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TR ' - . ABSTRACT . "' .

- PreV1ous work has shown that d&lnklng'behavror is- an .

.

1mportan§ regulatory response to depletlon of the cellular L

'”o,r of t!ﬂ~ extracellular body flun.d compartmd'xt. . ‘The

purpose of thé present studv was to 1nvestlgate which neural

‘structures and Pathways medlate water 1ntake to-eleular

[ 4

5 - and extracellular stimuli of thlrst.,' ‘ ."'_'
, . .
.t Rats were tested for’ drlnklnq folloW1ng'central or
v a

_per;pheral adminlstrataon of varlous thirst challenges.

Single neuron mlcroelectroae recordlng and electrolytlc
- .le31on1ng technlques were theﬁ used- to, 1nvest1gate whlch o

neural patiways. subserved the elic1ted response.e-
] . . ? >
’ . Mlcrolnjectlon of anglotenSLn -I1 (a hormonal mediator

of extracellular thlrst) tq the preoptic reglon elléited

copidbus water ‘intake and 1n subsequént acute=record1ng
experxments was found to 1nf1uence the élscoarge-rate oﬁ
neurons in the mldlateral hypothalamus and in the p&ra— .
med1a1 mldbraln tegmentum Small legions of the midlateral
zone of the lateral hypothalamus attenuated water intake .
~~:" 1nduced by preoptic administratlon of anglotensin-II or by
“perlpherally injected 1sOproterenol (a B-adrenerglc agonist

»

whlch causes’ 1ncreased angiotensin-II bios nthesis) or

renln. Lesions of the mldlatefal hypothal"us or-of the
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- stimuli of” thirst ?hypertonlc NaGl and sucrose) siops’

l. made further. lateral in the hygcthalamus, whlch de\troyed

the venhromedlal Qart of the intemn?? capsule and globus
pallldus, produced ‘a marked‘decrease in watEr Lntake

\5

»
e11c1ted by centrally or perlpherally admlnlsgired hyper—

L

tonlc NaCl or. sucrose w1thout Slgnlfldantly at enuatrnq

A

drlnklng to’ extracellular thlf§t stlﬂulst It 1s concluded
that separate latqral hypothalamrc and ﬁ&dbraln pathways B

medlate cellular and extracellular thifst

'

Drinking ‘behavior was also 1nit1ated by the micro-

1n3ectlon of anglOtGhSln-II 4nto . th!reubfornlcal organ.'“h

~ In order~to 1nvest1gate whether water intake ;nduced by .-

admlnistratléh of anglotenéln-II to subforﬁlcal brgan/an&H\

preOptlc reglon is me?lated hy the same neural pathways,
y - v

," a serles of 1esxon experlments done. Lesions cf the
subforn1cal organ attenuated but aid not abollsh,

, drlnklng ell;ited by the infusion of angloten31n<II thfbugh
a cannula chron1Callv 1mplanted 1nﬂ‘he jugular vein "or

g-after P 1pheral 1n3ections of’ renln. Subgequently,

P i

was found that lesions of. the mldlater 1 hypothalamus.

v,.

or of the paramedaal rostral mldbraln atteng?t?d water .

.
-

‘. oo * . | )
e11c1g;q\by central'or delpheral adminlstration of cellular 'ﬁ

.

1ntake ellczted in’ response to angloten51n-II administerea\\"'

="
to “the precptlc region but had no effect on drinking when
Ay 1 —

voe the hormone was: mlcroinjected 'into -the aubfornical organ

i._ The dlfferentlal effects of ‘thege lesions suggest that

‘4
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INTRODUCTION -
?,"f. .4.. G : 5 7‘~ L.

A . m . -'l . "ra . .
Even though scaentlflc in%eres

"lthe physn)loqy af,
thlrSt dages back j the early 1700 s,'only since’ “the, R
developmeqt of the stereotaxlc tec%plque in the 1930°'s h s <

:5

1t become . p0551b1e to study how the’ central nervous system~
. oy

L]

'part1c1pates in. the cohtrol pf &ater lntake._ It is how . %

P

thought that- drlnklng behavior ;s regulated by a complex .

r e

neurologiféﬂ’i system which rec‘(es, transmlts, and

processes multiple, neural and hormonal.signals that "arise

'inYresponse to a loss“of water from -each.of, the major ’ \\“s

°" body fluid compartments. By acting t0'initiate‘water

*

intake-in reéponse to body fluid depletions, the nervous
(X% ' e
system contrlbutes to the preserVatlog of hom&osta51s.
. e/~

The early ablatlon and stlmulatlon studles mell- d

cated the, lateral hypothalamus'as the neural "1ntegrat1nq v, Y

1
-

Acenter for the body fluid def101t slgnals whlch evoke
“thlrst but more,recentlv the attentlon has shlfted to
bon81der other brain structures and the ¢hemo—specrf1c
_neural pathways wh1ch°llﬂk them together w1th the hypo-,
’thalamus both anatomlcally and functlonally. The present -
_fSUdY &s concerned w1tn eldELdatlng whlch lateral hypo- e
thalamlc and llyblc pathways medlate drlnklng behavior .
e11c1ted by cellular and extracellular stimuli of thirst. : D
In the first sectlén of this thesis the results of

1nvest1gations.Whlch lllustrate the impdrtance gf water

intake to the malntenance of body fluld balance are . ,

v . . L)

. . . o
.. & - . : :
° - N - . .

\-\I

SR S I o~




'"f,t Lcentrallv actlng medlator of extracellmlar thlrst A review

. relylng exclu51vely on renal systems,-animale éuffernfroﬁ L

- - .
P - o~
- . w. v

brlefly rev1ewed ‘ Sectlon 1‘2 con51ders stuales whlch f.

demonstrate that~the hormone, ANG-}I,‘Le an Amportant

"\;5 of the anatomlcal ‘and phy51olog1calfstu41es of neural struc-

o

- tures whlch mediate cellularxand extracellular.thlrst is~f' .

? / ’ “‘l '

glven in Sectlon 1.4 and the Introductlég is concluded w1th

<~ ’ R J e

¥
a general statement of;the;prohlem under 1nveSt1gat10n.

L . LI AN o . ' B
f . - - LI RS - »

N ‘ g €. N v a

1, l Waﬁer Intake as a Factor in Body Fluld Homeosta31s N

. -a-‘ e s . P

extracellular (ECF) fluld compartments lS malntalned w1th;n
. ’) T [} .
prec1se llmlts by azcoordlnatidh~of renal~mechanlsms of
. excretlon a?d through water ingestion. Although the reqal

regulatory mechanisms are eff1c1ent in ellmihatlng surfelts

- e : s’

-of body water and can promote water conservatlon under s

>

condltlons of 1imited aVallabllltv, only the ingestion of

F; .
water will correct for flu1d‘def1c1ts.;.MoreovEr,-when , oo

. an acoompanylng loss of electrolytes and negat1Ve fluld .,

_and electrolyte balances are reallzed e On the other hand,

the behavioral adjustments to fluld deflcits are rapid and

R

precise (cf. FltZSlmonS, 1972). . -

" .

a

‘CeZZuZar Dehydratzon aa a Stzmulusﬂﬁs’l%trsi Lt . ] h‘

i -

. ° . The quéstion of whether Cellular dehydration or an
. i'nqrease in- cellular osmotic pres‘sure‘ i‘ga stimulys of .

thirst was-in auﬁ:h dispute until 1937 whén Gilman demon~

Body water, dlstrlﬁﬁted hetween the oellular (ICF) and --



Y

-.qtrated.that dqgs'drank thce as much water followlng 1nw

fuszons of hypertougc NaCl, whlch dehydrates cells, as they

.”.7¥ae' -

< did follow1ng lnfu51q‘s b& equlosmotlc urea, whlch does

not. Gilman's pioneering- work was conflrmed and clarified
) by;ﬁolmes and Gregerson (lBSOngho found that drlnklnq

.act1v1ty was 1n1t1ated only by solutlons excluded from the

cell interior and not by changes 1n serum.Nat or Cl levels: .

4

1>

“Theé quantltatlve relatlonshlp”between cellular dehyr-

~

dration and water 1ntake remalne& unclear untll the earlv
1960's .when Fitzsimons (1961) found that the volume of

water ingesteéd hy bilatéiallu nephrectomized-rats given

1njectlons of hyperton&a.solutlons was prec1sely thatf

- -

needed to attain bodv fluid. 1soton1c1ty.

L~ R @

_The mechanisms controlling urlnarv water losses via

antidiuretic hormonuf(AﬁH) from the neurohvpophvs1s (Verney,.

1947) and those reg latlng wate!‘lntake operate syner-

‘glstlcally in most conditions to maintain céllular fluiH“

".

-

+ volumes. A 1-2¢% decrease in the vplume of the ICF has been-

I

reported to initiate drinking in doé'and man GWolf;.lQSOY-
and in lntact and nephrectomxzed rats . (EltZSlmons, 1963)

and to e11c1t antldlure51s (Verney, 1947?. Q\_

. . .. . ~
.

« ' . . . z
T . * A

Extraceliular‘Dehydration as a Stimulue for Thiret

et There appeir to he many bodlly mechanlsms for ensurlng

.the constancy of the ECF The multlpllcrtv of control

systems for thls purpose is ndt surprlslng;slnce the

-~

~
-

LN
-

\AN
- -

volume and pressure of the 1ntravascu1ar compartment must be

. %y

ok
» o Lo v L

-
- [
A

-
Y



.maihtained to sustain -life. The mechanisms inélude those
participating in ‘the regulation of fluid exchange at the

.‘capillary'involviﬂg the ‘Starling forces.. Controls

intrinsic to the circulatory*system such as the adjustment
& ’ ) : |
of cardiac output to venous return, the autoregulation, of

-

blood flow in peripheral tisdues, and the'direbt_effects

of arterial pressure in glomerular filtration and urinary

output appear to be 1mportant :There are also cardio—

¢
‘ vasculan reflexes involving the autonomlc nérvous system,

adrenal medullary secretlons, and. other vasomotor controls.

- <

- -

.Finallv, . there are varlous endocrine lnfluences -on volume

, regulation which will be considered in Sectlon 1 2.
N

L4

h v
Verney . (1947) flrst demonstrated the lnfluence of ADE
" on renal water loss and squested that it was controlled

by a central osmoregulatorv systema However, addltlonal

'controls fbr ADH secretion were sought because decreased
. Y
. urlne‘output was also found to accompany Na‘t depletion and

adrenal 1nsuff1c1ency,odespltenthe less of osmotlc
-~ ' -
material (Holmes and Gregerson, 1950). Subsequentby,

~ 4

spec1f1c volume regulatafy mechanisms were'implicated-by
] . : '

repgfts_of'increased water .intake and ADH levels following

‘the lsotonic depletion of plasma fluids (Fitzsimons, .1961%

-

‘Stricker, 1966). ‘ ' | Lo .
Exgerlmentally, relative dehydratlon of ECP\volume
‘can be.produced by lnjectlng a hyperoncotrp‘collOLd such T

as polyethylene glycol into the per1tonea1 cavity (Pitz-

éimons, 1961b). Thls cau%es ECF to sequester 1n the D




this study and whlch will} be drscussgd next.

péritoneum by a Starr%ggzmechanismzwithéut,any concurrent

effect on ‘body ¥luid osmolality. Strigker 1966, 1968) has

-

demonstrated that 1nt;avdscular hvpovolemla and drlnklng

9

are.pcsitlvely correlated with the concentration of colloid

El - hd . -

adM1m¢stered
‘Endocrine mechanlsms 1mpor£ant in the cdntrol of renal

functjon also have audirect influence on the intake of ' e

. . -
water and salt. It is' the participation of one of these

Qo

hormonal systems, renin~anqiotensin, in mechanlsms of

extracellular thirst that is of partlcular interest to’

¢

1.2 The Renin-Angiotensin System . K o
; . « - ' .

Ever since the demonsgtration by Page and lemer (1940)

- -~

and Braun-Menendez et"dt (1940) that‘renln exerts its

-

'blologlcal actions. by prodgglng a smaller peptlde, angio-

tens1n-II (ANG- II), 1nterest 1n\\ﬁe physiology and pharma—

cology of renln-angloten51n has grown con51derablv._'A

greatmlmpetus for further_studles.was the identification

of the .structure of angiotensifi—-I and %NG—II (Elliot: and -
. ~ . :
Peart, 1956; Lentz etlal.{fl956) and fts synthesis bv -+ =
e ‘ ;
Bumpus et al. (1957). the avaﬁﬁabilityp,since then, of
; 9 -

pdﬁg synthetic ANG-II (S-Valinerapgiotensin-II; Hyper-~

tensin, CIBA) ‘and more recentlv of naturallv occurrlng -
(4

rat ANG-II (5~ Isgleuc1ne ang10teh$1n II) has facllltated .

experimentatlon. ' _ #

- - P o




¥

&

W

| ANG-TI is now known to ekert an'effect on manv bodv "
tlséhes. Effects on smgoth mus%le have been. reported for;
*blood veSSels (Khélrallah et aZ;,;1966-QNapodano et a%.,.'=

¥

196 2) , gut (Bisset ' and Lewis, 1952 Reqoll and Vane, 1964
°Blair-West and Mchep21e, 19667, uteyrus éBumpus et alw oy

1961 ; Khairallah et al., 1962), and vas defenepso(Benelli

in. aldostefbne secretlnq adrenal dbrteX‘dDav1s, 1965 and

. o . 1 4
19715 Génest.et al.i°l965) 'and on renal prules to-promote
ow L . ) o . ) p
Na+ reabsorptlon T - jLeyssag,el965; Vander,

1967- Mundav et allf,” 1971).. ANG-II also'has,aeveial

actlons on the autonomic nervous system-' (a» it inhibits"
, o

* the u take of catecholamlnes.by sympathetlc nerve .endings

-

‘(Peach et aZ., 1969); (bh) it has a dlrect stlmulatorv

effect onvcholinergic ganglionic cells (Lew1s and Relt;

*

19655 ; - (c) 1t accelerates the rate of blosynthe51s of
- -~ S 1

-

norebinephrlne in synpathet}cally innervated tissues

o

(Boadle et al., 1969); (H)#it exerts a ;eﬁy marked pressor

-
&

effect b% a direct'nvotropic %ction (Re\\ii et al,, -1974)
e ’

'rqic ‘receptors

b

" (Smookler et al., 1966; aucklev, 1972; Cryssénthou et al.,

and 1nd1rectly by étlmulatlnq alpha ad

* 1972). It also . acts dlrectly on'the central nervous

sﬁetem to produee a generallzed vasoconstrlctlon (Havdeﬁ

and Targett, 1271~"Sevefs et al.; I973) ' Flnally, ANGFII“.

o .«

exerts an extremely potent dlpsogenlc effect on the CNS

- .possibly byhactlnglon'chemosen81t1ve_receptors in- the

'et.al., 1964). Effecteﬂon epithéiialvtissue have been seeh

Al

L
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. ¢ ‘ .
o ] > ’ ? - vt 7
- 2 - - [ .
< ‘ - Y N
. =~. ° . & - e i ": . . Al
"°brain (Fiﬁzsimons, 1972) Thiss efféc&'on water intake will. . f
\' ¢ ° : ° T .
be dlscussed later in this part of the settion. ) ;‘ ' .
. L . - ) ' : ) ’ " ’ ‘
Structure of ANGSII ., - ° 7 S E

- amino ac1d For the rat," the amlno ac1d se%ﬁence is:

e

.- 'phenyiaianine‘at the carboxy posiﬁion'is required .. R
'antagonlst is l-sarcosine-a—alanlne angiotensinFII or

" 1973), and .peripheral catecholamlne'ii}ease {Regoli et
t

o

A neview‘of the(iharﬁaéologiéal stuéieS'of ANG-IIfis,
beyond the gcope of thlsnsectlon. There are several bapefs v
on thlS tOplG (Paqe and Bumous, 1961; Paqe and McCubbln,
1968; Khalra}laha,. 19715 Regoli et all, 1974), one of. = .

which. (Regoli et al., £974) éives'a comprehensiye summary

of ANG«II analogues and their various a‘hnons.

< "’ o
ANG-IT 15 an octapeptlde whlch dlffers from one

- »

anlmal speo&es to another ‘in the composxtlon of the flfth

~ [}

o N -

1 - Asparag1ne--2 - Arglnlne -- 3‘- Vallne -— 4 - Tyro-'

-

. sipge —- 5 - Isoleuc1ne -~ 6 - qut;dlne w7 - Prollne - -

o v

8 -’ Phenylalanine. Regoli et al. (1974) haye shown that

for the stlmulatory effects o‘ ANG—II. Thusg replacing L .

8-pheny1alanine by anotheg_amlno ac1d prodnces a speciflc

competltlve antagOntst (Regoll et aZ., 1974)."0ne such

P113a4 . P113 hat beenagéund to block effectlvelv the hyper—

~ ten51ve effeq; of systemlcally admlnlstered ANG-TI (Pals

et al., 1971), aldosterone secretlon (Johnson and‘Dav1s,

©

Q'O

al., 1974). More recently, the antagonist has‘been,ﬁsed .

effectively to_block/water intakeeelicited,by systemic

-

.
P} 4

ey
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&

(Tang and Falk, 1974) and centrbl v(‘Coollng an®® Day, 1973;

Epstein et aZ;, 1974) lnjectlons of ANG-II. 7

’ R [ -
@ . - - - K . - i -
- .

-

Biosynthefe‘s of ANG=IT . .=

The - in vivo biosynthesis of ANG-ii is7accompiished by
‘Q ’
-the action of renin, a proteolytlc enzyme Secreted bv-

spec1allzed cells of the renal tubules, on its substrate
angloten51nogen (Dav1s°and Freeman, 1976) Page and

Humpus (1961) have shown tﬁat the plasma substrate i's an _

<

“
a2 globulln of hepatlc orlgln and that;the lnltlal product

of 1ts lysis by renrn is a decapeptide,.anglotens1n*I =

0 €

AnglotenslazI, in rn,N\acts & a substrate for a spec1f1e

2’

~—

ClJactivated car. ypeptldas& ( convertlng enzyme') whlch,'
removes hlstldlne and leuc1ne from the carbbxyl end to

form ANG-II (Paqe and mapus, 1961) .Although lung is

G, .
believed to be thelprlmary site fo:.eon%erting enzyme
N -

. ° >

, testls, plasma, braln, and other tissues-(Erdés,

1975) ANG—II isg enzymatlcally degraded by several plasma ‘

angloten31nases to blologleallv rnactlve short chaln

-~
fay

_peptides (Lee, 1969) S '
The rategllmltlng event 'in the formatlon of ANG—II

is. belleved to be the release 6f renin from the. Juxta-
t L "'cb
glomeruiar cells at the h11us of the afferent and. efferent

‘arterioles of. the kldney (Vander,,1967). -Most recent o

'1nvestlgatrons of.the factors controlling renal renin -

. (i .
1 = 2
-




° - - ~
,

release have been concerned with two possible mechanisms.

2 4

° These proposals have been labelled .the barorzceptor and

[} e

macula dense theorles. Both theorles propose thatlb
detectlon of’ “the - stlmulus for renin release-occurs ‘in the RN
kldney 1tself hdwever, nelthervtheorv can explaln all of -

the experlmental observatlons (Lee, 1969) - . - w
o ¢ B The baroreceptor ‘theorv states that the modlfled . s e

<
sSMmoo hsmuscle cells ‘of the juxtaglomerular appgratus are

- s

) . sen51tlwe to the dégree sof stretch in the wgll oﬁ the d

L]
' K i

affeﬂent arterlole. Increased bloqd pressure stretches .- ’

s the cells and 1nh1b1ts renln release, whereas decreased °

y arterlolar pressure reduces cell dlstentlon and 1ncreases

. “:renin reléase (Vaqder, 1967). Thé baroreceptor theory <.

adequately descfibes increased renin release ﬁndefx B 'c‘ : s
.- - conditions of acute hemorrhaglc hypotensmon GBro;n et\bl.,c g
; | 1966 McKenz1e et aZ., 1966) or acut; systemlc hypotensxon ‘o ;‘”

. - (H/ixlton end Colllns, 1942"Bunag et aZ., 19661. HOWr i /:°/

ccompanxed by decreased arterlolar'preSSgre ng.acuteiy s
A 2 T

. .. or, chronlcally salt-deprlved°an1mals (Gross et gZ., 1965* SN

.. , ¢ - - T . ° N ‘l .

e . Page and McCubbln, 1968) . : ,{' K ° - -
5 . : - : ) T L
. The macula densa theory (cf. Dav;s and Freeman,11976)

proposes th t-renal renin releaSe\ls controlled by changesa IS

o P 2

. - in the Né* ‘load to the mabula densa cells .of the kldney. T ¢ e
- e - 5 .» B b ' 2
When Na+ load is increased .renin elease lS decreased and s

i .
E - c -

- vice vertd < j(D;rke et-al., 1965 Gross et aZ., R

o 5.

4] . : . “q o T
. - . k2
° 3

"1965; vander, 1967; Davisj. 1971; Davis anc? Freeman‘ 1976). " ..




'.: o v R cu- L . 3 '
However, "the macula densa theory does not appear to be°

3
¢ o

bfabl%Jto account for increased renin 1eveis p&oduced by - .

Bdmlnlstratron ‘of potent natriuretic drugs such as,

> . < >
o . Lo -

'0 achLorothlaz1de (Binion et al., 1965.; Vander and Luciano, . _{

1967),m furosemlde (Frazer et aZ., 1965) and~ethacrxn1c . :

ac1d (Mejer ‘et al., 1966L, slnce the fnacula densa Na+ load

'
= ES I a

is 1nCreased dﬂrlng the d1u;e51s (Page and McCubbln, 1968)

Renln hés also been found in hra1n=of dogs (Ganten et aZ.,
197la) rats.(Elscher—Ferraro et al.t,.’ 1971), in thé pineal o °

'ahd pltultary g@ands of rats (ﬁaullcaret al., 1974), suh- g

o

° A maiilIary'giand of mice éMenzie at~ai.,:19747; the uterds e

-

/s and pfacenta of rabblts (Gross et aZ., 1864)J llver and =+ -

adrenal gland of dogs (Ganten et aZ., 1970) ané‘plasma ahd

vascular beﬁs of nephrectomlzed anlmals ﬁdf. garagh and “?f

o

T ééhley, 1973). 'Hauilca et aZ =(l9ﬂ4) haye‘found'that renin

: . on o . -

&

rélegse 1n plneal and p;tultary ‘glands of ratS‘was Lo *
redhced foIlowrng 1ntravenous 1nject10h of hygertonlc Nagl
O
:solutlon, suggestlng that renln of cerebralaorlgrn may play

Tvs

a tqle 1n the regulatlon of Na baiance.~ Ganteh, e
oBoucher and Genesm(197l) have observed 3 31gn1f1cant nega- -

3 o ‘ - © s

tlve correlatlon between bra1n01so—;en1n and braln tissue

. o ¢ . <
ae”

water sodlum, pota551um, calcium and maine51um.' They ,: T
v - .
‘*suggested that ANG~II formed locally may be 1nvolved in

04

the regulatlon of water and electrolyte balance.
"!I 'Q' P

i__' Reflex- neqral mechanlsmsﬂmay also 1anuence renln ‘ ; -

3 5

releaSe. Vander (1965 1967) has shown, that 1ncrea§gd sympa- /?}




A o . “’l
thetic-activity in renal nerves can alter. renin release in -

.have further found that the.increaee in plasma rénin levels’

-that the sympathetic nervous system can influence renin

'release; the more important questién is whether the.renal

‘Jcan be produced-by denervated kidneys (Fitzsimons, 1972L.

[ . "

9 .
e 4 4

EN [

respdnse to changes in blood volume. Hodge ebi‘ii (1966)

following an induced local hemorrhage -can be. prevented by

anesthesia of the ‘renal nerves. These: resulgs indicate ¢

. .
i il

o

nerves actually part1c1pate in the phy51ologlcal regulation

[

Of renin gelease. It is known, for example, that renin

13

There-are oth&r factors .that mav influence-renin.:
< }
. ﬂﬂ - . ¢ ©

felease.’ These include changes in potasdium balance :

'csealey*et dl., 1970}, hormonal feedback of ANG-II (Blalr- o
West et aZ.; 1971; Shade et gZ., 1973), change: .in ADH | T
levels {Vandef,‘l9é7; Shade et al., 1973)"\&\aﬂm1nxstra- -
-'tlon of certain prostaglanalns (cf Share and Claybaugh, b’ . ' ;
1972) e . . ’ 2 |

ANG~IT and'ExuracélluZdﬂ’Thirst
The 1nvolvement of the kldney in the control of water

¢ <
1ntake has been suspééted for a long time. Renal dlseases-

have been aseogla%ed W1th,1rregular1t1es in yater intgake

(Brown et alr, 1969) and a "thirst hogmonefobf{xenal origin

was ‘postulated more than two décades ago (Linazasoro -et al.,’
. e T ) |

1954). - . ' . T P T T

More recently, a serles of experiﬁeﬁts by F1t251ﬂbns‘

(1961, 1964, 1966, 1969) has establ*shed themrenln-angro-




,tensin syste&-as_th% endocrine link-between ;educed %QF
volume and water intake. /Fitreimons (1969{ oBserred'that
ligation''of the inferior vena Ctava dieta;;tdnthe liver is

e a less effective stimulus to elicit ernking in a_ .

«©
nephrectomized rat than in the normal.. Morepver, constricsr

-~ . . el )
o

tion of the abdominal aorta above .but not belowftbe renal

v

-arterLeS'was found to induce-drinking’(Fi‘tzsimons,;1964)u.c

These flndlngs suggested that the kldnevs release renln
- e
whlch mav 1n1t1ate water intake. Subéequent experlmentsv
Bl EY o
(cf. F1t251mons, 1972) 1dent1fred the factor medlatlng

L3 °

drinking as=ANG—II, and Fitzsimons and Simons (1969)

demonstrated that intravenous infusions of"AMG-£I induce

rats in normal water balance to seek out and ingest water.
¢ - € B s .

M

Theé dipsogenic activity of systeﬁically-admfniStered renin,

&> E‘ D

angLotenSLn-I and ANG II was confirmed by studies 1n ‘the. P

rat (Epsteln, 1972-3H51ao and Epsteln 1973 Epstein. and

Simpson, 1974- Tang and Falk, 1974), cat (Coollng and Dayy'
- AR

1974), and sheép (Abraham et aZ., 1975). Con31stent°w1th

the hypothe51s of - FltZSlmonS are reports that the onset ;
‘.of drlnking e11c1ted by the admlnlstratlon of beta~- o
mimetic drugs such -as lsbproterenol in the fgt (Lehr et,
al., 1967), catt(Coollqg and Dav, 975), and dog (Fitz-:
7 ° simons .and Szczepanska-Sadowska, i973) is tempo;ally, '
| related to the increase in plasma renln act1v1ty (Meyer'
et al.‘ 1973) and is ébollshed by blLateral nephrectomy

-4

(Meyer and Peskar, 1971; Blass et~al., 1974) . ”C"u -




LY

. Furtherfsupport'for the view .that the renin—anqiotensin

N systemiis invdlved if thi{ét is gained by the numefous
reports“ttat oriniiﬁg.is,induCeé followqu intrécraﬁial
.mlérolnjection§ of'small‘doses of“renin, renip substrate, .
., angiotensin—l and ANG=II, Water dintake elldlted by central
- admlnlstratlén of components of renln angloten51n has been .
reported in rats °(Hendler and Blake, 1969; Epsteln et-al.,
1970 Swanson et-al., l953a, b), cats (CoolingranéjDay,“

1973; 1975), monkeys (Setler, 1971; Sharﬁe and;Swahgon}

1974) and, other’ spec;es (cf F1t251mons, 1972). “The onset

to drlqklng is less than one rinute follow1ng 1ntracran1al

©

mlcr01njectlon of angiotensin-I and ANG-IT and less than
five mindtes. follow1ng remin administration (F1tzsmmons,
1972) . Rolls et al. (1972) and Krikstone and Leavitt

(1974) have r ported that lntracranlal mlcrOLnjectloh of

&

ANG—II in the|rat e11c1ts water 1ntake comparable 1n
4

volume to tha follow1ng water deprlvatlon. The-dlpso¥ .

@

genic effect f(:entrally adninistered ANG- IIﬁhas also been

shown to be addifive to that of cellular or extracellular

o

. dehydratlon (FltZSlmons.and Slmons, 1969; Andersson anqA

Westbye, 1970 Kozlowsk1 et aZ., 1§72:'Severs et al.,

i

1973) ‘

2 o . . ’
,
»

. Whethér ‘N:G—II‘.’acgts on peripheral and/or central
receptors or via some other'mechanism to inltiate.water
dintake is not known In this régard FltZSlmonS (1972)

has suggested that the hormone may induce drlnklng (1) by

° - , .

e
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[

a direct actlon on central "thirst receptors"; (2)'by

‘ sen51t1z1ng the central mechanlsms to thirst stimuli °

‘
arlslng from receptors elSewhere ln.the body; or ﬂ3) by a
.direct actlon on perlpheral receptors.. Haefeli and Peterg

(1971), on the ‘other hand, havg proposed drlnklng induced

by ANG-II is due to ANG-II-induced reductions in plasma

vﬁlume since it _has been shown that'Ehe administration of

renal extracts, renin or ANG-II induce necrotic yascular
lesions and cause effusion of fluid into serous” and
pknral cavities of nephrectomlzed rats (Cuthbert and ©

Peart, 1970). Abdelaal et al. (l974a, b) have found

however, that ANG-II infusions 1ndgce drinking without

- ) _ . o
© .concomitafnt decreases in blood volume, Moreover, a loss
R o v ] N

-

of extracgllular fluid induced by ANG-II administration

.S

.does' not seem to be able ‘to account’ for the short latencv

.drinkirnig response followiﬂg injection of ANG-II-into the

forebrain (F1t251mons, 1972).

Attempts to ;dentlfy the dapsogenlcally actlve

component of the renln—angloten51n system have led to the

use of spec1f1q,pharmacolog1cal agents that block the

[ -
blosynthetlc chaln at spec1f1c intermediate stages. Severs

Lt al. (1973) and,Summy—Long and Severs (1974) ::j;_&hgzé;
° that gentral pretreatméht with angiotensin-I comnerting

enzyme inhibitor atteﬁuatéd water intake'elicited.by

-
?

intracerebroventricular injectién of angiotensin-I but had

no effect on'drinking elicited by ANG-II. Cooling and Day
' ‘ .
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5

(197 3) have reported that lntracerebroventrlcular admin-

L]

. istration of the enzyme 1nh1b1tor in cats reduced dr;nklng

to 1ntravenously admlnlstered angitotensin-I but-not to

/

ANG-II. On the otHer hand, Swanson et al. (1973a)'and

Lehr et al. (1973) 1n rats and Sharpe and Swanson (1974)

_pretreatment’W1th convertlng enzy@e thlbltor had no

‘1n monkeys found that Lntraventrlcular or . 1ntracran1a1 oot :

»

Loa

51gn1f1cant effeqt on water 1ntake e11c1ted bygrenln or

ANG‘I& These latter data suggest that“the central

s
L 4

"receptors" for ANG-II may be dlfferent from peripheral

ones (Swanson et aZ., 1973a; Sharﬂh»and Swanson, 1974) or

that angloten51n—I may induce drlnklna behav10r w1thout
being converted to ANG-II (Brvant and Falk,'1973; Lehr

et al., 1973).

.1.3 The Double Depletion Hypothesis of-ThirSt , . :

‘and that drinking is initiated as a regulatory responsge to

N

- A major theme of this rev1ew~has been that water in- ¢

take is 1mportant for malntalnlnq body £luid homeostasis

_reductions of e€ither the celluﬁfr or extracellilar compart-

ments. A second major theme is that theAcellular Space

and the extracellular space each has 1ts own 1ntake

. controlliﬂg mechanisms which can act 1ndependent1y of each

other, but which have an addltlve effect on drinking when
actlvated together. This concept of the dual nature of
the internal stimuli aof" thlrst haé’been ;ermed by Epsteln .

(1973) the_“double deplethn hypothesls“; 1ts implicatidns

. . »
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'

for the present study° are further di¥cussed in subsecquent,
. - ),

. s&=tions. ' . - . %

oy »‘Whilé the’ doubY¥e depletion hypothesis may:be a good
. worklng mode& for, homeostatlc-drlnklng, F1t231mons (1972),

among others (z.g., K1551leff 1969- Oatlev, 1973)'has

' -
‘shown that_under stable env1ronmental condltlons, %ost of

the drlnkang whlch occurs is not due to de£1c1ts of body .

~water'. Studles have shown that under these normal, day-

-

: to—day condltlons water 1ntake is deteraned bv. other

factors, 1nclud1ng the nature of the diet (K15511eff 1969;

‘,Chapﬁan and Epsteln, 1970; Ernits and Corbit,,

- L]

habits (Dioker and Nunn, 1957; Fitzsimons and Lé Magnen,

-
ey

. .

1969; Oatley, 1973), and by circadian influences (Fitz-

simons and Le Magnen, 1969; Kissileff 1969). a%ltZSlmonS
(1972) has suggested that food’ 1ntake—a55001ated drlnklng
o is blologlcally advantageous since “feeding and drxnklng can
. take place w1th1n a relatlvely short perlod of time of .
each other, thereby lessening the time during which the
animal is open to attack by its predators. The mechanisms

of ﬁon—reguiato:j'drinking are not‘Knowp at pigsent.

1973), feeding -

16
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1.4 Neural Mechanlsms Underlying Water Intake InitaatedA\

by Cellular and Extracerlular Dehydratlon

Cons1stent with the. foreg01ng dlscu551on 1t is,

apparent that the concept of, regulatory thlrst is closely i

LY

- allgned with the more general idea of body fluid homeo—;

stasis. Water intake is regulateﬁ to malntarn an ionic

balance across the cell membrane and to ensure an adequate
circulatory volume. ’ ) : .
® ’ ’ " - 3 .

The introduction will now focus on a second fundamental»

~¢

issue which relates to the question of .how the body, in
fact, aseébSes the magnltude,df its own regional and
general volumes and ionic concentrations, or.the devia-

tions of these from normal. .Studles will bé/}ev1ewed

o>

which bear on the questlon of how depletlons ‘of the cellu—

-3

lar and extraceilular fluld compartments are.detected by
. the central nervous system apd how these "thlrst signals"

_are:transmltted and processed by the brain to initiate
fluid intake. -

¥
3 i N - RO

'Receptiveisites for HOmeostqtic Thirst Signais

% - -

Most of the hypotheses which ‘have attempted to ex-

plaln how water intake is ifditiated 1n response to cellu-

) °

- ) lar and extracellular fluld deplet;on have proposed that

somewhere on the afferent side of a moderator reflex,

there must be some sort of sensing or sensorys cells which

are capable of monitoring and responding to changes in the

E
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~.a change in the tonicity of their aﬁbient fluid., Verney -

- (1947) first proposed that -these cells lay within tissue

'sensitive region was located in the rostral hypothalamus,

A

"Verney in the 1940's, the idea, developed that there exist

could act as stretch receptors for afferent nerves, im-

_pulses along which reflexly altered the rate of release

L2
'1971), and rabblt (Peck *and Novin, 1971), 1t was taken to

- : _ 5
composition and volume of the blodbd. . e

»

©

Largely as a result of the pioneering studies of

-

within the central nervous system "osmorece tors", cells
: Ys p .

=4

which are capahle of shrinking or swelling in response to

>

-

supplied by blood from the carotid arterygand,that they

-

3
of ADH from the neurohypophy51s. In'subsequent experi;

ments Jewell and Verney (1957) determlned that the osmo-

. . .
When some time laten it was found that injections of a

hypertonic NaCl solution into the anterior diencephalon

-

induced drinkingviﬁ a variety of animals, including the

*

goat»(Anderkson and McCann, 1955),,;at (Blass and Epstein,

indicate that "osﬁofeceptors“, perhaps distinct-from the

.

cells controllirig ADH release,-qguld also initiate water

ingestion. Recent electrophVSLOlogléaI”work (e. g.,r

Vi;cept et aZ., ‘1972; Malmo and Mundl, 1975; MaJJmo,1976)=;.
has supported the view that the eells which are involved .
in ipitiating drinking‘tﬁ cellular fluid depletions are g
anatomically and functional}? distinct from the neuro-
secreto}y~cells that transport ADH to'the posterior

pituitary. : : z e
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In spite of their postulated importance the exact
. @ - - . ' .
location of the hypothesized°"osmoreceptors".is not known.

