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'In this study, the responsiveness of the cerebrovas-
-culature to hypercapnia provided an indication 9f the resi- ﬂ\
. ~. . . . ) " " > "3 B ‘ .
dual capacitj for dilation available (ie. the dilative re-.

S ‘serve). The‘relationship between cerebral tlood'floﬁ (Cny:

,". . ° T

. . and pial vessel caliber responses.and the dependence of
these _responses o the dilative reserve were examined in

t i ) 'Athree groups of rabpits. 31 control anima13° Zl_phenoxyben—'
—4 zamine treated aninals’(alpha adrenoreceptor plockadéﬁ;;and ;
2;?animala subjected to.carotid artery occlusion. The ef-
- J : . \

- fects of nemorrhagie hypotepsion on both CBF(Hj qlearaneeﬁ

and pial vessel caliber(image splitting‘teqnniqae) and on

the cerebrovaaculat reeponsivenéss to;hypercapnia (the-C09

-
.

response)_ were 1nvestigated in each group. ' o :

- - 4

. .
Ty . ) , . A ’ . .
‘ Three characteniseic autoregulatory regions were iden- -

tified. Cl) During moderate reduqtions in per'fusion pres- ‘-z
“a /
" sure (PP) the pial veaaels(< 200 Pm) dilated progvhesively/ﬂ/

s

and CBE autoregulation vas ‘complete. The dilatiye reserve
was fnnctionally int!ct as’ the CBF CO, reaponEerwha constant .

y .
p. and that of the pial vessels increased. (2) At 1ntermediate

Pﬁ/ autoregulatory pial- vessel dilationucontinued and’CBF )
declined gradually (incomplete autoregulation). Both the

, . . s
pial vessel and CBF CO) responses decreased, indicating a
’ . LR “' ) S ) : T R
reduced'dilative-reeerve.4 (3) The lower limit of autoregu- .
— v

lation occurred at a cerebral‘PP of approx.v35 mm Hg. Both

» CBF and pial vessel paliber decreased pressure pasaively gnd

s ',%/iﬂ. ‘ . ‘fﬁ‘—\\f\w

~
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%\enjinerease,iu the dilative reserve and a relative improye-

- A-a
. . . .

e ) ; - .
» there was. a complete loss of CO) reactivity - a depletion of

. . . .
‘the dilative Teserve. Phenoxybenta;ine 1efdsion'tesu1teé-I:~“\\

~

mént inCBF aéto%egulatien. Theseeﬁhanges wefe related to’

<

'the decrease in” CBP and metabolism caused by phenoxybenza—

‘ mine. Carotid artery occlusion redu ed the preésurevin the

: .i
"gulation wefe)sbrgpgly 1nte:related. Changes ia total

Circle of Willis. This decreased the dilative resetrve and

=

shifted the lowér limit Qj autoregulation to "a. PP of 45 mm

.

Hg. The di}ative reshfze and the efficieﬁey of CBF auntore-

)
\

precapillary resistance closely .paralleled.alterations in-
pial vascular resistance whereas the large inflow anteries

- L]

‘were ﬁnreactiVe; The pisl"vessel responses appegjed tp be.
eualitatively representative o those occurring in the

‘. Q 1 ' - . . : i .
intrapetenchynal vasculatwre. ’

4 .
o . .
‘ ’
% . -
. .
- -
. . . - ¥
> R ¢ " .
.- = *
ES - - w’ !
- .
N A
<
o - -
*
.
-
’
» - . o,
- -
- . ©
. .
o
[ Y
. - N e
- o ' . \
» ‘ A
. ‘ el .
[ 4 - -
+ ’ 4
LA # R o
. -
- ’ .
. .
O - . -
) * ] .
I [+ ]

-




e

ACKNOWLEDGEMENTS

. . v -
A N * - -
R — . 2
-, LI
.

;T wish to express my grafitu@p to the 1hdividuaié.in

-

the CBF researgh group and to all the other 'people that have

‘given_me their qupgort,a$g friemdship throughout the course

of this study. I am most indebted fo Dr. Keith Farrar for

¥

‘his guidance, aé;lte and encouragement and I woulﬂ like to.

-thank him.sinqefely. I-also wish to extend my thanks' to

Gary Bicker, Isobel Morrison 'and Laurie Orange who have each <«
& : \ -

helpe@ with the’exPéri-eh;al procedures at some time'during

thistﬁnvestigation. Their fine techniéhl assistance ‘hae

-

‘been much éﬁpreci;té§§> .

O, 1 am‘gpatefql.td the staff in Pulmonary Funé!ion fér

&
&

. their helpful advice in the operation of the blood gas ana-

3

lyzer. I wish'toiacknowledgegnr.“%. Riguffo for construct-
< S j ST ‘

:'iﬁg'some;éf the electronic équipmenb‘and Mr. W. Piggé:fof_

" .-8chematic diagrams in

building some of the apparatuss Isobel Morrisom drew’ the

ly*pfepargd the graphs. . . N -
' . ~ l L] ' ‘
This research has beén supported by grants from the

Ontario Heart .-Foundation and the Medical'Regéarch.éguncil.

' [ . . ‘ ’ t R
Personal support has also been provided by a Medical\\ )
. . . -0
Research Council studentship. I would like to expres& ny

-
.

apﬁreeiation bo‘thesé organizaiiohs. ‘ V T
' . - / T
g;ﬁ special thanks to Ross Howe and my family for' all

‘thetir encdpfagemeJE, understanding| and love. It 1s to them

- i . .A - ) ’ . ....
that I Q}dicate this thesis. . ) :

his tﬁesis and Laurie Orange patient-'

.

