(ABL) as indicated in Table 2 and illustrated in Fig. 7. The 
LH neuron in Fig. 7 decreased during angiotensin appli- 
cation by an eject ion current of  100 nA and later increased 
in discharge f requency during ABL electrical s t imulat ion.  
The one cell which decreased during both  angiotensin and 
Na ejection also increased when the ABL was st imulated.  

Thir ty-four  LH-MFB neurons were tested. Twenty-one  
increased, none decreased, and 13 were not  affected by 
angiotensin. The effects of  10, 20 and 100 nA current 
applied through the angiotensin filled capillary on one cell 
are illustrated in Figs. 8 and 9. A dose related increase is 
obvious. A dose related af tereffect  is also apparent .  As 
many of  these cells had a relatively high spontaneous 
discharge rate as compared to the lower LH, mean of  cL0 
spikes per sec with a standard error  of  1.4 spikes per sec, 
glutamate facil i tat ion was not necessary and 14 out  of  21 
cells which increased were tested with Na. The effects of  
angiotensin on an LH-MFB neuron with a relatively high 
spontaneous  dishcarge rate is illustrated in Fig. 10. Three of  
these cells were increased by Na and 11 were not  affected.  
Of  the 13 not affected by angiotensin,  the 11 which were 
tested were not affected by Na. Three of  these cells which 
increased following applicat ion o f  angiotensin and then Na 
d e c r e a s e d  in discharge f requency during basolateral 
amygdala s t imulat ion.  The increase in discharge f requency 
in an LH-MFB neuron due to angiotensin administered by 
an eject ion current  o f  I00 nA and a later decrease due to 
basolateral amygdala electrical s t imulat ion is illustrated in 
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FIG. 5. A neuron of the lower LH. Spontaneous discharges increased by the electrophoretic application of glutamate, from the downward 
pointing arrow until the end of the fourth tracing, and decreased by ejection of 2, 5, and 20 nA of angiotensin as indicated by the horizontal 

solid lines. 
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FIG. 6. 
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.An X-Y plot of a lower Lll neuron illustrating a decrease in discharge freqt, ency due to the electrophorctic ejection or angiotensin b)' 
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Fi(;.8. A neuron of the LH-MFB region which increased in discharge rate during theeec tmnofangio tens inb)  111.20. and 1OOnA. 

Fig. 11. Four of  the 11 cells which were not affected by 
ei ther  t r ea tmen t  were tested with ABL st imulat ion,  3 
decreased in discharge f requency and the o ther  was not 
affected.  

In the zona incerta 38 neurons were tested.  Of these 24 
increased, 2 decreased and 12 were not affected.  The mean 
spon taneous  discharge rate was 11.7 spikes per sec with a 
s tandard error of 2.1 spikes per sec. Of the 24 which were 
excited by angiotensin,  4 increased in f requency due to Na, 
and 15 were not  af fected.  Of the 2 which decreased during 
angiotensin appl icat ion,  one also decreased due to Na. Nine 
of the 12 cells not affected by angiotensin were also tested 
by Na and were not affected.  The neurons  of  the LH, 
LH-MFB, and zona incerta have a low threshold  to angio- 
tensin with a required eject ion current  usually less than 

2 0 n A .  The Na sensitive effects  had a higher threshold in 
general and required eject ion currents  of  approximate ly  
100nA.  Three of  the 4 zona incerta neurons  which 
increased in response to angiotensin and Na were inhibi ted 
by ABL st imulat ion.  In this respect ,  zona incerta neurons  
appear  to be more similar to the cells o f  the LII-MFB than 
those of  the more  ventral and medial LH. 

A relatively large number  of  the thalamic cells were 
tested because all of the neurons studied were located along 
essentially tile same electrode tract which resulted from an 
a t t cmpl  to place each e lect rode tip in the same prede- 
termined site. Of the 102 cells tes ted.  28 increased, 7 
decreased in discharge f requency ,  and 67 were not affected.  
All of these neurons displayed high thresholds  and required 
more  than 5 0 n A  of eject ion current  to produce  an obser- 
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FIG. 9. An X-Y plot of additional data collected on the same neuron in Fig. 8 illustrating a dose related increase in discharge frequency. 
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t.IG. 10. Same as Fig. 9 except for different LtI-MFB cell, one with a higher spontaneous discharge rate. 
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HG. 11. An X-Y plot of an I.H-MFB neuron illustrating an increase in discharge frequency due to the electrophoretic ejection of angiotensin 
by IO0nA and a decrease in frequency by electrical stimulation of the basolateral amygdala nucleus (ABL). 