. Although the results of electrophvs1ologlcal studies
(e. g., Malmo and Mundl, 1975; Malmo, 1976) have implicated
the lateral preoptic region, the qsmosensitive_neqrons'

’demonSQrated therein cannot he assumed ho he "QEMOrecep—
Fors" unless‘they.continue toldischarge_in respohse te
6smqtic stimulatian fqllowin§ complete sﬁrgical r501atieh
of the ared (Mogehson, 1975)x'and thisyekherimenf has -not
. been done. Mored;er, proponents of the viewmthat OSmo=-
receptors ;re located w1th1n the bhrain cannot vet say
whether they are neurons, gllal cells or modified’ ependy-
mal tissue or whether they are normally stlmulateg from

the outside or from the inside of the,bloqd—brain barrier,i
Because of these diffidult%es, a;termetives to centrai
osmoreceptors'have been proposedir Fdrvexambie, there is .
some evidence that per;pheral osmoreceptcrslgocated 1n the
pancreas (Inchlna and Flnkipshézln, 1965) ‘or portal circu-
_latlon (Haberlch 1968) méy partlclpate in the control of
ADH release; whether they also have & role in water intake
'mechanisms has not been determined. Emmers (1973) has
suggested that “osmorecepfbrs“ are locaéed in the:orpr .
pharyngeal cavity'and may_be igypived inpdrinking via in-
pute througw’the thalaﬁus relay nucLeusafer taste, since.

bilateral ablation of this structure abolishes water intake -

A .
in yresponse to subcutaneous injections of hypertoriic NaCl\
4/r - . J y ;_

. - * .
' // ‘ ’ . ) 4
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> ‘e
THe findindg that Na+—dep1eted apinpals comtinue-to

drink and release ADH in splt%,of’cellular hydratlon and

that extracellular dehvdratlon vithout concurrent chanqe

in osmolallty also el;c1ts water intake and ADH release,

~lad to the suggestlon th§?’extracellular fluid, Volume is

o

regulated by "volume receptors" (Stricker, 1966) rather
tﬁan by osmorlceptors as was. previously thoudﬁb (cf.

FltZSlmOHS *L{?Z) \Volume receptors are believed to be

- e

distributed in the walls of the capsc1tance c1rculatlon of

. the thorax (pulmonary vessels, right heart and left atrlum)
and are 1nnervateg’by the vagus (Epstein, 1973) Although
there is no conclusive ev1dence for these receptors in

thirst-mechanisms {cf. Fitzsimons, 1972), thoracic hypo-
f c el ; - -
volemia inhibits the receptor discharge and blood loss of _

10% or less causes ADH release, while both effects are
.abolished by vagotomy (Epstein,.1973).

—~ ) .
As stated previously in this section; there is con-

¢

siderable experimental evidence for an endocrine influence

on the regulation of.water intake. It is ‘thought that

R

ANG-II is a dipsogeniC'hormone involved in extracellular *

thirst and that it initiates drinking behaviqQr by:acting

v -
B

on chemosensitive receptors in the brain, anortpnately,

there is as yet no consensfis regarding the locus or loci

of central® receptor(s) mediating the dipsobenic activity

'y M 19 .
of ANG-IL. In the first studies'in which ANG-II was in-
. . o ’“ ) o
fuged into -a number of areas of the brain, it was found -

o

”» . 4 o

-

AL}

<
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.
that the most senéigivé:sries-for-eliciting watex imtake

igéludea the septum, anté:ior'hypéthalamug and @hg pre-
'optic.region (POA)c(Epstein‘et aim, 1970).i Mpte\recent
studies have shown, that drinki&g‘may~aiso‘be initiated hy »
injection of-ANG-II info:the‘cerebrél yent;iéiéé (;wansoﬂ
and Sharpe, 1973; Hoffman and Phillips, 1925), the sub= © -
fornical o;gdﬂ‘(Sihpson and ﬁoﬁttenberg, 1973), and the

¥

mesencephalic central‘grey (Shafpe and Swéhson, 1974). .

' Drinking behavior was not observed féllowing fhe'égministra-

v ‘o

tion of ANG-ITI to tHe<cerebequm, tegmen tufh of.the,mi&brain,
. - B . \’J, ‘ .-
pgéﬁeriorrhypqii';amﬁsk caudate nucleus afd tire- frontal

cortex {Epstein et al.; lQéHF. Injections of bradykinih,
o . . o
ADH, oxytosin, adrenalin, and 0.9% NaCl into ANG-II .

Q

sensitive sites do not induce water intake (Fitzsimons, N
° « 0 N ‘-‘ -

1971a, c). Thus, aithough thé'early mappingvstudiés pfo;
¢

vided evidence that the POA is a site of "receptors" for

~ ’

ANG-II-induced dfinking, more recent developments have
prompted # re-evaluation of thesée data. In this respect

the subfornical organ has received the most attention

»

(Epstein and Simpson, 1974).
Tﬁéogﬂ5§3rnicalmorgan (SFO) is a ‘small nodule of

‘neurégliovascular tissue sityated in the midline on the
: X e g

rostral wall of the thifd ventricle, neér the point’where
the choroid plexes of the lateral ventricles join to- ’
‘gether (Spie§el, 1918; Putnam, 1922; Akert et al., 1961;

o - aQ . " . ) B
Dkert, 1969). Since the SFO lies in contact with the CSF
e v T ’ o -

- . ' o

2




. .. i ' - " - N i .« o
. (Andres, 1965; .Akert and Stéiner, 1970), is highlV/'
vascular (Spoerri,- l963),and devo;d of a blood-braln' .'%—' Lo
P - e,

" barrier (Koella énd Sutln, 1967), 1t has been suggested‘
_ that the SFO may be ‘the locus of the central dapsogenlc‘
N '

receptlve SLtes for ANG-II of renal orlgln (SlmpSOn and

e Routtenberg, 19735 Johnson et al. 61974), using

- radlographlc technlques, have found that the hlg! )
"ﬂ concentratlon of radloactlve ﬁhterlal follow1nq 1ntra- -?
R j\

v venous . 1njectlon of AMG—II appears in the cerebrosplnal

flUld and 'the SFO. Slmpson and Routtenberg (1973) have
o .
E reported that drlnklng can be elicited with as llttle asv o
. ; o ° »
) 0.1 ng of, ANG- II applled dlrectly to the SFO.. AnalySlS

v

" of the time course of e11c1ted water 1ntake in thelr study
# L% '
supports the view that the SFQ may be-a receptlve site

PR ‘ for ANG—II since- drlnklng behavior began Iess than 30 sec
t . o

- following the admlnlstratlon of the hermone. e,

: . s
< < I

¢ i.CentraZ Integrative, Meckbnzams for Regulatind Thiret:

., . PRole of the Hypothalamus - "~0 : . -
Y ’ : “The first ev:.dene! that the hyPothalamus was J.nvolved
e ) in the .control of 1ngest1ve behav1ors _Came from clanlcal !

. . LM' D

8 - observatlons in whlch dlsruptlons or normal feedlng and

&«

drinking were reportea follow1ng hypothalamlc damage : K *.

by

(cf -F1t251mons, 1972). - The 1ntrodﬁctlon of the stereo-

taxrc procedure ;n the 1930 C:] fac;lltat d expérlmentatlon -

-

~and demonstrat!d the role of the hypot lamus more.cleaglyw

-." I .
o




, D

-Heatherlngton and‘Ranson (1942) reported hyperphagla and

(e, g.,gTeatelbaum dhd Stellar, 1954- Teltelbaum:and

hypothalamus, and the LH 1n partlcular, 1ntegrates fopd

< N - -
- N . . z B .
. R . . : :
. ' < . - -
3
] . P - . @ =
3 - - - o
- e’ ’ T

Y -

’55£51t¥ after electrolytlc le51ons of the medlal hypo-

L

.thalamus .in rats and Anand and Brobeck (1951), and others

L B

Oou N - ”

Epsteln, 19625 \reported aphagla and adipsia induced by

’ ablatlon of the later&iwhyPothalamus . (LH). Electridal

.stlmulatron of the LH'has been snown to elicit feedlng and

o

drlnklng in goats (Andersson, 1953 Andersson and McCann, .

@

19 5) and . rats (cf. Moqenson and Huang, 1973) It has

. also been reported that drinking may be e11c1ted by appll-

- cation of carbachol a Ghollnerglc compound to the LH -

(Flsher and Courfn 1962 '~ Grossman, 1962h), Whereaq feedlnq

v is lnltlated by local. admlnlstratlon of noradrenalln Lo

-

(Grossman, 1962a). Con51dered together, these early ) o+

<

studies haVe led to the vrew (cf. Epeteln,,197l- Hoebel‘

1971 Fitzsimons, 1972- Mogenson and Huang, 1973) that the N

.
S
/

-

“fand fluid deficits 51gnals$ ' .

‘ - .
More recently, however, the ‘toncent of"thei“lateral

. el .
hypothalamlc feedlng and drinkiag center" (¢f. Epstein and

Teitelbaum, 1964) has béen'challenged on'the basis that '’

there may be multiple. lntegratlve mechanlsms for the inj-
" ~

tlatlon and control of 1ngest1ve behav1ors. For example,: o

rats,"recovered" from adlpsia fol ow1ng LH 1e810ns show ,

'prandlal drinking (Kissileff, 19 9; Epstein, 1971); but do
. . . . .\ B

not respond to.cellular oréexgraqellular dehydration

. %
- .
. . - L

- -



] ANG—II 1nduged thlrst (Setler, 1971) .- g e

'(Epsteln, 1971, 1973) Wthh suggests that separate neural

|

g

o "

systems may medlate the dlfferent types of drlnklng

-behavlor. .The p0551b111ty of multiple 1ﬁtegrat1ve*

=l

mechanlsms for drlnklng is also suggested bv reports that <

k2
atroplne blocks water 1ntake e11c1ted by central admlnls-'

tration of ¢arbachol (Grossman l962b3 but has no effect on

Yo

<
o °

The model of the\LH 1ntegrat1ve center has also been

o

°cfitlc:.zed because the experlmental technlques used have hd

L

in most cases been)rather crude (Mogenson and Huang, 1973)

2"

e ®

o

The L% lS nodal area 1n the braln where: a vast.nuﬁber of

L]

chemo-speCLflc pathways 1ntermlngle and it has been sug-

.gested~that lesions an&-stlmulatlon of this reglon_of the ,
hypdthalamds-may infldence=pathways concerned with several -
. lfunct{ons and preduce multiple‘behavioral'effeéts KMogen—

o son and Huangr 1973). For .example, whlle large b11atera1 ¥

le51ons of the LH often dlSrupt both feedlnq and,drlnk—
=g
1ng (Teltelbaum and Stellar, 1954; Teltelbaum and Epstéln,

f01962), smaller LH lesions haVe,been reported to prodee

/
adlpsaa wlthout aphagla (Montemurro and Stevenson, 1957)

Q. IS

and aphagla (cf. Mogenson and Huang, 1973). Another &ase

- ° o

. *in point is that electrlqalistlmulatlon'of the LH yith

- . . -
large®electrodes elieits both food and water intake“as

o . : PN

. well aslother _behaviors (VaLenstein et aZ.,-19680; drink-

e .

ing ,or feedlng alone may be 1nduced when smaller electrodes

Il

are used (Huang.and Mogenson, 1974)., It appears, there-'

fore, that the multiple effects of LH lesionspand stimu-

e

N




other behav10rs that contrlbute to homeostaSLS ‘are also-

ﬂseptum has been demonstrated to reduce watep intake in

-3

rat;on “may be due to destructlon or actlvatlon of

4

partlally'overlapplng neural pathwavs. _The proposal that

experlmental manlpulatlon of LH tlssue mav be producing —_

>

‘ behadloral effects by 1nfluemc1ng'“f1bers of passage" 1is

, -
supported by the studles‘rev1ewed helow, which have_lmplij

« :z - H

_cated 4 number of ektradienpephalic structures in the

PN N N ‘ o ‘ ‘ L3
scontrol of drlnklng behavior, ) ST
= - . .'.-~ .. i ) s ‘

Role ‘of .Limbic and Other Brain Stryctures

<

< f It 1s¢now known that drinking, feedlng and

<

! F

1nf1uenced by 1e510ns and stlmulatlon of 11mb1c and other

< ¥

-

braln structures. =Ha5yey and Hunt (1965) and others ,'6,

(e. g+ Huang and Mogenson, 19727 have reported thag" lesions

’a' N . - n % -
of the septum caused a 25 to 50% anrease;;n—daﬂ&y water b

2 <]

1ntake in fats. Blass and Hanson (1970} and Blass etPgZ

\7

(1974) have suggested that therbas1s of thls polydipsxa may

A +‘*‘T‘~—~f e

& z

be an exaggerated réact1v1ty to Extracellular thirst

¢

& - <

SLgnals medlated by ANG-II ’EIectrlcal_stlmulat;on of the:

. . < 'i ~—— .
i 5 . - - ’ e, (3

o

rats preVLously subgected to water deprlvattﬁﬁ/(W1shart/
and Mogenson, t970), suggestlng that the septum has an'

1nh1bitory 1nf1U€ncg on water 1ntake' Recent electro-:

phy31olog1cal studles have shown, however, that the septum
a 5 01/. ES

may also.have a fac111tatory effect on drinkrng behav1or

a

’(Mlller,and Mogenson, 1971) . M;ller and Mogenson (1972)

- e

have proposed that fibers of the~precommissural forﬁix may

&

L)

4

[
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mediate fac1lltat@ry 1nfluences, whereas ‘fibers. of the . :.a

_stria termlnalls med1ate_1nh1b;tqry effects, It has also ’

,been found that the pathway'which has'thecdbminant influ—

o™ ‘
ence on hvpothalamlc neurons at any partlcular time depends

on the level of electrlcal act1v1ty of the LH" (Mlller and R
.Mogenson, 1971 71972), suggest;ng that- the septum- may have
.an fmportant modulatory inflhence on hypqthalamlc .0

c-

ﬂfunctlon (Mogenson and Huang, 1973; Mogenson, 1975) K e

/

. The émygdala has also been 1mpllcated in the control

:of 1ngest1ye:behav1or§ (cf. Grossman,.1968 Megenson and

-

Huang, 1973)".. " Baged on the available experlmental ev17 °

'depce( itnappeans that the amygdala, liﬁeithe septum, is

,» ©

concefned mainly with modulating hypethalaﬁic.meéhanisﬁs e

. for the 1grt1atlon of feedlng and drlnklng.'-The resuits‘ i' .,
‘ of stuaaes by O0lds et al. (1969) have suggegted that -the
amygdala may be lnvolved in® short—tqgﬁ satlety mechanlsms,

‘perhaps by monltorlnq 1nputs related to. chew1nc and ' e
. - ' @ ' °
‘swallow1ng. oo

-

Other llmblC strgctures 1nc1ud1ngfthe hlppocampus

2

(0lds ¢t aZ., 1969) anq c1ngulate cortex (Fisher and

- Coury, 1962, Robinson- and Mlshkln, 1968) Have also been -

r

shown to have. both faC111tatory and 1nh1b1tory lnfluenceS-

an lngestlve behav1ors. these results have led to the view °

O
©

that the llmblcaforebraxn is involved in the 1ntegrat10n
-/
of modulatory 1nf1ueﬁces related to*the 1ngedtion of food .

. and water and that theée 1nf1uence§ are exerted onto hypo— . .‘.

thalamlc sYstems ﬁhacb are respon51ble, in turn, for




a

A .

® Y
-

integrating fooqsahd fluid éeﬁicit signals (Mogenson, 1974).

Since lesions placed rostral to the’proposed_LH inte-

-

grati%e regibn have also been reported to'cause adipsia,

4BlaSS and Epstein, 1971), it has ‘been preoposed that.

"

thlrst 51gnals pass caudally to the LH (Mogenson, 1974)

< -

from osmosen51tfwe cells in the forebraln (Blass and .
Epstelp, 1971; Peck and.Nov1n, 1971) or from chemorecep—
tive sites for:ANG—II inlthe-preootic reglon (Epsteln et
"Z 1970). ACCordlng to thdis model of the functlonal

neurology of the cohtrol of water 1ntake, thé crlfacal

J il

'output for the lnltiatlonﬁof drlnklng behav1or from the LH
1ntegrat1ve sites appears to be’ to‘partlcular areas of the.
11mbld midbraln. While npt as exten31ve1y studled ‘as
llmblc forebraln Stfuctures, the results of some 1nvest1-

gatlons have suggested that the Jdimbic mldbraln 1s ine~.

volved in 1ngest1ve behav1ors.' Lesions' of the-mldbralnf

tegmentum produce aphagia in rats (Parker andvFeldman;,

1967; Lyon et aZ., 196 8) ,-whereas electrical stimulation

of thls region e11c1ts feedlng (Wyr1w1cka and Doty, 1956)
and drlnklng (Robrnson and Mishkin, 1968). Electrlcal
stlmulatlon of the LH has been reported to' produce evoked
potentlals in the area of Tsai and in the mldbraln teg-

. mentum ventrolateral to the centrai grey (Wyrw1cka and
Doty, 196%6) and degeneratlng fibers have been traced from
51tes where feeding and drlnkrng were elicited in the LH..

to.the-'midbrain (Huang and Mogenson, 1972).

.

o

’



The precise role of the cerebral cortex in ingesgtive

behaviors is not known, although cortical involvement is

presumed at higher cagnitive functions influencing intake
- s * '

(Mogenson, 1974). i -

-

NeuraZ Pathways Underlying Limbic Forebrazn Hypothalamic-

Lzmbta MlgbraznuInteractzons in the Control of Ingesttve

Behavzor . ’
L)

- A - o . ’

~* -There hés been cohsiderable interest over the last 15

° o

’ Al ’ [ - . - i . t ¢ »
yedrs or so in the anatomlcal<relatlonsh1ps of various

A ¢ N

structures: implicated in the cqntrol of 1ngest1ve responses.
}

W Ehe Present section,will con51der brleflv some of the kgpwn
- ‘connectlons between the 11mblc system and the hvpothalamus
which appear to be of partlcular relevanCe to this. studv.; <
Uetal;ed descrlptlons of the orlglns,otrajectorles and -
”termihations oflliﬁbic—hyppthalamic'pathways ere given in

recent. papers (e.g., Swansoﬂ, 1976,.Swanson and Cowan,/
s \ / -
19 Mlllhouse, 1969) and review artlcles (e.g., Mo/gane,

1975) . ' _ . o ~

S
Ld 0

? : A”ciose relationship betweeﬁ the limbic forebraih and

the hypethalamus is suggested by the morphologlcal contin-

-uity of the LH with the preoptlc and septal regions and by

the many anatomlcal studles which have shown pathwavs

llnklnq forebraln structures with® the d!encephalon (cf //,K/A/

_Motgane, 1975: Swanson, 1976; Swanson and Cowan, 1976).

The fornix system, difect:amygdalo-hyﬁothalamic connections,

4
+




. ‘ - . R |

stria medullaris and the medial forebrain bundle are somé
 of  the major proﬁections.joininc the two areas.

The pathways through which limbic forebrain 'structures

.

- - b

may influence the midbrain havé been extensivelyv-studied * °

- using histological and electrophyeiological techniques.

These 1nvestlgatlons have demonstrated monosvnaptic pro-

jeections from the hlppocampus (Nauta, 1958, 1960; Giantvn
s;and Grantyn, 1972 1973}, cingulate cortex (Dome51ck, 1969)
. and lateral hvpothalamus (Huang and Moqenson, 197?), to

the mldbraln rétlcular formatlon and central grey, and.

as well to the midbrain and“pontine tegmentuam (Nauta, 1958).

1

There are also two’ major polysvnaptic fiber systems inter-:

connectlng 11mb;c forebrain and.mldbraln areas. The flrst

group of_fibers,.originating in the septum nellucidum,‘

olfactorgftubercle and {ateral_préontic region, enter

the stria medullaris via the inferio;)thalamic‘peduncie,

~ pass rostrocaudally to synabqe‘at the'iateral habenular
;>nucle1 and then contlnue ventrocaudally as diffuse and
\compact components of .the Faqc:Lculu-a retroflexus to the

interpeduncular nucleus, dorsal teqmental nucleus and

‘caudal cefitral grey (Nauta, 1958; 2Zvo et al., 1963; Ban,

1966; Mildhouse, 1969; Morgane, 1975{ Swanson, 1976; Swanson

- and Cowan, 1976) ., - v
o \ C. . ,
- The second major polysynaptlc pathway from the limbic

forébraln”to the mesencephalon is the med1a1 forebrain i

: bggdle .(MFB). The descending MFB consists of- fingly

29
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mvelinated and unmfeiinated”fibers derived from many cyto-

' archetonically‘distinctTa;eas suéh‘as the hippocampﬁ;,
septuh}.nﬁcléus of the diagonal gapd of Broéa, frontal
ebrtex, nucleus accumbens, amygdala and pvriform cortéx
which converge 'i_n.,t".he lateral preoptic regio: and paSs;

caudally through the LH to terminate near the ventrolateral

, -edge of the central grey or to distribute to various regions :

near the miﬁline en%oﬁpassing the dorsal and veﬁtral,ﬁeg-
mental mesenceéphalic areas and their associated nuclei
.(Nauga,-l958i Millhouse, 1969; Swanson, 1976). Millhouse
(1969) " has found that_the descending MFB contains iong
fi@ers;és well as numerous/shprter axonal éegmen£s. MFB"
‘fiberélfrom thé:frontal pole, olféctory tubercle and
pyriform cortex pass wiﬁhouﬁ_synapsing éhrouéh the @ﬁ and
into the poritine tegmentum.
‘iﬁ the septum énd preoptic,rggion, accompany ;he long
‘axons for varying distances through the LH, wherehpoﬁﬂthey
synapse ér project coliaterals'to ngukoﬁs~along their

,paths., Thesé neurons are differentiated, in turn by the -
P". 0 . ’f ; &: -

amount of afferent input they receive' frem converging.

>

3

,,fibgrs of different 1imbic'structufes ‘yi;lhouse, 1969),

Limbic forebrginvpathways passing to the\mesencephalonearé
‘reciprécatéd,bQ'rostraily courSiAg fibeéé?b%.the asceﬂding -
"MFB and fas;}culus‘rétroﬁléxus'which project to the LH and

as ngl to many limbicﬂforebraiﬂ structure; (Nauté, 1958;

. ) . " ~ . . °
Graﬁtyn and Grantyn, 1972, 1973; Morgane, 1975). ‘?hese
‘prdﬁinebt interconnections of the 1imbic'systém,and hjpo

-~

Other MFB fibers,cbrgpihating .

30




thalamus via the MFB and the .reports of a closé anatomical

correspendehce of this fiber svstem with central sites

¢ - .

effective for eliciting feeding andrdrinking (Huang and

Mogenson, 1972) suggest that the MFB mav be 1mportant in

-/
the control of motivated behaviors (Mogenson and‘Phllllps,

L 4

1975). - _ , w
] - . T -’
- The recent interest in chemical neuroanatomy based on
o = S

mapping trans&%tter;specific pathw?ys With histochemical
;nd histof&dorescehce teéhniques hée shifted emphééis from
caudally 39 rost;al;y di;ected'pathwais ‘associated w;th
ingestive behav1o?s. These new neurodhatomicallprocedﬁres
have demonstrated amlne qpec1f1c pathways paSSan’from the
bralnstem through the LH to terminate in thalamlc, llmblc
forebraln endﬁcortlcal regions (Dahlstrom and Fuxe, 1964}
Uhgerstedt, 1970, 1971). The findings are numerous and "

beyond'theascope of thig section; comprehensive reviews

%
1

dealing with this work have recently beeh writtea bv Mogen-
son and .Phillips (1975) and Morgane (1975) -What is of-

particular 1nterest and 1mportance to ‘the Dresent Study.ls

that the hlstochemlcal and hlstofluorescence magplng studles

S

have revealed the neurochemical organization of the lateral

’ ~

hypothalamic ‘area for the first time, showinémit to be hoth

‘heterogeneous and complex. For example; the far;lateral

hypothalamic area (FLH), which has usualiy been cpnsidefed
. - , ‘ ' y

to encompass-the most 'ventromediial aspects of the internal

capsule, entopeduncular nucleus and globus pallidus,-as

well 5; the most lateral portion of the LH itself (cf. Mor-

.
: ]
:

W

<




gane, 1961, 1964), is dominated bv dopaminergic-containing
axons”of the ascending nigro-striatal and meso-limbic ‘path-
ways (Morgahé, 1975) . The midlateral hypothalamus (MLH),

in coﬁtfast, i§$character§zed b& serotinergié and nor-
adrenerd&c fibe;s bé éassége originating from c¢ell bodies
1ocated.in the midbrainnandaﬁfainstem YMogeﬁson and

Phillips? 1975). This~néwﬂﬁpdErstanding'of the chemical :;
neyroanatqmy Eogéther‘with tbeytgchnique‘of selective :
leéioqs o;.stimulation of the MLH ox FLH has therefore pro-
&idea an iﬁportant,tbol for e§tablishingf£he identity d§‘“
pathways that éoursé Ehroﬁgﬂ this area of the“diehcephaloﬁ;
since manipulation of. each iégionﬁwould producefspeEific
neurochemical changes in brain areas tg whi;h these fibers .
'»QfapaSSage_project,(Morgane, 1975). ‘Althqugh~ﬁorqaﬁb
(1961) suggested more than a decade agowfhat_aphggia aha
adipsia resultingg%rém hypothalamic 1esion;,might‘bev:duec
to destruction of fiber'patﬁﬁaQS rather thap’iqpegpgtive

%

ceriter, it is only with the increased awareness of the role

NN

of amine-specific pathways in the-control of ingestive
behaviors that his ideas have been ﬁakén seriouély.k
Electrolytic damage of.higrostriatal and pailiéofugal

fibers passing . through the FLH was described by Morgane
(1961, 1964) as resulting in a "quaiitétiVely different" ”

[ ] I3 . o
type of disturbance of feedind and, drinking than that seen
when lesions were made in the lateral.perifornical (MLH
hypgthalamic area. Typically,_thé MEH lesjon's caused a

transitory disruption’ of'inges%%ve behaviors that Morgane
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<
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oo (1961) termed "motivational inertia" since the animals
¢ :
were found,to have normal d ily 1ntakes of" food and water K

but weuld not cross aQ\electrlfled grld or bar—preqs for
food or water reward, Thev lost weight duringcthe,
L. immediate postlesiqn period'gueh llke‘nOrmal'ratsbdeptived
‘ of food and water. Morgane (1961) showed ttat when thei

lesions wefe made one mm more laterally (in the FLﬁl a
vet& different disruptidn resulted. ¢ FLH-lesioned fats did
not eat“or drinf lost welght raoldlv, aad died still

o w1th1n the peflod ;Qrmal animals ceuld w1thstand food and

*} ‘ water deprlvatlon. Morgane S - early work has been’ extended.

¢

to ‘the entlre llmblc foreB;aln-llmblc mldbraln extent of o

. the MFB (cf. Morgane, 1975) and pas shpwn that Iesions *

placed anywhere along the trajectory of this fiber system

produce disturbances of ingestive ‘behaviors. Moreover,

bt 14

interruption of the various component pathwa?s‘comprising}

the- MFB at. extrahypothalamic levelsahas demonstrated that

the severity of the disruption of feeding and drinking

v =

1n relation to the extent tO‘Wthh the 1esxons deplete the

s i,
e N [3

forebraln of noreplnephrlne, seroton;n and donamlne (cf..
- . - 2 -

Mogenson and Phillips,.l975- Morgane, 1975). These studles_ . ’

1nd1cate that 1n studylng ‘the LH we are dealing Wlth

several ascendlng and descendlng transm1tter-spec1f1c

‘pathways which. can be followed anatomlcally and manlpulated

both in the hypothalamus and at several other levels of the. -

~

4

‘neuraxis. The studles also suggest that dlstant neuro-

«

chemical effects of 1e31ons placed in the LH may be very o




&

important in determininé the physiological, and behavioral

e, ANGLII“as a hormonal mediatof of thirst and suggested that

preserve the volume an

N -

‘effects that-are produced. o

<
<

"In summary, it is apparent from the foregoiné intro~
i ' . ‘ ’ N .
duction that the investigation of the neural mechanisms of -

:1ngest1ve behav1orskwh1ch began in the, 1950’ s has been

pursued v1gorouslv up td‘the present time, The earliest

models of the control systems f&r regulatory thirst
suggested that.separate signals of cellular and extra- ) .

cellular dehydratién actedron specifié volume and OsSmo-—

sensitive receptive sites in the forebrain, were integrated

Al

.in the LH and then transmitted to motor nuclei in-the mid- .
! i -C el

hY -
brain for the execution of drinking behavior. During the

1960's°tbe scopé of the studies expanded to include other

brain sites, and limbic structures in particular were ne
- O

1mp11cateé§?s exerting modulatory 1nfluences on the LH.

The involvement of the renin- angloten31n system in extra-

- . 2
- I3

*cellular thlrst mechanlsms was proposed during this tlme ’

and more récentiy exper%méntal,evidence has estainshed o

it may exert ite dlpsogenlc effects by actlng chemosen51t1ve
P

neurons in tﬁk POA or the SFO Thls l&tter development has

genérated much 1nterest 1n the neuroen&%crlnoloqacal

N
- -

mechanlsms “of . thirst and has reinforced the 1dea (see p. 5)

«

7]

<
that there are multLple physqologlcal mechanlsms td g
d)compos:.t:.on df the extrecellular "

body fluid qempartment. E;nally,.w1th the increased use

4

of the new neurochemical mapping techniques referred- to

o

s
o Wt
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above, a reassessment of the classical view of the neural
[ B .

L+

regulation of ingestive behaviors has heen prohpted.=”The

new owtlook ¢n how the central-ner@éus-system participates

-
.

in -the behavioral regulation of body water constancy

emphasizes, the importance of am1ne—spec1flc ascendlng, as

- .

well as descendlng, limbic forebraln, hypothalamic, and '

) mldbraln pathways and of the complete neural 01rcu1try of

. which these pathways are a part.

o’ °

1.5 "'The Present Study

. oo C a :
On the -basis of the.studies réviewed thus far, it
e " e} .
appears that the central mechanisms subserving regulatorv
drinking behavior.involve a complex oircuitry of specific

3 4]

neural reCeptor sites and transmltter spec1F1c pathways’

1nterconnect1ng the' LH w1th the llmblc forebraln’and mld-

‘brain. - These studies have: ralsed manv ;nterestlng
¥

questlons concernlng the functlonal neurologv of cellular

and extracellular thir t, many of whlch can be“examined in

@

the laboratory uThe purpose of the present study was to
1nvest1gate whether spec1f1c neural pathways and 1ntegrat1ve

Sy “ . .
structures in the LH and limbrc mldbraln transmit and’

v
process the signals that. 1n1t1ate water 1ntake in response

° 3 el ’ .
‘to cellular jand extracellular stifiuli of thlrst The _

©

' study is d1v1ded 1nto four exper1menta1 series whlch appear
consecutlvely in Sectlons 3.1 to 3.4.
' The fxrst‘serles of experlments used single unlt ]

recordlng, le51on1hg and behavioral testlnq,technlques to

—
24
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try to JEEerminefif,drinking behavior induced in response

-

(~ . to the administration of tpelhormone,'ANG=II, to the POA =’

. ) was_mediated by.pathways passing through the MLH or FﬁH!.g A
. S , . . - .

'y

ATl

The ‘'major findihé‘Was'tnat‘pathﬁays ttabersing the MLH

ﬂappeared to subserve drinking tOvANQEII and gtherﬂextral

< L cellular thirst stimuli, whefeas~pathways passing through °

) = N , " . A - . . . . g
-+ the-FLH-mediated. water intake to cellular stimuli of. .

. thirst{ ‘A functional.and anatomical Secaratioﬁ.cf~néural y
SR - systegs!in the LH for the twoity;es o} regu%atory thirst’j ‘a
' ‘.. is’ consistent with tne-dcunle erleticnfhyéqthesiS'as '_, '

; .enunciated by Epsteina(l§73) aAd'with‘Mcréane's (1961 ) Lo 7

1964 1975) view that the MLH" and FLH are concerned w1th .

. e - v r X
._,)/ ; dlfferent aspects of eiérc balanCe ahd bodw fluld hcmeo— ;_' -

stas1s. . - ) B ) —_— ) .
] . - » . » s . .~ o .
4 .

?
On the basrs of the data 1t was dgcxded in the
second serlesfof experlments,-io examine more closely the

&

nature and spec1flclty of the ;ngestlve deﬁaclts follow;ng’ e

MLH and FLH lesyons. Thé major conclusrpn of thls Part bf

s . the study was that the effects of MLH and FLH lesions were

specific to extracellular and cellular thlrst respect;vely,

L] N

and not ‘to non-spec;flc Eactprs.‘ L
Recalllng that-the current view'cf the centréﬂ COntrolr
. of 1ngest1ve behaviors (cf. Mogenson and Bhllllps, 1975- '5 o

. Morgane, 1975) postulates an 1nteract10n of llmblc and
e and hypothalamic structures, t§e next serles of experlments-
\ -

» was de51gned to test whether drinklng 1nduced by cellular RERE

. s / "_»
N - (hypertcnlc‘NaCl) and extracel!ular (ANG—II) st1mu11 of S
- - - . - . 0. i ‘




. _ ﬂ _ : -
L - S .

thirst administered to the proposed'forebrain'receptive

Ve s1tes yh the POA, waS'medlated by llmblc mldbraln strug- -

.2 v

tures prev1ously 1mpllcated by Parker and Feldman (1967)

F " . '
"and others (e.g., Wyrwicka and Doty,_1966; Roblnson and

Mlshkln, 1968) in ingestive behaviors. Since it was found

- ‘ that ie51ons of the paramedlal ros;ral mldbra1nedlsrupted

r

drlnklng to ANG-II admlnlstered to ‘the POA but not to -

B B
. ?

» hyoertonlc NaCl given to the same 51te, it was-concluded

that’ separate neural pathways medlaQQ cellular and extra-

cellularlthlrst at thlS 1evef”bf the braln.

3

» Tn the final part of. this study; the focus of atten—-
‘» o
tion was sh1fted~to the questlon of the location, of .

. } "receptors} for ANG—II in the forebrain (see pp. 19-21)
~and whether there are multlple neural pathways mediatlng -

-extracellular thlrst.. Ihe results of the last serles

;ways (pas51ng through the 'MLH and paramedlal rostral—mld-
\ ] c

bralm) distinct from th0se whlch subserve water 1ntake

e

T when ANG-II is mlcrolnjected 1nto the SFO These résults

suggest that there are multlple receptlve sxtes and neural

g . : pathways for medlatlngvextradellular thlrst.. ‘ _ e

/

of exper;ments 1nd1cate that drinking 1n1t1ated by admlnls-,.

. terlng ANG*II to the POA is medifxed through neural path—L A
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C s o -~ Methods common to-the expériments of tﬁis‘studycare'

S
. /
described in this section. Exceptlons to these procedures 3

<~ o - . a

and technlques spec1f1c to individual- experlments are

“ ..
R 4 a . e . U'

described in Secp10ns,3.l - 3.4 and in Appendlx A, ,

@

c* ) - - <
2 e <
/ -

. v2.1 Anfhals, Housing_aﬁd Diets‘

-cn 3 - ' . "
A’ total of’ 483 male Wistar rats we;ghlng between N

»

200 425 g were used .in the four parts of . thls study. . The

4 “ ® ~ - . . )

anlmals,were oQta;ned from Woodlvn’Farms (Guelph, Ontario3

'or‘BioBreediné Laboratories (@ttawa, Ontarlo) -They weré .
i housed’lnd1v1dually 1n suspended w1re-mesh'cages (18 x 23 % B ) K
. "518 .cm) in a temperaturef,and humldltybcoptroIled room. Wlth°‘ !
a, 12 12 day-nlqht llght cycle %nd were. malntalned on. tap : R

1 o wa¢er and Purrna rat ohow ad Z@bztum. A’svnthetlc granular
7
dlet 4hlgh carpe&zdrate dlet- 63 7% sucroSe, 20%‘case1n,
< p 10% corn 011’ 3.8% salt mlx, 2.5% vitdmin mlx, by we;ght)

. a v « ! . .

was used in some of the chrbnlc le51on experlments whlch Tt

eSﬁlred measurements of dallv 1ntakes of food. EE \. K :

f
+ . e s O R . - . o e

imal Preparations for Chronic Experiments

P g N z Y e . -

e © 1. Stereotaxic implantation of ‘intracranial cannulae
and Ze‘aioniﬁg etectrodes o T ‘

Chronic,intracraﬁiai cannulaé (guide ¢annulae) were

- made by modifying‘a.23 or 26,gauge’stain1es§°s£eel needle.