IM.



> © TABLE OF CONTENTS .

Page

-

CERTIFICATE OF EXAMINATION +uoleeuuncooncecasoniaios 11

) ’ ' 4
ABSTRACT -..i....0.....00...lq;l........!.ll"..C.'C.‘. iii

ACKNOWLEDGEMENTS e i e v
TABLE OF CONTENTS . ;..........J.................... vi
LIST OF TABLES .a;j?}\.........:....-.-..:.:........ xid
LIST OF FIGURES ......:,....;...(...:.............., xiii

\
"\
\

. 3 . - | ’ . - , . o El

CHAPTER I - CONTROL OF THE CEREBRAL«CIRCUﬂiTION coee 1

~
4

ol Introduétion'.....'..‘.._‘....o.........'.........‘ 1
. ) . . .-
i

2. 1 Blood FIow 1n thé Vascular Bed ceoeevonaae 2
» 2,2 Active versus Paésive Changes 1n Pial

Ve}bel Caliber and CBF a.............:... . 3

. 3 1.1 Local Intrinsic Mechanisms wsoessese " 6

. 3.1.2 Extrinsic (Neurogenic) kegulation ee . 8

3.2 Differential RespOn:iveness oﬁ the VeQAels }0’

, 3.3 Control, of cng.a...;.,.,.;...J.......,..:. 1

- 3;4 S@Qmaqy ...,..........:...,.4....J........ 12
Y 1 . SN ' A

CHAPTER II = RATIONALE AND OBJECTIVES .aevvvenyosses 14

-

-

1. Dilative Ri{erve of the Cerebrdvascdlggufe o 14

1

. L . vi |

2. Hist‘orical Re%’iew 0.‘%0.0;1.0'00‘..0....1n-.c.;. 2"

.‘qurent. Concepts o'ooooaooono-‘-;;-n-concnocoo.. )
3.1 Cot}trol Of‘ Ve'Bsel Calibet1..‘.‘-........... 6

o



CHAPTER III -~ EXPERIMENTAL DESIGN

Effect of Large Arteries on the Dilative

S

Reserve

Relationship. Between CBF, Pial Vessel Caiiber;

and the Dilative Reserve ..:...'}...

Summary of'the_ﬁktiongié ses e

Objective

Animal Mo

Genéral‘Animal Preparation .

Methods

3.1 Measu

3.1.1 Introduction ....;

)

. 4

-] ® % 0060 000 000000 e

del

5 .
® 6 0608 0 000000088800 00000e
. -

rement of CBF

9 066000 000086000000

e s e

LI I ]

LR 2]

o 00

1 [
se 0 0s v s e e

3.1.2 Construction of the Electrodes

-

CRC I N R I B AN B R AN A B SR N DN B B B B R IR Y B 2N B N B B 2 B N 2N

3.1.3 Cranial Preparation ...ceocescscevae

3.1.4
A

SN

.. Pressure

. Recording the Hydrogen Partial

o

-
[]
% & 5 &8 8060 0600 o000

3.1.5 Clearance Cur?es Cisecessecesenns e
. , A A

. v o
3.2 Measurement .of Pial Vessel GCaliber ..

1-2.1’IntFOdUC£1on -ou.-oooo-o.oo.-o:

J

3.2.2 Cranial PTeparation c..ceeeocemecoons

3‘2.3 Imaée Splitting Technique :aoooo-c:;

&

/s

‘Gen'eral Pro:ocol '..O....'....‘..OOOOQO'CQO,Q..U

*

4-1.Dﬂth,496umulation cocd-;ohucoococ.{ooooina

4,2 Data -

4'4.3‘Data

Analysis

Exclusion

¢

® 5 08 8500 0508000008600 0NN P e

- -~
.....'ﬁ......I.ll‘.'...l....

30

17
19

21 .

23

26

30

30

30

33

. 38

41,

44

44

44

50,

50
50

51




123

5. Aﬁalysis Of ResSiStances ..eeeveeensmoneconenns

. 4.

b

1. Introduction

‘3. Results

’ _4:1.2‘ Pial VeSBel"Caliber oo-o--coono'aoo/o

> ’ - .

* - *
5.1 Pial Vascular Resistance sisnseeeessosscns

< "

5.2 Total Precapillary Resistance ?9.;........

.

-

.

CHAPTER' IV - CONTROL EXPERIMENTS R R

.
l.ll.l.‘.ll.'.l.Dlll..l:ll'-l‘...

Y

2. Methods f.....;...:........;..,zj.......,.....f

*

3.1 Cerebral Blood I‘Flow ll;.l.l.....‘.....‘_. O...
3.1.1 Measuremestts at Normotension .......
¢ ) . s" . ' [} )

3.1.2 Effects of Heforrhagic Hypotension .

302P131 vessel Ca.liber ll:...l'l..'...‘c.."..

) - .
3.2.1 Measurements at Normotengion_ .......

3.2.2 Effects of Hémorthagic ﬂypdtension'.

< v

3.3 Vascular ResisStance «coeeocceiosscsenssccanses
. ”

Discuss’mn' 'Il'l.lll.l'l..'vtl..CO.J..'..I.I'.I..

- 4.1 Meth?ds'.o..lla.ono.'.o..'.l‘olo.ll'.oct..0/

4\1-1 Cerébral Blood élOW'o-.c‘um.-n-'.-ugo’/c

. ! S . »
4,2 Measurements dt Resting Pressures ..;.7...

d
!

..
'...0...‘...".'.