vable increase in f r equency .  The effects  were never  as 
p r o n o u n c e d  as in the  h y p o t h a l a m u s  as i l lus t ra ted in Fig. 12 
where  ang io tens in  was admin i s t e r ed  by  an e jec t ion  cu r ren t  
of  100 nA. Also the  s i m u l t aneous  app l ica t ion  of Na by  an 
e jec t ion  cu r ren t  of  100 nA p roduced  very l i t t le  add i t iona l  
e n h a n c e m e n t  in discharge f requency .  T w e n t y - t w o  of  the  28 
tha lamic  neu rons  which  were increased by ang io tens in  were 
tes ted wi th  Na and were not  a f fec ted .  The  7 which  
decreased were also tes ted wi th  Na and were no t  a f fec ted .  

In the  cerebral  cor tex  23 cells were tes ted wi th  anglo-  
r e , s in ,  one  decreased in discharge f r equency  and 22 were 
noT. affected.  The  decrease in discharge f r equency  by  the  
one cell required an e jec t ion  cu r ren t  of  over  200 nA. Six 
celts were tes ted  wi th  Na and were not  a f fec ted .  

A Comparison o f  the Effects o f  Angiotensin II Admin- 
istered Intravenously and Electrophorectically on the Same 
Neurons 

Because of  the  possibi l i ty tha t  the  change in discharge 
f r equency  dur ing  the  e l ec t rophore t i c  app l ica t ion  of  angio- 
t ens in  might  be due to some inexpl icable  ef fec t  of  the  
e jec t ion  cur ren t ,  b o t h  in t r avenous  and e l ec t rophore t i c  
admin i s t r a t i on  of  angio tens in  were s tudied  in the  same 
cells. The  effects  on a typical  LH-MFB n e u r o n  are illus- 
t ra ted  in Fig. 13 where  the  usual i n t r avenous  dose of  5 p g  
of ang io tens in  was fol lowed by the  e l ec t rophore f i c  appli-  
ca t ion  of  ang io tens in  wi th  e jec t ion  cur ren t s  of  1 0 0 h A .  
Similar results  are presen ted  for  a typical  LH low sport- 
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FIG. 12. An X-Y plot of the discharge frequency ota  thalamic neuron during electrophoretic angiotensin ejection and combined angiotensin 
and Na application. 
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HG. 13. An X-Y plot of an LH-MFB neuron illustrating an increase in discharge frequency due to an intravenous injection t)t" 5 tag o! 
angiotensin and increases due to two applic:~tions of angiotensin by electrophoretic ejection currents of 100 nA. 
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FIG 14. An X-Y plot of a lower LH neuron illustrating a decrease in spontaneous discharge frequency lenhanced by the continuous 
electrophoretic application of glutamate) due to the intravenous administration of 5 jJg of angiotensin and decrease~ during the ejection of 

angiotensin by electrophoretic currents of 50 and 100 hA. 

taneously active neuron,  in which the discharge rate is being 
enhanced by the con t inuous  e lec t rophore t ic  appl icat ion of 
glutamate,  in Fig. 14. Al though it is diff icult  to measure 
latencies in low f requency spontaneous ly  active cells when 
the exper imenta l  t rea tment  involves intravenous adminis- 
t rat ion,  the time required to reach a peak or max imum 
effect  is def ini te ly  much longer for the in t ravenous adminis- 
t rat ion of  angiotensin.  The maximum effect  is a t ta ined 
almost  immedia te ly  when applied e lec t rophoret ica l ly .  The 
mean latency for cells in the LH, LH-MFB, and zona incerta 
is 1.7 sec with a range of  0 . 4 - 7  sec. The after effect  has an 
average durat ion of  1.8 sec. As the same dose was adminis- 

tered intravenously in all animals, there is considerable 
inherent  variation in both  the latency and dura t ion  of  the 
effect  as can be seen by an examina t ion  of Figs. 13 and 14. 
In general there seems to be a positive correlat ion be tween  
tile data obta ined with intravenous and e lec t rophore t ic  
adminis t ra t ion  of  angiotensin.  Results on 9 cells tested with 
both  me thods  is summarized in Table 3. Al though the elec- 
t rophore t ic  eject ion current  varied from cell to cell. each cell 
was tested with an intravenous injection of  5 ug of angio- 
tensin. Cells which were not responsive to the elec- 
t rophore t ic  appl icat ion of  angiotensin were not tested with 
intravenous adminis t ra t ion  of angiotensin.  Of the 6 cells 
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TABLE 3 