- . - . - N ‘
. t . -
° 3

’ ‘ ¢ 38 °
[ . . B
h 1 .t . .
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. The plastic hub of,.the needle was removed and the needle ;

ground to a length of -12 mm for SFO and oerehral ventricle’

iﬁélantati&n or to:15 or 17 ﬁm for POA implants.” A

o o

removable 1nner cannula (1njectlon cannula) was made from .a
'length of 30 or 33 gauge Stainless steel tubing (HTX~ 30 and

HTX- 33 Small Parts Inc., Mlaml, Florida) thCh flttéd

a4

: snugly 1nto the 23 and 26 gange guhde cannulae, respec-‘

3

tively. The 1njectlon cannulae were bent 1nto the shape

° SO ¢

of an "L" w1th one arm prec1eelv ground so that its length

. was 0.5-1.5 mm greater than that of the gulde cannula. LThew

o

<

other arm of the 30 gauge 1n}ectlon cannula was. connected
to a length of polyethylene tublng of 0. Oll" inner dlameter
(P.E..lO; Becton, Dickinson and Co., Parelppanv New:
Jersey) . The 33 gauge 1n3ectlon cannula was connected to
cteflon tubing of 0. 008“ inner diameter (#32 mlcrolrterl
'tublng‘ Small Parts Incs). ‘Obturators made fron sige 06

- <

lnsect pins were 1nserted 1nto the gulde cannulae and - iJC
remalnedAln place except during ;ntracranlal:testlng.
Monopolar lesioning electrodes were made from size 00
insect pins cut to a length of l24?0 mm and were coated
- with an 1nsulat1ng lacquer (Epoxyllte #6001-M Electrode
Insulatlon, Epoxyllte Corp., Buffalo, - New York). Three. tp
flVE qoats of the-lacquer were applaed,'allow1ng each to
"dry before applylng the, next. Prior to implanting‘the
electrode the cross- sectlonal area at the t;p was scraped

»

Bare of 1nsulat10n u51ng a dlssectlng microscope and : /(

electrlcisandlng‘tool. Dependlng on the 81ze.of the lesion

3 - . . T .
« 7 . .
. . - . 5 .
- - . - ,
o

g e
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to be made, the exposed cross-sectional area at thé elec-
trode tip was p.%;l.0 mm in diameter.  The electrical
insulation of the electrode shaft was routinely tested-under

L4 ©
.

a dissecting microscope by passing a 'low voltage direct
..gurrent'while the -électrode was ifmersed in saline. , ’ »\i
8 { : ’ : ) o )

The guide cannulae used for. intracramial microinjection -

[y

of the drugs and solutlons descrlbed 1n Section 2.8 and the-

le51on1ng electrodes were 1nd1V1duallv 1mplanted 1nto desig-

nated areas of the braln usrnq standardastereotax1c*technlques.'
i ;

In theufirst-series of experlmqnts rats were pre}reated (lb
= min) -with AtrOplne‘Metth ﬁitrate (SigmaQChemical St. Louis,
" Missouri; 0. 5 mg/kg body welqht, i.p. ) to reduce bﬁgnchlal
'secretlons, and were anesthetlzed with sodlum pentobarbltal
(Nembutdl; 50 mq/kg body welght, i.p. ) In later serles'of
- experlments the anlmals were anesthetlzed with ketamine hvdro- -
. chlorlde (Ketaset; Rogar .STP, London, 80 mg/kg body welght,
i.p.) followed 5 min later‘By an ¥.p. inﬁeetion of sodium’

pentobarbltal (Abbot Laboratorles, Montreal 25 mg/kg body

¢ ~

weight).. The animals weré place€d in a stereotax1c frame

.

_(Kopf.Model 500; David Kopf Instruments, lujunga; Callfornia)
| w1th the head rlgldly held by ear bars placed into the..
external audltory meatus and by an incision ‘bar fixed at
5.0 mm,ﬁpove the levelk of ‘the ear bars. ‘A ‘midline 1nc151on

. 10~ 20 mm -in length was made through the, scaip, the flaps of

s -7 °

:, . whlchqwere then retracted laterally and held~w1th hemostats.

0 -

The surface of the skull was cleared and dried and tbe ster-’

' eotax1c coordlnates of the sagltal and coronal sntures o
¢

- - N A ' il F'-‘—" '
"
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1

A\
. ‘ ‘ 4 ‘ : )
(bregma) were, taken-as zero reference. The cannula or

lesioning electrode was inserted to the appropriate_depth
) ’ inuthe'brain through a smallﬂﬁole drilled in the

calvarijium andawas fixed in place by applying eranioplastic

acrylic (L. D. Caulk Co., Mlllford,,Ontarlo) to the

-

cannula or electrode and to stalnless steel jewellerv R
screws whlch were inserted into small holes drllled in

b [
: /fﬁg adjacent°calvar1um. In arnimal preparatlons intended

»
«

’ . for subsequent single unit recordlng experlments an
addltlonal jewellery screw was- melanted in the calgarlum

overlylng bregma and the skull surface poste ior to thls-

B 3

level was kept clear of cranloplastlc acryl so that

recording " could be made. The stereotax1c coordlnates
- ‘ .

used for cannula and'lesion;ng electrode rmplanps are

. * shown in’ Table 1. ) - »

2.‘ Cannulation of the Jugular vein - .
'The right external jugular vein was permanently
cannulated using the procedure of Steffens (1969) ylth the
‘modifications employed by Abdelaal (1975) The cannulae.‘
-were made from 115 mm 1engths of. Sllastlc tublng (#602- 155,
) : Dow Corning Corp.,; Midland, Mlehlgan). The end of the * - | .
’ ‘ﬁubing'to be inserted ggto_the jugﬁlar vein was eut at.-a .
45° angle and a 3 mm ring, cut from larger dlameter tublng,

N

' was Slld onto the cannula to a point. 45 mm, from the end to be

1mp1anted - A 20 mm length of 20 gauge stalnless steeh'tublng

.was bent 1nto the shape of an "L" and :he distal end of the

.
o . R .
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/cannula (cut at a right angle) was passed z’m@‘over one\yarm,

of the "L" shaped tubing. . The structurellv comp leted 2 v
cannula was filled with a solutlon of 50% (w/v) Polyvinyl
yrolldone (PVP MW 40 000; Nutrlonal Biochemicals, Cleve—
land, Ohio) in heparinized 0. 9% NaCl. Penicillin (7,500
units/ml}) was added to the PVP solutioq tqurevent'bacterial
gro;th in the area 6% the cahnui:qtip. Thehcannula was ‘

B Htapped clear of air bubbiles and capped with a 10 mm length
of polyethylene tublng (P.E. 60; Beqton, Dickinson and Co.)
heat-sealed at the dlstal rend. At the time of eurgery the

lmplantatlon of the cannula into the jugular vein was done

first after whlch the animal was placed in a Kopf 500
A L.

stereotaxic frame. The skull was e¥posed and forceps were

‘guided subcutaneously around the neck to the jugular vein.

-

The distal end of the cannula was held between the tips

™~

of the‘forcéﬁe and waSaguided.up to the eXposeé skull

‘surfacde. The end of the canhula was pesitioned centrally
‘between four jewellery screws partlally screwed lnto -the ¢
adjacent. calvarlufifnd.cranlopﬂ‘!tlc acryllc was applied

to anchor the implant. Animal preparations intended for

use in subksequent reeording exﬁerimggis wvere clearrof
cranioplastic aeryiic on the skull surface posterior to

bregma. A mln{mnm of 5 days was alleéed for postoperatlve;\
frecovery“befége the anlmals were used in any experiment.’ |

L]
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. 2.3 Drinking Tests

1. Intracvanial administragions of test solutions
' . - s

The "animal was removed from 1ts home cage and llghtly

restralned by hand The -inséct pin obturator was removed

from the shaft of the guide cannula using foxceps and was
: - ) :

replaced by .the, injection cannula eonneEted to a 20 pl

¥ -

cagac1ty syrlnge (Hamllton Instruments, Reno, Nevada) oY a

'1 ul capac1ty mlcrosyrlnge (Sc1ent1f1c Glass' Engineering

"litre.tubing filled with the test sc

- the animal was returned to its home cage. At the end of a

Ltd., 'Melbourne, Australla) v1a_a 1i29£h of P.E. 10 micro~

ution. A predeter-
mined volume was injected over 5-10 sec, the injection
2 [ . . .

cannula was_withdraWn and replaced with the obturator, and

- . * ' : 2 ‘ N .
15 or 30 min period following the injection, water intake

‘ : .o LN :
(¢ 0.5 ml) was_measured from calibrated 15 or 50 ml N

égntrifuge tdbes rirtéd wfth’RichtEr"tube epoutsf Food

'(eitner nighncarbohydrare dietaor.Purina'rat cﬁbw) was

available déring>the drinking tests. |
- T e ~

. v )
2. " Peripheral tests

4

_Iéisome'of the experiments the effects of cellular

. and e;tracellular'dehydration on water intake in lesioned.

and contrel animals was studied, 'Theganimals were water-

deprived for 12, 24 or 48 hr and water intake was measured

-

for a l-hr or 2-hr perlod following deprlvatlon.' Food was

avallable throughout the'deprivation periods but not%dﬁring ’

the test of water intake.,. To determine the effect of a

@

44



reduction in cellular-fluid volume or water intake, ' It

anlmals weére 1n3ected i.p. with® hvpertonac solutlons of

3

NaCl or sucrose or control lsotonlc solutlons of equlva;ent
‘volumes of same. ' Latency to drink following injection and

l1-hr water intakes were determined. Food was not available

. . during this period. '

. ) N

In order to study the effects of extracellular dehy- | -
[ - .

dratlon pdlyethylene glycol?.;soproterenol or renin was

1njected (s.c. or i.p.) and water intake was measured for
6 or 9 hr with no food available. WAs a .control procedure

equivalent volumes of the isptonic saline vehicle were of

administered. -

<

In the experiments involving jugular vein infusions
. of angiﬁtensin—II, the animals were transferred from their

home. cages to a pleiiglass chamber RZO x 30 x 30 cm)y two
T "

‘hours-before the start of the test. - The PVP was asplrated T

from the cannula lmplanted in the jugular vein and the

cannula was ¢onnected»to a 60 cm length of P.E; 60 tUbltg

) ’ - N

surrounded by a protective flexible lightweight sprlnﬁ.
- The test or control solution was infueed at a eQnstant
b ﬂ raté for a do_mig period from a 2.0 ml syripge-driven by
T ‘an adjustable;rate,infusion pump (Model.255, Sage Instru~
-ments, New York, New York) after which,the'total water |

intake was measured from a 25 ml pipette fitted with a - ‘_Jc',

stainless steel drinking'epout.f The rate of infugion was

& « - " . . .
‘adjusted to the body weight of the animal (2 ml/kg/hr) and
, ‘ ~ _ |




food was-availablé’thfbughout the ieéti Control ipfuéionS* - f

- - of equivalent volumes of 0.9% NaCl were administered on the

déy preceding the first test with angiotensin-Ii. ) - -~
) 2.4 Extracellular 5K£;le Unit Recorgding - o

* ] ), . . -
In 57 animals the effects of administering ANG-II or

hypertopic NaCl or sucrose through cannula€ chronically
.implaptgd intd the POA on single‘unit ;ctivlty in_othef
‘ areas of the brain were inge;tigated. 'Prior,téiﬁhe~ ' ~
}eéérding Féperiment, each animal was tested for drinking
In responge ta‘thg‘microinjection.ef ANG:fI, hypgfgbnié cw

. NaCi or hyperéonic‘suchSe,accqrding to proc%du;es out-

. . i ‘% ' ‘ ) .
lined in Section 2.3. Only those rats which drank -follow-

ing administration of the test solution were used. -

>

. c . “n :
.Animals were anesthetized with ethyl carbamate,

2 e

(urethan; 1.2-1:5 g/kg hody weight, i.p.) and placed in a -
. . . stereotaxjc instrument (Kopf, Madel 1730) with  -the incisor
set at 5.0 mm above the level of the ear bars. The frontal

and parietal bones:were expéééd following midline incision
of the sca;p,‘a 4 x 4 mm section of bone overlying the area
< A

of brain under study was removed..and the underlying dura ,

. extised. The exposedbcortex and sdrrounding wound_edgés

. were covered with a layer of mineral oil or saline to

-prévént drying. Rectal temperature was monitored_with a

LI (-8

thermistor and telethermometer (Model 43TA;,Ye119w Springs

w ]

Ihétrument Co., Yellow Springs, Ohio) anq_was kept between

-

.
- * "
o
. .
. . J-
’ , - . . . .
. L .
.
.
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3

bdlameter,‘O.S—S.O_ MQ.ln}tlaI'dlrect current resistance. .in

37° and 38°C using a hot-water bottle, - Intracrahial micro—-

o -

"injections were made ‘over 5 sec through a 30 gauge 1njectlon .

cannula inserted to an - approprlate depth 1n§p the 1mplanted
guide cannula and connected at 1ts dlstal end to afi?ort

segment‘%f P.E. 10 tubing to.a, 1 or 10 ul‘syrlnge illeq - &

with the test solution. No more than 10 inbracrani?l" ! :
) 8 : : . » N

1] D. .‘-' L ~ [ . I3 I}
microinjectioris were made during the recerding .session, and

o s - . ’ -
an interval of 40 min or more elapsed bhetween two successive

© -

injections. - Injection of)equivalent'yolumes of the control

vehicle solution were routinelv administered

Extracellular recordlngs of single neuron act1v1ty .

°

were made w1th stalnless steel mlcroelectrpdes (1—5 u tip

«

saline)oérepared from _size 00 insect pins according to the

ﬂ%thod of Green (1958) and 1nqulated w1th a lacquer (Type

E—33-N _Inslex Co., 0551n1ng, New York) " The electrlcal
L 3 : @ ¢

Jnsulatlon of the electrode shaft was tested by pa951ng a

low voltage dlrect current, whlle the electrbde was 1mmersed

¢

in sallne. deraullc reduction mlcrodrlves (Kopf Model

©

- e <
1207B) were used to lower the microelectrddes‘into the ' - .
.brain. The stereotax1c coordinates used toopogltlon the f‘ .
{ .
record;ng eledtrodes were those shown 1n Table l The -

microelectrede. was connected to, oneulnput of a dlfferentaal
AL preampllfler (Grass Model P14 or PlS) whlle a, stalnless
steel jewellery screw threaded partlally 1ntb the skull was

\ El



connected to a secbnd input of thé preampllfler and served
as’ a reference electrode. The recorded act1v1tv was

flltered using- a 30 Hz—30 KHz band pass and the flltered
electrlcal 51gnals were led through an amollfler (Tektronlg @
$ S

Model 2A61; Te?trdhlx Inc., Beavefton, Qregon) and then

) into;.oscillos:‘es L(Te‘ktronlx Models 565, 549 and 5103N)

for econtinuous 'and single'sweeﬁ display. ‘Amplifier outputs

we He connected to an aud10monitor-(Grass Model AM4 or AM7):

—/End were Jﬁso led to a magnetic tape recorder (Phwllps -

Analog-7; N. V. Phlllps Inc., E1ndoven, Netherlands) to "o

o ¢ 2

_be stored for subsequent analy51s. Photognaphs of neural

actlvrty were made from the Tektronix 549 and 510Q3N

osc1lloscope screens using a Polaroid camera.(Tektronix o

8

Model C-12). . - ) Tl e .

Unit responses to PoA,inﬁections of the test
solutions were displaved by mbhking frequency-time histograms

‘generated from a signal analyzer (Biomac 1000, Data ' Q‘ s

1nstruments Ltd. ﬂondoﬁﬁ fnéland) which was trégqered by
stwmulator TGra 'S Tvpe SD9) through a 100 KQ resistor.
n order to record arterlal blood Rressure, ‘the B

al artery was cannulated with polyethylene tublng

' 0o B . "




s - . .
2 @® °

. : s {Grass, Model 7B or: 79C) Cortical EEG recordings were
made from jewellery screws threaded throuqh small holes
drilled bilatera%ly into the skull overlying frontal

cortex% The EEG signals wefe ledcditectlv lnto a'%ide-

o ¥ band AC Dreampllfrer (band pass 0 6= 15 Hz) mounted in tpe

PR same polygraph o {qu~
. S ‘ L . . -
2.5 Lesions® ] -}'- : g -
» In most experlments, lesions were made under ether -

1

anesthesia by passing 1.0-240 mA anodal.direct current
L '.: . "‘
(Lésion Maker; C. H. Stoeltin&‘Co:, Chicago, Illingpis) for
s . (G-I B - .
+ ~ 15-40 sec between the implanted insect pin and an indif-

“w -

ferent electrode clipped'to-the ipsilateral'ear. In eome *
of the experlments acute electrolytlc le51ons were placed '
in animals anesthetlzed #ith sodium pentobarbltal (40 mg/ﬂg
.body welght{ 1.p.) or ketamine’ hydrochlorld?\(IOO mg/tg

.o body‘ﬁgight i. p')'by means of stereotaxically guided

epoxyllte 1nsu1ated insectxblns similar in, de51gn to those .

used for chronic Lmnlantatlon . Snmil byyr holes were $
’ . _ . ., .
» drilled in the calvarium overlying‘the target structures,
Y v ~ . - .
the electrode was 1owered and an anocdal. direct current of
) J A Y L% .\J
1.0-3.0 mA was passed for 10-30 sec w1thgan 1nd1fferent“ N
" - ° s
o ‘ : eleetrode placed on -the exposed tempdral muecles 1p51latera1 -

b to the side of the 1e310n. The electrode was w1thdrawn and -

the 1nci51on was clea@ed and sutpred Sham le51ons were made-'

in onegfifth to qne-fqufth of. the anaméis In each exﬁﬁzz- -

t




“mental series. These rats were randomly selécted and
-underwent all s‘igiéal manipulatiens except passage of

. .. | 4 . R . .
current. T e # - ‘. o - .

Following~the placement of the lésion,ﬁtﬁé animais’ -
.. - - > . )
_were allowed 6- 14 days to recover before any post—le51on =
e L N
‘ -
tests fexcept dally measurements SE food and water 1ntakes

. + -

and}ﬁaﬁy waights) were made.' In seme cases‘where large
i leé!ons'causeé'adipsié an phag&a postoperatlvery,°the

-~y . A
x ° ®

anlmals recelved 1nﬂtagaqtr1c 1ntubatlon of a solutlon~of
oe® - 9 ’s
Metrecal'hlgh cargBhyd;a;e dlet'to facitlitate retovery:

«

‘ A -
(80 mg/kg body weight, i:p.)- or-ether ‘and perfused 1nﬁra-

s

were removeﬁ and stored indiVidﬁally in numbered‘glastic

er glass v1als 1n 10% Eﬁffered‘formalln for a mipimum of

4§jhr after whlch they wer; sectloned on.a freez&ng mlc:e—

tome' at a thlckness of ° 30P60 U and -every. seéond sectlon was

mountea‘eh gelatlnlééd m;croecepe silaes.p The seCt;ons :{ R
. . .

were stalned wztn thlonln or cresyl VLOYet and the location

and size of the le510ns wene determaned:uS;ng %he atlas of

Pellegrlno and . Cushman €1967) . - SR P o

- -
. L4 hd a

° [ J ‘ ) " ° ) a - . * ' K 2 .\>
- (Stevenson, Felaks, Szlavko “and ‘Beaton, "1964). . -~ | h
. ) - . & P - N ‘ . ' . ,

2.6 "Héstology S S b
. Fo. low1ng c0mplet10n Qf the experlmental téstlng the )

. )
rats we e-glven an overdéds of sodium pentobarbltal o

cardially with 60 ml 10%‘ ﬁffered formalin. The brains ~ ~°




\a"

In‘recording"e#perihents,'localiiation'of the tip of

) _—
e 5

'the stlmulatlng electrodes was’ oﬁtalned by pa591ng an

anodal dlrect current (5 upA for 5 sec) through tﬁe inher ‘
lead of ‘the Jbipolar €lectrodes: wrth a reference electrode
cllpped tojﬁm&exposed temporai muscles 1n order to dep051t‘
"iron at the tip of the electrode. Markina of mlcro-
electrede tips was ,made bv passing anodal d'rectrfdrrent.
”éf-B—lO pA for 20 25 sec. In most cases the Aarked sites

of mlcroelectrode recordlnq were the most ventrally locatedv

r

in a spec1f1c penetratlon and the locathns from ‘which

- . other recordings were made were determined by reference

¢ l . : ‘

to this point. “ The animals‘were.giVen'an.overdoée of -

.o

sodlum Dentobarbatal and perfused 1ntracard1ally w1th
o

&

30 ml of 8. 9% NaCl'solutlon followed by potass&um— P 8
3 - ‘.

ferrocyanlde form&lln (Z‘gm %) solutlon (30 ml) or by the f

o

'ferrocyanlde ‘'solution-alone (50 ml) The brain was’ removed
L] ‘ B

" and stored in, 10% buffered formalln solytion for a minimum

&
of 24 hr. Hlstologlcal verlflcatlon of. the electrode sites

'=Was madé’by cnttlng 40 or.50 L frozen sectlons and stalnlng

them with either thionin or cresyl‘vlolet . 'This flxatlon'
and stalnlng procedure has been shown to result in.mlnlmal
.K 8%) : shrlnkage of the' tissue so that tbe locations

of the electrode placements in the hlstologlcal sectlons

3
afg relatlmely accurate 1h61catlons of the, actual sltes of

stlmulatlon and recordlng (Konlg and Kllppel 1963). .Iron

.
ro-

dep051ts appeared as brlght blue spots agalnst a v1olet




s
. .
-

.
¢

was sufficieht to produce a small lesion. ~ - DR 4

-in evélnating the results of thé ekperiﬁents. (fhantitative - .

or light blue background. In some cases the current passed .
L4 ' ‘ -~ . . )

2.7 Data Analysis
) ”A ( ] 3 - - N N A 4 ‘o
Standard statistical methods were used *

b o

results are expressed throughout as Mean i standard error

P

of ghe mean (SEM) for €éach . groun. Qifferepcesnbetweeh .

~

[

' means\wsre evaluated using analyses of variance.' For

comparisons between two ‘means, Student', t- test was used,

For comparlson of mean values obtained before and’ gfter

’ lesrons-w1th1n groups,’a t-test for«palred data was used.,

2.8 . Chemicale and Soluttions Used T T
+ ; - - - - '

1. Angtotenszn SIT: »l-ﬁ-asparaginylh5-L-isoleacyl L~
-~ % -
angloten51n was generouslv supplled by Dr. A W Castelllon

oﬁ Norw1ch Pharmaceutlcal Company (Norw1ch New York) in
‘ .

its pure crystalllne form ?%§€g7§ftlty to be used in

each experlment was determined‘and measured out using a
B w '

3 . .

lab eleotrobaiance (Ventron Instruments, Los Angeles,’

Cayifornia) anq‘transferred to a5 ml glass vial. An
'Eppropriéte voiume of sterilé ertéficial'CSF (see‘page 55) '
was sddea;‘the solution. was kept for no longer ’
“that four weeks at_4°é{ Angiotensig-II was used for o ‘

E}

»

intracranial injegtions."

-




~

adding appropriatesvolumes of the vehicle solvent.

.

N
y N
-, y ‘

2. . Synthetzc Angzotenszn II: “'l—L;aépéraginyl-%;té
valyl anglotenSLn-II amlde (Hyperten51n, CIBA) was obtained
in 6 ml factory-sealed glass vials. -‘Fach v1al contalned
2.5 mq angloten51n—II lyophlllzed in 47 4 mg mannltol and

0.1 mg thlmerosal For jugular vein 1nfu510ns th? powder

.was,reconstltuted in the orlglnal v1a1,by adding 5.0 ml

sterlle 0.9% NaCl (Abbott, Chlcago, Illinois) For intra-
. . ra
cranlal 1njécﬁions the powder was reconstituted by adding

»

5. 0 ml sterile artlflclal CSF or sterile.double dlStllled

water. The reconstltuted stock golutlons.were kept at 4°C

for a maximum of four Qeeké, after which they were dis-

II werd prepared as needed throughout the ekbe;iments by .

)
. 3. Angiote%sin-I{ Coépqtitive‘A;tgggnist: .y—sircasyl-
. 8-alanyl akgiotensin-II'(PllB) was provided by Norwich
Pharmaceutlcal Company in 1ts pure crystalllne form. Ims
medlately prior té use a small quantlty of the drug was

L]

dlssolved in-sterile art1f1c1ai CSF go-a concentration of .

500 ug/ml. The-solutidn‘was stored at 4°C for two weeks

T B

and used .for intracranial injection.

4. Isoproterenol Hydrochloride (Winthrop, Aurora,
/ : . . ) &

* Ontario): Ffééh:golutions of isoproterenol hydrbchloride;

(0.12-0.50 mg/ml in 0,9% NaCl) were prepared before each .

series of injections. Isoproterenol was given subciutane-

. ously inlthe area of the lower hack or intréperitoneally

4 -

-

~

" carded. Solutions of desired congcentrations of anyidtensin-.

E
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“

~

$' N v i . ~ ! ) ) .
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LY

. : ' : o v o oL
at doses of 0.07, 0.14, 0.15 and 0.21 mg/kg bodypweight. .

o

5. Polyethylene Glyeol (P.G.) 20% in 0.9% Nacle

"oa

25 g pdiyetﬁylene glycol 20,000 (J.T. Baker Chemicals, Co.,

L4 ~

Phllllpsburg, N.J. ) and 1, 13 g crystalline NaCl were

. dissolved in 125 ml sterlle dlStllled water and the solu-

tion was stored at 4°C in a séalqd contalneg.untll used.

A small pottion’of \the solution wa7 warmed to room temper-

.ature before injections: Injections were made at a dose

3, o
of 2.0 g/kg body weigh&(ﬁ?bcutaneously to the area of the

lower back.

e N

-~

-

-+ 8. NGCL Solutions: 0:15-2.0 molar solutions (M)

“

> . L . ’
.'were prepared by dissolving reagent grade sodium chloride
' L

«
»

crystals in double distilléd water. The solutionslwgre
autoclaved and stored in . small v1als at 4°C. On théhtest

days, the solutloms were warmed td room temperature: and

1njected either 1ntracran1ally or 1ntzaper1toneally.
. - _ ' ’

7. Suecrose Solutions’s = 0,15-4.0 molar’

solutions were prepared by dissolving sudrose ctystals

(C12 22011, MW 342, 00) in d0uble dxstllled-water. The A

solutions were autoclaved and stored in small vials at

.4°C. On the test days 'tHb solutlons were.warmed tb room

V-

tgmperature and 1n3ected elther 1ntracran1a11y or intra- °

~ -

Y

peratoneally. : . v e

-

é. Renin: Lyophilized hog renin’ (1’ dog unit/mg;

- . ’\
- General Biochemicals, Montreal, Quebec) was dissolved in

4

*
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' ) . ’ . ‘. ’ .b' | N '\ . e
0.9% NaCl solutioh. fThe'solutiqp was p ‘
~ t : , R .
stored at 4°C in a 6 ml glass vial. On the days of | .

testing the solution was warmed to room temperature and‘ i

.
.

4
used for .intracranial injections.

-

9. Artificial CSF: 1 liter of artificial CSF solu-
tion Qas'prepared according to the formula given by Myers °

(1974). Reageﬁg grade salts were dissolved in distilled

I

. . water in the followfng amounts: NaCl (7.46 g), KC1 (0.19 g),',

) caCl, 5 5 (1.76 g), Na,HPO, . ‘:

(0.18 g). THe PO, and HQO, salts were disselved

(6214 g) ,. MgCl, (0.19 g), NaHCO

@

.ééparately and added to 9/10 of the final solution.
Glucose (C6H1206: MW 180.16) was qﬁen added and the

solution was brought uﬂ‘to. 1 liter. The stock sotution
was adtoclaved‘andrtheﬁ stored in a large flask at 4°C. - | ¢

? Small volumes were taken as needed for the intracranial-~’

- »

.l“l ’- . . - .
injections. ' . - a . . ‘ .

“r,
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3.0  EXPERIMENTAL RESULTS AND DISCUSSIONS *

-

2

. The series of experlments which make up this studv
are descrlbed in the four parts of thlS section and the

results obtained in each part are_considered separetely;

-

’

One additional experiment is° aescribed'in'Appendix A,

A general discussion and summary Qf.thé'results are given

-

3

'i}Section 4 and Section 5, respectively.

[} : Pl

3.1 Lateral Hypothalamic Pathways Mediating Drinking in

©  Response to Admlnlstratlon of ANG-II to the POA -

v . . ! .

*
’

a dipspgénic«hormone involved in extracellular thirst. A

centraI locus for its dlpsogenlc actlon was suggested by
the results of.ploneerlng experlments in wﬁlch‘coplous

drlnklng in water—replete rats was €licited when the"

- hormone was»mlcr01n3ected 1nto the reglon of the\POA

(Epsteln et aZ 1970) . Altho’gh ‘these 1n1t1al Qbserva—

tiens and the results of subsequent stud;es (Swénson and

'-Sherpe, 1973) p01nted to the POA and adjacent forebraln

‘..structures as.havrng chemosensitlve receptors or ANG-II,

¥ -

llttle data were avallable to 1ndloate ﬁhlch eural path-

rways and 1ntegra€1ve structurestsubserve the ‘elicited

drinking behavior., - *° .

~

Studies reviewed in Section 1 indicate‘that\hNG-II is



e a

. , .“)9

The first series of experlments in this study was

B ~
N v

undertaken ‘to 1nvestlgate these questions. sihce prev1ous

’

work showed that def1C1ts in water intake ‘initiated by
cellular (Epstein- and Teitelbaum, i964;~Epstein, 1971) and

extracellular (Fitzsimoney 1966; Stricker and Wolf, 1967)

stimuli of thiret“(esulted from Bilateral lesions of the

- -

LH, it was deC1ded to 1nvest1gate whether pathways pa551ng
AN
through the LH might be anolved’in medlatlng drlnklng

behavior induced by -the POA administratien of ANG-II,
1) - - L ] i

i
-

oL _ METHODS

1. Electrophystelogieal Rec#rding Experimerts =

Init&ally, as ‘a guide to~ the placemént of lesions

{
L TN

in’ the LH, it wa; decided tp’ administer ANG-T1I through

x L4

cannulae cbronlcally inplanted in the POA-and to observe

" the effects of administering.the hormone dn theé spontan-
4 . .
. . . . ’ ' §
eous. discharge frequency of single neurons in the LH.

'Eighteen’rats were anesthetized'with sodium Rento:
.barbital (50 mg/kg body weight) } préceded>by* dtropine
~sulphate (5 mg) , and implanted with a single 23 gauge
stainless steel cannula ihto thevPOA using steréotexid
teﬂt?iques described in Section. 2.2. Follow}ng post--

operative recovery, the rats were testedlfor the .

occurrence of drlnkmng after the mlcr01njectlon of 100 ng

synthet¥dc ANG-II dlssolved in 1wl distilled water through

the indwelling PQA pannula. Water intak% (£-0.5 ml) ‘was
) P R e




' ) . e
- then measured in the animal!s home cage over the hext
0 . ' ] v i
30 min. . B .
'.} Only those’ animals which drank more thah‘4.ml of water .
. 4 ’ o oL

during gach of the two preliminarv tests with ANG-II were

anesthetized with ethyl carbamate (1.2-1. 5 g/kg body

P .
’ s ]
. o

welght).and used in the recordlng experlments.A In these

ot

U,

anlmals {n = 13) ANG-II (100 ng in 1 ul dlstllIed water)

;‘weé hicroiﬁjected into the POA through the implanted
¢ . .. . . ‘
cannula and the effects of the hormone on the féggqencyb

of firing of neurons in the ipsileteral‘LH was measured.
. i R . . i ‘ . !
Action ﬁé%entials,of LH neurons were recorded ‘extra-

cellularly with stﬁinless steel microelectrodes and .
“ ° . ‘,“_;y
* frequency-time histograms were made. A maximum of 8 :

-
- 4

intracranial microinjectith(of ANG-II wereé mafle per

¥ -~

animal, and an 1nterval of 1 hr or more elapse between
. .two successive injections. Control 1n3ect10n of 1.0 pl

£ . : . . .
distilled water were routinely made for every neuron from

L »

which recordings yere made. . ‘(
2. Lesion Experiments ‘
1 . : . . . .
In a second series of animals,’}951ons were made in .o

the area. of the. LH in which unit reépoﬁses_pg/ANC-II had

been recorded, The effects of these lesions and lesions
in adjacent areas of the dlencephalon on drlnklng e11c1ted ~

Ve
by‘POA admlnlstratlon of ANG-II weére determlned . _
’ - B . (

Forty-51x ‘'rats were used. The anlmals were hoqsed

as described in Section 2.1 and were ma;ntained‘o? Purina .
] . . . oA . ] )

s .. CN




3

laboratory chow and tap water ad Qébifum except as noted

below: - . o
UnderiSOdium pentoﬁarbigel (50 mg/ké bodv weight) =
anesthe51a two 23~ gauge stainless steel guldeﬂcannulae

were 1mplan§ed hllaterally lnto ‘the. preoptic region of

€ -

each animal u51nqjsté;eg}aX1c technlques ‘described in

[
- - Ce

‘Section 2 2. Two mononolar electrodes .made from size 00 1'.-
Ny

1nsect‘p1ns and 1nsulated except For the cross-sectlonal

‘area at the tip were also lmpLanted b;laterally into one

" of four areas in the dieqcephalen during the .same opera-

. ~tions In .12 animnals the eleetrodes were aimed at the MLH

at the -level of the dorsomedial nuclei. In'a secdnd
- ] “ » - s
group (n = 10) the electrodes were placed further lateral
R . . .
- <. i 9 4 , : . ’
in the FLH in the area of the internal capsule and

globus pallidus: The third group 6f1;ats (n = 12) were

implanted with electrodes directed at the ventromedial

'nuc,lei of the hyp‘o'thalamus and ‘in the final‘group (n =.12) ‘
..ihe electrodes were aimed af'the dorsomedlal thalamqs. :
-

R On “the nﬁsth day after 1mplantatlon of the saﬁnulae )

and electrodes, food pellets and water bottles were

N <

. removed from all animal cages and were-Eeplaced with food

e 7

cﬁps containipg a measured weight of a high cerboﬁg_péte
diet and 50 ml callbrated drlnx&Eg tubes filled w1th tap ' -

: water. For the next four days food and water 1ntakes were

. b

e dé%ermzned jiiiy., This procedure was ‘repeated at

selected fo r—dey intervals throughout the experiment as

?

‘indicated in FNgure I.
.0-\ ! -

o



BRI

TR OPOTING
]

RSN

EAMID- LATERAL HYPOTHAL AMUS

- I.._«a
o N N_m
. L) mDS
giEgs _
Jg4 3
2523 §
. @
OFEYE =
osmoe 3
-

RO .

-4

RN

e o
«&4.451 e — ¢
¢« 8% 8 & 0 T R ¢ wo gge
. T N .
T H2/Iw) IXNYLNG HILTM (162,06} INTINI G004 6y 1m AQO8

- .

v
- -

Figure ‘1

o

"Mean daily intakes .0f water apd food and body weights
i

for les

s pre-
(first

ds for Days 1-88 post-

+4 day
contralateral to the fir

ys‘=3 to 0)

d and sham~operated animals for

ione
ceding placement of first lesion (Da

day Per

e
A 'second lesion,

“/
‘Day 58 (second arrow)

d 4

rsgt,

Vertical bars

io
[ ]

v,

<

v

SEM..

vely.

was made on
- represent

*

T

and for select

arrow)
operati

-
4




<
-

»

iy e e

Beglnnlng on the thlrtedpth postoperatlve day each
anlmal was tested once daily for drlnklng follow1nq a
unilateral mlcroinjectlon of 100 ng_synthetlc ANG-II in

1 ul distilled water. Injﬁ@tions were made alternately -

ENY

" through right and left ¢annulae. Water‘intakes (+ 0.5 ml)
were measured for the next 30 min in the animal's hame o
cage with food freely available, Only those animals .

which dranklmore than'évml of water:lp eaéh of four ,' ' ) j

v

' consecutive tests with ANG-II geré‘retainedffbr'the lesion" oy

experiments.

@

Unllateral le51ons were made in ,ts under,ether .

anesthe51a by pa351ng an anodal current of 2.5 mA for
i bl
15 sec between the implanted moncpolar electrbdé and an

- 3

1nd1fferent eiectrode clipped, to the 1p31lateral Ear, ‘(
Testing with ANG-iI was resumed one day after leslonan‘andi_
’. . : . . RS
¥was carried out‘daily for the next ten -days,. and at
. pog ' .

) regular but less frequent 1ntervals thereafter. A sééond ..
1e51on, contralateral o the flrst, was‘placed 58 daYS‘:
after the first lesan and'testlng,wrth angloten51nmyas’
continued for an additional°34 days. aAt'this_time, a ; .' R
’ séries'of thirstfchallenges . was Carried oat and at &

Qts completlon o Day 138 a final 1ntracran1al test'w1th i

b .
©

ANG—II was made. - “~¢ L : ‘4 . ‘. <
. 2 R . ) . .
» o “ The first thirst challehge was pz&duced by deﬁriving:

-

4

rats of water for 24 hr and water 1ntake was . measured ‘ T

over the next 2 hr. Next, animals were: 1nduced to drlnk L

lby a subcutaneous 1n3ectlon " of 1soproterenol (0 15 mngg

-

’




body weight) and the 2 hr water intake was measured. In
the thlrd test drlnklng induced by’ 1ntraper1toneal

1n3ectlon of a 2 M NaCl s&lution (1% ‘of body weight). was

measured in a 1 hr test. Flnally, the drlnklng response

of rats to an intraperitoneal injection of renin (10 units.

hog renin) was measured over a 9-hr period. Control

injections of equivalent-volumeg'of 0.15 M NaCl were"

,

given for each test. . - ’::n
_ At the completlon of the electrophy31olog1cal and

» lesrpn experlments, hlstolbglcal technlques as described

ks

Bl

electrodes and 1e51ons. Date from'éix‘of the 32 ahimals

,{‘1
rece1v1ng lesions were excluded from the results because

PR ﬁ Q

tissue damage:was(not-confrned,to‘the target structures.

b

L

Student's t?teets for eorrelated end uncorrelated

samnles were used to compare . the responses of the differ-

-

ent groups of anlmals in the le51on expeflment.