C4,2.1 Cerebral Blood Flow

. . . - !
L/\4.2.2:P181 vessel Caliber ...‘....."..,...l

4.3 Responses dugiﬁg Hemorrhagic Hypotension .

g . f
The Lower Limit of Autoregulation /..
s it . ~

% 0o 0600 080

Plal Vessel Dilatiom ......

t

28 0 0 060 0008000000
e

The Dilative. Reserve
. .

.54
54

55,

55 ¢

"ss.
55
584.

62

64
67
70
70
70,
71
72
72
72
73
73
74

75




:4*"Changes in Vascular Resistance tCeecesesaese
. . e A .
‘5.summary and Conclusions .'...O..:'O..'Q’....'.‘I.

- - ,
N . .
.
P

CHAfTER V = EFFECT OF ALPHAfADRENORECEgTOR BLOCKADE

-

10. Int]‘.‘OdUCtion Q..;:l;tloot.o .0 o'o_tltlono."o..:o e og' e,

P

2. Methods oo-o-nun.o'o-----:toootoﬁoooo-o-oo-oo'ooco
2.1 Animal Pfeparation;..........,............

202 PI’OCOCOl .l..ll.‘......‘.l.l'...l'...'."".
+ N ‘ ‘
3' Results .oo_oooo.‘oor.---o-'o'caooco-oooooooaoo.

- 3-1 CBF ..oooolo.nn--lonéo.p.tooo'toooo‘boonocoo‘o

®
‘.

jlg Pial Vessel Caliber I Y

3.3 Vascular Resistance. ceeceeevenorassocosaions

3.4 Compgrison with Controi;Responses cecsecas

]

4' DiSCUSSiOH ‘ot;cn't.c:‘o’:o.o0.0‘00.‘.‘000.!'..-00--‘-

4.1.Df}ect Effects of Phenox?beﬁzamiﬁé P

4,2 CB?‘Responggp Post~-PBZ Infhsion”........;.
4;3 Pial Vessel .Caliber during Hypotension ...

.4.4VRe_8po'nse. to Hypercapnia‘:.................

[ 54 -

- ? —

4,5 Changes 1in Vqsb@laf Resistance .cpeeercees

e . ‘e

.4.6'&‘he D'ilatiive Reserve ".cuooooo.‘ooo’ca-o Y EEE

5. Summdf§ and’ Conclusions ..ceeeecococosscesnnee
. ' . -

R 4

CHAPTER VI - EFFECT OF CAROTID ARTERY OCCLUSION ....

™~ -

" . 10‘ i\ltrOductiOn .Z..‘l...l‘.l:lll’l‘lllll.l..-...'.,lll.‘
3 -
2.‘ Méth':)‘dS".'...'.-.......o.'.-...:....-...".'.‘.,o..5.~.'-'._

.. v ' —
. . . .
- 2.1 CBF and P’.al' Vassel Caliber s e 00 ép o0 oie 00
.’ v ' Ao
. T - . ) =7 “‘:'ix -? y ¢
L] * P N
. - - ]
- h’ - "‘ -



: : v
- T . .« . C . : . Page .
v 2.2 Ophthalmic Artery Press{xre lﬂe-‘as‘.ar.emetir.s .o 122 '
- . "2.2.1 Introducti_on_l....:.l‘......‘......... : 122
2.2.2 Preparation .c.eeseetiocceccocnnconans 122
: ) 2.2:3 internél th.lthalmic Pressure ..‘..... ..}24
-;\ _ 2.2.4 Data AQUISLELON «evereennnvermennome - 124
" B B Résults;............;.:.....g........L....{... 125 ¢
) . . 3.1 Ophtha-;‘ln;c Ai;tery Pressure ...........;;.. 125
- . . - )
. ) L 5,1.1 Inflow- Vessels Intact .yeeeveosionas 125
’. ; : . . 3.1.2 'Effect of Carotid Artery Occlusiom . 129 .
. " _ 3.2 CBF and Pial Vessel Caliber ........le.enn 129 |
.. ,3.2.1:Responses at Norﬁotens}éﬂ‘ cerrecesen 129.
3,270 Respons'es _dut;;ng Hy'p.qtension ...'..«_.‘. _ ‘134
v : 3.3 ‘Comparison with Ccfntrol.l]l'es"ponses ....’...'.". fa'a
- | . .‘ "3,3.1 Direct ComparfSon iceececsseeoveccnne " 144
. - o ’ . 3..3:_2 Correct’::{on for Decrgases in - ‘ _
. ‘ - . - . Cerebral“P’P ...........,........'... . 1‘5’3, .
‘ - 3.4 Pial Vagcular and gecapillary Resistdnce 154
‘ i 3.5 Inflow Aftery Resiamance ..............‘ 'IGi} -
‘ ‘ .3.5.1 Ctlangeslin Vascular Regista;ce evene s o 1‘65’
3.'5.2_ Redistribution ofi I.{es.istances‘~...... 171e ‘
- ) 4, Digc}xssio;x ............1.....‘..1‘.;.....‘.........I 176/’7
’ 4:1 Carotid Artery OccluBSion .sesecvescveccase 17'(3
. . 2~ o
. N : b. 1'1 Effedts. at Normotension .ececicesees 176
411.2 Effects.on the Dilative ﬁéségve cone 177.
: .. - ‘4,1.3 The Cerebrgl_‘Perfusion.Pressu‘re. cewe. - 178

4.1.4 Additfonal Effects of Occlugion «... -. - 182




‘ . .
) N \ - M

,'. Page

L ) N ) - .
v 4.2 Inflow Arter'y Resistaue. LI R I I R O R A A ] 183

. Q -
4 .2 '1 Hethods * ‘l - 0 82 & 00 .-. * 8 0 ‘.. ® ® 2 8 ¢ 2 0 e e 183

40 . . T 4,2.2 Measurements'gt NOrmotension «sces.. 184 .