A C O M P A R I S O N  Ok" E L E C T R O P H O R E T I C A L L Y  A N D  I N T R A -  
V E N O U S L Y  A D M I N I S T E R E D  A N G I O T E N S I N  ON T H E  S A M E  

N E U R O N S  

Cell 

Et.ECTROPHORESIS INTRAVENOUS 

I D N E  1 D NE 

X 

X X 

X X 

X X 

which increased during electrophoretic application of angio- 
tensin, 2 increased, 3 were not affected and one decreased 
when tested intravenously. The 3 cells which decreased 
during electrophoretic application of angiotensin also 
decreased when angiotensin was administered intra- 
venously. Although these data are somewhat tenuous, they 
do support the notion that the electrophoretic effects are 
due to the angiotensin. As the intravenous administration 
of angiotensin is confounded by possible secondary effects 
and the blood brain barrier, the effects of  electrophoretic 
ejection might be easier to interpret. 

Po,,en tiation o f  Angio tensin I1 l:ffects b.l, NaCI 

In several cells sensitive to both angiotensin and Na, the 
e f f e c t  of angiotensin administered intravenously was 
increased tremendously by the addition of NaCI as illus- 
trated in Figs. 3 and 4. These observations were made only 
on cells of the LH-MFB and zona incerta. If we combine 
the data on the LH-MFB and zona incerta, as summarized 
in Fable 4, then of the 72 ceils tested with angiotensin, 45 
increased, 2 decreased, and 25 were not affected. Thirty- 
three of these 45 were tested with Na and 7 increased, the 
other 26 were not affected. Of the 25 cells not affected by 
angiotensin, 20 were tested with Na and they were not 

affected. Of the 7 which increased when tested with either 
angiotensin alone or Na alone, 4 displayed a multiplicative 
increase or potentiation when tested with angiotensin and 
Na simultaneously. Of the 20 which were not affected by 
either the angiotensin alone or Na alone, one displayed the 
potentiation when angiotensin and Na were administered at 
the same time. 

The potentiation of the effect of angiotensin by Na in an 
LH-MFB neuron is illustrated in Fig. 15 where the ejection 
of angiotensin is indicated by a solid horizontal line and the 
ejection of Na by a broken horizontal line. The experiment 
was repeated twice with two different doses of 
angiotensin, ejected by 100 and 120 nA. The increase in 
discharge frequency due to angiotensin is dose dependent. 
The administration of 100 nA of Na alone produced a slight 
but noticable increase in the discharge frequency. However, 
when applied during the angiotensin ejection, the increase is 
very pronounced with an obvious post excitatory depres- 
sion and decrease in action potential amplitude. These 
changes in the same neuron are presented graphically in 
Fig. 16 where the successive ejections of angiotensin and Na 
are indicated by the solid horizontal lines. It is unlikely that 
the potentiated increase in discharge frequency can be attri- 
buted to an additive effect of the ejection currents. First of 
all the effects are not additive but multiplicative. This is 
also illustrated in Fig. 17 in another LH-MFB neuron tested 
first with angiotensin ejected by 200 nA and then with 
60 nA of angiotensin plus 100 nA of Na. The 60 nA plus 
I00 nA produced a greater increase in discharge frequency 
than 200 nA of angiotensin alone. Second, similar effects 
can be demonstrated by means of intravenous adminis- 
tration of angiotensin and NaC1 as indicated in Figs. 3 
and 4. 

A typical electrode tract through the cerebral cortex, 
dentate gyrus, thalamus and LH-MFB is illustrated by the 
photograph of the unstained formalin fixed 40 ~ section in 
Fig. 18. 