4
Y o

< = ‘RESULTS R ..

4

. 1.. Efféct of POA Administration of ANG-II on LH Urtit

Activity : o P : .
' Y to B 3 K f

Extracelbular recordlngs were obtained from-56 neurOns

T “

1n the LH of whlch 2¥F (43%) i creaseﬁ’thelr rate of dzs-~

charge 1n_response to the administration of 100 ng synthe-

4 ‘ a
tic ANG- II “to the1p31latera1 POA. Four neurons (7%)

~ showed 1nh1b1tlon and the remaining 28 (50%) showed no

change in therr dlscharge frequency. Figure 2 shows the
;e “‘ ; '}

N

’ 2

_im Section 2. .6 were used to determine,the locations of the '

I "




-

I ’ ’ .

o

9 -

location of iron deppsits corfespondind to the sites of

-

-recording and Figure 3 shows a frequencyétime histogram
. o8 - ' bl | ® .
for an MLH neuron which was facilitated by an injection

of ANG-II to the ipsilateral POA.. *
2. Effects of the First Lesion on Drinking to POA
‘Admin‘istratio{ of ANG-II .

, T \

e ﬂnllateral lesions of the MLH caused a 51gn1f1cant

decrease in water lnﬁake ellc1ted by the mlcr01njectlon of

| - " v 7

ANG II into the POA (t = 3. 01 \R < 0.01 in comparlson with

[

haméle51oned rats; t é- P < 020l in comparlson with-*

¥

,J.

-p e-lesion lntakes)

As showp in Figute

A the disruptive

effect of the 1e51on was qlgnlfldantly greate; for the

‘k\_ a&mlnlstratlbn- of  ANG-II on the \;Iu‘ 1931late\al to

~
%
N,

the le51on«than for contralateral admlnlstratlon (t =.2.49,
\\
. P <« 0‘ﬂ5) The defi¢it in elicited water intake also

per81sted For a longer perlod of "time on the 1p51lateral

v 4

51de, with recovery of the response occurrlng after

approx1mately four to five weeks, recovery to contra-

lateral admlnlstratlon was observed in'all animals within

three weeks.

with unllateral lesxons of. th%’MLH showed no sxgnlflcant
change in 24 hr food and water 1ntakes or in theAEate of

body welght increase. w1th the exc@ptlon of the Ymmediate
"0 oo .

" post1331on perlqd (Flgure 1).

’

Unllateral 1esxons of the FLH also szgnlflcantly

in

s o

* ., reduced water 1ntake e11C1ted bv ANG II, both

In comparlson to shamrlesioned anlmals, rats~

63

.~

>
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‘ ' Figure 3
< X ‘ .

’ * - 'Av. o .
Frequency-time histogram showing thé response

of ‘a 51ngle neuren in the MLH to admlnlstratlon of,

M
-

' 50 ng ANG-II- tg the ips:.lateral POA,

[

The photomicrograph above the histogram shows t%?

logat;on of the !rop dgp051t‘correspond1ng to- the. site
Bf‘récqrding?(arrow). %ime‘éf aamiﬂistration.of o
ANG-II is marked by the upw%rd—pointing arréw thch ;

appegfs‘b;neéth the hzsfog;am. .. |

.
L}
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nrefér'to the first.unilateral lesions of the MLH

: Figure 4. ~

>
®
»
+
’

Water intakes with (A) MLH and (B) FLH

’

- N\ - 3
lesions dutfing the 30-min period following uni- -
lateral microinjection of 100 ng;ANG—II into -

the POA. , Results are expressed as mean .+ S.E.M,

/Designations "FIRST LESION' and "SECOND LESION"

and FLH and the second contralateral lesions’ of
- . »

the sameg sprncturés, respectively, Experiments

on this series of animals were done concurrently

3
-

with those animal groups shown in Figure 5.
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_comparlson w1th sham—le51oned anlmals (t = 2.42, P < 0.05) °

' ~'and w1th pre le51on intakes Ct 2 39 P < 0.05).[ However, ¢

L4
»

, the attenuatlon of elfc;ted drlnklng was significantly

llass severe_(tc— 2.26 P. < 0. 05) than in animals Vith.

.lesions of ‘the MILH. Dally water intakes did nét change@ I

51gn1f1cahtly after the first FLH 1eslon. In comparlson

1

w1th thelr 24 hr- fdod 13takes before the le51on, these .

'anlmals ate significantly less (t = 2.28, P < 0.05) and
Tshowed a significantly reduced rate of body weight increase

y‘(t = 2, L3 P < 0. 05) Complete‘reCOvery of 24 hr food

1ntakes was observed 9 to 17 days after 1e31on1ng although \

‘body weights remained 51gn1f1qant1y below those of sham-

lesioned rats for the duration of the ekperimentxﬁ

. -~
Unilateral-lesiohs of the ventromedial hypdthalamus
- ~ o, L}
caused a significant 1ncrease in water lntake equ;ted . TT

by ANG—II mlcrorpjected through elther the contralateral

L

or the lps;lateral/POA cannula (p 4 49 P < 0, 01 in - -
o e ' ' &
ébmparlson with pre-lesion 1n‘hkes, t = 4,32, P%< 0. 01 1n o

L]

comparison with sham-1lesioned rats). The increased

drinqud response was observed in;five'of six animals on _

the first post-lesion test with ANG;II and contiﬁued for* - b
the durationlof‘the experiments. As snpwn'Ln Flgure 1, |

"rats with unllateral leslons of the ventromedlahvhypo—'

thalamus tended to show hvperphagla in the 1mmedrate post-

lesion perrod but by the seiend week dallv food i takes .

E

had returned to,pre-leszon levels and were not 81 £fi-

-

~

.




. . v,
» < »

cantly different frém sham-lesioned animals. The lesi‘one

z_al_slo caueed a mild hyperdipsia. f'o:r; toh.r day‘s' fgllowipg

the lesion but thereafte;.j _dlaill.f v.vat’er i'ntakes returnetl" to-

pré-lesion levels. X ‘ -
.

Unilateral lesiens of ‘the dorsomedial thalamus did

not produce a 51gn1f1cant change in the water intakes

- -

e11c1ted by ANG-TI (Flgure 5) or in dally food and water

s .o

1ntakes (Flgure l)

. ’o N ’
3.7 Effects of Second Lestion : .
1 . e - . : .0

Fifty—eight days effter the)if,iristalesioﬁ was- made, a

-

indwelling ele‘ctrode. The effects of the lesion'ori watet'
-

>~ N

L] ~ q~ pn 'i"g'n,'g',':?é‘i“. .
shown in Flgure 4 and FigGre 5. S ’

The second'le51 of the MLﬂ i:roduced a severe and
chronlc decreage in water 1ntake e11c1ted by) ANG-II\

<
day test perlod qulng this tlme 8ix of sevin anlmals

_drank less than “15%‘ o‘l' their pre-1e51on !ntakes to

FANG-II (t = 3,60, P' < 0,01). In a final test with ANG-II

on Day 138, four of six rats with’ MLH lesz.ons falled to ~ *
» P : .
: =respond by drlnklng and the other twd anmals drank only

s

1,0 and’ l 5 ml, respectively'l The changes in daily food
and water 1ntakes after the s.:ond rng lesJ.On were s:.m;.lar

-

to those:bserved afte:r: the fn.rst lesion. WJ.th:Ln seven \ >

. . »
- 7/ B
. A . ]
. o A
N a e . ~ . P P " . (IR 4
N . . . .
. : M
\
. ’

ébptralateral lesion was placed in each 'ianimal through an .

# intake elicited by ANG-II m:Lcronxjected into the POA are '_.;r,-«=f"”~'*‘-

admlnlste;ed thrdugh eitheraPOA canmrla for the _e.ntlre 34~

- . .,
’w

A
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Figure 5 .
. *
‘ : Water 1ntakes of rats with lesions of the
. ‘ -\-L:~— N
~ o,

ventromedlal hvpothalamus (VMH) and thalamus and

‘g'shamﬂcperated controls durlng 30-m1n perlod

: follow1ng un11atera1 mlcr01nject¢on of 100 ng

* ANG-I11I. Results are expressed as peans : S.E.M.-

»

. of consecutive ipsilateral and chtralatéggl'

L2 N T A
. -

B :injections. &he'desighations ﬁ#IRST LESION" and
-8 .
,;i-n§, i "SECOND LESION" refer to the,tlmes at which the
first unllateral 1e51oh3 and the second contra-

lateral lesions, respectlvely, were made.
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74

intakes pad recovered and. the-rats began to gain in body

* . 3

‘weéight. Daily food intakes were alsd lower (not sighifi-

cant). for the first week afteér the lésjon was made.
* .

As shown in Figure 4B the placement of a second’
: ; ,
) [
lesion in the FLH caused a significant reduction in -

elicited water intake in the immediate post-lesion period ',

(t = 2.29, P < 0.05 in comparison with elicited water

intake of sham-lesioned rats for the same post-lesion

period). Ther water intake elicited gy aANG-II, however,
\/ ' . \ R

¢

‘was significantly greater (t = 2.17, P < 0.05) -for these

animals than for rats with MLH lesions, 'Recoverv'of'the

q

’ellélted response in rats w1t2\FLH lesidns was complete

within 14 days. In the final test with ANG- II1, the mean
. - A a " ". ) I .‘. A *

water intake of these animals was not significantly ..

different from sham-lelﬁoned rats. In contragt to the
relatively mild disruptidh of feeding produced by:legi?ns

-~

of the MLH, animals with lesicons placed further lateral
R -~ ! [l N

-

in the’hypothalamus exhibited a.hypophagia of varyiﬁg _

durations. Two rats in this group requlred two and .

o

three days of intragastric feedlngaon Days 7l:and 12 and
71 through 73,. respectively. In further contrast to the

effects produced by MLH lesions, lesions placed in the ftﬂj,

caused a ;esser.degree of hypodipsia in the period immedi- '

-

ately follow;ng placement of the leslon.

v b ’

The water intakes 1nduced by %NG-II adm1nls¢ered T 4

through either POA cannula were significantly increqsed




-

.“;’ ’

g ‘ ¢
in all six animals given a second ventromedial hypothalamic

Tesion (t = 3.§7i P < 0.0l in comparison wiiﬁ-sham-lesioned

“

rats; t=3.01, P < 0.01 in comparison»hith;pre-lesion

.intakes) . This effect was éieatest during the ﬁhmediatet

' post-lesion period and declined slowly thereaftery€o\a

" level 15% to 25% higher by the second week than for the =

foﬁr-day period,immediatel& before the second lesion. In.
the final test with ANG-II Qentromedial hypothalamic- | %
'lesioned rats drank sign%ficantly'more wate;'(t = 2.40, .

C&USE

P < 0.0ST,than did sham—lesioned-conﬁrols. As shown in

Flgure 1 a second 1e51on of the ventromedlal hypothalamus

‘an rncrease in 24 'hr food and water 1ntakes and an

IS

accelgxated rate of body weight increase; however, the
. ) A ¢ : ,

variability of these effects was great and the'diffe:f

~

_ animals with such lesions to ANG-;I, nqr did the

4 - -
ences were\not statlstlcally 51gn1f;cant f§\ .

-

A second contralateral lésion of the dorsomedlal'

thalamus did not 51gn1f1cantly change the response of

lesions have any sé&nlflcant effects on 11y food and
»;

water 1htakes on on body welghtSL - .

[

L]

4. Effects of Lesiané on Water Intakes Induced by

Gellular and Extracellglar Thiret Sttmult

Y y— ' ’

“Water depr1v1ng rats for 24 hr did not produce any
statlstlcally significant dlfferences between the groups
in a subsequent 1 hr drinking test, altho gh on the

average, -animals with ventromedial hypothalamic.lesiong. - / -
. ‘ % DR it
I




drank slightly more water than did shaﬁ—leéionedtrats and

animals with MLH ané FLH lesioms drank slightly less_‘

(Figure 6). . T .
The eﬁfect:oﬁ\a‘sinéle'shbcutanebus injectioﬁ'of the
. s - ] .

.é-adrénepgic stimulaft, iSOprotérenol, on water intake in

Yy .
~a 2-hr drinking test'-is shown in Figure 6., ' Animals with
, . S

"lesions of the gentromedial hypothalamus drank signifi-

f-éantly &ore water than sham-lesioned rats (t = 3;46,°~ A

° . - " - -
-

P < 0 01) In contrast, rats with'lesions of the MLH.
‘“ .

~drank,30% as much.water as sham—1e51oned anlmals (t = 3.23,
vP <‘0 01) and 15% as much water astMH‘le51oned rats . $’$~
{t.= 3.71, P < 0.01), cMean water 1ntakes for rats- w1th»'
FLH or with dorsomedlal thalamlc 1@51ons did “t dlffer

slgnlflcantlv from the sham—lesxoned group following. .-

»

1soproterenol. T _ - -

As shown~in Figdre 6 lesioﬁs of the‘FLH'significphtly
~ ¥
attenuated water intake in_ response to a single permpheral .

[N

injection of 1 M NaCl (t = 2. 37, P < 0. 05, in comparlson

'w1th sham-1e51oned rats). Leslons of the MLH, or. Ventro-‘

-medial or, dorsomedlal thalamus had no sxgnlflcant effecq

i

on the response.to hyperton;c NaCl during the 2-hr O

drlnklng test ) . :" ) ;‘; I o

Tee dr1nk1ng responses of the dlfferent groups of ?9
rats to a 31ngle perlpheral 1gject10n of renln were
_s%mllar tofthoseuobserved'followxng}1soprotereno;.
‘.laéiﬁaLg witﬁ lés;ons“of‘the'vént:oméﬂial'ﬁyéothalaﬁus_-



’ : - ST Figure 6° o : -

¢

. . , Y
L . - Lt , v
- . . - ' .

g Means intakes of water of sham-operated and

lesioﬁed gfoups following o ’ - ST

c ’

-

A f4-ht watex aeprivaﬁian'(2—hr.intake)v

o ,: B ,'31ngle subcutaneous lnjectlon of
. ’ ’ LI :
. ' _ , 1sopfoteren01 (2- hr 1ntake) e T

c 91ngle Lntraperltoneal 1n3ect10h of

1ntake) = .

-

T ) _hypertonlc NaCl (I-h

R - D single 1ntraper1tbnea1 jeciion:gs'r%niﬁ

\/49-hr 1ntake)

’ , ' - ";\ -
. ' Vqrtical bQEi‘fgpresent + S,E.M. Numkers

"

over columns refer to "the number. of anlmals in'u

that test o ~ ’ C : :

A - R ! r -




EEE
- EE E'g

ITERREE
.

-

FEE

. o
* MICROCOPY RESOLUTION TEST CHART
NATIONAL 'lvﬂ!lu OF STANDARDS - 1983 -A

ARC 374,




"
"

Q
r72522:0057,

LATERAL®
"~ EIVENTROMEDIAL

t

"SIMID-LATERAL HYPOTHALAMUS

,CICONTROL
B THALAMUS .

WFAR-

LS AN IS I,

L 2

._ T
Q Q - O
S ‘% . @
(W) IXNVINI ¥I1vm
NOrand

! ©




drank srgnlflcantiy\more water than sham-lesroneq,rats S

e T~ ‘

l,(tﬁ= 3 09 Pt 0. OS),whé?éaa\anlles w1th MLH le51ons ’

drank 51gn1f1cantly less (t =92 SXI\P < 0 05) ' Mean . \ o

»

Twater'lntakes for FLH-les;qned rats follow1ng renln did
- M \

not d;ffer sxgnlflcantly from sham-lesxoned controls.e

<

5.7 ‘HﬂétoZogy ’ Lt . . )
- o ‘ _ : N

There was llttle ‘variation in\the locatlon of the{
canhulae in the POA (Flguren7). In each case the tmp of <
the cannula.was in a region bounded dorsally by the |
aqterior commrssure,wvehtraliy bé the'opticfchiasﬁ and .
extending‘rostroqeudaily from thehmost rostral,extent of -

the third ventricle to" the widest frontal extent of the

anterlor comﬁlssure. In frontal. sedtions the'medial_and
AN - )

lateral edges of the POA deflned the borders of\the .ot

[ \..

cannula tliE Moderate damage to the cortex adjacent to

the wai%s \the longltudlnal cerebral flssure and to - C .

the corpus collosum was produced along the paths of the'

'cannulae. In01dental damage to other structures ‘lying

near the POA was also observed 1n most cases. In about
SO% of the bralns the ventrlcles were enla?qed, probably
a result of repeated injections’ of the ANG-;I solution.
-The;e yas,‘however, no correlation'hetWeen'theLdisruotion
of drrnking induced by' ANG-Ii ahd the deéree of |

’ ventrlcular damage. / ‘) ' “ o ' o, - 'f,]f

..The leslons produced through the - chronlc electrcdes

extended 0.5-1,0.mm in the ventrodorsal plane, 0.3-1.0 mm

[ . -
/ + »

.. . v 4 . -
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-Represenfative phbtomicxographs showfng

AR 4

locus of cannulae in the ﬁreoptic region (POA)

" and location of.lesions in the mi@lateral-(nlﬁl

and férlqteral,(Fnﬁz hypothalamus (in eadh'case‘

designatédrby'arrqwsY. 'Magnificat' - 7 timesg.
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3

laterally, and 0 5-1.5 mm rostrocaudally (Figufe 7 and
“y
Flggre 8) However, 1t shouid he noted that le51ons

producea 1n neural tlssue contract greatly durlng Pro-

lvlgnged postoperatlve perlods (G reene, Stauff and‘Walters, 7;

T

‘19{2) In this study the rats we;e not sa;rlficed until

about six months aiter the flrst lestgns were made, and

1t is very llkely that the xnitlal area of destructlon

was con51derably larger than it appeared in histologlcal .

o rme L . I
seCtions. . B ,' \ . - .
. . . s ]

~
+

The most effectlve 1e51ons for oroducing a dlsrup-
L »
tion of drlnklng in response to ANG-II were located 1ﬁ

-

’the 1ateral hypothalamlc area, - gust dorsolateral to the

fornlx and at the 1eve1 of the«dorsomedlal.nuclel. The' ‘.

' mammlllothalamlc tracts and the fornlx were undamaged in

all brains and the MLH leSLOns were symmetrlcal and 51m;lar

in appear‘nce in each case. .

o

Lesions of FLH producededamage to the ventromedlal

-

part of the 1nternal capsule and the medlal;edge ofwthe

-

globus pallldus. " In seven of elght‘anlmals the - lateralt

aspect of the LH was also destroyed bllaterallv. In the

-remalnlng animal the lesmons were asymmetrlcal, w1th only
e

parﬁaal ablataon of the rnternal capsule, globus pallidus

and farlateral LH on orie gide.
- “
The lesbons1produced through the ele!trodes almed at

theiventromedlal hypothalamus destroyed in all caaes, the

Ly

-

dorsomedlal port;on of the ventromedlal hypothalamlc
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thalamus (MLH), farlateraL hupothalamus (FLH), and

ventromedlal hypethalamus (VMH) marked on sectlons

-

df rat braln taken from the stereetaxlc atlas of

Pellegrlno and Cushman (1967) Portlons shaded

in black and1Cate the area. common to all lesxons,

2

and black outllne 1nd1ca€eé larqest extent of all

*' lésions’ .

e

‘internal capsulé-'DMH

AﬁbreV1at10ns--
C1,

tract;-Vt ventr;clg;

X

FX, forn;x, MT, mammlllothalamlcatract,.OT, optlc

cc, corpus cbllosum,

%

dorsomedlal hyppthalamus,

.

zona 1ncergat

- o







nuclei bilaterally. In three of the’ brains the baso-'~

Iateral portlon of the thlrd ventrlcle waqlalso damaged g

.

a consequence of.angllng electrodes into the basal hypo-

thalamus. .There was, hoﬁgver,.po ccrrelatlon between’ the
5 -

dlsrupflon of e11c1ted water 1ntake and the degree of

Ve;E;SEular damagé in these rats. ' s T
5 . R - .

.- ADISCUSS’IOH s

‘6he results of’ the experlments suggest that thrrst

51gnals from ANG-II receptlve 51tes in, the POA are, ;

e dlrected to the MLH. Two sets of observatlons support

ﬁ“this propdsal Flrst, mlcrOLnJectlon of ANG-II through‘

cannulae chronlcaily 1mplanted 1nto the POA of rats whlch

3

wére prewiously teésted for dr;nking behav1or 1nf1uenced

the aCt1V1ty of single neurcns in the LH and.partlcularly

.
-

+1in the MEH. Second 1esmons placed 1h the MLH signlfl- ’
cantly attenuated water lntake to POA admlnlstratron of
ANG—II, whereas ablatlon of dlencephaIlc structures
‘located- ventral dorsal .and lateral to the MLH dld not’ have

-the - same ‘glsruptlve effect. Mdreover, sxnce the

attenuatlon ef water 1ntake after unllateral'hes1ons of ‘.

z

the MLH was- 31gn1ﬁ1cantly greater t0\1p911ateral POA
admlnlstratlon of ANG-II than to contralateral PQA 1n3ec-
-tiéns, 1t may be suggested thut the neural pathway .
medlatlng the el1c1ted drlnklng is dlrected prrmarlly g

1ps1lateral to fhe receptlve sltes for ANG-II in the POA.

. ’
S - ) - ® ’ ‘

O
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The results also demonstrate that ANG-II-induced

drink;hg recovers from the disruption prodﬁd.d by a uni-

o, .

’ lateral le51on of ‘the "LH. - Whether this recovery is spon-’
taneous or related to the continuance of testlng w1th
ANG-II,.or some otherefactors, cannot be determined a; tne

.preseﬁt time. It is interesting to néte, Jhowever, that
the recoverQ of the-drinkiﬁg response t8 ANG-II after ax
unilateral LH lesion is anaioéous to the recovery of
daiiy food &nd water intake observed after bilateral

. ablatlon of the LH "(Teitelbaum, Cheng and Resin, 1969)

':',_Recently, 1t has been observed ty‘t the recovery process
- L "
"in the latter case may be accelerated by various pro=

- -

: cedu;es,tlncludlng preleslon experlence (DlCara, 1970;

, Gllck and Greensteln,,1972a), pretreatmbnt with h-methyl—
S
p—tyrosgne (Glick, Greensteln ‘and Zlmmerberg, 1972) and .-

~.

prior 1esiohing.of the-frontal cortex ‘Giick aﬁd Green- . =
1"stein, }972bf,“0ne possible explanation of these find;ngs

is that the%fecobery process is mediated by-denerv§tion

sdperseﬂgitivity (Glick Greenstein'and Zimmefﬁerg,*l9725;

K!kernatlvely, it may be 'due "to the regrowth of neural = - '

PO}

‘d’connectlons, s;?} as has been demonstrated by Moore,
'Bjorkland and Stenvi (1971) for le51ons of the septal

, ea. It should‘be noted that each of- these interpreta- °’ -
»

tions of .the basls for the observed reCOvery suggests that

ascendlng neural pathwaySmlght be 1nvolvud in the elicited -

-

response (Mcgenson, 1974) ‘" This p0881b111ty is

L] -
. ~
. . -
. .

- » ) t
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considered furthér-on p. 195, ,

§

Lesions of the MLH also produced an attenuatign of . o

water intake eliecited by the peripheral injecﬁion af iso-

N L
proterenol or renin bulﬁnot of water intake to peripher-

ally administered hypeNtonic NaCl. ® Ablation of the FLH,

on the other hand, caused an attenuation of driﬁking to
hypertonic NaCl but &id not chépge water intdke elicited

. =+ s . . . ’ KJ
by isoproterencl or renin. These/observatlonsv re con-
, ] .

sistent with a recent report of Sglafani, Berner and Maul .

v

(1973) who showed that knife cut

ih'the medial region of

" the LH disrupted drinking to extxacellular dehydratidn

(administration of polygthylene glf%ol) without disrupting .
drinking to cellular deh&dration (administration of hyper-

tonic NacCl). ’ ) !

4

, »In contrxast te the disruntive effects of MLH lesions .

on water intake induced by extraceflulaE‘?timuli of -

thirst, aniﬁals with lesions of the}ﬁentroﬁedial hypothalﬁﬁ

mus drank significanfly more than control rats following
. T T 4 .
a single peripheral injection of isoproterenol or renin or

after the central administration of ANG-II. Grossman

* 3 &

(196f) has prdﬁosed.tpat ventromedial hypothalamic lesions -
v © s v

produce a general disinhibition so that animals over- - .t
respond to a variety of stimuli. This hypothesis does not

account for the findings obtained in’the présent stully, . -
however, since rats wiﬁh'les%ons of the ventromedial hypo-

thalamus did not drink any more than the other groups in

I3
L
-
L3 'ow



response to, hvpertoniq¢ NacCl and only slightly more follow-

ing 24-hr water depr' ation. Furthermore, the'changés in
dally food and water 1ntakes in ventromedlal hypothalamlc-
lesioned rats were

»

in part to the fact that the 1e31ons were placed in two

lnor, although this may have_been due,

stages (Greene et aZ., 1972). ' -

The differential effects of MLH and’ FLH lesdions on

ad ZLbztum feedlng .also syggest that the le51ons impinge
on differer® neural systéms for the regulation of food

]

ir{taket As shown in Figure 1 rats with iesions of the FLH
showed a tranSLeht post-1e51on aphaqlafyhlle MILH lesions ¥
had no effect. The possible neural mechanisms involved
are discussed. in the next section’on op. 119-120. M
In summary, the’findings of the present-experiments

r

suggest that at least two neural pathways participate in
the initiation of drinking‘to centrally-a;ministe;ed
"ANG—Ii‘ One pathway projects caudally from the POA through
the MLH and appears to be involved in the fac111tatlon of
drlnklng to Al II;' When this pathway is dlsrupted by
lesions of the MLH the drinking to ANG~- I dis attenuat d.

vOn the other hand, since ‘lesions of the. ventromedlai hypo—
thalamus produce an increase in-water intake to ANG-II,
~ the ventromedial hypothalamus appears to be part of a
neural-system.that inhibits drinking elicited by the
hormone. The ventromedial‘hypothalamus, in turn, could .

interact with the LH directly (Morgane, 1975) or influence®

water intake via caudal projections to the midbrain

o

88,
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1974). Flnally, the results also suggestc -,

v

. (Mogenson,
that drlnklng to cellular thlrst st;muﬂi is medlateq : :

s .
“through neural pathways pa591ng though the FLH. This“

-
n

p0551b111ty w1ll be cqn51dered further in the next R

* °

sectlon.

[ 4
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§pec£§1c1ty of the D;pruptlon of Cellular and Extra-'.

m"’

\-4' Lt

cellular Thirst f;}lowxqg Les;ons of the,MLH and FLH . KF

-

o The results of the experlmeﬁ%s reportedlln SeCtmon T

o34 1nd1cate that ﬁhlrst 51gnals frcarreceptive sites for o

ANG—II in. the POA are transmlttedoto the MLH. Thls‘
-

p0551b111ty was suggested 1nit1ally by the opservation .

. e b

that neurons in the MLH changed the1r°rate of ,fJ.rlm! when

., ANG= II was mlcrolpjected 1nto the ;psilateral POAeand was ﬂ
o o « C @
subihquently confirmed-by the flndlng .that the e11q1ted

drlnklng was 51gn1flcently gttenuated by MLH 1e51ons.= An 4

uhexpectedlfinding wasmihét_iesions of the MLH ‘and FLH _
) . a;‘ ' N - ‘o . ‘ - :
f’{yhaﬁ a diffarential effect.on &rinhing;to Gellular and |, ' '

. | . . ‘ .
extracellular thirst cHallenges. Lesions of the MLH

., ¢ .
"

dasrupted drlnklng to extracellular stlmuil,whéreas

“0 - : )

ISSLDns praced further lateralrselectlvely 1mpa1red water ) _'-h

8 e -2 - -~

1ntake e11c1ted by aellular thlrst 51gnaIs. From these

°

results it wasvpostulated that cellular and eftracelluiar

N J ' . -
. $hirst signals are med;ated by sepagate neural pathwayS T
. _‘.9 N ) ) .

°- -at the level of the LH, : - L

z’ys qu " . . o- i - :'.-:
- ﬂﬁhié hypothiesis was examined further in the serieg - o

El

of experlments presﬁnted in thls sectlon. In the first

s

experlment slngle unit recordlngs were madene}multane- : F\\*;~;_N
R

-, » g e

‘ously in the MLH and FLH through €wo regording micro-

elézf;odes and the responses of the " unlts to POA adm;nls—

‘ ]
'Atratlon of cellular(hypertqplc NaCl and sucrose) and C ,
. . ) X

e;zracellular (ANG-II) thirst stimuli were observed.‘




. ) . . Coe
rof whetlier the disruption of elicited drinking following

"barbital (25 mg/kg):preceded by ketamine hydrochloride

Subsequently, in a‘Second,sériea'of animals, the question’

LH le51ons was due to ipterruptlon of neural pathays or

»

resulted from non—spec1f1c braln ﬁamage was rhvestlgated

In’ order to see whether the def1c1ts in thlrst lelOWlng

A

FLH le51ons resulted from a greater susceptlglklty of the

.- 3

anlmals to 5a1n and sttress following perrpheral lnjectlons

of strongly hypertonlc solutlons (Marshall, Rlcha&dson and

3

-Teltelbaum, 1974 Strlcker, 1976), vdarious doses of :NaCl

b b . b
and suchse were given, perlpherally to FLH- 1e91oned rats

3

and the'volumes of water consumed after each'dose were ‘

” -

measured A second series of FLH-lesioned rats was teéted -

-

@

for drlnklng fDllOWlng *the administration of NaCl and - e

sucrose by antracranlal m1croznjection, a method of

-

1nduc1ng thlnst whlch is thought to be non—stressful{

(Blass, 1973). Finally, the water_lntahei,of a’ third )
. ) 1 b
series :of MLH- ‘and FLH-lesioned. animals to centril admin- '

istration of various’doses of hypertonic NaCl ‘and sucrose

and to ANG-1I were commared. . S K/
) . ‘ , ' t ‘ °. ’

‘ ~ METHODS [ = ..°
1. Eleetrophysiological Recording Experiments

1 T. ) . -
& , . s . '

- Ty L J ¢
oSixteen rats were anesthetized with sodium pento-.
P

(86;mg/kg) and implanted Qwith a single 23-gauge cannula
* 13 et

.

_into the POA using stereotaxic procedures described in

4



Section 2.2 Fodlowing postoperatlve recovery the rats
we!; tested for.the occurrence of drlnklng after the -uni-
.

lateral mlcr01njectlon of ANGJQI (5 -Ileu anglotenSLn II-

50 ng dlssolved in 0. 2 ul art1f1c1al CSF) and hypertonlc

-NaCl (1M) or sucrose (ZM) (both 2 OSM in 0.2.u1 distilled water)

through the 1mplanted cannula-, Water 1ntake (+ 0,5 ml)

‘was then measured .in the’ anlmal's home ,cage over the next

.15 min. ;' : . "J . . - . o
The anlmals whlch drank ‘more than .4 éi of water in ’

response +0 ANG-II and more than 2 ml of wate; in response

°

to hypertonlc NaCl and sucrose during each of two preb

llmlnary-drlnklng«tests were anesthetized with ethyl

° .- 7. -

carbamate (1.2-1.5 g/kg) and‘ueed for‘microefectrode'

de

e e o

recording. In these animals (n = 12) ANG—II and hyper—

sucrose was mlcroanjected 1nto the POA
anhula and the effects of the

“injection on single_ unit act;vityrin‘the'ipéilateral MIH ° - .
o r . s - )

anchLH'Qere recorded usinpg techniques de5crihed in

Section 2.4. Control injections of eguivalent volumes” of
L . 9 . ) o
art1f1c1al CSF or 0. 15 . "M .NaCl were made. . ' L
,,,.4'.: . . - . . s p s .-
:ﬂ%."’ L 5- ' . : . ) ‘
et D Legion Experiments )

o a.- Peripheral administration of suerose, Nall

X , . s
o - R § , ) . s
. D and isoproterenol. Bilateral. lesions were made .

©

- ' : X 2 ] N .
in two stages (with an .intervening period®of 5-7 days): in
" the FLH o?tis'ratsganeethetized with sodium pentobarbital -

" (25 mg/kg body weight) preceded by Xetamine hydrochloride,




5]

(80 mg/kg body'welght) _An anodal current of l 5 mA for

€

15 sec was passed bdtween a stalnless steel monopolar
electrode and an ldﬁlfferent electrode clipped to the-

1p51lateral ear. Another group .of 8 anlmals served as

3

. e

\,

sham:operated controls. . . oL .

Follow1ng postoperatlve recovery the anlmals were “

<

‘tested for drinking. 1n response to 51ngle 1ntraper1toneal
J .

'(1 B.) 1n3ectlons of sucrose (doses of 0. 3 0.5, 1 0,o
b.oﬁ 4.0 M; 0. sg body werght); Nact (0 ns 0.25 0. 5,

J-0, 2.0 h; 0 5% body welght), lsoproteren01 (0 07,

Y

0.14, 0.21 mg/kg ‘body. wePght) and to 24~ and . 48-hr water '

-

deprivatlon. Finally, drlnklng elxc;ted'ln responsevto

v

24~ and 4§-hr water.Qpprivation followedqhy an injection
of‘Z;G M ‘Na€l (0.5% body welght, i.pe) wa5°measured

Water 1ntakes (£ 0.5) were recorded An each’ test for a o
:60 -min perlod follow1ng adm;nlstratlon of the challenge

-

1n the anlmal‘suhome cage. Tests were conducted between

1

9: 00 and 11: OD a.m. on elternate days Mlﬁh the order of

tests randomly determlned ) ’ o :_Eh 3
‘ E e "‘o{; ; - -% ) : . ‘
© b Central admzn@stratzon of sucrose,VMuCL and

gzotenszn LI In a series, of 36 rats bilateral

® a

023-gauge cannulae Were positioned into the'predptic region

at, an angle to°by—bass the lateral ventricles (angled POA .

gcannulaE). In 15.additiona1 rats cannulae were placed

1nto‘the POA passlng through the lateral ventrlcles

e €

'

“(straight POA cannulae) ‘The stereotaX1c‘procedure§ have




-1been descriq‘agpreviéuely.in-éection Q.é. =

o Beglnnlng 5-12 days postoperatlvelv, the anlmals were
tested daily f@r the occurrence of drrnklng fg4low1ng the
unllateral mlcr01n]ect10n of SIleu angloten51n II (doses of
0, 25, 50, 100, 500 ng, all-dlssolved in 0.2 ulvart1f1c1aL
CSF) , sucgcse (0.3,J0.5,_1.0,32,0; 4,0 M, dissolved in't
0.2°u1 @istilled water) or NéCl' €0. 15‘-_0.-2’ , 0. 5, 1.0,

2, OMﬁdlssolved in. 0.2 ul dlstllled water) into . e POA.

Water intakes (# 0 5 ml) were measured ‘over a 30-min

# perlod in the anlmal s homevcage with food freely avail-

.

able.

At the completicn'of the pre;lesion tests, bilateral
o ¢ .

"le51ons were made 1n two stages (w1th an 1nterven1ng

- Derlod of 3 8 dawyd) in the MLH-» (n' = 30) or .in the PLH. . ,

(n = 16). An enodal current (1.0-1.5 ma) wasﬁpaésed
through the stainless steel electrode for' 10-25 sec using

angin%iffereht;eiectrode clipped to the ipsilateral ear. .
'Dri.king tests were resumeq 3-8 days after thelsecond

* =]

2

IJ -
lesion.

- LS

- 3. . Histology and Statistical Analyeis

>Animals in both the microelectrode récording &nd »

G - [

le51on experimentsg were sacrificed by an overdose of°sod1um

By

pentobarbltal ‘ Cannula and les%on placements and 81tes of
unit gecbrdings were determined histoloéically according
to proeedures described in Section 2.6. . .

Analjses of variance and t-tests were used to compare

thezrespcnses of the animals in the iegionuexperiments.