R T ‘ ) 4.2.3 Respodnses t&hablative Stimuli ...... 185

Co v . 4.2.4 Redié;ribution of Resistanges cegnen 187 .
. 5. Summary and Conclusijions .......(........:..... - 188
¥ 4 2 ' ’ . .« :.?'""' . . .
» . :'.‘_'" -‘
CHAPTER VII - GENERAL DISCUSSION .ceveesvecovrcnancasse 190

» >
'1. Autoregulation of the Cerebrovasculature ..... 190
* 2, The Dilative ReSBEIVe .il.ceesceensvosonconncnn. 195
. . ) . . 9 -
. ’ . - \ " - . " . - . . 2
APPENDIX 1. CALCULATION OF VASCULAR-RESTSTANCE »
CHANGES .'.'......‘...‘.'..."......'..;;.. ’ A.l.gg
-9 L .

.

. APPENDIX 2. ANALYSIS OF THE HYDROGEN "CLEARANCE ’ Lo

» . - B : CURVE';.‘.........."QOI...‘.ll...'..'l'....‘ 206

14 . . ’ a L. . . *
REFERENCES ® 0 5 0 5 5 S 0 OSSO0 0PSSO E O OV S LS L 800000000 210

- . -

VITA ® 9 9 60 9 00 ISR T E TP EE PGSO OISV ERI ISR PN EERS S 226 "

- »




LIST OF -TABLES

’ Description = .

PhysiologicaloVariables During Hemorrhagﬁc
Hypotension

" Pial Vessel Responses to Hypercapnia

Effect of Phenoxybenzamine- on CMRO

1Y
‘Pressure Gradients at Normocapnia(N) and
Hypercapnia(H) .

Pressure Gradient aorqss the Inflow Arteries
during Unilateral Carotid Artery Occlusion

_CBF Following Carotid Artery 0cc1usion at
Normotension' . .
Diameter of the Pial Vebsels in each Group
Prior to Occlusion

‘Pial_ Vessel Diameter Following Carotid Artery
Occlusion N

B




o
i1,
12,
13.
15.

. 16‘.

17.

18,

‘Total. Precapillary Resistance and Pial Vascular

‘ q
i . .
'LIST OF FIGURES a
v . Degcfiption - . . Page
The Circle of Willis S ’ .25
A S;mple ée;ordfng of Phys£;iogicgl Variablgé 29
Tbe Etching Equipmeqt' . . 32
Coristruction of the«Piatinum‘Electrodes 3SA
Placement of'the Electrodes . v 57
The Polafizing and Aﬁplifying Circuits’ 40
:A Saﬁﬁle Hydrogen Clg;rgnce Curve and its
Analysis ° ' 43
Schematic Diagram of Equipmént used to measure
" Pial "Vessel Caliber - . 47
Cali‘bf‘ation' Graph\for the@lmage Spl.itter' 49

Response of the Blood Flow Indices tb .
Variations in P,C0; ) 57

-CBF during Hemorrhagic Hypotension at

Normocapnia and Hypercapnia _ 61

Responses of the Pilal VesSels to Hemorrhagic
Hypotension at Normocapnia and Hypercapnia . 66

- - \
Total Precapillary Resistance and Pial Vascular

" Resistance Changes \ P . 69

CBF Responses following Phenoxybenzamine
Treatment : ¢ 88

Respopses of-the Pial Vessels following
PhenoXybenzamine Infusion ° . ) 90

X

Resistance Responses following Phenoxybanzamine

Infusion ' , 93

]

Effect of Phenoxybenzamine treatment on .CBF
- comparison to Control . 96

Effect of Phenoxybenzamine infusion on Group\I .
vessel responses - comparison-to Control 99

.
. . .

Effect of Phénoxybenzamine infusion on Grouﬁ 11

xiii




Page

vessel responges. - comparison to Comtrol 101

. 20. Effect of Pgenoxybenzamine infusion on Group
. II1 vessel responses - comparison to ,Control 103
o - "
21. The Carotid Artery Bifurcation in the Rabbit - 121
22. Opthalmic Artery Pressure dyring Hemorrhagic .
. Hypotension at normocapnia and hypercapnia 127
. ; i
23. ., A Sample Recording of the Opthalmic Artery
' Pressure Before and After Carotid Occlusion 131°
24, Responses from the Left Hemisphere compared to -
. those from,the Right (occluded) Side . , 138
25. CBF Responses Following Unilateral Carotid .
Artery Occlusion . 141
N\
. : . 26. . Responses of the Pial Vessels Following
. Unilateral Carotid Artery Occlusion . 143
27, Effect of Ca:otid A?tery Occlusion on CBF -~
comparison to Control ~ 146
, . 28. f Effect of Cacotid Artery Occlusion on Group I
vessel responses - comparison'to Control 148
29. Effect of Carotid. Artery Occlusion on Group II
) vessel responses xt comparison to Control 150
30. ‘Effect of Qafoti& Artery Occlusion on Group
111 vessel responses - comparisgn to Control 152
’ 31. Comparison of CBF following corrections for . | '
’ \ changes in cerebral PP 156
. 32. Cbmparisoﬂ of Group I vessel responses follow-
- . ing corrections for changes in cerebral PP 158
33. Comparigson of Group II vessel responses'follow—
..lng corrections for changes in cerebral PP 160
34, Compérison of Group III vessel responses )
' following corrections for altered cerebral. PP 162
T . ' - ]
‘ 35. . Total Precapillary Resistance and Pial Vascular
. Regsistance following Cdrotid Artery Occlusion 164
% . . . | ]
36. Alteratiofhs of Vascular Resistances and total |,

CVR © . , - 168




-

37.