D I S C U S S I O N  

These results demonstrate clearly that angiotensin II has 
a direct effect on central neurons. Neurons of the LH, 
LH-MFB, and zona incerta are relatively more sensitive to 
angiotensin and Na than cells of the thalamus and cerebral 
cortex. Many more ceils are sensitive to angiotensin than Na 
and all Na sensitive cells [18] are also sensitive to angio- 
tensin. The low spontaneously active ventral LI-! neurons 
decrease in discharge frequency when angiotensin is 
applied; whereas, the cells of the LII-MFB increase in 

TABLE 4 

A S U M M A R Y  O F  T H E  S I N G I . E  A N D  C O M B I N E D  E F F E C T S  O F  A N G I O T E N S I N  11 A N D  Na ON 
L H - M F B  A N D  Z O N A  I N C E R T A  N E U R O N S  

ANGIOTENSIN II 

N I l) NE N 
Na COMBINEI) 

I 1) N E  N I NE 

72 45 2 25 33/45 7 

20/25 

26 33/33 4 29 

20 20/20 1 19 
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I"IG. 15. Cont inuous  unit recording in a LII-MFB neuron, f.]leclrophoretic ejection of angiotensin indicated by the solid horizontal line and 
the ejection of NA by the broken line. Simul taneous ejection indicated by both sc~lid and broken lines. The experiment  was repeated wilh 

angiotensin ejection currents of  100 and 120 nA. Voltage and time calibrations as indicated. 
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FIG. 16. An X-Y plot of the data for the LH-MFB neuron of Fig. 15. 
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FIG. 17. An X-Y plot of the discharge frequency of an LII-MFB neuron 
illustrating the multiplicative interaction of angiotensin and Na applied elec- 
trophoretically by ejection currents of 160 nA and 200 nA. The combined 
treatment with a current ot  160 nA has a greater effect than angiotensin alone 

applied by means of 2(10 hA. 

discharge rate.  The neu r ons  of  the  zona incer ta  are very 
similar in this respect  to  the  LH-MFB region and  possibly 
represent  cells of  the  same popu la t ion .  In general  these  
results are suppo r t ed  by b o t h  the  in t r avenous  and elec- 
t r o p h o r e t i c  e jec t ion  data .  Because of  the relat ively crude  
histological  m e t h o d s  which  were ut i l ized,  it is possible tha t  
the three  LI! neu rons  which  increased with ang io tens in ,  in 
Table 1, were actual ly  in the  LII-MFB and,  for the  same 
reasons,  the two zona incer ta  neu r ons  which  decreased 
dur ing  angio tens in  adm i n i s t r a t i on ,  in Table 2, were ac tua l ly  
in the LH. The  ex is tence  of two d is t inc t  types  of lateral 
h y p o t h a l a m i c  neu r ons  is fu r the r  s u b s t a n t i a t e d  by  the  
effects  of  electr ical  s t imu la t i on  of  the  basola tera l  amygda la  
nucleus.  The lower  LH neurons  which  decrease  in discharge 
f r equency  in response  to ang io tens in  are exci ted by  ABL 
s t imu la t ion .  The data  on  ABL s t imu la t i on  indica tes  tha t  
cells of  the LH-MFB and zona incer ta  which  respond  to 
b o t h  ang io tens in  and Na are inh ib i t ed  by ABL s t imula t ion .  
Iden t i f i ca t ion  of  s p o n t a n e o u s l y  act ive neu rons  by a f fe ren t  
or a n t i d r o m i c  s t imu l a t i on  seems essential  for fu tu re  s tudies .  

Even wi th  these l imi ta t ions ,  ang io tens in  seems to have a 
specific effect  on two types  of  neu rons  in the ventra l  LH 
and LH-MFB-zona  incer ta  regions. Many cells of  the  
L l l -MFB-zona  incer ta  increased in f r equency  at relat ively 
low doses of  ang io tens in  appl ied e l ec t rophore t i ca l ly  which  
might  be a t t r i b u t e d  to an increase in sodium permeab i l i ty  
as these cells are also sensit ive to Na. In this  respect ,  these 
cells respond  more  like typical  receptors  and also display 
dose related effects.  The cells of the  LH which  decrease in 
discharge f r equency  might  be similar to s m o o t h  muscle  
where  the  ou tward  sod ium p u m p  is enhanced  by  angio- 
tens in  [221 and a hype rpo l a r i za t i on  of  the  m e m b r a n e  
would explain  the  decrease in f requency .  