-

@

)

3

94

¢
o

<y
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2 . -~ . . R LN
IS

o Data‘from 14 of ther rats in the lesion experlments were P

—_— ) ngt 1ncluded 1n.the ‘analyses because the tlssue damage. : . :
s pncduced py.the lesions was not conflned to the target

i stru&tures (n‘=’10) or because the locatlon of the tlps
of the cannulae could not be determlned e;curately J

c

(n =4). ' . . . > t*?: - ] *

RESULTS :
I. Dual MLH-FLR Singlé Unit Reecordingg ' -

i
I

~Since extracellular.recordihqé were'ﬁade for only 16

c . '

palrs of 51ngle neurons in the MLH'and FLH for perlods of

B " time suff1c1entlv -long to test for the effects of admln-.“

[ ] 3

o Isterlng ANG-II - {n = 16), 1M NaCl (n =" 6) or 2 osM s

v

o sucrose (n = iO) to the 1psrlateral POA , Mo conclu31ons e

-

may. be drawn. Rather the data reported in Table 2 and in
¢ » .
Flgured 9. and-10 are 1ncluded becqpse the dual ‘recording e

technléue appears ta be afpotentlally aluable technlque .-

. for studylng electrophy51olog1cally whgther dlfferent .
i' °neural structures medlate cellular and extracellular

¢ . o

thlrst stlmull. ' ' o 'i",‘” e S
° . . e o c:“ B | . a. ) o,\» ’f 'ﬁ' . ¢
As shown in Table 2, the number of MLH unfts wh;ch .
K responded to POA m;crornjectlon of ANG-II (6) was hlgher o et
- than the number of FLH units (1). Conversely, imore units
Tad \1n the FLH were influenced by POA administration of 1 M NaCl
‘ .(4) or 2 M sycrose (6) than-were MLH units (2 and 2, ™,
respectlvely) ‘The results of one_ dual MLH-FLH recording
. experiment are shown in Figure 9, Figure 10 shows. the.
. 51tes of mrcroelectrode recordings for ‘the same anima’l, ° .
‘ ¥ . .
' . * : - - s . 0: b, .. 4
4’ - ) C -~ ) ' . v Ce I- ’
‘ ) -, R -U ‘_(', . P . ob" e, ".
. - . ¥ ’ = . _— B
- wn " : " . e . Y i .o #
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. Figure 9 . .
o i
.
& 0
- t

- { il

.

.', Freguency~-time histograms showing the responses

of single units in the MLH (left paﬁél) and FLH ..

(right éanel{“to ipsilateral microinjection of ANG-II
(50 ng in 0.2 ul CSF), 1 M NaCl (0.2 ul distilled

watex) ,#2 M sucrose (0.2 ul distilled water) and

artificigl CSF (0.2 pl). .Time of administrations is

.

indicated by arrows. Recordings were mide simultane- .

- - .

ously from sites in the MLH and FLH shown in Figure 10.
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HPhdtoﬁiéroq;aph showigg the siteé of unit

reébrdingsj(arrows)‘in the MLH

and ‘FLE from which the‘réépgnses'shb&n”iq~

Figure 9 Qeréebbtainédux.
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Effect of Lesions of the* FLH on Water Intakes Elicited.

o
.

by Cellular gnd/or Extracellular Stimuli of Thgrst

-

a. Peripheral administration of thirst challenges.

« ¥ f I

% The effects of FLH lesions -on dfinking elicited by the

administration of sucrose and NaCl (i.p.) are shown .in

<

Figure 11A: In comparison with sham—operated'controls,
ratsuwith lesions of the.FLH 8tank significantly less’

water in response to .sucrose or NaCl. Moreover, the in-

.takes of water of lesionqd animals were not dose-related

4

whereas those of control rats increased significantly
with the dose administered {sucrose: .F = 3.12, df 4/28,

P < 0.05; N&Cl: F = 15.0, df 4/28, P < 0.01),
Following 24 ‘and 48 hr water deprivatibn there Q;red',
ndfsignificant diffe;ences/begyeen lgsionéd and control
. animaf; Qﬁen water intake was measured for 60 min foiaaw—

'ing the ‘termination bfigpe,depriva£ion period fFiguré;llB),'
although on the average the intakes of FLH-lesioned rats
were“less”tﬁan controls folIoQinq_e;ther 24 or 48 hr
depfivatfoz (mean intakeé; 8:4 ve. 12.0 ml and 12.4 vs.

17.9, respectively). however: when the two pefiods of
water deprivation were followed by a sihgle i.p. injection'
of. 2 M NacCl, FLH-lesioned ahimal§~drank significéntly

L

less water than controls given‘the same tombined
4 . : ’

challenges. - ’ o

. P ,

The effects of' single i.p. injections of the B-adren-

ergic agonist, isoproterenol, on water ihtakes in a subse-
D'- N . ‘

. . ¢ v




O

. ] ( Figure 11

° <

A. . Water in%akes‘(ﬁl/60 min) of sham—operated,rats_

(n =+8) (open columns) and FLH-lesioned rats.”
. - !
16) (diagonal-Yined columns) follow1ng SLngle

1ntraper1toneal injections of sucrose and NaCl.

(n

Results are expressed as means + SEM, *P < 0.05
) . - >,

as ‘compared with control values, **p.< 0.01 as

compared with control values. ' o
> - .

nd .
. e e ° [
N -~ r
=2

B. Water intakeé4(ml/60 min) - of sameirats as in

.- v

Figure 10A-when-subjected to 24 and 48 hr, of water
“deprivation. * Stippled and cross2hatched columns,
. / [

respectively, rebfesent.additional‘water intakes

S

when sham—oﬁerated’ané FLH-lesioned rats were

- . ' R
challenged by an osmotic thirst stimulus, (MaCl,

[+

2 M 0.5% of bodv weight, i.p.) immediately

follow1ngf~ﬁe water deprivation Vertical bars

represent * SEqafor the respectlve treatmeﬂts,
*P < 0,05 as compared with intakes of controls :

given the same challenges.
/ . ’ o

r

C. ,Water intakes (ml/60 min) of same rats as in ~°

uFighfe 11A folloyiqg‘gingle i.p. injectiong qu ’

’ @

isoproterencl. Vertical bars represent : SEM.

<
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- . ¢ 8 R . » s
‘éuent 60 min drinﬁing'test are presented in Pigure'llc.

\

Mean water intakes of the FLH-lesiQned and control

°§niméii.did not differ sighificaptly for the three doses
of_isoprotéronql; ¢

.
a .

S . ‘ «
o b. Central administrgtion of thirst challenges.

Water 1ntakes 1nduced by the mlcr01njectlon of’ANG 11,
od *
sucrose and NacCl throuqﬂ'stralght POA canriulae were not
o N ﬁo
51gn1flcantly dlfferent from the mean lntakes elicited

J

-

e by POA admlnlstratlon through angled cannulae (see -

:) ' Flgures 12; 13 ‘and 14 top ofnels) . Therefore; the results

-have been comblned
., % 1In comparlson with prele51on values, lesions of the

-FLH cau;ed a srgnlflcant deqrease 1n water 1ntaPe§/;

*

“elicited by the mi rOlnjeCtlbh of sucroqe and NaCl into

’

the POA (quure 12 and Figure 13).: Furthermore, ln com-

parlson to pre1e51on water 1ntakes, in whlch a 51gn1f1cant
,;‘ ]

K ‘dose—response relationship was‘obtalned, follow1ng FLH .

‘lesions the intakes o‘°rats in’response to high doses’
poS
a0 ’were not 51gn1f1cantly different from low doses. Lesdions®’

'o \ of the FLH did not .cause any srgnlflcant changes rn the
mean volumes of water intakes elicited by the mlcro-
P 1njectlon of ANG-II through straight or angled ‘POA
cannulae when compared with prele51on values. Water 3

‘ 1ntakzs elicited a."NG-II were sagnlflcantly 1ncreased

w1th increasing doses‘of the hOrmoqe for'both the prelesion

¢ : »




. o and postlesion periods (F = 60‘3,.df 4/35 P ; 0. 01‘

oL . F = 29.6, af 4/36, P « 0.01, respectively).

e " - E * ~ .
3. Comparzson of the Effects of FLH and MLH Lesions on .

J . Drznkzng Indhced by Centrallg Admtnzstere& ANG II

’ . Sucrose and NaCZ o . 4, - i

- ' . - T - i o 5

D) In comparison to animals with lesions of the MEH,, -

A . rats in which the FLH was .lesioned drank significantly .

-2

less watef‘follow1ng mlcr01njectlons of sucrose (P < 0, 05

£

w/r ‘ for all doses greater;than 0 3 M) and‘ﬁaCl (P < 0,05 for

all, doses greater than 0 25 M) admlnxstered to the POA

J

- o (Flgure 13 and,Elgure 14) Le51ons of tbe FLH d1d not

Y

\-51gn1f1cantlv effect drlnklng in response.to centrallv ad-

‘1

ez ‘4“'m1nlstered ANG-II (P > 0. 10 in comparlson w1th MLH—le51oned

. i rats for all doses of ANG*II) A In contrast t3 the dlsrun—~
‘ - *®

* : ’ .5

tive effect of FLH. le510ns .on drlnklng duced by osmotic

stinuli of thlrst, ablatlon of the MﬁH c ed a significant

G . o
attenuation of water lntgke 81101ted in response to mlcro-

. o

~1nject10n of ANG—II into the’ POA (P < 0.05 in comparlson '
w1th FLH le51oned animals for ANG—II at doses of 25, 50,
100 and '500 ng),,bué had llttle or no effect on water

rﬁtake to centrally aém;nlstered sucrose or NaCl

L

“

4 W{stozogyf s ‘ Ty oy -
: ] - Lo B

The tlps of the cannulae : o used for centrai

admlnlstratlon of ANG-II, sucrose and NaCl were located 1n :
an drea bounded dorsally by the anterlor cpmmlssure,

L

’ 4 ‘ " |
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- g ¢ Figure 12
° Water intakes (ml/30 min)cof_faté (n

(tap panel) and after

ANG-TFI, sucrose, oer NaCl through POA cannulae traversing °
the lateralocéyebral véntiicles (straight POA cann

Results are expressed as Means #

ipsilateral and contralateral "’

o
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as compared with prelesion- intakes/
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;
Jater intakes {(ml1/30 min) of ratg (n = 13) before

. . ’
(top panel) and after (lower panel) FLH lesions in

fesponse to single unilateral microinjections of
_ANG-II, suérose, oOr Macl admihistered thrqugh POA
: . ‘ » ) 0

cannulae angled so as %o hypass thg lTateral cerebral

- 2
ventricles - (angled POA cannulae). ‘Results are-

expressed ‘as Means * S.E.M. ofconsecutive ipsilateral

T~

and contralateral injections..

.

*p < 0.05-as compared
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Water intakes (ml/30 min) of rats.(n = 17) before

. = [~]
o

"(top panel) and after (lower p;nel)'MLH lesions in

°

response to single unilateral microinjections of ANG-II,
. ,

sucroée, or NaCl adiministered through POA cannulae

‘ 4 ¢ .

an&led so as ‘to bypass the lateral cerebral ventricles

1 “ o

(angled POA cannulae)..’ ‘Results aré expressed as.
Meahé‘t S.E.M. of consecutive ipsilateral and éoﬁtra—
lateral injections.. *P < 0.05 as compared with;p:g;

=iesionfintakes; **p < 6.01 as cémpa¥ed with prelesion

v

in<akes .c - - i . ° * ’ ) ©
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ventrally by the optlc chlasm, and extended rostro-

caudglly f'rom the most anterlor extent of the ventrlcle
’

to the w1dest frontal extént of the anterlor commlssure'

(Flgure 15)., - In about one-thlrd of the brains into which
stralght POA cannulae were 1mplanted, some enlargement of

the ventrlcles was observed. Enlarged ventrlcles were
Phot seen with angledﬂPOA'cannulae. B ’ - _. .

)

* as shown.in Figure'IB the MLH lesions were located
0 t - -

in the mldlateral hypothalamlc area, jﬁst lateral to the

.fornlx, and. at the rostrocaudal level of the 1argest A
" frontal extent of the dorsomedial and ‘ventromedial hypo

. thalamic nuclei. The;lesions exténded 0.5-1.2 mm in the

veﬁtro‘dorsal ﬁlane, 0.2-0.5 mm’?n the lateral pleﬁe and

,0.5—1.2:mm rostrocaudally. In all but,one case the for-

nices were uqdemaged and the lesions were bilaterally Zym— ]

metrical &nd similar in appearance.

» - — - A

The FLH lesions were tfpically larger thanutﬁose in
the MLH, extending 0.7-1.5 mm ventrodorsaily;‘O.Z-;.é e
laterally, ena 0.7-1.5 mm feétrocaudally. The largest FLH
lesions destreyed‘the ventromedial pert.of the internal
capsule, medial edge-of the globus pallidus, aﬁd¢tﬁe'far-
' . ~ lateral aspects of the LH. Iﬁ 3 enimaf5°there was also’
| damage .to ‘the optic'trect and zona'incerta."With the :
smaller FLH 1e51ons tlssue damage was confined .to the far-

lateral hynothalamu;/and med1al internal capsule.




Figure’ls,x - . ¢

- ~

Representatlve photomlcrographs of coronal
brain sections show1ng the locus of cannulae in the

POA (arrows).
4

A tips of cannulae whlch penetrated th!r
. lateral cerebral ventrlcles (stralght

<

., POA cannplae)
. B tips of cannulae wﬁich'wq;é angled so as
to bypass the lateral cerebral ventricles

(angled POA cannulae)

-

Note tHat. the venEriCles 9re enlarged in (a).

- . +

Horizontal bar equals 2 mm. @&







. Figure 16
L € . ’ ) AN

Representative photomicrographs of coronal brain

sections showing-the'locus o? leéions in the MLH and‘

o

ELH Hypothalamus (in each case designated by arrows).

’ - . . '. ] | ‘ < ' ) N.
v : , A smaller MLH lesion } 3 o
- o o ' - o’"Y N . v °

B ° smaller FLH lesion

. ’

N~

c largest MLH lesion

"D largest FLH lesion

A- aﬁa C-type lesions were equally "effective” in
disrupting drinking induced by POA‘adm%nistrafion‘of . e
' ' - . - ' . ) e
ANGyII. Neither lesion had any effect on water ’

, intakes, elicited by ,centfrally administered sucrose

¢

or NaCl. B=-‘and D-type lesions equally Hisrupted

[}

water intéke-%o sucrose and NaCl without attenuating

“thirst induced by ANG-II. Horizontal bar equals 2 mm,

A 4







Figure 17

w »

Iocation* of lesions in the MLH and FLH marked’
on coMpnal diagrams of rat brain modified from the
stereotaxic atlas’ of Pellegrfﬁ% ahd Cushman (1967). ,

. . .Portions shaded in black indicate area commdn to

E

all Fl;zsi'ons, and black outline denotes the largest

e

‘extent of all lesions.

AN

\ <
DMH dorsomedial hypothalamic nucleus

FX « fornix

. o )
, MT -~ mammillothalamic tract’

»

" TSOT , optic tract ' e

°

« VMH  ventromedial hypothalamic nucleus ;

zI | zona incerta ? .
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o o  DISCUSSION o ,

- - - © °

The results of the experlments descrlbed 1n th;s

sectl?g support the hypothe51s that cellular ana extra- P
- . " &
cel&ular stlmull of ‘thirst are medlated by separate

F]
©

o

1ateral hypothalamlc-pathweys.. Inltlal support for this

prophbsal was obtained from the dual reco;dinguexggrimehts
. X -
in which differential responses to POA administration of*

‘ hypertonic Nabl-and sucrose and to ANG-II were recorded
TG < ~
from 51ngle neurons 1n°the FLH and NLH respectivelv

- In subsequent experlments it was shown that.FLH le51ons,
whlch aid not alter drlnklng to peripherally—admlnlstered

1soproterenol or centrally. admlnlstered ANG-IT, disrubted

%

- water. 1ntake e11c1ted in response to perlpheral or central

‘injectiOns of“sdcrose or NaCl or to 24-and 48-hr water
deprlvatlon followed,by a perlpheral 1njectlon of NaCl _1A°

" In contrast MLH le51ons attenuated drlnklng ellclted by

the mlcr01n3ectlon of ANG II 1nto the POA but had no

&

o}

o
[ -

effect on qater lntake induced- by admlnlsterlng hypertonlc
. é s :

sucrose or NaCl to ‘the POA. . e

v

In addltlon to thelr leferentlal effects on cellular,

- o

"and extra—cel&ular thlrst le51ons of the FLH also caused

Lo

a short term attenuatlon of ad 11b1tum feedlng and mlnor
losses of body. welght whereas these effects were not '.ﬂ?
observed'w1th MLH leslons. 'Tnese observationé,are consis;°
tent with the results rezzrted in Sectlon 3.1 and with ~ .

prev10u§ studles (e.g.; id, 1967) and suggest that FLH-

i19



. o < - : a
ahdoﬁnhrlesions may -impinhge on different -heural systems
for'the regulatrdh of ingéstive'behaviorsi As su@gésted

oby Morgane (1961) the 1mna1rments of food and water 1ntake
followrng FLH ablatlon may be a; least partlallv attribu-
tahia to destructlon ofopallldofugal flbers, since lesions

of this pathway along its trajectory in: the entOpeduncular'

N he)

nucleus (Gold,;l967) and the midbraxn’netlcular formatlon

(Parker amd Feldman,’ 1967; Lyon, Halpern and Mlntz, 1968)

-~ ’

cau§e dlsruptlons in 1ngest1ve behav1orsﬁ‘ Another possr—'

blllty, since some of the ananals with larger: FLH leslons‘~

o »

were hypaactive durlng the 1mﬂed1ate postle51on perlo?

. that the lesrons may*have impinged on flbers.ofcthe nlgro-

-

st?iatal‘bnndle[ Previouély,)Ungerstedt {1970, 1971) "and

cher workers (Oltmans and Harvey, 1972 Bgeese Smlth

<

Cooper and Grant 1973; Flblger, le and . McGeer, 1973;=/
ngmond and Strlcker, 1974) found that_destruction of this'c
'pathway by 1ntracerebral 6-hvdroxydopamine injettiéns-or -

. M = H - ’ ©

" electrolytic lesions produces.aphagia and adipsia, senso-

rimotor dfeturbances (Levine and Schwartzbaum, 19735

Turner,.l973° Marshali ﬁichardsoﬁ and Teitélbaum, 1974)

and other dlsabllitles (LeV1ne and Schwartzbaum, 1973)

DY

On the other hand Aat should be noted that although the .

\
larger FLH lesxoﬁe produced deflclts Wthh were srm;laf

1n some respects to those reported after palilaal or

nrgrostrlatal le51o S, the 1mpa1rments were con51derably

less severe and com lete recovery had: occurred prlor to

.




.9

to the resumption of testing:v_Moreover,'small'lesions'of
the FLH— which had little'or:no effect on feeding ard did .

hot cause gross sensérﬂmotor déflCltS mere as effectmve

as. the large lesxons in dlsruptlng drlnklng to sucro$ eoand
.t‘- ;‘_1
NaCl. "’ Flnallv, the dlsruptlon of ellclted water:mtake

<

after FLH- le51ons was specific ‘to ceLlular stimuli of PO

- o *

°th1rst water intake elicited by ANG—II was not affected

_These observatlons, and espec1ally the latter one, suggest

that although pa111 ofugal and/or nlgrostrlatal pathways

* may have been 1nterr pted other flber svstems spec1f1c_to

’

cellular thirst mech nisms were also destroyea;
‘Another lmpor nt con31derat10n when 1nterpret1ng the

. 1e51on ﬁata is whether the dlsruptlon of - cellular thirst

follow1ng FLH'le51ons reflects changes in neural thirst "¢ ‘,l‘ .
£l ¢ . ) .
systems or.is secondary to other more general def1c1ts b
S
resulting from non- spe01f1c braln damage. It ha Qeen R

<

. suggeste& for example, that FLH-lesioned rats- ma%”fall tp
&

respond to regulatory thlrst ehallenges (z.e., i.p. LnJeCﬂi

- e,

tlons of hypertonlc solutlons) b«ecause; they are more' .

ea51ly 1ncapac1tated by the paln and’ stress_produced by

A

the 1n3e¢t10ns (Marshall Rlchardson and Tea&elbaum, 19947. iag

-

Strlcker, l§73; 1976) . If the fallure of FLH anlmals-‘ .

to drlnk to cellular dehydratlon Was due to a geheral

\ -

it would be expected that the rats would drlnk more ‘ L

. /. e s

readily at low or moderate»doseS'of ‘'sucrose or NaCl
- . ) . .

given'i.p. than at.high doses, sinée admlnistration of \ - -,

< . s >

a - -

ol

;mpalrment of behav1or during stréssful condltlons, then - .ﬂ-“'




less concentrated solutions should be less incapacitating

]

(Marshall et aZ.; 1974).. For similar reaaons, FLH-

Ie51oned anlmals would also be expected to drlnk when

.
thirst was induced oy;central administration of hypertonic
N L F N f' f . & - 4
sucrose or NaCl (Blass, 1973). Hovever, in the present

study rats with lesions .of.the FLH failed to drink to low .

as well as high doses of sucrose or NaCl, whether given
,~.i.g%'of following intracranial pioroiiiection. Second,

rand more importantly,:these same animals showed no deficits .
in water intake following central admihistration'of ANG-II,

/even~thoﬁgh this hrocédufe has ‘been showh,to\oauSejmatked
1ncreases in systemlc b&ood pressure (goffmah and .
-PhllllDS, 1975)-and could therefore alqb be pres:;ed to *
beﬁstres;ful to tﬁ% anlmals. These frndings:suggest that
- the attenuatlon 5} e11c1ted water ﬁnt;:: follgwlng FLH .

<

leslona reflects a dlsruptyon of neural-ggthways medlatlng

drlnklng in requnse to osmoregulatorv challenges, rather

)

.than a:non- spechlc 1mpa1rment of motlvated behav1ors.

‘ Wlth regard to the MLH pathways, ablation of which

e

caused a seLectlve dlsruptlon Qf drinking 1n response to e

.

centrally admlnistered ANGH;I, the resdlts of the 3ision -

'expetlments 1nd1cate that the dmsruptlon méy have  fesulted -

. o
5 ..

jrom destructlon of the-descendmng MFB’whlch passes
fhrough the LH ]ust lateral to thé fornlx (Nahta, 1958*

Mlllhouse, 1969). Thlsulnterpretatlon lS also supported
[

,by the flndlngireported‘ln Sectlon 3.1,-that.51ngle‘v

. . 14 [ ot :~"V “'o ' .
neurons in the M ange their rate:of-discharge following
o } .. S M




‘the microinjéction of ANG-II into the POA.
. s, 2 - ) - . ¢ K M .-
© In summary, the, results of thg preseént eXperiments

< - »

indjcate that a separation between neural'systems spb—

[4
s . . - - .~ j . .
serving, cellular and extracellular thirst’is preserved
within  the:.brain,-in distinct pat&ways thréugh'ths LH..
‘One pathway. projects qaﬁdally from the, POA through the

' . ° . ) - . .
MLH and is. involved in the jnitiation of drinking to -
. . 9 "

ANG-I1I, whereas water intake to cellular thirst stimuli

‘is. mediated through pathways éaésing~tﬁrdugh-£he FLH.




&

Ty

S

- 3.3  Separate Pathwavs Mediating Cellular and:Extrd-

©

o

9

°fcellular°Thifst in the Midbréin

-

The experlmental data reported in Section 3.1°
suggested the possibility that cellular and extracellﬁlar
thirst 51gnals are mediated by separate neural pathways
f; the LH The flndlngs descrlbed in Sectlon 3. 2¢SUpported
this hypothe51s by show1ng that s;ngle neurons_in .the MLH

and FLH responded dlfferentlally to POA admlnlstratlon of

., ANG-II and;hypeftonic NaCl and sucrose. Funthe;more,_the

lesian expériments'reported in Section 3.2 éuggested that
A
the effects of MLH and FLH ablatlbn were l;kely due to

lnterruptlon,of spec1f1c neural pathways” sﬂﬁeerv1ng o
cellular ang‘extracellular thlrst SLgnals, respectlvely,
and not to non-specific def1c1ts.- o o
oo : - Coe ok ) :
» In the present series of expér}ments,:it was decided
to invest;géte whether the separatien”betﬁeen the neural

pathways medlating'cellularvand_extracellqlar thirst is

pregerved at more caudal levels of the neuraxis or:

whether the pathways cenvérge onto'comhon'strﬁctures.

Since previous studies reviewed in Section 1 have shown

that lesions.of the midbrain tegmentum and central grey

o

cause ad1p31a‘and aphagla (Lyon, 1966; Blatt and L on,

- 1968; Lyon, Halpern and Mintz, 1968) and electrxcal stimu-

+

lation of the ventral!tegmentum e11c1ts drlnklng

e

" (Wyrwicka and Doty, 1966; Robinsqn and Mishkin, 1968),.

the sitgnals associated with water balance deficits may be’
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wtranémitted'to these regions of the mesencephalon. This
t possibility was investigated using electrophysiologicaln
and lesion techniques. s e ' .
<

. , METHODS

[~

Initially, as a guide to the placement of lesions in

9

i the midbrain, it was.decided to administer ANG-II through

chronlc carrnulae implanted in the POA anﬂ to observe the

. o -3

effects éf, ANG-IT "on the spontaneous dlscharge frequency

of 51ngle neurons in the mldbraln and‘upper brainstem in

subsequent acute recording experimente.‘*
7: Microelectrode Recording Experiments méth ANG-II

" - . -~ . " ’

. Animals (n = 38) were anesthetized with sodium pento-

barbltal (50 mg/kg), preceded by atroplne sulphate (5 mg),

-

and 1mplanted w1th a 51ngle 23—gauge stalnless steel

cannula nnto the POA using stereotax1c technlques des—‘
cfibed in Sectlon 2. 2 Follow1ng postoperatlve recovery,
_rats ‘were tested for the occurrence of‘drlnklng after the
mlcrolnjectlon of 100 ng of synthetlc ANG-II dissolved in . b

1 ul distilled water. through the indwelling POA capnhula..

Water intake'(i 0.5 ml) ‘was then measured in the animal's
& = .

home cage over the next 30 min.

Only those anlmals wﬁlch drank more than 5

water during each of two preliminatryv tests with aNG-I1

1

s ?

‘were used in the recording experiments, In these animals

(n = 27) BNG-II (100 ng in 1 yl.distilled water) was micro-




injeéted inte the POA through.the implanted cannula and

the effects of ANG-}I on the frequeney af firiné of neurons
in the ﬁidbrain and ‘upper brainstem was measured’by means
of frequenciétine histograms.a In addltlon, every fifth
unit was routinely tested with dlstllled water. ;n;7 ”

‘animals, the femoral artery was cannul4ted w1th a poly-

- v

ethylene catheter in order to record the arterlal blood

pressure. For. the “same group of animals (n = 7) cortlcal

- o

. EEG"recordings wereaobtained through 3 nichrome wires
"’ implanted in the skull overlying the occipital cortex.’

In selected control experiments, ANG-II was micro-'

- .t ) . .
injected into the POA and unit recordings were obtained’ .

from sites in the cerebral cortex, hippocampus, thalamus
and the basal forebrain rostral to the POA. In other
experlments, ANG-II was administered through a cannula

1mplantedeln the cerebral cortex and the response of

(3]

units in the mlgbraln and bralnstem was measured Finally,
the frequency of firing of unite in the midbrain and -

brainstem were recorded féllowing the mieroinjection .of

.

25, 50, 100, and 200 ng ANG-II (all dissolved in 1 ul

"disti;led water) through an indwelling POA cannula..

2. Lesfon'Experimentg ' ‘ | Y
' x : . v . ’ ‘ .
-In order to determine whether circumscribed critiecal

areas for the dtinking response to intracranial ANG-II

might be found within the iarger area‘of the midbrain in

which unit reeponses to ANG—II:were obtained, the effects

. -

-

¢




of‘hniiateral and bilateral-mesencephalic lesions on
drinking elicited by ANG-II were determined.

Ahimals (n = 44) were individually housed and main-
tained.on Purina laboratory ché% and tap watex ad libitum,
except as noted.h Two 23;gauge stainless steel cannulae
" were implanted bilaterally into the-POA of'eaeh animélb
u51ng the standard stereotaxic technlques and barblturate
anesthesia. Durlng the same operation two monopolar elec-

trodes made from size 00 insect pins and insulated except

for 0.5 mm at the ﬁip were also implanted:bilaterally into

various locations in the. mesenceéphalon.
. About one weekvefter implantation of the cannylae and

electrdaes, food pellets were removed from the cages and

-

replaced with food cups containing a measured weight of a

high-carbohydrate diet. For the next 6 days, food and

water intakes and body weights were determined daily.

This procedure was repeated at selected 6-day intervals

r
o

to ensure that the animals were healthy and gaining in

body welght. &

Beglnnlng on the tenth postoperatlve day, each anlmalf

weg tes'ted once da{;y'fer drinking following.the uni-
lateral administration of AMG-II (100 né‘in,l'ﬁl distilled
 water) to the POA, Wafer,infekes (+ 0.5 ml) were
'measuhed for the next 30 min in the animal's home cage
with food freely a#aileblef Only ‘those aniﬁals which
drank more then 5 ml of water in each of 4 cohsecutive
.teste with ANG-II were used 'in. the Leéioh experiments.,

¥

” ’ R » ]
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- 530 to 58 days.

.~
a N ,
E) -~ - k)

3 <o . “. )
Unilateral lesions were made in 36 rats under ether

»

anesthesia by passing 1.5-3.0 mA direcf'curreht for

s - , & 4
15-40 sec between the implanted monopolary electrode and an
indifferentlglectrodg clipped £ the ipsildtaral ear.,
Testing with ANG-1I was,reéumed-ﬂéllowing complete post-

L,
operative recovery (2-14 days postlesion) (see Figure 23).

c

A second lesion, contralatetral to the first, was made in

o *

17 of the animals 24 to 31 days aftér the first lesion

. . A
and testing with ANG-II was continued for an additional

-~

In another series of animals ('1"1 s 12), the effects of
~ ° /
one-stage bilateral lesions of the paramedial rostral mid-

'brain_(RMB) on water intake elicited by microinjectidon of

~

ANG-II\(SO ng in.0.23ul artificial CSF)' and NaCl (2 M in
0.2 ul) into the POA (straight POA cannula) and lateral

. . . , Y . .
ventricle were determined wysing surgical procedures just

©

described. Two injections of ANG-II and NaCl were made’

into each site before and after the }eéions were made.

.

. At the end -of the exﬁerinentq histological techniques

as described in Section 2.6 weré‘used to. determine the
-y 1 ‘ -

Sites.of the recordingé and of the lesions. Student's

™

L P

t-test for ‘correlated samples was used- to compare respon-

e .
-

ses of the different groupé of animals to ANG-II.
- v ’ ’ » ’

LI 4
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’ - RESULTS

°

17 Effect of POA Administration of ANG-II on Midbrain
‘Unit Aetivity

Extraéellplar recordings -were obtained from 147

. 3

neurons in- the midbrain and uppef brainstem of which 52

-~

(35%) increas@d their rate of discharge in regponse t& the

-

_administrationcof 100 ng ANG-II to the ipsilate;al POA.

¢
Two units (1%) showed inhibition and 93 (64%) others
, : 3

L4

showed, no change if their discharge fréquency. Table 3
- -
summarizes the numbers of units and the patterns of .re- -

sponses and Figqure 18 shows the lopation of iron deposits.
corresponding to the sites ,of recording. Figure 19 shows

the location of the c¥nnula in the POA-and the site of
5 5

recording in the midbrain of a representative ahimal,

LI

Whén,IOO"ng ANG-IT was hdministgred to the POA,:

c

. 129

. activation (n = 18) or inhibition (n = 2) of unit activity

occurred concomitantly with desynchronization of cortical

EEG and an increase in arterial blood pressurg (mean

chahge”: +5 mm Hg, range = +3‘; +15 mm ﬁgY. A° typical

respoﬂ%e is shown in Figure 20A. With the lowest dose of -
. . -

ANG-II (25 ng) cortical EEG.and blood pressure changés

<

" . were not ‘obgerved although 2 of 14 units increased their .

2 °

- . ’ - . .
rate of discharge %Figu;e 20B). Freguéncy-time histograms.

showing the:reéponse.of a single mneuron in the midbrain
tégmentum to the’ administration of.25, 50, 100, and 200 ng
"ANG-II ts the POA are presented in Figure°2l.'

’ v o
4
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/ ¢ TABLE 3 0 )

[ °

/

_ Numbers of Units+in Various Midbréin Structures
c and the bﬁtterns of Response fdllowigg the "Administration

of 100 ng Angiotensin to the Ipsilateral Pfeoptic Region

<
<

’ Total - Numbers - Aéatterns“of
Numbers - of Units - Response
Sites of _ of Units ~ Re- Act1l Inhib-
", Recording Recorded sponding vated - ited .
. = -
v Pefiventricular . :
., grey substance i 16 . 4 4 0
’ Bed npeleus ‘ ‘ . 1 T , .’
, posterior ‘commissure 19 10 © 10 0
¢ o
. Reticular formation 75 ‘ 17 15 . 2
Ventral tegmental, |, .
nucleus Tsai . -3 3 3 0
Interpeduncular o Co ' S
1) . nucleus . 14 10 10 . -
'Nucleus 5 ] .
parkschewftz : 5. 5 . 5 0
i . ” - . ’
. -Central tegmental .. -
, : nucleus | . 2 21, 1 ' 0
Red nucleus - 3 - 0 L) 0 S0
e . - * . o N
Substantia nigra ‘5 ' .0 0 -0
o B a . ¢ d ©
o £
Interstitial . ) _ .
nucleus of Cajal 5 . 4 - 4 o
_ Totals ° : 147 ¢ 58 52 2 .
% of Totals  : -« 100 37 35 . 1
v \ .




Figure 18

- v
"t

. Diégrgﬂ! of frontal sections through the

mesencephalon redrawn from the atlas of Pellegriko

- 3

and Cushman (1967), showing the siﬁeéno%:recordipgs -
and the types of unit responses bbserVed;following

‘the unilateral microinjection of 100 ng ANG-II into
the ipsilateral POA. Solid triangles indicate sites -

of . facilitated units and open circles mark’sites

© a

where no effedt was'pbtained."Numbers‘a% the lower

left of each figure are takén from'£he atlés and

rd

refer to the distance (mﬁs‘béhind pregma. Abbrevia-'

tions:'cA, cerebral aqueduct; CP, posterior gqQmmis- 7.

. @

sure;‘CS,isupgridr colliculus; CcT, central tegmental
nucleus; D,.nucléus of Darkschewitz; FLD, dorsal °
@ . . ’

tlongitudinal bundle; 1P, interpeduncul r nuclé€us;

-
“ ~

LM, medial lemniscus; NCP, bed nucleué-of the pcsteriof
commissure; NR, red nucleus;'P, pons; PC, cerepral
- o' -

' peduncle; PVG, central grey; RF, reticular formation;
» . T . : E
v, ventriclg; VTN, ventral tegmental nucleus; fXg,

"
‘T

third vgn{)‘icre. ' -

o - o

-
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" Figure 19
- o )
o e * o
L . .
2 Photonacroggaphs oﬁ braln sectlons from an -
f - <
& ~ anlmal in the first serles show1ng the locatlon D
of a unllateral cannula 1mgiant in the POA (a)
. ~
- and the mlcroelectrode recordlng 51te 1n the B
» o -
¢ ' . ventral tegmental area of the’ mldbrain (b) (in -
(N ‘ ' .7 c. - A
- o v »
‘each case dESiEEated by arrows). .Magnification =~
7.t1me%.n , . T s
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‘Figure 20

Continqoue polvgraph tracings shéwing:

° <+

¢

*A Changes.inwcortidal EEG (top tracing), arterial

blood p;eésure (middle t%acing), and spike. dis-
charge of a neurén‘in the miabrain following the
, unllateral admln;stratlon of 100 nq AHG-II to )

the 1p511atera% POA. . Note that the blood pressure_

’ - - .
«(trace 580}’and EEG (trace 583) changéb preceded :

“

the: 1nerease ire unlt dlscharge frequency

(trace 583) - -

’ T “
. NP

»Cortica& EEG, arterigi bloOd'pressure and dis-

~,/charge of another’ unlt 1n the mldbraln foIlow;ng

the admlnlstratlon of 25 ng ANG-II Note that

‘—’/blood preSsure and EEG dld not chapge although

4

*+' the neuron lncreaqed its rate of dlscharge .
(trace'444-445).' Lt e
) | o

. . o . . . <
Rl ~°-- « ¥

The tlme at whlch ANG II was admlnlstered 18 1nd1cated

PN

by arrows.

3e
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Figure 21

_FreduenngQime histograms éhowing Ehe'response
of a single.unit in the midbrain tegmentum to- the

qniiateral administration of different doses of

ANG-II to the ipsilateral POA.