382

39.

")

Alterations of Vascular Resistances and total
CVR following Carotid Artery Occlusion

Distribution of Resistances

Distribution of Resistances following Carotid .

Artery Occlusion

L4

A

Xxv

f

Page

170

173

175



AJ

A

I CONTROL OF THE CEREBRAL'CIRCULATIONW . -

Lol ‘ B
: 1. Introduction
. The b%;in ;s one of the most mgtaﬁblicall;r;ctive
organs of the boay*but it cannot store appréciable quanti— )
- ties of oxygen or~g1ucose (ie. 1its primary.metabolic sub-"
strd&es). zégpce the brain must fely-almost“entirely on ‘a
- continuous supply of blood to provide these nutriehts, there

is normally a close coupling-between tissue metabolism and s

cerebral blood flow (CBF). CBF ig regulated such that an

increase in metabolic activity is accompanied by a corres-

ponding increase in CBF wheréas d reduction in brain func-

-
. ¢

tion is associated with a decline im CBF. The cerebrovascu- . . .

lar control mechanisms also maintain CBF constant Qhring'

a
-

moderate alterations in blood pressure (flow would be

-

directly depzndent on perfggion pressure in a passive vascu-
. lar bed) . >Theref;re; flow is carefuily regulgﬁeé to'prevent
a decrease in Ehg,delivery of.metébgiiq substrates.
' I; all.}ndivihuals botﬂ aitefations in regipnai
brain éétivity and changes in the conditions of cerebral
, perfusion will occur frequentl} thro#ghoqt ohé'day. "Thus,
in order for the brain to function nqrmally, it is essential

that flow be regulated continuously tb ;he needs of tissue

metabolism. However, under certain circumstances (eg:“sev-
ére reductions in blood pressure or interference with the
arterial infloy) these mechanisms can fail resulting ,in

- ) «Q
+




: « *

- T s ’. tissue ischemi’a\l Pepending on the severity of the flow de~

‘c;ea@e, 5rain activity will diminish or ‘cease altogether ‘due :

SN , T .
v . 3'&0 u-disruptbq' of normal cell function end cell deaﬂh'may
o > | a

t ensue, ‘It is clear that the regulatory capability,(of. the

. : L.

cerebrovasculature has been exceeded or digsabled under these

A O , . . L.

~

[ 3]

fconditions,-although the reasons for this failure have not
" been firmly .established. Prior to dibeussing the factors

which may conteribute to an impairment of the control mechen—

~

isms:it 1is necessary to examine the manner in which the reg- .

ulation‘of CBF is normally achieved. .

2. Historical Review . .

2.1 Blood Flow in the Vascular Bed

In 1733, Stephen Hales showed that the rate of tis-
sue perfusion depended both on the driving force;prorided.bi
‘> the heart (arterial blood pressure) and on the "resistance”
‘aof the vessels to‘(low: 4He also found that The‘majority_oé !

ﬁ«’. . the vascular resistance was provided by the small arterioles

<

Lt (McDonald, 1974). Poi‘:eulle in 1842, showed empiricelly
‘that flow of liquie through ; rigid tube Wq' proportionalfto

the perfusion pressure (PP) and the fourth power of the rad--

ius(Appendix 1). aLen thebe two observations were cOmbined,

L SR ) flow = PP/resistance

and flow o PP.r4
. . . it was apparent that activé changes in vascular resistance *
R . . » . R * .

' T
) .
' N .

o

o °

IIachemia 19 ‘a deficient blobd flow relagive ‘o metabolism.
R . . . ~
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Bee

(and therefore alterations in flow) coulﬁ.beiéchieved by

- oo, - .

. ~ C A
régplation of CBF attempted to dete‘mfhe what factors (if

any), . were involved in the active connrel of vessel caliber.

3éhaqges in vessel caliber. ' Thus the inifiab;%tudies of the )
e . . .

2.2-\§ctivé versus Passive Chahges ih Vessel Calibér and CBF

- -

One of the"first‘methods used to investigate the -

cerebrel circulation‘inVolved obgerving the veesels'on the *

l
<

brain ‘surface (pial vessels) ‘through a skull window. Ln thid

xechnique, developed by Donders 1n 1849 and 1850 (Purves,

¢ L2

1972), & portion of the skull was rémoved,,the memhranes
" -

toveriné the brain were excised and af@lass windoy,was seal~-

LN

ed. in place to protect the exposéd brain. Using the skull .

-

window téchhique, changes inrpial vessel ceiiber.yere

-

to*asbﬁyxla and constriction dur}@g cervical sympethetié

nerve*stimulation) (Purves, 19723 _ These fesults suggested

L]

that the cerebtovasculature was under an aetive control but

6 . M . -

-

'unfortunately blood pressure had not been monitored routine-

.

“ly. Hill'(1896)"hrgued that'sinee an increase in arterial .