With larger doses the  effects  of  ang io tens in  appea r  to be 
more  nonspec i f ic  and m a n y  cells of  the  tha lamus  are also 
affected.  A l though  a few of  these cells were affected by 
basola tera l  amygdala  s t imu la t ion ,  none  responded  to Na. 
None  of  the cerebral  cor tex  cells r e sponded  to Na. With 
in t r avenous  admin i s t r a t i on  of  NaCI several cells in b o t h  the  
t ha l amus  and den t a t e  gyrus were af fec ted  and the changes  
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HG. 18. A photograph of an unstained 40 ~ formalin fixed section of a rat brain illustrating a typical electrc~de tract into the I.II-MI.B. 

can possibly be a t t r i bu t ed  to some secondary  neural  effect .  
The possibi l i ty of secondary  effects  resul t ing f rom capil lary 
con t r ac t i on  caused by angio tens in  seems unl ikely  since the 
angio tens in  sensi t ive neurons  are also faci l i ta ted by acetyl-  
chol ine  and i sopro te reno l  [ 1 9 ] .  The  possibi l i ty tha t  the  
so-called angio tens in  sensi t ive h y p o t h a l a m i c  n e u r o n  is 
actual ly  r e spond ing  to changes in arterial  b lood  pressure 
[10] p roduced  by the  in t r avenous  adm i n i s t r a t i on  o f a n g i o -  
tensin is dif f icul t  to explain  w i t hou t  add i t iona l  data .  
However,  the  results  of the  e l ec t rophorc t i c  expe r i men t s  do 
not  suppor t  such an exp lana t ion .  In the  e x p e r i m e n t s  which  
uti l ized in t r avenous  admin i s t r a t i on  of  ang io tens in  the effect  
had the fo l lowing mean  character is t ics :  la tency 3 5 . 4 '  
5.4 sec ( s tandard  error) ,  la tency to peak effect  56.8 ± 
6.5 sec, and du ra t i on  181.3 ~ 18.0 sec. When carot id  
ar tery  b lood  pressure was measured  in rats unde r  similar 
cond i t ions  of  u r e than  anesthesia .  5 ug of angio tens in  11 
produced  the fol lowing mean  change in b lood  pressure:  
la tency 9.0 , 1.1 sec, la tency to peak effect  3 0 . 4 +  2 .4 sec ,  
and du ra t ion  218.6  -+ 8.9 sec. Even though  the  t ime courses 
are reasonably  d i f fe ren t ,  i n d e p e n d e n t  m a n i p u l a t i o n  of 
b lood pressure when  record ing  from h y p o t h a l a m i c  angio- 
tensin sensit ive neurons  should  be carried out  in the  future .  

These results  suggest tha t  angio tens in  faci l i tates  mem-  
brane  Na permeabi l i ty .  "[he data conf i rm similar effects  on 
dr ink ing  and b lood pressure induced  by in t raven t r i cu la r  

admin i s t r a t i on  of tile same subs tances  [2 ,3 ] .  Drinking 
induced  by in t racerebra l  app l ica t ion  of  angio tens in  is 
enhanced  at th resho ld  doses if the  admin i s t r a t i on  vehicle 
con ta ins  Na and decreased if it is mixed wi th  K [ 2 1 ] .  It is 
also in teres t ing  tha t  e thyl  a lcohol ,  angio tens in ,  and Na 
combine  to p roduce  a mul t ip l ica t ive  in te rac t ion  which 
results  in a p r o n o u n c e d  increase in lateral h y p o t h a l a m i c  
neurona l  act ivi ty [27 ] .  Both angio tens in  [22] and e thyl  
a lcohol  [12] affect  sod ium t r anspor t  mechan i sms  in exci- 
table  m e m b r a n e .  As Na complexes  with valine s -angiotensin  
ll to form a more  biological ly active molecule  by changing 
the steric c o n f o r m a t i o n  of the  pept ide  chain  [ 4 ] ,  it is not  
possible unde r  present  cond i t ions  to d e t e r m i n e  if the inter- 
ac t ion  is due to i n d e p e n d e n t  effects  of b o t h  t r e a t m e n t s  on 
the m e m b r a n e .  

These results  tend to suppor t  the  hypo thes i s  that  
" ' . . .  the  act ivi ty of brain receptors  involved in the  con t ro l  
of  water  ba lance  is inf luenced  by var ia t ions  in the  environ-  
men ta l  Na'  ion c o n c e n t r a t i o n  ra the r  than  by  osmot ica l ly  
induced  changes in the r ecep to r  volume. '"  [1, p. 209]  
Angio tens in  and e thyl  a lcohol  in small quan t i t i e s  might  
inf luence dr inking  because of  specific effects  on ion trans-  
port  mechan i sms  in Na sensi t ive h y p o t h a l a m i c  neurons .  The 
fact tha t  eat ing can be p roduced  by a l t e r i n g h y p o t h a l a m i c  
ionic c o n c e n t r a t i o n s  has also been recent ly  es tabl ished 
[14 ,151.  
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