A 25 ng  ° : B 50 ng

¢ 100 né T D °200 ng °

T N )

Time of administrations is indicated by arrows. No

less than 40 min elapsed between successive
injections. The order in which doses were administered

was: 100 ngj. 50 ng, 25 ng, 200 ng. . ° R

’

4
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The effects of microimﬁecting 100 ng ANG-II into the
POA on the rate of dispharge of neurons in the cerebral
cortex, thalamus, basal forebraih rostral tp the POA and___.

hlppocampus were investigdted in 5. addltlonal urethane-

anesthetlzed animals. Of the 17 neurons 1n the . cerebral

4 -
cortex for which unit recordings were obtained, 2 - °

ﬁhcreased their firing rate, 1 unit showed inhibition and
the remaining 14 units showed no change in respofise to

£ . N
ANG-II. For the other areas ynder study, the correspond-

o

ing number of units which showed activation, inhibition of

/

no effect in response to ANG-II were as follows:

thalamus, 0, 0, 8; caudate nucleus, 0, 0, 7; hippocampus,

. ) . ) &
2, 0, 8. In two other animals, microinjection of 100 ng
ANG-II into the cerebral cortex did not affect the base-
line discharge rate of 12 units in the:midbrain fdr

which extracellular retordings were made,

2. Effects of UnLZateral Leswons of the Mtdbrazn on

CIY

Drznk%ng to ANG- I} Admznzstered to the POA

| -

The lesions, irlustrated in’Figures 52 and. 23’ weré
lOCated ‘within an area bounded%rcstrally by the mammlllary
'peduncle and Caudally by the angerlor border of the

,lnferlor colliculus and between the mldllne and the

lateral lemnlscus (cooxdlhetes:' 0.1-4.0 mm ventrodorsal, -

~ 0.4+ 2.0 lateral 0 5-2.0 rostro- caudai) Three groups

" were formed on the ba81s of the locus of the le81ons.

- " v
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Figure 22

Reqonstructions of the individuwal lesions in

the midbrain:

A Unilateral lesions which did not affect

dz:inki’n_g to ANG-II.

B Bilateral lesions which were not effective in

disrupting water intake elijcited by.ANG-II.

The le51ons are, super-lmpoqed on frontal sectlons from

-

.a rat stereotax1q atlas (Pellegrino and .Cushman, 1967) .

e -~ " 4 )
Numbers at the lower left of each figuré ‘are taken

from the atlas and refer to the distance behind bregma.
The numbers inside ’e lesions shown in B refer to the

1nd1v1eual anlmqls in whlch the lesions were made.

Abbrev1at10ns are the sa ? .as those given for Figure 18.

o
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The lesions in the first group {(n = 13) were 1located

Q

in the region of the ventral tegmentum. The nuclear

R . . .
structures which were damaged or destroyed unilaterally by

~

this\tybe of {esioﬁ included the interpedundular nucleus,
the ventrai tegmental ﬁucleus of‘Tsai;uthe‘central teg-
meniél nucleu§, the red nucleus and the medial ;spects-of ’ L“C
the SUH;tantié nygra. Fiber tracts whichvappeared to

have been transected unilater;lly by the -ventral ‘tegmental .’
lesions included the habénﬁlo-interpeduncular tract; the
mammillo-tegmental tract ana the central 'teqmental tract.
The medial'lemniscuscaléo received moderatégto extensive
démage. Unilateral ventral tegmental 1§sioﬁs had little
J” . or-no effect.on-drinking elicited by ANG-II administered «

‘to the POA (Figure 24). 'Thefe was an indication of a ' N

(2

-

- slight atténuatién of elicited water intake when the ~ -~
~lesion encroached on tHe‘neural-tisspeyadjacen% to tﬁg;l
-interpeduncular nuclehs (n = 5); however, - the V@riabi;i?;
, of this effect wés great and the'différences were not

. statistically significant. Seven ef the animals with ’

unilateral lesions in the ventral tegmental area showed,

ey

Lvarying.durations 9f aphagia postoperatively (mean
number of days of aphagia = 2.8, rangd of 1-4 days). Of
‘these seven rats,/g‘;equirea intragastric féediﬁg for .
from 2 éo A.dayé. \Ihetlesioﬁs qiéo typicq;ly'caused a

- B ﬁeriod of mild hypodiﬁsiaﬁfof 1-3 déys postlesion, but

. S : ' :
thereafter daily water intakes returned to prelesiodn

levels. = . : ‘ S

I . ' ' . . ]
. s o .
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A second group of lesions (n = 15) was ldcptéd in the
- . . ' -~
reticular formation ventrolateral to the central grey. In

@

8 of the’animals the lesions extended unilaterally into

1

the central grey and produced damage to the Bed nucleus of

£l

the posterior commissure, the nucleus of Darkschewitg, and

t

the interstitial nucleus, In the remaining animals the
lesions unilatemally damaged or destroyed the 1ate§91

tegmental nucieqs, thghsubstan;ia nigra, large ‘areas of

the midbrain reticular formation, the medial lemniscus

-~ K -

and the habenulo;intefpeduncular t;éct, None of the uni-

laté};l’lesions incihe sEcoqd gréup had a significgnt o
effect on drinking elicited by ANG-II administered ‘to the’
PbA;J%igure ?4). ‘Féur of the lésions which were located
dorsal and lateral tg the red nucléu; (n = 9) b{é@uced

2

1-5 days of aphagiayénd 3-9 dayé of’hypodipgia pdst-‘

* operatively. Most-of the animals with lesions of the.

reticular formaﬁion ventrolateral to the central gre§ were
hyperactive, lost body weight in the immediate post-léesion
period and were difficult to handle. "Testing with ANG-II-

was not respmed-untii 5-14 days pogtoperatively.
In a third group the leéiqns)(n = 8f destroyed ‘the

mammillary nuclei and the ventral tegmental nucleus .of .

Tsai unilaterally, transected Ehe medial lémniscus‘andathe
. L \

medial forebrain bundle and partially.ablated the  rostral -

. part of the ‘midbrain reticular fofmétionthigﬁre ?35. The,

common area of destruction produced by these lesions was

-
»

aofsal and lateral to the mammillary peduncle, in the area

4
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i.

of passage of fibers of the MFB.: These unilateral lésions |

of the rostral midbrain (RMB) caused a significant decrgase

of water intake elicited by ANG-Itlaéﬁiyistered through .;
either pgeoptic cannula if the immediate post-lebion

period in 7‘of‘8 animal‘s %t = 2:44,‘Po< 0.05"in comparisop :
with pre—gesion intakesY.A iﬂ;°attenuat{qn ;} elicited ’
drinfing was{transient; hewever,nand recovery ‘was obsérved

PR

in all 7 animals’by the sikth postoperative day (Fiéure'

24). In contrast to the‘effects ofJIESiens located.more '#

. o

caudally in- the mldbraln ventral tegmentum or in the area

s

ventrolateral to the central grey, rats 'with lesions of

o

the rostral mldbraln showed noe. 51gn1flcant change in 24: "

¢

hr food and water intakes or in.the rate of body Welght ¢ .
‘ . . . e ) L
increase. . " ‘ - - o

<:

3. *®Effects of BLZateraZ Les1ons of the Mtdbpamn on

Drznking to ANG-II Admzngftered to the POA .

° o - ¢ >

Seventéén of the animals that received lLnilateral

<

> . ' - N
le51ons were glven a second eontralateral 1esion,'through; e

an 1ndwe111ng electrode 26 to 32 days follow1ng the flrst )

N , v
. B ¢ ¢
¢ e R s

- < ' 0

As Shoﬁn in Figure 22, the séCondOIeeipn of'xhe mid-
brain ventral ‘tegmentum (n = 4) or‘o?'the"area Veﬁtfé—

% [

lateral to the central grey - (n = 6) dld'not 61gn1f;cantly Ty

affect drlnklngfellclted by ANQ;II In the»majority of

©

cases, animals that’ re;elved 1e51ons of elther‘of thesef ‘ PR

o
L9

two sites were hypophaglc and hypOdlpSlC 1n the 1mmedlate ' ¢




post-lesion period and cohld not be,téstedhwith ANG-TII for
7-10 days postoperatlveL/. Thfee-of the rats with lesions

of the midbrain ventral teqmentum requlred 2-4 days of = @

R

inkragastric feeding. Two of these anlmals and 2 rats -
° . 0» g <

° ‘ 4' R o s L. : . A . s
‘ith extensive Jlesions in the reticular ,formation dorso-

o

- lateral to red nucleus showed signs“ofIspasticityqof the
hind 1imbs;oléss of balance aﬁq rotational mdvements“for
. : E , - ) - .

2-5 days post—lesion.

All seven anlmals in whlch a second lesion was made |

. v

- in the rostral mldbraln shoWed a 51gn1f1cant (t = 2 31 .

P ¢ 0.05 in compar;son Wlth pre1e51on 1ntakes) and thonié L.

|'}

deggease in water intake ellclted by ANG-II for” the engire =~ .

58-day period following the second lesion.f@puring this
time the animals drank“iess than 30$adf.their.pre—iesioh ,‘ o "
intakes to AN@LII. . ) ' i _ ' | 'Lw

In the final test:with NG-II on Day 58 the animals |

w /7 ‘ .
’ W1th rostral midbrain lesions dzank 51gn1f1cantly less

\than durlpq the pre- le51on rlod (t = 2 23, P < 0 05).

) < “e

The changes £n da;ly food a d water 1ntakes after the

- 3

2 * .

second le51on were mlnor, although 2 of 7 anlmals were T
hypOdlpSlG for 7 and'il days Qstwle51on, respectlvely.

ats had regalned their pre-lesion body welghts by N

(83

fhe fourth postoperative day. : . ' t L s

-
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'%b bregma.

]

passage of theALFB marPed on a drawing tdken

» S

r

“of the rostral midbrain (RMB) in the area of:
—ﬁ/‘\

4 =2
y Figure 23
'0' el - e
_Location of ‘lesions in the ventromedial region - .
l’ ~ .

from the atlas of Pellegrino and Cqshman (1967).

-

The numhéf»}n the lower left hand corner

i

adjacént to the drawing is taken from the

atlas and indicqtes the number of mm posterior .

cant attenuatlon of the drlnklnq responge

‘elicited bv ANG-II

s

(see text)

Thete lésibns produced'a signifi--

CCp corpus collosum; HPC,Jﬁippqcampus:'LM;

LY

medial lemniscusi MP, mammillary peduncle;

PC, cerebral peduncle; PVG,
SN, subgtantia nigra; -SUM,

riucleus; V, Ventrig}eé'ZI,izpna incerta. (/

‘ * N\
o »
’ J
f_‘ )
3
a
) -
s R
. ’
' I3
. N -

N

central gre@;

'supramammillary

Abbrev1atlons"
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of 100 ng ANG-II into the ipsilateral POA.

Figure 24
. M , \J ) ’
Water intakes of rats following lesions of. the

S

midbrain yéntroiatéral)to4the central grey {(open

¢ L Y : : . )
circles), of the paramedial dorsal and ventral ﬁ%g-
mentum (solid qifcles):and of the ventromedial area
) g . o
of the rostral midbraimy (RMB) (triangles) during thes

[} . .
30-min' period following theuunilateral microinjection

Fa

R . . + L] a-
A . following unilateral lesions "
B . following a.second, contralateral lesion
) "y

Results *are ekprésséd as Mean * S.E.M. of consecutive

. igﬁilqtgral and contralateral injections. Time of
] - . .
-the lesions is indicated by arrows,
o / F
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4._;iEffé¢t of'BizpteraZ‘RMB Lesions .on ‘Water- - Intakes

Elicited by POA or Veﬁtrichlar‘Microinfectipn_of

Ang-II and Hypertonic NaCl. A /

4 N . .

As shown in Fig. 25 lesions placed in the RMB in the

-

area of passage of fibers of «the MFB caused a significant
. .-

- disruption of drinking in response to ANG-II ‘administered
.' . to the POA (t = 2,56, P < 0.05) but had no effect when'

ANG-IIV'was administered to the lateral ventricles. The

-

~ ﬁMB lesions had né effect on drinking'elidited by micro- - ,
;oi;jection of 2 M NaCl,fo eitﬁer ch POA or to £he_

\ : ~ lateral vghtyibles.* The lesions placed infthe‘ro;tral

méséncephalon in this éefies‘oflanimals were siﬁiiar,fn e

location, vize and ex"texit to: those lshbwn diagr;mmatici;ally

in Fig. 23. - o S ' ,
L

v . L ‘DISCUSSION *

. TQp results of the, first two experimenﬁs,fépo;ted’in ‘
‘ o - - ‘ e,
rE .» thig section indicate.that signals from receptive sites .

h Y

#€0r ANG-II in the forebrain §fe traﬁsmigtedotgithguRMB: _
Tﬁis intégpretatidh was éuggested ihft{ally‘bx the'eleqtro- .
pﬁysidlbgiqal,fééulté, in which it ﬁ;s‘féund that ﬁic;o- : ‘
vinjection‘of ANG-II int§ the POA:iﬁfluenced the dié@hérge
rate qf'sfngle neurons. in the midb:aiﬁﬂ éndVWas'sﬁbég—;

p duently”éénffrmed.hy the lesion gxpefiﬁents in which .
”ablationdof.the RMB disrupted dripkfhg to ANG-II. ’

» . \ . T ' )

~ ' . . . e

™
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ngufe %é

Mean intakes of waéér of rats before (open

= ®

columns) and after (diagonal-linedlcolumns) RMB _ -
lesions in response to microinjection.to 50 ng -,

ANG-IIor 1 M NaCl into the POA and lateral
cerebrél venpricles: Vertiéal‘bars iépfesent .
SEM of consg;utive_iési;aée;;i“and»éOntgalaleral ‘:'
- ;pjections.. Némber of animals per test‘is ‘ j : )

.. indicated above column.; - .




¢ (Ww g[/p.u)

L

INVLNI

YILVM

VENTRICLE
NaCl

POA

POA  VENTRICLE.




AN

»:Q& om

} o - J . , .
Most of the units which responded to ANG-II were
. ! ' & .

located in an area just ventrclateralAto the central grey,

l

or in the paramedial dorsal or ventral tegmentum. ‘‘Since.

lesions placed in ezther of these areas had little or no

-

effect on drlnklng lnduced by ANG—II the changes in mld-

,brain unit dlscharge frequency ‘could ‘be interpreted as a

»
non-specific effect of ANG-II. . Alternatively, it is

-

possible that the lesions placed posterior to the meso-

4 . - o
diencephalic junction were not large enough to destr‘. a

sighificant portion of the projection area in the midbrain
fibers*carryiné information frem ANG-IL receptive sites in
the forebrain. This suggestion is supported by the results

of anatomical stydies which have Shown fibers of the major

- ] «
limbic input'into the midbrain, vik. the MFB, demonstrate

con91derable 1p511ateral dlvergen ~and croasing-over at

the level vf the sﬁnra—mamnlllary decussation (Nauta, 1958,

1961; Ban, 1966 Mlllhouse, 1969) and as ‘weIl by ﬁhe

»,
°

~observatlons that lesions of tAé more compact aspects of

the MFB at the level of the mldlateral hypothalamus '

(Sectlons 3.1 and 3. 2) %f in the rostral m;dbraln dlsrupt

ﬁrinking induced by the microinjectidn of HﬂG-II.into the
. - rd

POA. o o ' ‘
A second important’ considetation when interpreting.

. ' S
the electrophysiological data is whether the changes in
N
the discparge of midbrain neurons reflect changes in mlﬁ—.

brain thlrst systems actlvated by ANG II or are secondary

to blood pressure or EEG‘changeé or to other factors.
\\ ‘ .

oL . D) i
’ _— -
‘ $
.

R
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‘The issue of the spec1f1c1ty of the unit responses is . o

7

further compllcated because desynchronization of FEG or

increased discharge- frequendy of neurons }s difficult to

k interpret in terms.of specific behavioral arousal- when the
< . 1) 3 N .
' anlma] is anesthetlzi? The redorded latencies for the
'

unit effects were generally the same eor longer tﬂ!! those’

b -

observed for the ellc1tat10n of drlnklng in, the behaviroral

vexperlments and typlcallv occurred w1th approxlmately the

L4

same latency as.the EEG and blood pressure changes.
Similar pressor‘responses have been reported bv Hoffman

- and Phillips (1975, 1976) and -Severs and Daniels-Severs

(1973) _followimy intraventricular injections of

“ANG-}I. ,Hoffman and Philli55)(1976) have suggested that
the elicited changes in blood pressure may be mediated

)

by ADH release and 1ncrease sympathetlc dlscharge.‘ The

present results could therefore be interpreted a‘on-
-~ - ¢ - : ; .
'y o specific effect of ANG*II, since it - has been shown that
D - R

sflept increases in.arterial pressure “can cause marked ‘

o

changes in  the spontaneous activity of central nheurons.

. ‘ . (Hilton and Spyer, 1968). However, two sets of observa-.
;T ~ . tions suggest that the changes in neuronai/firing fre- . {

'

quency may have been mediated by a direct acrion_cf ANG-II, R
4 ' t , R .
First, at the lowest dose of ANG-II (25 ng), facilitation

of two meuyrons in the'ventral:tegment@m‘occurred in the

absence of any detectable changes in EEG or blood

presgure. Second, sjince Findlay (1972i has shown that POA - \ .

neurons\ respqnd with ja latency of 25 sec or more ‘following .

- . -

" o L




- -

- hypertonic NaCl in rats. %pis finding suggests "that

. "“J ” i‘ * i
local applicatio;;éf ANG-II by micrcioﬁtophoresig, it is
possible that the long latency responses of midb;gin--
neurons merely‘reflects'sléw'binding of ANG-II at its
receptor gifes. In any‘case, it is quite difficult tq
satisfy theferiéériéﬁ of funcfiénalgépecificity when -~
usinq.electrophysiological techniqugs to invaé}igafe the

neural systems mediating thirst (Malnio, 1976). The

. problems associated with interpreting §ing1e—unit

recording data will be considered further in Section 4.0..

-

' The results of the third experiment reported in this

hsectibn indicate tﬁat'éepaxate pathways mediate arinking

. : : - &
to cellular and extracellular thirst signals in the mid-

brain. Lesions of the RMB disrupted drinking to ANG-II
microinjected into the POA bﬁj; @®ad no effect on water

intake elicited byhﬁhe adﬁinistration of 4 OSM NaCl to

¢

'.Fhe POA or lateral cerebral véntricle., Although the locus

of the "osmotic pathways" in the midbrain was not revealed

by thé results of &£his experiment, the data strdnqu

'suggest that cellular signals must be Qransmitted‘aloﬁg
_pathwavs which are distinct fTom thoée‘subse:ving extrq—

' .cellular thirst. Recently,'MALmo‘(l976) has reported that

cells in the midbrain dorsolateral to the periagueductal
grey. substance respond to intracarotid administration of
cellular signals maf project to this region of éhe/ﬁéd-

brain, a possibility that was not tested in this sﬁudy.

‘ .

k]
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Finally,. the results of the thﬁrd“experiment demon-

gtrate fhat—ifgions of the RMB, which disrupted thirst

induced by POA injection of ANG-II, were entirely without

effect if the hormone was administeréa/QQ the latéral

ventricle. This observation suggested the possibility
that more than one central receptive site might be

involved in ANG-II-induced thir§t~andothereby prompted the
o A R

-

series of experiments reported 'in Section 3.4.:

3 » . =

0
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»

L] N M .
5

3.4 ;Multiple Neural ﬁeceptive Sites and Pathwqys for ~ #

"Extracellular Thirst
L} » ' ’

Q

The results of the electrophysiological and lesion
experimentS'reported in Section 3.3 suggest that signals
from -ANG-1II receptive sites. in theé POA are transmitted to

the mesencephalon.' Considered together with results des-

cribed im Section 3.1 and 3.2 the data Suggest that the

POA, MLH and RMB are connected by a neural pethway through

which signals induced by eXtracellular_étimuli of thirst

e

"are directed. It should Qe noted, however, that a definite

0f ANG—II'were initially attributed to its action in the

e

. ; § . L . '
interpretation 6f the results presumes that the POA is a -
locus of receptive sites for the hormone, and this point

remains pontrover51al R b

9

. As stated preViously (p.c 21), the dipsogenic effects.

se’

-W
region of the POA and. adjacent ‘forebrain structures

L4

because of observatiOns that drinking could be reliably

induced when the polypeptide was administered in ng doges:

o

" to these stnuctures (Epstein etlal., 1970). - More'

-

récently, however, a renort by Simpson and Rduttenberg
(1973)° ‘has implic&tedkthe’SFo as a receptive Site for
ANG-IL ’ Slmpson and outtenberg (1973) have further sug—
gested that water intake e11c1ted by admlnistering ANG-II

to the POA by means of chronic-cannglae is due to diffu31on

v

of the hormone to the ‘SFO via the CSF of the cerebrél -

’ H

ventricles.”

3
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£y

‘~line structure, is the exclusive site of receptors,for,:

El . © ’ i . - N

Since oannqrhe'aimed,at the POA invariabiy penetrate

" the lateral~cerébral ventricles (see Fig. 7 and Fig- 31),

the proposal of Simpson and Routtenberg is reasohable. .On

-
3

the other hand, their suggestlon that the SFO 15 the exclu—
351ve central receptlve 51te fo? ANG II is lncon51stent

with some flnd;ngs of the 18510n experlments reported in | Lo
oectlons 3.1 and 3 2.‘ &hese experlments, it may be re- G ,
called showed that unilateral le51ons of the MLH dlsrupted
drlnklng ellgited by the unllateral mlcrolngectlon of‘*—
“AhG IT significantly more to 1p511ateral admlnlstratgon . -
than to .contralateral tn]egtlons. It is d;ff}cuI; to ' |
- account’ for these differential effects if "he .S'FO,Z a mid-

ANG-II. o
‘ 4 . - ’ ?_\

The experlments reported 1n the present sectlon.were ’
done to test the pOSSlbllLty that’ there are multlple ," ' ' .
receptlve sites in the brain medlatlng drlnklng to ANG-II !
In the flrst experlment the effects of electrolytlc _— . i?\
le51ons of the SFO on drlnklng 1nduced by, infusion of' . . °'}

» + - R ~ T ) o R - . 9

ANG-II into the jhgular vein ef followihg peripheral ad-
ﬁdhist;ation of celld}ar'end'ext;ace’ ular,thitst dha?l;
.engee We{e'inﬁestigated‘to'see if SFO ablation would
abolieh:the>elicited respense; | |

- A second exﬁgriment, in which the competitive anté§04

]

nist of "ANG~II (P113) was microinje¢ted into the POA_pridr

‘to administering ANG-II to the same site, was -done o test -
s . 7 . ) . .

&

N

~
A




whether drrnklng followrng POA admlnlstratlon of ANG~- II - " ..

©

»
results from dlffus;on of\the hormone to the cerebral ven-
N

’ 'trlcles or to the‘SFO Flnallv, 1n a thlrd experlment the o

pOSSIbllltV of there belngrmultlple neural pathwavs hedlat-
K 4

. 1ng drlnklng to centrally aqmlnistered ANG—II was 1nvest1-'

gated bv maklng le51ons in, the MLH .RMB , habenular nucleds

and lnterpeduncular nucieus_andangErvlng the:effects of

the 1e51ons on water 1ntake e11c1ted by micr01n7ect1ng '

ANG—II 1nto the PdA SFO and anterlor thlrd ventrlcle.-w'
- ' ." ’ . ' L V‘.'." y_,‘ L

. 'METHODS S e -

~ -

In he first e;perihent two serles of anlmals were used;

Twenty—one rats were lmdlinted w1th Cannulae 1nto thelr

; ’

juétlaf veins uglng procedures descrlbed in Sectlon 2, 2.
* O <
1Y

Follow1ng postoperatlve recovery the an;mals were testpd L

for drlnklng 1n’response to synthetlc ANP-II 1nfusea

C et £ -
. through the 1mplan§ed cannula at a. contlnuqu? rate of “ '
-0 38 0.018 ugfmln per kllogram of" bodv w?lght for a

4

60—min perlod .after whlch the total water 1ntake

(2, 0.1 ml) of.Each rat ‘was measufed Leslons almed at.thev Lo

. 4 e
SFQ were made 1n 15 rats whlch drank at least 3 5 ml-of -

‘o ey e

, water 1n :wp,consecutrve havzgral tests using procedures

desérlbed*in Sectlon 2.5. ahd testlgrlwggr ANG—II was.-

Y
- ' °

. -
of. the last tegt the rats were sacrlfzced and(the sites~of

resuméd og the s;xthﬁpostoperatlve daY'ﬂaﬁt the cpmpietrons'_ﬂ e, .

A

) leslons determlned accordlnq to procedures described in , .
/_ - -va . . ‘.,‘

- Section 2,6. Only those rats 1n.ph1¢h the tissue damage S

./‘




‘. - ’ . @
.

o : - produced by~the lesions was confined to.and completely

<

. t s
[N destroyed theé SFO were congldered exper;mental anlmals for.
o . whe pUrpose of statlstlcal comparrsons.f Rats in which the

. 4'. SEO was not completely ablated _comprised.a second ("partlal—

L] 1 ]

le51on") group. A third group consrsted‘of unoperq;ed,

control anlmals.
) In a. second serles of lZ-rats lesions were made in ;
R . J.
. =the SFO at 3 srtes along 1ts longrtudlnal extent using a

T si:a-lnless steel monepolar electrode and an anodald:.rect
- 2 . -

~.current of l.O mA/lO sec for each lesron. Beglnnlng on

L. ‘ L

the 7thapostoperat1ve day, a serles of tests was begun to
determlne-the effects of the lesxons ‘on water 1ntake

.@1 B 4 e11c1ted by various cellular and extracellulan stlmnll of

thirst. i:‘I—\.n-unoperated group of 6 anlmals was used as '
’ - 1 4 N
% controls. The flrSt thlrst challenge was produced by 7'
depr1v1ng the rats of water for 24 hr. and Water 1ntake was
7 e

A; - o measured for the flrst & hr foltai;ng the termlnation of

-

' T the deprlvatlon. In the next test anlmals were 1nduced
: ' P ‘
. to dr:Lnk by an i.ps 1njectz.on of 2 0 M, NaCl (0 5% of body‘

: - :' ' welght) and l—hr intake was measutéd In the tﬂird test

’ 'drlnklng 1nduced by i. o.'lnjectlon of 12 dog unlts of

renrn was measured after ‘6 h!. Next, waterwrntake to’ l

i. p. 1njectlon of zsoproterenol (0.15 mg/kggbody Welght) .

' way meaeyred after 2 hr. Flnally, the drinking response.

"
d -

- * of-the anxmals to a s g"lnjectlon of 20% polyethylene -
1glycol‘(l 5% of body weéight) was meaeured after 6 hr. o

~ "'. " Control 1n3ections of appropriate volumea of 0 15 M NaCl
: , ‘ RO

)
. . [ ]
"T ’ ’ ' '——t-‘ S ’
5 , © e . . ., .
- .
. .

-
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were given for each test. The injections were made on

©

alternate days over a period of thrfde weeks.,

In the second experlment 8 rats were used sThe
/‘

anlmals were 1mplanted w1th 23-gauge cannulae bllaterallv

into homologous 51tes in the POA at an angle of 16° from -

4

v

the verticai‘(angleqf?dA cennuraei!to avoid penetreting

. the lateral.cerebral ventnicIes. ' Beaginning on the fifth

day postoperat1vely,,30 nmin water -intaked eliciged in
respoﬁee to POA admlnlstratlon of ANGrII (50 ng 1n 0. 2 g;

rl.O.ul‘ﬁrt1f1c1al CSF) preceded,by 5 mgn by an 1ngection
of 2113'(500fng in 6.2 or I.0ul artificial CSF) were'

. determined. Injectionelwere madeipnkalternate days tc‘the

..right and<1eft POA cannulae and only one injectien was

admlnlstered on any 51ngle dav Control injectlons of’

ANG- II (50 ng in 072 or 1 0 ul art1f1c1a1 CSF), P113

(200 ng in 1:0 ul artif1c1a1 CSF)\and art1f1c1al CSF

-~

(1.2 y1) were also made. ) . B \‘

‘ -

In the thlrd experiment 58 rats were 1mp1anté! bllat-

. erally w1th 23-gauge cannulae into homologous sites of Epe'

..'

POA and a 31ngle 23-gauge cannula was 1mp1anted 1nto elther ‘

>
the SFO .(n = 42) dr the-anterlor thqu ventricle (n = 16).

,Durlng the same - operatlon monopolar 1nsect pzn electrodes.
N were 1mp1anted bllaterally into either the ‘MLH (n = 16).

the’ RMB (n = 16), the . habenular nucleus (n = 13) or . the

-

v, -

¢ \|
1nterpeduncu1ar nucleus (n = 13).
Beglnnlng 5= ll days postqperatively, each of these

anlmals was tested once . dailv for drlnking in response to

4

B

" Gsn



S L a single'microinjectibn of synthetic ANG-II into either
: . PN .
‘the POA” (50 ng' ANG-II in 0.2 ul artificial CSF), the SFO

¢ ClO ng ANG-I1 in Q. 2 ul art1f1c1al CSF) or anterlor thlrd
.ventrlcle (50. ng ANG-II in 0. 2 ul art1f1c1al CSF) Only
k v ¢ ~
x(Qne"mlcro:mjectlon was made ih any animal per dav. Each

- b

rat received two 1n]ect10ns of ANG-II into each of the.
&

=

1ntracran1a1 loci with the order of admrnistratlon- %

occurrlng‘randomly. Water intakes (+ 0 1 ml) were .

» N z . P

measured. for 15 min aftet the iﬁ}ectlon in the animal's

.

home cage with food aléchavailable.-‘
g -

Flfty rats 1n thls serles were llghtlv anesthetmzed

o . L I
%

“; w1th ether and bllateral lesions were made’ by . passrng an «
aricdal current of 1.0-2. 5 m; for 10-25 sed'between the
_1mplanted monopolar electrode and an 1ndifferent elec- e

“trode Cllpped to the:lpsilateral ear. Testlng wrth |
ANG-II was resumed on the flfth day post-les1on and each :“ Y
animal recelved two tests at’ each 1ntracran1a1 91te before

sacrlflce; Cannula and les;on placements were determlned

‘accordlng t the hlstologlcal procedures described :

Section 2.6. -Tests of sxgnlflcance were made by
[ ] - e
overall analy31s of varlance and means were compare3 by‘ s

t',

. Newman-Keuls tests or Student 8 t-test for- éach of the

'experlments. L S . ST .
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. - . - v . 1
o ‘ . "RESULTS ™ .

1. Effect of Zeaions of the\SF? on water intakes - ;

eZchted by the infusion- of ANG-IT znto the Jugﬂh&‘/

. vein and by pertpherally admznzstered cellular dnd’
%Y - .

1

extraceliular stimuli of tkzrst. L L

8 . N _ ‘ ) ’
The average net intake of water durlng the two pre- .

. lesion té‘ts w1th ANG~II ;nfused into the Jugular vein was
4.2 * 0.5 ml. The average latency to ellclt/water intake .

was 20.0 i 1 7 min. thtle or no dri fikihg was observed .

- K '%

folloW1ng the control 1nfu91on oF Lsotonlc saline,

Yy - s

’

All nine rats in which' the lesions completely des—
troyed the SFO showed a 51gn1f1cant attenuatlon of
»
'dr1nk1ﬂg 1n response to jugular admlnlstratlon of ANG II A

L4

(Fig. 26;. t = 3.30- P < 0 01 in comparlson w1th pre-

‘lesion ihte#ee} t'=g2.91,'Pq< 0.05 in comparlson wlth
controIe) - Water iﬁtake‘was reduced from 4.8 + 0.6 ml to"_,‘
0.5 z,6~4 ml 1n the e- anxmals. In each case, the SFO was

,

completely destroye.. A photomlcrograph show1ng the site

of the ‘les.l,or\ in a, re esentat:.vean;mal is pres‘ented in

* L

. Flg. 27 . |

i ' N
« ' -

? Leslodb that partlally ablate& the SFQ- (Flg. 27) also ) "

(;a -
" . in¥usion o:

vy PN

‘controls) However, the attenuation ofAelicited drinking
‘was slgmf;cantlfless (t = 2, 42 PLD 05) than ip

’ &
51gn1f1can§1y xeduced water 1ntake elic1ted by the jugular\%B .
ANG-II (t = 2 93,.? < 0 05 1n comparison with ° '

'ianlmals 1n which the SFO was completely destroyed




" Figure 26

i

. _ ) . _ [
) The effect of ablating the subfornical orgéh

' {SFO) on drirking elicited by -a éo-midhte constant I

rate infusion of ANG-II through a jugular vein cannula. e

The~9mount drunk dqfinglthe ANG-IT infusion minus the ‘o

LY

amount drunk duritsg a control saline infusion is
' - .y R - - .

+

designated.net water intake. Inaé réts.the Yesion
s P . . - B . 3

completely deqtro&ed the SEO.i In & rats éhe SFN-was ' 4

‘only partially destroyed. The results foi the non-,
. s 2

# operated control groupy (n = 6) ¥s a.qomparisoﬁ(of the .

‘Water'inpahp during theé first two infusiohs lopen

éolumns) and the last two-infﬁsionh((éross—patched

'coluntys). Values are mean * S.E.M., 'Open and diagonal- )

-

' band 'marked columns, respectively, denote elicited

" water ihtakes befere and after the complete and . S
partial SFO lesions. T o , 7\f\ - e

- " A T
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X ‘Figure 27 ’
.. -
, " Photomicrographs of hrain sections from two
. . .‘ - .

¢epresentative animals showing

A #he locus of a lesion in which the SFO was
completely destroyed (arrow) .
- . A 4
B tﬁéilocué of a lesion in which damage to
. . R S
the SFO was partial (arrow).
- .
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4

E&ple;ely blocked by pretreatment of the POA with 1.0 ul of

r

'Ae shgwn in Figure 28, in the second group of animals

with 1esions of the SFO (n = 10), w‘er intakes elicited

- »

by a single perlnheral injection; of 1soprotereﬂol or renln

were 51gn1f1cantly less than for control anlmals (t = 5 39,

P < 0,01 and t = 3.29, P < 0.01, respectlveﬂv) The mean

.’ -

elicited water intakes for SFO-lesioned and control

A
-

aQimeﬁsﬁq;d,npt—differ'siéﬁikfoénEiy1fdlldwing the admin-
istration of polyethylene glycol (t = 0.35, P > 0,05),
hypertonic saline (t = 1.95,’}§> 0.05) or aEQpr\24 hr

-

wategxr deprivatipn (t

0.53, P > 0.05). A representative
' N . -
photomicrograph showing the. location of lesions in the SFO
’ ) ~ .
/ o
is*given im Figure 29, :

v

s’ Effeei cf varying the volumes of ANG-II or‘Zhe
) . '
’ " ; . V“‘ ° . . . »
, reZative&quﬁhea of P113'and ANG-II adriinistered to

s

. the POA on water intake. -
© - ’ - )
® ‘As shown in’Ffure 30, ANG-II microinjected alone
F . - "' N . & - ’ . . hd
thwugh angled PQA cannulae elicited significant drinking.
However, the water intake was :significantly §reate5 if the
hormone (50 ng in both cases)'wes in a 1.0 ul'wvolume as -

L4

compared to a 0:2 ul volume {6.2 ml va. 3. 85‘ni t = 2,28,

@

P < 0 05) Pretreatxng the POA with- P113 significantly
. F
‘attenuated‘water 1ntake e11c1ted by mlcr01nject1ng.ANG-II

» ’

;nto the same site. Hoq;ver, the degree of- attenuatan

depended on the qelatlve volumes of antagonlst and ANG&II.,

When the volume of ANG-II was 0. 2 TR ES drinkzng wd‘ com=- '

. A
. -
-%-
P Y. e




! ¢

vigure 28 .

’

Mean intakes of water of SPO-%esioned and

control animals following: XY

A 24 hr water deprivataon (2 hr intake)

B single intraperitoneal injection of.hyper-
tgnic saline (1 hr intake)- ‘b

. P 4

C single intraperitoheal injection of renin
(6 hr intake) . | .

D . single gtraperitoneal injection of iso-
proterenol (1 hr intake) S ’
- *

E single subcutapeous injection of polyethylene

- glycol (6 hr intake) , re

Vertical bars represent * S.E.M. Number of.

- A .
animals per test is indicated above ¢olumns.

- . .
™
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' Figure 29-
‘Photomicrographs of lesions of the S¥O,
¢

A and B are_representaﬁive sections from the Same

animal and show complete destruction of the SFng

in the (A) anterior and (B) posterior aspecﬁs,
The 'séction in C shovs the site of ‘ ineffective
o N A o ,

lesion %djacent to the SFO. In eagh case the

sites of lesions are designated by arrows.
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Effect of arylng the volumes of ANG-II or
] AN -
the relative volumes of the: competltlve antagonlst

(P113) and ANG-II on watens lntake ‘during a 30 m1n

e
perlod. All injections were made thnough a

cannula into the~POA. The’volumes infused.ané )

»

1nd1cated in the rious colu@ns. Veréical‘BafS

’

represent Means * §sE.M. o%'cohsecutive'ipsilateral

and contralateral 1nject10ns.
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the antagohist: When the volume of the. antagonlst was

N

'reduoed to 0.2 ul, water Lntake was stlll slgniflcantly

: attenuated (t = 2.31, P. < 0 05) - but not compl ely blocéed.
Finally,.d volume of 0.2 ul P113‘elgn1ficantly attenuat i

drlnklng 1n1t1ated by 1.0 ul ANG-II (from 6. 2 to 3465 ml,
_t = 2.46, P < 0. 05) but the water ‘intake was ,not 51gn1fi-

cantly dlfferent from that observed when ANG=-IT (50 ng)

‘'was administered. alone.in an 0.2 ul volume. A photo—

micrograph ehowing the locus of the cannulae in the POA is _ «

-~

.given in Figure 31. -

] . K . ,
3. Effect of Zeszone of the MLH REMB, habenular nucleus

and znterpedﬁncular nucleus on drzeﬁizg/znduced by

« POA &dmtntstratton of ANG-II. . 7

r

As shown’ioﬁFigure 3é during ﬁﬁe'preiesion tests

"the anlmals consumed significant volumes ‘of water in
response to control admlnlstration of ANG-II (mean 1ntake
of 4 56 ml.for -all 51tes tested) . There were no signifi-~
cant dlfferencesiin_e11c1ted wate; intakes due,tq-structu;e
ethulated'at the doses used (F2’35r= ;.iﬁ,'P >, 0.0?).