_;!Lseute would cause'a passive dilation and-a decrease in o
- | . - . . D ol . . . . . . .t

'pressure would result 1n a'pa&eiﬁe'reduction in Geesel

o

diameter, active changes 1n vesse} caliber had not been well

L]

-,established. In his experiments, Hill monitored 1ntra- o

eranial preisuge as’an indicator of changes in vessel cali-

~

ber and CBF.. Acdording”&o,the‘MonrOjKellie.docttine,-the

volume of'conteﬁte within the ekdl;'(blood and brain) had to

L]
‘.

be almost Zonstant. Thus en-increape.1n‘1httaér@nial -

’

.observed under various conditions (eg. dilation in response °

3

A
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' presqpré_yas.assnmed to be the ‘resul of an elevation in- ’
.;' - - ) N - l"
. blood\volume due to dan increase in v sqel csliber.’ Using

(;. . - ‘ . . ) . 0)
this ndthdd, both Roy and Sheriagton (1890) and 3111 (1896)
found that alterations in intracranial pressure c&osely .
a0,
followed changes in arterial pressure.,.Th§§ goncluded that

~

CBF varied directly with blood pressure. Although Roy and

fo- Sherington had observed an active‘}ncrease in intracrantal
4 . . ]
- pressure in response to the intnavenous infusion of strong

iég : acids, Hill ﬁiscounted these findings and stated that there.
,was ‘no aeti‘vgcontrol of CBF under any conditions. 'Hi.s.
. | ) : .

‘argument’s ‘were so convincingly présented, that the concept of .
, " ‘. .- - . .

a passive cerébrovasculature persisted untilethe 1930's.

. S o=a . . ; Evidence to the contrary appeared followfng improve-
i .A-*.' mehts jin %he skull window technique by Forbes in 1928. The
L Rr— R B ,

. T, pial vessels were viewed through a microscope and quantitat—

- P 4 - .

- Jﬁﬂzﬂﬂ*.i]. measur@mentp_of ‘the diameters were made with a micromet- '
« er scsle. The pial arteries were subsequently shown ‘to res-
e pond sctively to-a vdriety of stimuli. Wolff and Lennox

(1930) found that-a rise in P C02 (hypercapnia) caused a

marked vas@dilation and a fall in PaCOZ(hypocapnia) prqduced
a less pronounced vasoconstriction of the pial arteries.

4

In contrast,,an increase in Paoz was shown to. cause a sligh%

/) - l'.. ’ decrease in diameter and Severe reductions \in P40 (hypoxia)
tended to dilste the vessels. ' Fog (1937, 1939) and Forbes et
_ A 51. (1937) showed eonclusively that the plal Vessels res— .
- . _ by
’ ' . ' 2 - ) ‘, ) *

-

lp,co, is'the partial pressure of COj in xhe'arterial‘plood.




%m»~' <, s : 'ffkﬁﬂ . R
.‘S;: ! ponJed actively to- chenges in blgoqapnessure. The pial
N P
N - arteries constricted in response toi%ﬁ elevation in arterial- -
.‘0 o
blood pressure and’ dilqted in response toJa decrease in "
-~ :

arterial'blood‘pressure. Both ind{%ated a change in cere-,

- . ,» q_,

'
brovascular resistance which would cpposé the alteration in g

. . ‘e

blood pressure and tend to maintain CBF cqnetant .

. . ' : R S
Studies in which CBF was measured*directly, confirm- .

©

ed that CBF was act}vely regulated as p ediﬁ%ed by\the res- -

. e \

N ponses of the pial vessels. Lennox and Gihbs?(19323 used

folloﬁing'hypoxia.

Numerous’studies have_eubsequentlﬁ

. . - ® -,

,supporte& these findings (Dumke and Sthmidt,'1943; Kety and -
N <

Schmidt, 1948; Sokoloff l959),'m31y_of bhich used the -

2

4

quantitative nitroup oxide technique introduceq by Kety and

. :v

- Schmidt (1945). Using this technique, CBF was shown to

. B
* - - “

remain reletiVely constant during ‘either hypotension or

hypertenaiou (Kety et al., 1968' 1950; Sokoloﬁf 1959).
L3P . ) . o, . \

, . 1 Thus by 1960 it was well established that there was

an’ active regulation of CBF during PP changes. This tend-'

’

ency~of the cerebral vessels to maintain a constant blood

&
-

- flow despite moderate @hanges,in arterial bloqd p;essure'hae

. " beed termed auhotegulhtion.- It was, alsO»cleafIy’demonatrat4

.

ed that the cerebrovesqulature responded to P02 (a metabolic

substrate) and Pcoz (a metabolic end product) “This sug-

/;eated.a posaible means by which QBF.could respond to the
' . S ' ' :
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\ . 3. Current Concepts - ; .

v » ' 3 M .
. . :l 3.1 Control of Vessel Caliber - R

More recent studies have_éggiiiiiifgd on the manékr .
~',{“ich.active ¢hhanges: in CBF are acﬁpﬁpl%shed. Bince, ]

5
'

-, . ’ - , . .
in cerebrovascular resistgncg occur as a result of -
) Rl St A ‘

-

. . T e f T .. 2 N ‘ *
' . - . alteratlons in vessel cal%ber,'it is the neghanism:,which 2
. ) L. “ s . . + . =
. : are responsible for regulating yephel;diahgﬁgr that have )
. Y ¥ © ' T . .-‘ N

been examineds In general,'the“cérebeai’végsels,are thought

to be influenced by, both intrinsic and extrins{é-mechan- _~

1snd, R '. o T >
’ i ’ . . L ' - ' ~ . & N L S " ., ;g
3.1.1 Local Intrinsic Mechanisms . R
. ’ (i) Myogenic Control. : ’ T ) .; "
. . . s . .

Smooth mggcle responds to an increase or decreaseiin-

<]

myogenic responsg indicates that/the vessels cang resppn&

(4

.

directly to changes in pressure, A decrease in artertal -
[ )

. . ! ]
blood pressure reduces the stretch or teusion in the vessel

13
. .

wall which-would result in a dilation, Al;erhatively an
i increase in pressure would increase éall tension resulting
y . in a conatricﬁion.z:Bth large.énd emall vessels have been
- , ‘ sho’wn to respond in fhis way (Dobrin, 1973; Duling, 1':98‘.1).
* ' B;ylfsé ;P‘l902,‘first)postulaged that the myoéenic—resﬁonse
- was impoFtant‘in'the in vivo control of'vessél callﬁe: : '“"

'.fqllpwing pressufe changes, Folkow (1949) proposed that the

myogenic mechanism was responsible for qutbpegulafion of d_*\

: [ . . . . - bl
stretch with a contraction” or di}ation respectively and this -




s

. ® . R .
flow in-the intestine and hindliamb and othefr. investigations

Have since 'suggested thgt'the myogepiei

ute tp the autoregulation of CBF ( Haggendal| and Johansson,

’19655 Ekstrom-Jodal et al., 1969; Symon eg al., 1973),.

»

(11) ,Metabolic Regulation.

Vessel?ca;iﬁer is also thought :6 be

cthanges in the'concentraéions-of‘vasoactive meétabolites
surrounding-the vessel. -This is supported by the fiﬁding

that theré is a close coupling between brain etabolrsm and

. CBF (Sokoloff '1977). The effecrs of severa

i

metagplites gn cerebral vessel caliber have been investi-
jrs
gated.~ There is . a dose dependent dilation of the pilal

vasoac tive
—”

'

cation of either potassium or adenosine.

.

-.caliber his‘been shown to increase by 40-60% as the hydrogen

f ‘- WA
\ 1)

" sky and Wahl, 1978). At preseﬁt, the hydregen ion, potas-

Q
. . = .,

, i -

metaboliSm (Be' e, 1981; Koﬁtoe, 1981)A

“ Change in PO and PCOé were also considered as

possible'ﬁéﬂiators of metabdbolic regula:ion./ However this 1is

. .

,\now-ehodght to”be unlikel} since these{geSee do hot’eppeer
to have a direct action om the smoothémubcle. ' The vaso-
dilatkon and 1ncreeae in CBF- measured {n hypoxia (P302<<60-.

" mm Hg) are likely_reh?ted to the concommitant iecreases in;

adenosine, potassium ion and hydregetd i?n within the hyﬁoxic

» . ‘ ) s

‘respdnse may’ contrib-.

ontrolled by

.Stmilarly, vessel -

Ses

we



brain (Kuschinsky and Wahl, 1978). The,tesponqe to carbon
. (' ‘ ’ . ) ) ‘. ot
&odioxlde is, considered to be controlled primarily by changes

- . ™~

'

e in extracellular fluid pH since thWe cerebral vessels are

insensitive‘to alterations in P C02 1f the extracellular

AR . . -~

fluidva is held constant’ (Kuschinsky and Wahl 1978; .

Kontoq, 1981) e . ' HL L )
N It has 'been suggested that metébolit”ﬁechanisms play’

an imoottant role in the &utoregulatory gontrol of CBF. ) .

(metabolic théory) According ‘to thf} theory, a redoctiont .

in - prgssure is aceompanied by a dectease in flow and an

accumulation of vosodiletor metaooritesl- This results in

arterfal dilation_and«en increase-in flow towardsinormal -

(Berne, 1964). As didcussed above, the most.likeiy

. .
+

. ) - .
. mediators of metabolic flow-changes are,K+, H* and '
Ce s : : E N N
‘adenosine. Their concentrations -have beem megsured-{in the -
B . . . . v . » .

'

- brain-during hypotension and it was found that: the

-

concentration of hydrogen or potassium ion did not change

1 - - -

whereas that of adénosine inpreased-(Wahl and Kuschinsky,
1979, Winn, 1980).° Both Berne (1981)-‘and Koitos (1981) have
suggested that au#oregulatLoﬁ of CBF 1s governed .

preddminahtly by e metaboiic mechanism mediated by .

K

’ adenosine. However, the relative cotﬁributionp of merabolic

!

and/or myogenic mechaniefﬂfto the autoregulatory responée . .

.are as yet not clearly established. Lo . ‘ ;

/-

‘ u3'1‘2 Extrinsic (Neurogeaic) Reg lation i . ' S -

The cerebral qessels are innervated,by’adrenergic,

‘cholinergic and peptidergic fibers. -Little 18 known of’ the

'




-

'\d adrenergic Innetvation of the cerebral v-ascuIature‘ have

.ganglion and innervate ali cerebral vessels. 1In comparison

role of peptidergic (vasodilator) fibres. in the fegulation

- . .

of the cerebral circulati?n. The effects of.the cholinergice

been studied more extensively.- . '

N

~Adrehergip fibers originate in the superior cervical

-

¥

to other vascular beds, the cerebial vessele“arefrelatively .

insensitive to adrenergic nervehstimulatton:and the associ-~
‘ : . - - .
ated neurotransmitters (Xontos » 1981; Heistad et al.,

L 4 . ¢

1§§1)f _Cetvical‘sympaiheiic gstimulation hai'been shown 'to
cauee eh74132 éonscriction.of the pial.vessels-[mediated by
alpha-receptors] (ﬁei et al, 1975;. kuichinsky and Wahl,
19753 ‘Auer et al;;i981) and a reduction in €BF of 10-30% in
several spec;es (Kuschfhsky and Wahl, 1978; Purves, 1§78).
However,-other studrea have either been unable to .demon-"~

. o :
strate any effects of sympathetic stimulation on CBF or they

have observed a transient CBF'reQuetion’(ﬁeistad and Marcus,

N x

1978; Heistad 1981) N : ' : o ' .