Photomicrognephs showing the_ location of the cannulae in

(24 ’

the POA and SFO are presented in F1gure 33.

Lesions of the MLH or MB caﬂsed a signiflcant decrease'

in water ;ntake elicited by mlprolnjection of‘ANGrII into

the POA (F = 3%62,-? <‘O.q3) without‘attenuating..

3,35
‘ drlnkzng to ANG-TI applied to/the SFO orvanterior third

./ '
ventricle (Figure 32), Habejular lesions had no efféct on
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\ . Figuré 2 . - '
. &£ o » ~N

nucleus (HB), and ;nterpeduncular nucleus (IP) on

3'water 1ntake during the 15 min followina the

A
admlnlstratlon of ANG—II to ;he POA, SFO or .

\ -

anterlor‘thlrd ventrlcle (V}. Results are

eipressed as means and vertical hars ;eptesent

-

'+ S,E.M. Number of_animalé per test is indicated

" ‘above columns. .Althopgh‘the,drinking ;éépénse.to

ANG-TI microinjectéd into the V. was éignificantiy‘
attenuated by IP lesiens, the number of rats_

(n = 2) in thls qroup is too amall to allow any

s -

ey

conclusions to be made.

Effects of ieéibns of the MLH, 559//:;befjiar

ot




" . N ’ - N - , - «
. - y . R - . a/ R
N . . A4 - -
L " S B .- * . .. . -
N ) - . . .
AT .. \ . . . -
© : , L :
< ' = H
- ' I - - . .
! -
- * .
~ . -
- . . ) ‘. . N .
4 N N . h
- ) . . -
3 - . - N . - ]
. P . . L -
.. . - amere” ’ B
- X . . - . ) N
" Lo . . - . : ~
’ . . N . ' . :
PR -
. - . . .
: N . . s - N
. B
. N . -
. o~ R R R RN XL RN -
. . e e tnsrerate s -
. - BN by - -
' - : R
r - B -
N - . . . . - .
4 .
. .

LR SO0

DT .
a¥eta® 2,0 00 QOGN

! a- ) ’ - ’ ) . -
.hv -'- M ] . A.N 5' . i . . . o . . .
. : © - L .
, N “ . S SRS, L ‘
. | . N \\ . .
- . Lt - . R . i P
- . o ' ..., . . T R .
. L ‘ © O
Co , . S N ™ ) . ‘ )
‘ e L L < ‘N .
) . a EA) O00) A .
. : ¥ | : S
- . A . ’
- .. .. 8, , u o L :
S CoL o, o w) IVINIYILYM o AR

.\\ -
-




. o9

Figure433

-4

N

Photomicrographs showing,thé~locgs;of the

cannulae (arrows) used fof intracranial injections

‘ - * .
in :
‘A the POA .,

» ’ »jv’ ‘ . .' . R

B- " the SFO ‘
, - ; ’ -
Magnification 7 times. LA -
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y Figure—34

. . ,
<
T T T B . <
. -
. . .
' 0

Phétomicrographs showing the location of the

bilateral lesions (in each case designated by 8
arrows) in’ ‘ S * : - ¢

A the MH i . :

B RMB_}effectivé large lesions)

C habenular nuéleus‘ v

D RMB (smali, inéffective lesi;ns) q

E lateral aspects of the interpeduncular ) ;

nucleus _‘ - o ) - ,"\

Magnificaéion for A to D, inclusive, ‘is 5 ;imes; . NG ' - |

hd ’

for panel E, 7 times.
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- nuciqu/iesions are shown in Figure 34. MLH and RMB

water intake elmc;ted by admlnisterlng ANG-II ﬁb any of .
the 3.91te;‘(F6'70 = 1.06, P > o 05)" In the ‘two anlmalg‘ .
given interp®tduncuylar le51onsz the® drinklngbreqpo se- to

ANé-II microinjécted inta the ante;iq;'third'vegtricle was

attenuated

2

L4
The MLH le91on3rwh1ch were effectlve 1n dlsruptlng

.~

<

drinking. to ANG-II admlnistered to°the POA were{locatzip .
in the midlateral"hypothalamus,'just dorsolateral, to the

fornix and at the level of the dorsomedial ny¢lei. The

. a

effective RMB lesions were dorsal &nd lateral to the . °
T . ‘ S ’ . '

mammillary peduncle in the area of passage of the MFB.

N o ’ s N ]

The ‘interpeduncular clesions destroyed the lateral aspects

) o . < PR
%f the interpeduncular nucleus bilaterally. The locations 3

‘'of the MLH; RMB, habenular nucleus and inteépeduncular,

-
@ . o o

Ibﬁig;s, which disrupted dfirking elicited by° administering

" ANG-I1I to the POA but not drinking eliqited bv micra~
injecting ANG-II to the SFO or anterior third ventricle,

. R N ~ N Y . a - » - .
did not produce ngticeahle ventricular damage in any of

b

the animals. R ) ’ ‘ , 9
S o . E S - e,
DISCUSSION ’
o o a
The results of -the experiments reported 1n this -

sectlon 1nd1cate that, the central mechanisms whlch mediate
drinking to ANG-II may involve multiple'receptlv& gites.
.The results of the first experiment support the viéw

that the SFO is a receptgve'site for ANG-I1I. Lesions that °
. © .

. o




N ( o .. o s° .‘,' r : E

'S ' .aA“o .
completply destroyed the SFO siqnificantly reduced water
e

Y)eriphgal adm:.m.stration of renin or isoprotérenol

Since sFoO ablatlon did naqt completely abolish e11c1ted

Q

drinking in any of the animals, however, it mey be: sug- .
gested that receptive sites fop the hormone 2Te present

at other neural loci. The results of the second experl-
Q

ment indicatg that the POA is one of the receptlvg.sites'

for ANG-IIJ _The results of this experiment further sug-"'

anterlor }orebrain since }t was found that dripking to

- °

egual doses of ANG-II is increased as thecwofame adminis—

o tered to the POA 1a,1ncreased and by “the ﬁbservation that

©
o

 the degree of attenuating of AN?-II Lnduced WAter intakev

by P113 gretreatment depends, at least in part, on the

S 'relative volumes of the gntagonist\aud ANG-IIr . _
The results of;tue third exp?rimedt‘squest tyet

®* °  there are also mu;tipie'pathWays’subéerving Hrinkinc ini-

tiateqﬂby ANG-IR;J Thls conclusion is based on the obser-
@

vatién that’ the effects of lesions of the MLH® and RMB on
. R

. elicited drlnklngodEPGnd on the site of administration of

<

- <

L3 hd]

had fio effect on water intake initiated by the admigbstraw

) tion of ANG-II into the SFO or anterior third v@htricle. ’

&

Although the ned/si pathways which subsenve water intake

&

'gmG-IL.. Lesions of the MLH andaRME_signigicantly atténurlﬁ‘

gest that the recepFors" are diffuéely represented in the

-

ated drinking to uigpqgnjection of ANGiIi,into the'?OAfbut .




% - ) . . V< q\! < B -
t . ° , ‘ - - :

:LnJ.tJ.ated by mlcr01n3ect1ng -II into: the SFO or into

ne I v »

at preseh&, the resﬁlte indi- .
-4 \ .

the - ventr:n.cles dre not kno

aoa

. cate that they are not e. 'sagne pathv?ys which mediate

thirst elicite'd byJ a;i‘mindstering ANG-II to the POA, ; There-
fore, it is necessary to cons.xder the 'possxblllty that .
thex;e are both mult:.ple recthJ.ve s:.tes and pathways fo‘r

th‘dlpSOgenlC effects of ANG-II. The MLH and RMB appeér
‘to be.part of the pathway whlch transmlts signals from the

PQA‘b'ut not from SFO or véhtrrcular "receptors". ot
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4M  GENERAL DISCUSSION
' . -
Body fluid balance depends on drinking behavior to

replace obligaforyvlosses of water . - . " "The phrpose

of the present study was to .investigate which neural path- ~
a . N

ways and integrativerstructures transmit and'pfocess the
signals that initiate water intake in_responee to -cellular

and eiéracellularudehydratioﬁ. The major flndlngs may be

summarjzed as follows: ) ) " ) o . .

e
-

- (1). 6rinking behavior induced by administration of

the hormone, ANG II, to the POA is medlated by a neural

\

‘!.9_ -

pathway whlch ‘passes thr

~(2) Multlple neural receptlve sites and pathways

o

subserve drlnklng e11c1ted°by extracellulax, stlmull of

* v s - . . I o
thirst. o ‘ J '

= - . a

‘. ) . - . o - ’ 2 o " . <4 RN *

(3) Cellular and extracellular-thirgst signals are : :
. ’ , . PR

mediated by separate neurel,pathways in e LH and midbrain. -~ ..

-3

Each of these findings will now be considereds in terms
- N - ] N - .

°
* -

of the objectives of sthis study. Co o -
L Lo el

.-

1. Neural Pathways Mediaﬁing Drinking Behavior to POA

o
&

. Adiinistration of ANG-II - - R

=

- ' e

The results of the electrophysiological experiments

reported in Sections 3.1 ané 3.3 suggested that the MLH | .

and paramedlal dorsal and ventral m1dbra1n are 1nvolved




.
. ' . - .

¥ o 5 , /
°.Q .

T 1n the initiation of water 1ntake in respénse to POA admin-
. -

1stratloa of ANG-II. It was dif€icult to be certalnythét

)

the,activated neurons were specifically involved ih the-

drinking response'oecaose desynchronization of the EEG angd
increases in artergal blood press&re were also observed-to
«occur (p. 1365£ Moreover, although facflitation)of two )
* < midbrain neJ}onsswas observed at low dqses of ANG-II i’ the

. absence of concurrent changes in EEG and arterial blood
-’ d N

. pressure (p. 136) the possibilﬁty°that the unit effqpts

resulted from ¥ocal disruptions in'cersgrqi hemodynamics |

o (Y

ganﬁot be excluded. In this regard, it should be noted

égain that ANG-II is an extremely potent vasoactive pressor
‘ - .
agent (Page and McCubbin, 4968). :

a

Other factors also make it dlfflcult to establlsh the

©

funct10nal speglf1c1ty Qf the changes in neuronal act1v1ty

°

solely on the ba51s of electrophy51olog1cal results. For -
’ U
zonekthing, the acute experlments“were done under ethyl‘,
. .- . . - e 4 g ".\:’ -
- carbamate, an anesthetic agent known to influence the .re-
<, . 2 “ LA . < Te

lease of éoinéphrineg(hub,_gright and Foreman, -1922) and

’ _,J adrenocortiéotropbic hormoné'(Spriggs and Stockham, 1964), |

g &
and wplch mlqht therefore be expecte§ to disrupt. nonmal &

© e

neuraL, and espec1ally hypothalamlc, excitablllty (Cross Co

and- Dyer, 1971). Komlsaruk McDonald Whitmoyer

& o

andea&y&r'(1967), ‘and “sthers (e. g.,p Lincoln,.

'1969) - have shown that some hypothalamic units in the ethyl
e
carbamate-anesthetlzed rat show acceleratlo?,aﬁd decelera*.a

]

< tion: of flrrng rate assoc1ated w1th changes in 'EEG wave

4 4 - ° . & 2 v ?

¢ I o ¢ . b

nb
o




o

pattern and amplitude. Thege fluctuations in unit dis-

charge‘actiVity further complicate assessments of unit
L ’ “‘u" ° '

- responsivenesssto ANG-XI, ' . o

. Another requirement for deternmining the functloﬁal

©

spe01f1c1ty of the observed changes in unlt flrlng frequen-
2

cy is that the "ANG-II receptors" be stlmulated dlscretelv.
2 \-—

In thls regard, the proposal of Slmpson and Routtenberg

(1973) that drlnklng e11c1ted by administration of ANG-II
to the POA results from dlffuslon of the hormone o} the;
‘SFO must be. c9n51dered carefully, This /issue g’ further .’
dealt with.on pp. 197 to 202. A/flnal objectlon to con-~
cluding that the increased LH and mldbraln“neuronal dis-
charge is specific to thifst mecpenismsois that these. -

chamges may in fact Be associ?ted=with motor, attentional”
or associative processes (Mogenson, 1975). For'these >

,reasons the maln contrlbutlon of the electrophy81ological

4

recordangs was to lmplldate several neural structures in
L 3

«the initiation of Q£1nk1ng-behav1or. /It was chlefly to
. . .

meet the dbjéctions of functional specificity that it was
important - that the’ 1nvolvement of the MLH and mldbraln be

_confirmed in the subsequent lesion studles. ,
- 4 -

The effectlye hypothalamic 1es;ons for produclng a,

. P

dlsruptlon of drinking- 1ﬁ'response to admlnlstration of .

-

ANG 11 to the POA were located in the LH, just lateral pr

dorsolateral toathe fornlx, and at the - level of the dOrso- ,

e

medial Hypothalamlc nualela Since anatomical studles'

<

El

(reviewed in Sectlon 1.4) Pave shqin that fibers of the’

-




-

descendlng MFB project frcm the lateral preoptic reglon

" through the MLH to the mzdbraln, it may be suggested that

3

Tln the megencephalon (see Flgure 35) were not effectlve in

‘ANG-II»fhduced drinking is suggested by the results of thls

example, it has beén shown that ir addition to the descend-
. . N - ° .

> - >
destruction of these-MFB pathways disrupted the elicitéd
2 -~ ’ - ’ / '
drinking. This proposal is sypported by the finding that-

LR

" lesions of the MFB at the level of the RMB had a similar

disruptive effect. S ’ YT e

- N <

As shown in rigure 35 the'MFh lesions which disrupted
elicited drinking at the level of the rostral mesencephalon

(effective MB) were much . larger th&h lesions ‘placed in. thed

'MLH'Ceffective MLH). Lesions comparable in size to those

made in the- -MLH were w1thout effect when pkaced in the
rostral mrdbraln (1neffect1ve MB) . Thls observatlon is &n
agreement w1th work. by Millhouse (1969), Swanson (1976L,

and others (e.g., Nauta, 1958; 2vo, Oki and Ban,.1963,

3

and Ban, 1966) who'have shown that the descending MFB
dlverges at the rostral mesencephalic level by decussatlng

as well as by d verging on the 1p51lateral 91dee . The (

dlvergenceaof B at the level of the RMB may also explaln

why un:‘teral and bllateral lesa.ons placed more caud%lly .

- 5 ©

dlsruptlng drlnklng to POA administration of ANG-II desplte-
the fact that they may have interrupted connections at réé;o -
of slngle units actlvated by~ANG-II (see Flgures 18-and fZ).‘

“ Q

Althpugh a rostro—caudally diregted pathway sgbserv1ng

\
study, other neural systems may also be‘;nvclved.. For B

) . o - .

[N

¥ A L]
4 .




- o . figure;ss ‘ ) . .

: v
@

B R . 2 ° * g
, Figure 35 is a composite. of photomicrographs
® - presented previously in Figé. l6, 23, and 34, -
showing that the size of lesions required to disrupt

drlnklng at the level of the LH C"effectlve MLH“) is ,

a

2 ,much sﬂsller than those required ‘to produce similar" T

effects whep placed more caudallv in the mldbraln.

L4

These d@ﬁa dre in agreement with anatomical stﬁdies o
(see text) and sﬁpport the hypothesls that the MFB ~ , e

ce . may‘medlate drlnklng to POA adﬁinlstratlon of ANG-II. ' ’ o
| ~Arrows, in each case, point Eo the lesions, o
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-ing MFB llmblc structures project caudally*by a:MOGS dorsal
route which passes through the habenulax nubLeus “and .then
contlnpes ventrocaudally to the 1hterpe§ﬁncular nucleus,
doggal and ventral tegmental nuclel and caudal central
R grey (Nautk, 1958; 2yo, Oki'and Bana 1963 Ban, 1966; Mill-
; hopse, 1969} Although the present results 1ndlcate that

»
the MFB is the major pathway for transmltting slgnals

from ANG-II receptlve sltes in the POA to the mesenceph-

alon, the*abeerVatlon that thé‘bllCltGﬁbdrlnklng was not

completely abol:.shed followa.g 12/1ons of the MLH or RMB
suggests that the dorsal pathway also may play a role.

It is also p0931ble that water lntake 1nduced by "POA -

A

']

. admlnlstratlon of ANG-I1I may be mediated by rost;al path-
ways since limbYc forebram pro;ect.lons to th‘e~ mes.enceph-
" alon are, reclprocated by ascendlng parallel flhers in the
MFB-whlch terminate rp,.or send collaterals to, the LH,
"POA, septum and the rhznencephalon (MillhouSe, 1969“ '
Grantyn and Grantyn, 1972 1973). Morgane (1964 1975) .
"and others (Nauta, 1960; Grossman, 1968) have suggested
" that these rostral connecilons hay be important in inges- .
| thé behaviors. Another alternatlve is that other. limblc |
and hypothalamlc structures may play an important modula- _
» tory role in the 1nit1atLo& of drinking by ANG-II by ’4
- exertihf descending influences directly,‘or indfrectly,
on to. the midbraih systems. This pOBSlbllity is suggested
by anatomical data which have shown that.the path neurons
- of ths descending MFBy especially those,ln the LH, demon-

. ' ’ s
-~ . . \u

. _ S Cs




- 'L . .'
strate hlghly developed dendrltlc f:elds that 1nterm1ng1e a

[

e ,fﬂ extens1vely with adjacent .nearal - populatlons so that

f;&wf actxwlty in- w1despread forebraln and dlencephallc flelds o
A ‘0, T, '3 7° h

méy be eonveyed’ to mldbraln?strqctureq,(Millhouse 1969

-

Yo,

Swanson, 1976). The flndlng reported .In Section 3. r that st,[-

-
-

Ve

leszons of ‘the ventromealal nucleus oi the- hypothalamus h.

*

caude an increase in water 1ntake ellclted by the ‘micro-

.

injectlon of ANG-II 1nto Eha POA is in agneement'wlth thls s

4 w ? : : “A.
Vle . ’ A Lot x 4 N -
T 1Y ‘ :

2 - 5 ;
. « . ‘o ¥ 7

Consistent with the~fofegoing diéqussion, the'posqi;

. | \-') L R hd
( bility of a forebraln—hypothalamlc-mldbraln neural c1rcu1t

anderiying ANG-II th;rst\presents an attractlve wo;klng

model. Previous stu@;es have mellcated limbic forebrains

. * -
- . Rl

midbrain interactions in- other ihportant behaviordl and
physiological functions suéﬁ‘as the neural'control of

agonlstlc (Carli, Malllanl, and Zanchetti 1963 Bérgulst,

« .

‘,1970) and emotlonal (Grastyn, Karmos, Vereczkey and ' b

Kellenyl, 11966; Komlsaruk and oiads, - 1968 Routtenberg, 1968 3

-~

--Molnar, 1973) behaviors, in the neural p;ocesszng'of .

sénsory‘informatioﬁ (Redding, 19675 Parmeggiani and T

+

‘Raplsarda, 1969) and in sleep (Parmegglanl and Raplsardq,

1969 ; Llnberry and Slegel 1971), _For agonisgtic and

T

1ngest1ve beheVLOrs, it has l!en proposed that the prlméry .
role of the limbic forebrain structureg and the hypothala- *
. . mus is to integrate the varioue‘incomihg endocrine and - '_

autonomic signals whereas the midbrain. may be more invdIved

in coordinating the motor‘patterna required to perform the
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appropriate behav&pr (Mogenson and Huang; 1973)

1..7,,' T s

According to such a ‘;ev,l51gnals from ANG-II receptors

» incthe POA are integrated~and processed at forebrain and

.y:

diencephalic levels and could,&hen activate appropriate : v

mesencephalic systems to initlate'water intake.

] .',
.

»

.2, - Multiple Neural Pathways fo”Eitracellular"Thirst | :\\\*;\5

i T e * . . . - - . RS

In the first part of this §ection the discussion‘was ' " ,§
focused in the possibility that_a neuralipathway linking -
the POA with the MLH and RMB mediates dfinking initiated -

-]

by FOA administfationiof'ANG—II However, to be certain

that the MLH and MB hav;’a speCific role in the eliczted .
response depends on know1ng‘whether the hormone. 1s acting .. .
: at receptive sites in the POA, or elsewhere in the brain. |
o This requirement re{;tes once a'ain to' the problem o} ’ '~' - ﬁ('
establishing functional specificity, a major issue'not‘onlf -
in the field of. regulatory physzology but in many .areas of . ‘
neurophySiology as well (Mogenson, I975) As Mogenson L
(1975) has stated (p. 262) . . , the critical (neural)
pathways that influence and initiate drinking can only be -;5,‘ -,
determined when the appiopriate receptors"are etimulated."F}§
. ConSistent with the‘fotegoing, two‘closely related
issues will now be considered; (l) Do’ the present data PR
o support ‘the hypothesis that the QFO is the exclusive sxte

of "receptors"” for the dipsogenic action of ANG-II?

(2) Do the results support the V1ew-that;the POA is also ;,-Q

L)

¢ -

, a receptive site?




The eohsiderable emphasisurecently given the-SFO as a , e !
receptive site for ANG-II (e.g., Simpson and Routteﬂberg;
1573, 1375; Felix ana Akert,:1974; Johnsph and Epstein, '
197§)lappears, in view of the present results, te’be justi-
fied The SFO was consistently the mest sensitive site
for the 1n1tkat10n of drlnklng activity following dlrect
admlnlstratlon of ANG-II ‘and lesions of this structure

¢~
produced/a significant reduction of water ‘intak® in

. reSponse to'systemiC°infusibn of ANG-IIX or to peripheral

administration of fenin or isoproterencl. The results
“a;ss agree in part w1th the proposal of Slmpson and = | L
Routtenberg (1973) that drinking 1n1t1ated by the admlnls-
.tratlon,of ANG-II to the POA th{ough chronlc cannulae - .
ithat pass through the lateral central ventricle) is dug
;to'diffusign of the hormone to the SFé, since water in-
.takés elicited with straight cah;ulae‘typically were ‘ -
greater than those observed with cannulae that bypassed . *
thé %atetai central ventricle. The findings of Assaf and
Mogenshn.(%975) ?lso sup@ort the diffusidﬁ°hypothesis.‘
- {/%hey showed that pretreating the lateral central ventricle‘
o with an ANG-II pompetitive'antagonist (P113) attenuated
by 25% water intake elicitea’by foa administrat&on of’
a ANG-II through cannulae that passed through the fateral

P

central ventricle, whereas no e#fect on drlkklng resulted

if the cannulae were angled. ‘ ;
o J . . ; [
On the other-hand, several observatlons 1nd1cate that

2

diffusiqQn of ANG-II ‘from its site of administration in the '




G

elicited by systemic infusion of ANG-II following SFO

. lesions, while Hoffman and Phillips- (1975) found that )

199

¢

/ s

’

region of the POA to the SFO cannot acfount entirely for
the copious drinking. that is elicited. ' For one thing,
1 :

although elegtrdlytic ablation of the SFO attenuated. . e
drirffing %o peripheral adminstration of renin or' isopro-

terenol or following jugular infusion of ANG-II, the response
s - - - N ‘v -

« [} .
was ndt completely abolished. Simpson and Epgtein (1974)

have reported a compafable decrement of water intake

lesions of this structure had little or no effect on

drinking after peripheral administration of renin. A

[ ———— L] .

o ¥ R
second finding that cannot be readily explained by assuming
that the SFO, a midline structure protruding into. the

third ventricle, is the exclusive site“of-"receptors", is

[

e .
that following unilateral MLH légions, the degree of dis-

ruption of elicited drinking depends on wheth&r ANG-II is S

L ’

administered ipsilateral ot contralateral to the side of
‘ - . . v

the lesion. Indeed, this latter result sugqists that with

unilateral POA injéctionsr6f/ANG—II onplv ipsilateral

a .“ S
receptive sites are stimulated; . J g .

o - a

Ps Y. o . . o .
#® In addition to its possibie spread via the ventricular -

AY

CSF, there are two other routesuby which ANG—II“might be

transported to the SFO.. Johnsen and Epstein (1975): have.

a ©

suggested that the cerebral circulatiop'may be one such, o

-

avenue., However, since Asgaf and Mogénsch (1975). have
>

demonstrated that the attenuation of Qaterqintake when °
Pllfzsas administered to the SFO was no greater than when

° -




' was administered in a selution, "thd& possfb;lity that it may

S 00

<

>

© ’ © . ©

the antagonist.was given into the’ lateral cemtral ventricle,:

diffusjon of the hormone from the POA through the ventricles

] [~ l @ >

is a more llkely p0351b111ty. Transport by the cé@ébnal .
] o : 3

o ¢ ¢

o

c

vasculature is also unllkely because it has been found that

@

ANG-I1 penetrates the bfbod—braih—barrier‘yery slowly®, if
Q . . ’

at gll (Volieer and Loew, 1971)., Finadlly, sihnce tHe AMG-II

o

' o o
. N -

diffuse. through neural tissye itself cannot be overlooked.

2 " Io)

" Johnsort and Epstein (1975} have reported th#t following

injection of 1.0 ul of tritiated ANG-II into the POA

stralght cannulae) the density of labellind falls

off sh rply within 0.5 mm of tﬁe cannula tip, but reappears

in the uentricu%ar walls, Theif finding’suggeéts that a

o

. greaﬁgr proportion of the injectate may be transported up

the sides of the ;anpﬁla and into the CSF of the ventricles

- ) o

than ‘through the cerebral éirculatioh or neural tissue.
Myers (1974) hé//also shown that 0.1-1.0 ul (the volumes v,
used in this study)'of solutldhs lnfuseq\\fto brain remaln C

localized to the vicinity of the 1ﬁject10n~§1te. oC9n51dered

LS

together, the results syggest ﬁhat thére are £wo components

*of drinking initiated by adminiétéring.Aﬁé-II to the

'c,preoptic Rgion -- one,cohpénent due to the diffusion ofi

.. ANG~II to the SFO (or perhaps to "receptors” in the walls

"of the ventricles) and a second component due to ANG-II
. .

®

acting on the POA. The results of .subsequent experiments
" which sq'Port this v1ew will be con;idered next.
In one experiment (see Figure 30) the POA was pre-

. w

4




N

volume of the antagonlst over that Qf ANG~- II, the greater- -

‘sensitivity to ANG-II, which wéuld be expected if the
| " :

treated with P113 competltlve antagonlst prior to micro-'_

~ ’
° . E4

1nject1ng ANG—II 1nto the same site by means ofcangled

cannulae.°oThere werg two salient observations, Flreﬁ,

o - . . - wan ‘
N

the degree’of attenuation by P113 pretréatment of water

a

intake lnduced by ANG-II depended directly on the relatlve

volumes of tﬁe antagonlst and ANG—II. The larger was the

[

was the attenuaglon. Second, drlnklng fﬂ'gqual doses of
ko

(o] . .
ANG~-I1 was found to increase as the volume administered

=

P
was increéséﬁ From these results 1t may be concluded that’

° 1 ]

'the POA is receptlve to the dipsogenic effeefs of ANG-II,

O

but -in addition it may be suggested that the "receptors"

. ari'd1ﬁfuse&y represented i’ the -anterior forebrain, -

Additional supporbvfof the POA as a site of recep- 7
»
toxs for the dlpsogenlc actlon of G-II hag been gained

,

by the recent work of*Sharpe and Swanson (1974). They

reported that low doses oﬁ,ANG-II mlcr01njected into fore-

o, . o

brain structures, and especially the POA, of the monkey

13 . Q .
reliably elicited drinking. Perhaps more importantly,

" ' ., .’v .
Sharpe apd Swanson (1974) found np correlation between the -

" distance .of Mdjection sites from the ventricles and their

- . . ) . . > ,

o

ventricles ofr a cirecumventricular structure such as the

SFO were the exclusive ‘site of receptors. Sharpe and

Swanson (1974) a}qu6bser1.'.ﬁegative drinking sites, e.g.

midline thalamic nuclei, despite the  fact that the &annu-

lae used tocdelgver‘the solutions to these structures




. . ®
d

- passed dlrectly through the 1ateral\cerebral ventrlcle.
o - /
Prellmlnary electrophysiological data §upport1ng ‘the POA

as an ANG—II‘sen51t1ve drinking site have been obtalnedtby
LY . = : . ' ‘ N -
Findlay (1972) and Wayner (1973L\gho have reported changes

in the raZ:'of discharge of POA neurons following micro—
“ . - ‘? C
" iontophoretic application of ANG-II.° .

Stugies in-which the effects of lesions of the. pre-

optic region oB. water intake elicited by.ANG-II have been

O )
1nvest1gated have not been’ conclu51ve. In &ome experiments
POA’ﬁblatlon has been reported’ tO-attenuate ANG—II— 4

induced drlnklng (Peck and:Nov1n, 1971- Almli and WleSS,

‘o -2 a e

1974), whereas in othe;s no change was observed (Blass and

S Epsteln, 1974 Slmpson and Rqettenberg, 1975). 1In any
- ‘
case, le51on1ng the POA is clearly not the best method of

studylng the role of-thls structure in body fluid homeo-:
a o
sta31s since POA le51ons may 1mﬁ1nge on the septal are

ol

-

lation of which has been reported to- result in a poly=

2zt

o

ia which is spec1f1c to ANG-II~(§LEi5 et al., 1974)
as well as a more general polydipsia (Wlshart and Mogenson,
1970)}. Lesions oﬁ the POA may also result 1ng;/;oly—
d1951a secondary to=a reductlon ot ADH release (Gemert,

. Mlller,.Carey an¥ Moses, 1975)4 <>Us:mg competltlve

antagonlsts of ANG-II such as P113. may therefore be ‘a more
~ %
‘ deflnrtlve way to 1nvest1gate the role-of BPElelC neural

. structures in ANG—lI%medlated drlnklng béhaviore %he
suitability of thls analog is 1nd1cated by the results of

L=

a recent study whlch showed ﬁhat Pll3 applled 1o@;pphor- ?

4




° etically to the SPO of cats inhibited the act1v1ty of SFO

& o c ’ ®

“neurons actlvated by localoappllcatlon of ANG-II (Phllllps e

2
: T o

.and Felik, 1975). - ° . > : A
Q °
) The already complex issue of -the locus of central _ o

€
nay

.receptors for ANG-iI is further compilcated by reports of .

a completeCrenln-aggloten51n system_ln brain (Roth,

‘weitzman and Pfquillsua' 1969; Flscher-Ferraro Nahmod, -
‘(\,‘FGoldsteln and Flnklélman, 1971 Ganten, Boucher and’ Genest,
; ) 1971; Daul, Heath and Garey, 1975). Although the role of . ° N
. . the cerebral reuln-angloten51n system and its relatlonshlp -J
to renal or submax111ary (Men21e, Mlchelakrs and Yoshida, ;Q i g

.1974) mechanlsms for renin release are unknown, it 1s of '
4 < ~o .
con51derable potentlal 51gn1f1cance that the. polypeptlde ‘ e
may be synthetlzed w1th1n brain.’ There ie at'least some m:° " o
evidence for .a neurot}ansmlttermfunctfog for Aﬁé—Ig AN s v
- P . < L
(Severs and D%niels—Sevets;51953); andaalthough’octa- - s o
) o o . o

‘pept e or precursor storage 1n partldular areas,of the ™~ . ° .
4 q

‘braln has not been’ establlshed a recent study b th,o»@a @

B
o :) < L}

. Heath and Ward (1975) is suggestlve. ghey demon trated i N
o that wmthln human bfaln angioten51n coﬁVertlng enzgme ;s . ”\(

’ )"

. localized to the. caudate nucleus and ls present ‘there 1n Ll
2 ’ “ s ] ' s

high concentrat;ons. In v1ew of the- dlpsogenlc potency , 2

©

‘rof ANG—II admlnlstered to the*antérior fOrebraln (Epsteln

rd ‘o be -y s

et aZ., l970u Swagson ang. Sharpe, 1973), Lt is p0531ble ‘gi
“that cerebral AHG fi may normaliy'hﬂjformed ifi the reglen : o e

. of the gaudate and subsequently exert 1ts physlolowlcal ¢

2 ~ effects locally; on tlssﬁe in the POA and other adjacent :

¢, # . R




o

structuresf Peribheral;‘ANG-II‘may, on .the: other hand, -be-
5transporte& via the systemic circukatiqn t5 the SFO since

tth stru&ture 1s hlghly vascularized- (Spoerrl, 1963; .

K

Akert, 1969; Phillips, Bachhoxn, Leavitt and Hoffman, 1974)

©

and dev01d of a blood—braln—barrner (Koella and/Sutln,

1967 Phllllps et al.,’ ’1974) Although 1t is largely

°

speculatlve, thls lnterpretat;on wodld account for the -

flndlngs thaﬁ both the POA an@ SFO_ appear to be capable
of mob1L121ng drlnklng béhavxor when stlmulated by drrect
appllcatlén of exogenous ANG-II and that. lesgons of %he

SFO do not completely dlsrupt ANG%II 1nduced drlnklug.

.8 ©

Moreover, the ptoposal wou;& appear to c1rcumvent the ,

problem of low permeabllity of the b&ooq:braln-barrlen o

s - . >
Bo haematogenlc ANG-II. + ° . , 0& A .

©

QO [~

From the fereg01ng dlscu551on 1t is ;easonable toa

pestulate that more than'one central recégtlve site
meQ1ates,ANG-II ellc;teé water ﬁhtake. ‘Thls proposal is
D e o,
consastent .with the reSults of the lesron experiments

[ *® o . N

reportedhln Sectlon 3.4 whlch ShOWed that ablation of the
o ’ o / 3
MLH and RMR produced a: smgnlflcaqtﬁreduction 1n water

o N

1ntake to ANG -11 mlcr01n3ected 1nto the POA, but did. not

%

affect dflnkln foLlcwrng admlnlstratlen .of. ANG II tp the

SFO .or anterlor Ehlrd ventrlcie.

e
o
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3.{; Separate(Neural Pathways fof Cellular and Extras

-
o

cellular Thirst ° ’ ;'h

e Up to this point the emphasis of the discussion has

been on neural pathways which subserve extracellular

thirst. ft was pxopdgéd that a pathway passing through the

MLH and RMB medlated drinking to POA admlnlstratlon of

<

. ANG-II and- to perlpheralclnjectlons of renin and 1soproter-

enol. In the.final'part 6f this section the results that

‘<bear directly on the guestion of whetiter separate neural

'
‘o' o -

pathways ‘are involveg7in water intake initiafeg by

‘o

~cellular-,and eitracsllular thirst stimuli willlbe con-

°

'Qgsideréd.L Before discussing the present aata,=howeﬁer, a

brief perspective how the "double depletionghypothesis'3f

thirst” relates to this study will be .offere.d.'

r

The dramatic dlsruptlon of w\\ér~1ngestloﬂ 1n response

to cellular (Epsteln and Teltelbaum, 1964; Epsteln, 1971)

and extracellqlar (Fitzsimons, lQGG;fStricker_and Wolg,

4 £l <

Y

1967) ﬁhifsé chaliahges'following‘bilateral lesions -of the

" LH ha$ long beeﬁ‘interpreted to mean that this area°is &n

7

iptégraEive‘cedter,in the .¢entral &ontrol'ofcregulatory

thirst (Peitélbaum and Stellar, 1954; Montemurro and

<

Stevenson, 1957; Eﬁstein, 1971). ‘HoWever,bas°pointed out

by Morgane (1975), to ascribecas the lééuS'of compféx and

©

physxologlcally v1ta1 £Unctlons an extensive area 1n the

brain destroyed by large Ieslons is of dbubtful valldzty,

o® 4

~ except for the most molar types of behavioral aﬂalyses.
» Pl " . o

-

Fl
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It is llkely, as Morgane {1975) has argued, that "bull- ‘

dozer approaches such as large electrolyt}c lesions 81mply -

do not have adequate resolving power to 8efine the
° i ez-“_ * A . ) :.. . "
relative roles of the maze of chemo-specific pathways . s

criss*crossing in the lateral hypothalamus™ (p. 28). In-

deed anatomlcal studles (i €., Millhoﬁée, 1969; Morgane,

)

1975) have shown clearlv that the ILH is ‘a nodal point ln

?

+ ‘a vast and hetero@eneous fleld of. overlapplng multl— : °
synaptic. neural connections . llnklng the llmblC Jforebrain f ' I
’ structﬁres'reciprocally with® the mesencephalon. Viewed in
thie manner, "it is qlear ehat re-egéminétionuofvthe con- *

C ’ - \. ) s ‘w .
. cept of the°“lqtera1 hypothalamic-thirst center" using.
. ‘ z, . o “ ¢ . i

discrete lesions is warranted., : ’

*
¢ - 4

¢ In the present study rats weEe=implantedlwith'intra-‘
cranial cannulae.aimed at gitee of puéapive receptors fer
cellular and extracellular thirst sidnals ré the fore-
brain. A series of tests~w559916eg rblloqiné recovery
i& order to:stdd§°ghe£her‘th;é;rhﬁays4meeiatiﬁg the‘eyo
types of ﬁomeost;tic thirst sigdelp converge onto common - -
strqctures in’ the LH. There were two findings of :note.
Flrst, small le51ons placednln the’MLH—perlfé;n;qal area.
| dlsrupted water 1ntake to each extracgllular thirst chal~
~ leng that was glven, whether centrally to the POA or’/
dhlperziherally via s.c:wand i.p. administratlon./;Thesec
lesions were'uni%orﬁiy witﬁouﬁ‘éffect en driﬁking to ¢ ‘°'” ’ ”?;”"

& 1

cellular chhllenges, 1rrespect1ve of the method 6f admln- ¢
’ - Y .

1strat10n.f In contrast, le31dns placed just 1 mm further




P

o

v

fiber projections and respond to a variety of sensory

< -
” * )

Y L]
< . *
. ¢ *

£y : © i

" A2 . )

: ' 2

lateral in the LH produced a ‘qualitatively different effect.

o

> Lesions Of theuﬁlﬂ disrupted water iﬁtdke‘eliéitedfin

‘response to®cellular thirst stimuli but had no effect on

drihkingreliciteéxby”extrapellhlar challenges. "The differ-

ential effects of MLH and FLH ablation suggest. that,

[~

cellular and extracellulan.gignals'are mediated by ana-

tomically proxiﬁal yet functionally separate pethwayé in

-

the LH, Consxdered 1n the context of earlier 1ntergreta-

—

tio;s_of the "lateral hypothalamic syndrome" {Epstein,

'1971), the present results suggest that‘the deficits in

drlnklng to both types of homeostatic thirst 51gnals after

large bllateral Lﬁ lesions may be due to interruption. of’
both MLH and FLH pathways. o |

Although they are nctaconcbu51ve, the -results of the

<

dual MLH-FLH élngle unit recording experlments are consiss

tent w1th the 1e51on data. 'In thls regard it may be

3 <%
)

pointed out that the dual recordlng technique has_some g

advantages over ?; single microele¢trode recordings dohne
f #h

is study, in that it is possible to

'

in other parts

°characterize the neurcns: on the basis of any diffe;ential

hd °

responses after the administration of cellular and extra-

o

&

cellular thirst stlmnll. However,.the l;mltatlons of

: interpretinggtg%se results mdst still be recognized, since

13

these cells may be interneurons which receive numerous

o

signals (Mogehson, 1975) . Moreover, since relatively high

&

- concentrations of NaCl and suctdse (2 osM) were used it

o

/
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grey respond to Intracarotid infusion of hypertonic NaCl

. solution suggesting that the pathways mediating drinking

;by/septal lesions drank no more gh&n"controls to cel;ular

v

4

cannot be concluded ‘that the FLH neurons were respondlnq

to a phys;olqglcally relevant stimulus (Mogenson, 1975). .

The,same reservation applles to 1nterpret1ng the responses
of MLH neurons to ANG-II,,since the dose -used (SO'ng) .
was shown earlier in this thesi’s (p. 136) to elicit blood

pressure”and cortical EEG changes.

The resultéQOf lesion experiments reported in Section

3.3 and Section-3.4 indicate that the separation of Qeural

pathways for cellular and extragellular thi;st/ié pre- .
served in the meseecephalon. Lesions of the RMB disrupted «
drinking to POA administration of ANG-II and were without
effect when hypertonic NacCl or sucrose-was éiven intb.thea

same’cahnula. Recenfly Malmo (1976)'found that sihgle

-]

‘neurons in the midbrain dorsolateral to the periaqueductal

in response to cellulaerehydrétion'may'éroject to this ’ e
’ e L. : :
reg{On of the midbrain. -

Previousky, the studies‘éf Blasg and co-workers had

g

shown that experimental separation of the neurological sub<

+

. - ”

strates underlying-cellular and extracellular thirst may

£1lso be accompllshed at rostral levels Sf the ne:;j?fsf___

Blass and Hanson (1970) found that rats .made hypefdipsic .
7/ R

dehydration but were overresponsive to intravascular hypof

© 1

volemia caused by i.p. injections %f hyperoncotic colloid’

end to ANG-II- (Blass, Nussbaum and Hanson, 1975). Rats

E

. ©

t .

N




with lesions of.the frontal pole afea, on the other hand,
*drank substantiar1¥ lesé‘or-not at all to cellular dehvdra-

tion, 'yet were not deficient in their response to intra-

" vascular depletions (Blass, 1968). It appears, therefore,
that the neurcanatomical substrates for cellular and

extracellular signals may be separable at the level of

) . . C s e '
receptors in the forebrain and in the respective neural
}
. & A .
circuitries in the diencephalon and migbrain.

A final issue of major importance to this discussion
concerns the nature of the def1c1h§ of water intake
following MLH and FLH lesions. Most of the earlyAetudiee
(c4f. Epstein, 1971) reportiqg the loss of feééing and
drinking activitf—following large biiateral 1esions‘wereﬁ

" evaluated solely on-the basis of comparinéipre- and post-
lesion consdmmatory—respense‘ecores. Mo}eover, "deficits",
'if any. acérﬁed subsequent to lesioning, were usually
'attributed to a “loss in motivation to eat or drink"
(Teltelbaum and Epstein, 1962). élearly,‘however, even
the most careful analyses of complex behavzors such .as-

feeding and drinking were inc lete and remaln specula-

tive if the consequences of experlmentally induced brain-

R4
e

damage to ‘normal sensorimotor function as well as to
motivation are not con§1dered (Q%:lcker, 1973, 1976-
4‘,Marshall et al., 1974) )
That these procespes are 1nt£ﬁately related and dlf-

ficult to separate at a behavioral level is well illug-

trated by sSeveral recent'studieé.' Marshall ané'Teitelbaum




- .\ “
(1274) and Marshall et al. (1974) have shown that in o

additioh_to impdirments in responding to hydrational chal-

lenges, rats with bilateral LH lesions have taste-preference

(Y

abnormalities ‘and sensorjmotor deficits (ataxia,‘ah;nesis .
_and occa51onally spastlclty) wglch may play an 1M§J&;ant

role ‘in the central control of regulatory thlrst. Im-

pairments in the -ability to lick have also been repSrted

o 7
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followlng LHldamage (ﬁevine and Schwartzbaum, 1973). The . ..

experiments oflUngerstedt (1970, 1971) first.suggeeted
Ithat destruction of dopamine-cohtaining neuroné traversiné
the farlatéral reg1on of the LH en route to the ¢orpus
striatum (Anden, DahlstrOm, Fuxe, Larsson, Olson’ éhdm
Ungerstedt, 1966ﬁ may be responsible'fbr the iﬂ‘tial
,aphagla and adips€ia, progressive recovery of functlon and
residual ingestive deficits. Subseguent work (Ma;shall

et al., 1971, 1974; Marshall and Teitelbaum, 1974) has ‘
demonstrated tha;’rats with nigrostriatal destrﬁqtion

might f4il te eat or drink because‘of‘simﬁle motcf‘impeir—
ments in licking,«chewihg of swaliowing or beqiuse bf pro-
longeq sensory inattention whieh may render‘them_inqapable
of locdalizing food in the cageé. 1In eupportrdethis.hfbo-
thesig numerous other studies have demonstrated that sub- -
sfantial depletions of striatai dopamine in rats follpwing-
lesions of the lateral hypothalamlc arga, extr othaia—
>m1c damage of s?zuctures along the’ nigrostrf%tal ﬁrthway,

‘ '
or specxflc destruction of central catecholamine-

" ¢ontaining neurons’ by 1ntracerebral injection of ,6-hydroxy=

-

,\.




:dopaﬁine (Oltmahs and Harvey, 1972; Breese;-Smith,’Coeper
and Grant, 1973; Fibiger, Zis and McGeer, 1973; Marshall
et al.’, 1974; Stricker and Ziémond}”lQ?G) broduced eiﬁiiar
effects, - Although the two-stege biiaterel»FLH lesions
made. in ‘the present investigation undoubtedly produced
‘some damage to n1grostr1atal pathways, the postlesxon
,effects observed did not generally parallel those reported

. following nlgrostrlatal bundle ablation, 1In contrast t%

nigrestriatal bundle-lesioned animals, natsdwith'ﬁiﬁ

o . €
lesions did not show gross motor imbairments,or somnolence

-

(Waﬁpler, 1970) (although they were typlcally ‘hypoactive

'.‘a

. in the 1mmed1ate postlesion: perlod), ‘nor - -did they show any

~

finickiness towards the food given them as ‘evidenced by
their relatively normal 24-hr intakes.onyboth the dry
laboratory chow as well'as with the more moist synthetic

carbohydfate diet It would seem llkely, therefore, that

the small FLH 1e51ons made in thls study only partlally

.y
, interrupted the nlgrostrlatal ‘pathway. oL

The . reinterpretqtion of«the claséical view'of'neu

L]

mechanisms underlying LH-le51on~1nduced deflcifs in thlrst
by Stricker (1976) "and Marsha}l et aZ (1974) must also be

considered. They have suggestedgthat LH-leslqned anlmals
have a general er "activational" xmpalrment of behav1oral
e - »

arousal and are more susceptlble %0 be!hg incapac1tated by

"

astress than normal rats. In support, of’this proposal

o

" Stricker (1973, 1976) has shown that rats recbygred from

+ LH lesions which fail to drink in response to hypertonic

. ¢ L

.
FE
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NaCl in a 1l-hr tést of water intéke, nevertheless ingest

s

substantial volumes of water when the test period is

. extended to 24 hr. That the standard peripheral regula-

tory challenges are indeed stressful is borne out by

réports that at 750 mg/kg; 2‘deo£§-D—§1ucose produces -

ataxia -and stupor (Marshéll et al., 1974), isoprot?renol
given i.p. at 0.21 mg/kg produces a marked Qypotension

(Lehr et al., l967),andvRNC—rI administered centrally at

a ,dose of 100 ng causes an incfease in arterial blood

®

pressure. (p. 136; Hoffman and Phillips, 1976). Intra-

°

peritoneal injed%ions of hypertonic NaCl are quite painful
. Id

as evidenced by the squealing of the animals at the time
: ‘ l

of administration ghd for several minutes afferwardé. .
’ - However mpuch the foregoiné éonsiderations may be im-
portant in explainiﬁb,thg effect; of LH lesioﬁ;, an
_incréaégd/susceptibility to stress agd/or éeneralize&»

- L ’»,’. - N
- behavioral unresponsivenesds cannot account for the observed
. “ -~

4 .. o -
deficits‘in water intake for the following readason: The
wide range of doses of,hypertonici'aCl‘énd sucrose and of

» ANG~-II and isoproterenol used in this study were selected .

o

to elicit maximal‘drinking without producing debilitating

- side effects. If as Mars@gll et al. (1974) hgve‘reasoned, -

. . . for the incapacitated rat , . . as the conditions

for responding bétome less difficult, the animal's likeli-

hood of~respoﬁaing should improve. . . ¥, " then as the

- ‘ . . e
doses (and hence the inténsities of dtress produced) of
drugs were varied, one would expect some signs of a

\
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@ . - ) o
reversal of the deficit. Such was clearly not the case,

for FLH-lesioned faildled to respond by drinking to any dose °

of NaCl or sucrose, whether given®peripherally or by

e
3

intracrakial administration, but drank as much-water as

controls to all central and peripheral injections of  _ ° . e

‘ qxtrécellular thirst stimuli. In direct contrast to the

specifi¢ deficits in responding to cellular stimuli fol- ~

lowing FLH ablation, rats with MLH lesions showed specific

impairments in éesponding to extfacellulaﬁ thirst chal;
lenges, “Thus, alth?ugh sensorimotor dysfunction and/or
geherql behavioral unrespohs;venémscannot be compiekely
excluded,‘neipher wouid seem t6 be th%'basis of -the
deficits following MLH and FLH ablation. It is concluded,
. therefore, tﬁat-the differential effects of MLH and fLH ‘ °
lesions are due to 'interruption of specific -neural path-

ways mediating drinking behaviog'in fesﬁqnse‘to cellular

<3

v ) . . L & [a]
and extracellular regulato:x challenges, respectively.

- ‘ N
As Morgane‘(1975) has so succinctly and decisively stated

o

(p. 25) in his analysis of the fuﬂEt{onaL interrelation-

<y
. ships between different brain areas, in this case
e ""-—_/f . . - . ' . ’
_® % . the pathway is the message." - =
-
14 < ~
.a = -
-~ s ‘ .

e - J ‘
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5.0 y SUMMARY

Considerable experlmental data* indicate that the body

can detect deﬂ!btlons of the cellular and extracellular

L] .

body fluid compartments and that drinking behavior is

; \
».elicited.by body fluid def1c1t syﬁgals. The present

a w ;
study was done to 1nvestlgate whlch neural pathgavs

and integrative structures transmit and process the“

signals that initiate water intake in response .to

~

o <
cellular and extracellular dehydration.'

A combination of behavioral testing, electrolvtic’

lesioning, chemical 5timulation and extracellular
o B

single unit recording, and h%stological techniques

were used in 483.male Wistar rats. v .

»
4 o

Since there WQS already evidence that angiotensin-II
(ANG-II) is a dipsogenic hormone involved in extra-
. ) '- * A C«v
cellular thirst which exerts its effects omn drinking “

o

behavior by acting on receptive sites in the preoptic

region (POA), the study was 'first focused on the .
4

question of which neﬁray'ﬁathways medféte this

E3

drinking resbonse. - con

<]

Single un1t recordlngs were made in ethvl carbamate-
k) )‘ o

);nesthetlzed rats 1n whch'drlnklng haé’been elicited
by a@mlnistratgon of ANG- II through chronically-

1mp1ante5 POA cannulae in previous behavioral tests. .
' : .
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When ANG-II‘waé-adhiniébered td the POA a number of
neurons in the midlateral hybothalamus jMﬂH) changed
their 3pontaneoué faée of discharge. These‘observé—
tions suggested thé possibility that éignals from ANG-II

receptive gjites in the POA are transmitted to the MLH.

v

In subsequent lesion experiments it was found that . »

_electrolytic-ablation of the MLH markedly attenuated

water intake elicited by.microinjectinggANGlII into

% R \ "

the POA or ygesponse to peripheral aﬁfrtiqésé-tration of
renin or isoproterenol..‘hLH lesions had no effect on

drinking induced by cellular thirst stimuli (hyper-

~

tonic NaCl or %ucrose),‘given'centrally or peripherally,

S = -

Lesions placed further lateral in the'latéral'hypo- ' -

thalamus (FLH),* on the other hand, reduced water

»

intake fnitiated by central or peripheral administra-

P - e * '
tion"of’hypertonic NaCl or sucrose, without attenuating
drinking to centrally or peripherally administéred

extracellular stimuli of thirst (ANG-II, renin, iso-
N

.
o -

proterenol).

Although the FLH lesions faused motor impairments and’
some loss of body weight, these changes were minor

and restrict to the immediate..postlesion period;
' » cm .
deficits to drinking induced by cellular thirst chal-.

o

‘ \
. lenges persisted for the entire duration of the

.ex?erimenta(l38 days) . ’ : . T S o

o .



"9, /The dlfferentlal effects of MLH and FLH le51ons
’_1nd1cated that the neural pathways‘Whlch medlate
extracellular-and cellular thirst 51gnals are

sepgrate at the level of the lateral;hypothala@usr

' (LH) , passing through the_MLH~anchLH,;respéctiyelyh

- u' . o P o e =

-

5

>

10. Sinpe'theVresq}ts described in 4-8 above suggested .

- . ; . . i * l.
that separate neural pathways subserved extracellu-

» lar and cellular thirst in the dlencephalon,llt was

¢

déqided to see next if this separation was preserved.
. o

at the level of the midbgaiﬁ. )

El

11. As a guidefto placing lesions, an eiect;ophysio;ogica&‘

f,‘" s -

experiment was done first in which ANG-21 was adminis-

tered thrdﬁgh“cannglae°chfonicglly 1mplahted in the

POA -and the effects of the hormone on the .spontaneous

‘discharge activity‘of single midbrain neurons was
» o o - X I N -
recorded. R

- - -

12. It was shown that m’icrbinjectiofm of ANG-II into .the POA

1nlt1ated drlnklng and influenced the firing fre-

quency of 51ngle neurons in the 1p51lateral mldbraln

v

in subsequent-acute recordlng experiments. > ®

13, In another series“df*animals; lesxons of the rostral .

paramedlal midbrain’ (RMB) attenuated qrinkirig in

"response to POA administration of ANG-II but had no

.2

'effect on water.intake elicited by administering

S

hypertonic NacCl through the same ‘éhfonically .

implanted éénnulag;‘

A

o:

>4
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AvThese resultsvsuggested that separate neural1path-

" in the mldbraxn. , e

While thése ekperiments were in.p%ogress, 4 ’

squested that ANG-II admlnlstered through chronlc

lﬁ.‘;in preliminaryrbéhavioral tests it was fquﬁd that, g

17 i g

not the only -site:of Treceptorsf

~completely "abolish dri

-

ways medlate extracelfular and cellular. thlrst351gna15a °

. N s : i [
. - &
. . .

Q

=: several reports bv other 1nvesthators 1mp11cated . :

-

,the subfornlcal organ“(SFO) as the exc1u51ve site of

receptors ‘for the dlpsogenlc effects of ANéLII and, . .

cannulae to the POA dlffuses into the CSF of the *

ventrlcles and thereby reaches tﬁe SFO to 1n1t1ate .
’

drlﬁklng behav1or. In order to test these p9551b11i-

-

v e &

ties a serles of- flve experlments was QQne. _
N - b ’ . e B
v . = B
P - -

'copious drinking'couia'be'elicited inlwater-sa%ed . SR

rats in response to mlcrolnjectlon of ng dpses of

/

ANG-IT 1nto the POA, SFO and anterior third ' ) ‘ . ®

ventricle.' These obsérvations supportedfthe view

that the SFO was respon51ve to the appllcatlon of~ ' e °

low doses of ANG—II but they ralso suggested the .

p0551b111ty of there belng more than one receptrve

site for ANG-IX: : . _° - ’ o .

- = .
o -

o

Additional support for the proposal that the SFO is

&

for ANG-II was gained .

3

o

by the results of a Lesion 8 uay in which it was -

found that lesioning the’SFO attenuated;but did not

»

ng in response to jugular.




o " '
! . ’ .ﬁ "“\‘ =%,

administration of ANG»II”or after peripheral injec-

tions of other extracellular stimuli of thirst. -«

Ih;order~to confirm that the POA itself was a’ .

reéépti3e4site for ANG-II, an experlment was done ln‘_
which a competltlve antagonist of ANG-II tPll3) was
mlcr01n3ected into the POA eror to admlnlsterlng

«

ANG IT, through the s ame cannula. It was found that

the degree of attenuatlon»of ellc1ted water intake
L “ “

b& P113 pretreatment depended~on the relative volumes

of the antagonlst ‘and ANG-TI. "“Moreover, when equal

a2

dPses of ANG II alone were micr01n]ected 1nto the 'POA,

water intake increased with the volume of solutlon

i/
3

)

aaminlstered. These observations indicated that,thé

-

" POA is a receptive site for the dipsogenic effects

.
‘are dlffusely represented in thls region of‘the brai ﬂq

‘of'ANd-II but also suggested that the "receptors"

L} ! -

a Slnce these results sugqested that thereﬁare %ﬂ'c

r
v -

multiple receptive sites for ANG-II, a lesionm experi-

. L 5 ~

. | d >
ment was done to determine“if there are also Mhultiple

neural pathways“mediatinngNﬁ—II—induceg thirst., .

Le51ons of the MLH and‘RMB were found to attenuate .
drlnklng 51gn1f1cantly to. ANG-II édmanrstered to the

POA (thereby Supportlng the results reported in 4- 13

above) , but had no effect on water 1ntake when ANG-II

v

was microinjected into the . SFO or anterlor thlrd

TN




—follow1ng proposals: The neural(mechanlsms for

plasma ANG-II stimulates receptors" 1n the POA,

the MLH and are communicated to midbrain structﬁreéf

[

Ventricle. Although the neural pathways which sub-

serve water - intake iﬁitiated by. micreinjecting ANG-II
. 1 . ’ . - . -
into the SFO or, anterior tRird ventricle are not

-

known at present, theﬁresults indicate that they are

not the same as .those which mediate drinking induced
by POA administration of ANG-II.

~
o

. 1 \
The results therefore suggest that there are -both

[3 Q

mult%ple receptive sites and pathways for- the il

dipsogenic effects of ANG;IIv

&

“

In concluSLOn, “the’ results of thls study support the

4

1n1t1at1ng drlnklng behavior in response to body

flurd deficit SLgnéls 1ncludk SpelelC neural

v ,u P

-reqeptlve sites and pathway%.“For-the case’ of é!tra-

* 7

'cellular-dehyaratiqn a hormonal 51gnal rncreased

- F

a ' - .

'SFD and perhaps the ventyicles. Slgnals for drlnklng

=)

from receptlve sites 1n the regxon of the ‘ROA are

t

transmltted alongaa neural pathway which traverses“”’

L]

By ) -

<

-
¢ -

rece;v1ng 1npq¢s from flbers of  the descendlng med1a1

o

forebrain bundle. Ehe locus of the°“osmot1c

°4

receptors"-remains‘uncertaig, although the behav1oral
and electrophysiological*data suggest that they may
be found in the VLClnity of . the POA or Ln the walls

-

of the cerebral ventrlgles, dr botht Whereven ‘

P ° ¢ °

(‘.

- ’ |
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their location, it appears that cellular thirst .

< o ' - . . 3 -
. signals ‘are transmitted through the FLH along -
) . pathways separate from those mediating extriagellular
' "¢ A © ’ « . ) ’ ’ .
‘ thirst. . o . .
. \ ; ] . , . . .
° : ¢ s . B ’
. : ) ' I
v ¥
) \ 3 ! 3 ‘
> : ¢}
o 3 - - i ) ‘o i
o - / R ¢
“2 B . N ~ . .
B - - « . . kS
N . . v - - ° -
Se ° -~ & .
- - o -
° . . . o
‘ B o . . /
v p , . » - . . )
) [ o v 4 e o
- 3 =] 3 - N
- TN w ©
B M . 2 B . R ©
% L] ‘ ° - . - - a: A
‘o I % . ‘ o » N .
< "]
« v . . .
'\J o
- B N " ~ \‘ .,q -]
« o "3 . ) '5 !
] . . - < Ve
- F . o . * v “ v p . . .
- ’ Q )
+ M . 4 -
- < g - “ -
v < ® v - ¢ ,
¢ o ) » Op. 0
’ / . ° . - ¢
e * R . ) .
N il <@ . Y e
A4 ’ . - > o
' ;)4 . | u
. ‘ ) o < - ) ' ’
o ° ’ . "
; o .
“ ® - - N . / a i °
A - ) . .
[ ‘ ’ -
. . s .
! “ .= . ‘ . ’
. e 7 -’ N .
lc ~ . - : . .




@, A .APPENDIX A ° - ;

3

' £ffect of Administration of ANG-II to the"POA

on Single Unit Activity in the Lateral Hypothalamus N
of Unaﬁééthetized, greeiy—moving Rats'. Y,
4 ! .
\ ) . o
o ’ . = . e

. Introduction L : «

Drlnklng behav1or in the water-replete rat can be ,
1n1t1ated by admlnlstratlon of ng doses of angiotensin-1I

(ANG II) to the preopth reqlon (POA) and it KHas beén sug— o .

!

gested that the POA may con;aln receptors f?r tpe,hormone
(Epstein, Fitgsimons and Rolls, 1970; Swansoh and Sharpe, -

1973). Since lesions of the lateéral hypothalamus (LH) have

° Q

Eéen shown to abolish or délay diiﬁking in.respongg to
Plasma volume dgplefion (F;tzsimons,_lgﬁﬁ}.Stiiéker and
' Wolf, 1967; StriEker,1197§)-gnd ligation of the ;h»‘ .
inferior wvena cava (stricker, }973), it is possihle

that thirst g}gnals~ffom PGA receptors for ANG-II are

transmitted along mneural pathways,passing,thfough the LH.
f The experiment reported here supports this hypothesis by
shcwing’that the spontaneous-discharge activity of LH
neurons in unanesthetized, freely—mpviﬁg.rqté is influenced
by administration of ANG-II to the POA.

Materiale, and Methods
; ?-
Eleven male albino rats (300-350 g in body weight)

%

.were used'in the expe:iment.-'Under sodium pentobanbé&&l

. r : v
. 1 .
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. - _
(Nembytal; 50 mg/kg’body weight, intraperitoneally)

'anesthésia, two 23-gauge stainless-steel guide°cannulae were”'
bilaterally implanted into homologous sites in the BFQA.

FQur to eight microelectrodes made from'62.5 p diameter .

© -

nichrome wire (Drlver Harrls ‘Co., N.J.) were 1mp1anted o *
1nto the LH ‘for b;polar recordlnq w1th a 51ngle 125 u
dlameter nlchrome wire implanted 1nto parletaL cortex.

The microelectrodes were électroetched to a tip diameter

N

of °5-10 u using the method of Green (1958), insulated with
epoxyllte, and then soldered to the plns of a. plastlc .
recordﬁng socket (Amphehol Hexagonal 7 or Strlp Recordlng

Sopket). The plns and solder were then insulated with

-

epoxyliteﬁ After the epoxyllte dried the electrodes were
cut to the approprlate length and collectlvely coated 2 3 ;
times w1th a solutign of dextrose (heated to 145°C and "

then cooled to 120°C before dipping) to form- a unlt Stiff

. < + * .
eno\gh to penetrate braifi tiskue (Chorover and DelLuca,

”

11972). The'%ﬂectrode portion of,the.recording assemhly
Qas then implantediinto the LH through ; large burr-hole
with the Amphenol portion rémaining externalized and

- anchored to the skull by cranioplastic acrylic 'and
jewellery gcrews. Cortical EEG was recorded:froﬁljewel- h
"lery screw;\threaded _through small.holes drilled bilater- S

ally 1nto the skull surface overlylng frontal cortex,‘the ’ //,x(”(

‘ground electrode was a screw over the nasal sinus. The

screws were soldered to one end of 3 cm lengths of 125 y

diameter nichrome wire from which the formvar finish had




L]

" end of the wire was soidened'to pins on the Amphenol

' output half-wave rectified and integra

' under observation, wherems a depfessfon indicated a

been scraped clean. The soldered, point was:thenvreinsu—

‘lated by applyihg twoscoaté of epoxylite., The distal

assembly.

i Two hours prior to an experimental session the

>

‘animals were transferred to a plexigktass chamber (20 x 30

o
-
~ [ )

x 30 cm) that contained 6nly a graduated 50 ml tube with a=
gi;ss drinkiné spouf. The animals were connected to tﬁe.'v
recordiﬁg appa;atué after a 1 hr p?riod of adapta%ién via
a matphing méle.Amphenol plug connected by.two separgtely
shielded séctiéns*oﬁ low noise cable (Amphenoi, Typé'

to a Grass P14 AC preamplifigr.(gaig 1000, bana pgss 300~

3000 Hz)., The electrical signéi 6rigin§ting at the

. recording microelectrodes was also led to a Grass 7P3B

AGC preamplifier and inéegrator with it:gberti al signal

d usf{ng an RC

net&ork and to avTektronix 549 oscilloééqpe

he resulting
DC -signal was recorded, with a Phlllps Anali magnetic
tape recprder oy displayed on a Grass 7B polygraph. The
DC.smgnal provided a quant1tat1ve record of activity

vexrsus time. An elevation in integrated single-unit

activity reflected an increased firing rate of the neuron

»

r

deqréase in qnit discharge actigity. EEG was recorded

through'a'separate Amphenol cable connected to the

Y -

‘ ~ ‘
.assembly mounted on the animal's head and was led directly

into.a_wide-band AC preamplifier (Grass Type 7P5B, band

Y -

Li. Y
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pass 0,6-15 Hz) and dlspiayed on a separate channel of the'

polygraph'
T A stable record of unit activity for about 30 min was.
established as the prerequisite to the administration of

ANG-II (100 or 500 ng-dissolved in 1.0 ul distilled water) -

through P.E. 10 tubing into the implanted POA cahnula.

r @
Administration of equivalent volumes of distilled water

one hr preceding er ene hr followifg ANG-II microinjection
controlled for changes attributable to the injection pro-
cedure. Only changes in single unit activity that returned
to preinjection levels were regarded as being ANG-II

induced. Also, since hypothalamic,neurons have been shown

L]
-

to have different rates of spontaneous activity in sleep
and arousal (Ramirez, Komisarik, Whitmoyer and Sawyer,

1967), only those single unit recordings made during the

“same pre-injection EEG state (rest) were evaluated in the

-

‘results:

’ . © -
°

Water. intakes elicited in response to POA admxnlstra—

-~
r

‘tion of ANG-II -and centrol vehicle were measuréd to the

5
nearest 0.5 ml and food was ﬁot:avallable durlng the tests,

A maximum of 3 1njectlons of ‘NGhII (and 3 of distilled

water) waé made in any an1ma1 on a glven aay. Most of the
r
animals were- tested every thlrdger fourth day for a period
’ »
of 2-3 weeks.

- ” o .
At the completion of each series of recording experi-'

' ‘

men®s iron was dep051ted at the tip of the microelectrodes

by passing 10 uA anodal DC for 23 sec and the anlmala were

¢
-
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perfused-intrgcardiallyvyi;h 30 mlapotassium ferri-

4 -

. cyanide-formalin (1 g '$) and 20 ml(potassium—fe}rocyahide-

formalin (2 g %). Frozen sectiohs were cut at 50 u thigk-
+ : - :

ness and stained with thionin. The sites Of'ﬁiCIOf s

eiéctrode recordings were identified by the Prud¥ian blue

] . ,
reaction.

. . ° Results, ‘ iif\\\

-

Nine of 22 single meurons in theé LH from which ektra-

cellular récordings were made showed an increase in their

v
L4

rate of firing following the administration-of ANG-II to
- I d

PYS '
the POA. The spike discharge frequency'of the remaining

7

13'units was not altered Sy the horméne. One of the nine . -

¢

neurons whi&h“responded to ANG-II also résponded by activa-

o

tion to injection of distilled water to the POA. The
response of 740§ the .9 neurons facilitated by-ANG-II fell
into two populations: an iritial short latency (raﬂge of

G
5-27 sec)-short duration (range of 6-20 sec) effect

followed by a longer latency (range ;f 1 'min 20 séé;3 min
. 45 sec)-long duratiopa(rangé of 2 min—s'h;ﬁ 15 éec) period‘
- 46f”ihcreased discharge. This paéterh»g?ﬁabtivatioh was not
observed for tgg neuroﬁ facilitatéd,by diéfilied water.

For each of the nine LH pnits-which_shdﬁed‘f;dilit;t
tian, the initial;periqd of acfivation appeared tanﬁccgn
{Adependently‘of.changes invcortibai EEG and in each ‘case
facilitatioﬁ preceded EEG changes as well aé the onset of
arinking behavior. The longer latency respogse, oﬁ Ehe,

D

“



other hand, generally occurred concomitantly with deésyn-

chronization’ of the EEG and at approximately the same time

as the oifiset of Qrihking. Of interest also was the observa-

tlon that the 1onger 1atency component of the unit responses

13

was closely related in 1ts duration with the observed dura-

tlon of drlnklng behav1or. That is, a return of unit

discharge actr;ity to pre-zggection levels‘in most caseées
coincided with the cessation of drinking.' The changes ta
EEG were not. as ciosely correlated with chapgee in unit-~,
ectivity or with driﬁkingigelthough in each case EEG
desynchronization' preceded the‘onset”of'drinki;%,but tﬁis
change was of longer latency tﬁen the short lateﬁcy com-
ponent of the brief respohse: There did not appear to be

&
any éasily discernible correlation between the magnitude,

or latency-duration patterns of the unit responses, the .

EEG chajfig€s, and the volumes of wadter ingested by the
animals. ‘ ¢

Figure 1 shows the polygraph record from an experi-

I d

ment in which the activity of an LH neuron increased f0110w—

L4 L

ing the admlnlstratlon of ANG-II to the PO« and illustrat
some of the relatlonshlps between the single unit responses,
EEG changes and drlnklng behavior. Note that the- lncrease'
in firing rate of the" neuron (cente; of trace 464) pre-, ’
ceded both the change. in EEG (beglqnlng of trace 465)'andn_

the onset of drinking (trace 565)J 1t should be noted also
LS

that the firing rate of the‘neuron returned to near pre—

injection levels”folldw1ng the inltlal burst of 1ncreased

©
S '
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< ‘ : :’
that a second fncfease in flrlng rate (trace

@

.465) occurred w1th app:gflmately the same latency as the

<

activity an

onset .0of drinking and desynchronization of the EEG.w

As shown in Figure 2,

N\

8 of the 9 LH units which were
facilitateé by POCA microinjection of ANG-II were located

in the region of the LH immediately lateral or'dorso—

lateral to the fornix. The remalnlngfunlt which showed
. ‘// .

activation in response to 'the hormone was Located more

-

adjacent to the ‘ventromedial nucleus.

-
A4

ventrally,

[+

Discussion o
* . »

The results of this study suggest that thirst signals
o " 0

4

from POA receptive ‘sites for ANG—II'areotransmi;ted to the

4

m.'

<

This proposal is based on the observation that 9
neurons in the:LH increaSed‘their rate of discharge fol- °

iowing the administration of ANG-II at a dose which caused

&
&

>rats ind normal water balance to engage 1n coplous drlnk-

ing activity,. Slnce 8 of the 9 unlts activated by AIG-II

were located in the midlateral hypothalamus,(MLH)-perl—
v E ° " o a

fornical area, it may be suggested that. the signals to

initiate water - intake are trahsmitted through this'area of

the diencephaloni Further support for thys proposal is

_galned from the results ‘of the lesion experlments reported

14

1n Sectlons 3.1 and 3.2 which demonstrated ‘that ablation

. <
[ . ° <9

of the MLH disrupted dring}ng eliclted in response to POA
; . . ..

‘*admjnistration, of ANG-II. » . -

© " . v
o B o °
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Figure 1

I

o

Contlnuous polygraph trac1ngs show1ng the

changes in cortlcal EEG (top trac1ng), ;ntegrated

single unit activity (middle "tracing), and splke ' " -

hischarge of a single neuron in the MLH following

‘the un11atera1 admlnlstratlon of 100 ng ANG-II ¢

.to the 1p51lateral POA (arrow) Beglnnlng on

tracing 465 ;De upward-pointing sotid’ blocbs (m)

. marked on the time tracing beneath the EEG. record

-
el LY

indicate the onset of drinking, and downward-
pointing blocks ( W ) mark the time at which, °

drink{ngbwas observed td'stop. S , - o '?.
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Figure 2 , -
. < Lo

?

. Schematic of a frontal section through = ¢

P’ Pl

" the latera%‘hypothalamus redrawn from the stereo- .

_taxic atlas of Pellegrino® and Cushman .(1967), .
‘ N C ' s . ’ P
showingt%he sitég of recordings and the types.of
. . - < .’ -
‘unit respenses’ obéerved following the unilateral

microinjettion of 100 ng ANG-II jinto the’ipsi- -
S S . N v .

‘lateral POA. Svlid triangles -indicate sites off "

-4

. facilitated units and open ciPgles mark sipeé

e
-

* &

. P 3
where no efféctQWas\pbtained.’ ) .
* &

- . .
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3

It is difficult to be certain’of the significaﬁce @f‘

thé 1ncrease§ 1n‘un1t dlscharge rate and of the two com-

o ponents “of° the und t responSes 1n terms of what’role these~

3

changes may play ln the functlonlng of behav1orally

"'e P
relevant heural mechanlsms. On the ofe hand 51nce:the=

shorb latenpy-short duration component preceded both the

~e °

' EEG changes as well as the onset of dranking behav1or, it
is p0351ble that thlS initial burst of 1ncreased unit
iact1V1ty reflects exc1tatlon Qf LH neurons 9ynapt1cally

. driven by inputs from POA recept;ye sites for ANG- 1I.

B

‘However, because the doses of &NG-II (100 and- 500 ng) weré

hlgh ‘and the vqume of the 1n3ectate (l uI) was large, it
, AN
cannot be concluded tpat the obgerved changes in LH

' neuronal were specific to ANG-II.

-
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