. "Cholineérgic fibres innervate the pi#l vessels but do ¢
not'project to Ehe‘intrabarenchymal vasculature. The faeiel
nerve and greater superficial petrosal nerve (a branch of

the facial nerve) provide a part of the cho}inergic innerva-

tion.(Vasquez and Purves', 1979) Eiectrical stimulation of

.these fibres has produced .a slight pial vessel dilation

” -

(Edvin!son and MacKenzie, 1977) and s 10 25% increase 1in CBF

which could be abolished'by atropine.(D'Alecyzand Rose,

19773 Pinard et al.; 1979). quever, a recent study has

G

. 19
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10

. \

been unable to demonstrate and increase in CBF foilowiago
stimulation of the greater superficial petrggal nerve

. B A
‘(Busija and Heistad, 198L). Many other.stqu%s have

¥ ‘

examined the cerebrovgscular effects of cholinomimgtic and

cholinérgic drugs (Edvinsson and MacKenzie, 1977). For

A S

exampl!'.the'ditecq perivaséular application of carbamy-
chollne (a parasympathomimetic agent) produced a dose depen-

dent dilation (maximal of ~15%) which could be blocked with

‘atropine (Kusgginsky et al, 1974).“

The'majorify of available %evidence suggests that .
.. . — - -

the effects of the adr®nergi¢c and cﬁolinergic'nerQe fibres

on the cerebrovasculature under resting conditiops are-
. ) : l? ’

-

. b - ~ 4 - .
relatively minor in comparison to metabolic mechanisms. The
poﬁential activation of thes® fibres under physiological_
conditions (eg. alterations in pb and PaC02) and the effects’

such activity might have on the cerehral circulation are mot

'
L 3

well understood. Héwéver it is clear that neither the

sympathetic nor - the paraéympathétic nervous system are

!

essential .in order for the autoregulatory and/or COjy

responses to occur (Edvinsson "and MacKenzie, 1977; Kontos,
, : ) ’ .
1981)0 . ) ~ -

»
3
s

- . . »°
e -~

3.2 6$;ferengial Responsiveneds of the Vessels .

"There-18 considerable evidence that all cerelyral
vessels do rot respond equally to ingrinsic or extrimsic
control méchanisms..‘The cerebrovascular responses to hypo-

tension or hyp capnif (ie. intrinsic dilative stimuli),éxe

L4

3 N
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much more pronounced in the small pial.arterioles than in

the large pial arteries (Kontos et al., ¢978; Mackenzie et

- -

al., 1979;-Wei et al., 1980; Gregory et al.,, 1981). The

largest'cerebral arteries at the base of the brain may

. » h 4

actually deérease-in s}ze as blood presSwyre is reduced (du
Boulay et.al.; 1972) and show very littie if any response té
hypercapnia JKruegér et al., 1@63;‘Pétruk et al., 1974).

The perébral vessel responses to adrenergic activafion (ie

an extrinsic vasocénsticton stimulus) show a similar but

>

reversed size dependence., Stifiulation of the cervical

sympathetic nerves results in a modest constriction of the

»

large ptal arteries has only a minor effect on“the small
pial arterioles (Wet et al., 1975; Kuschinsky and Wahl,

1975; Auer et al., 1981), "This differential responsiﬁeness
. ' [ ) .
of the cerebral vessels to intrinsic and extrinsic stimuli

»
-

plays a central role in current godels of the control of
! ) .

cerebral perfusidb.

. 3.3 Control of®CBF

As indicated in the preceeding sections the regu-

v

) .ihtion of CBF is'accomplished by changes in total cerebro-

vascular resistance (CVR). Since the various vascular

~

components (basal arteries, large and small pial vessels;

-
intraparenchymal arterioles, e€tc.) -are effectively connected

in series, changes in total CVR will be defe%mined by‘the

L4

sum of the changes ir the resistance of the individual

components (see Appendix 1). An increase in the feaistanc?;

p— A
P

of one vascular segment (vasoconstrictiop) may not cause any

Yo ¢

o~
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. connected in series, each under a different tontrol system

< - \

: : ' ] 1 2

change in total CVR providing there is an equivalent compen-

satory reduction in the resistance of the remaining compo—
nents. This compensatory potential would not be possible if

all vessels responded sinilarily to a given stiwmulus.
Harper and* colleagues (1972) have suggested that the

cerebral circulation may be-considered as two resistances *

A . -

(dual effects hypothesis). They postulated that the large

extraparenchymal vessels were influenced 'by the_symﬁatnetic

nervous system (extrinsie) whereas the intrapare&cpymal

arterioles Were.regulated by local control mechanisms

’

(intrinsic). They argued that this would explain the rela--

tively minor effecte of sympathetic.nerve,stimulation'on bBF

since the increase in tne resistance of the extraparenchYmal

vessels would be accompanied by a compensatory decrease in
. : .

intraparenchymal resistance. Similar models have been

L

proposed by others (Oleson, 1972' Rapela and Martin, 1975).

_Kontos et ali (1978) have suggested that vessel siée rather

b

than Tocation is the primary determinant of vascular respon-
siveness. -However,%the basic concept of segmental resistan-
ces with differential sensitivity to intrinsic versus

extrinsic stimuli is a consistent feature of most models of
¥ ' .

cerebral circulatory control. ‘ /

.8
I [ 4 ~ »

3.4 Summar

-t

<>
BRI



: ' A . _
o 'regulate CBF. Overall, 'the gensitivity of \the cerebral

. cir8ulation to intrinsic stimuli is considenably greater -

~

- than its responses sto’ neurogenic stimulation The actions

of local metabolic mechanisms (Effecting primérily small
1 )
cerebral vessels) normally ensure that the nefcessary o,

~-L
1

.quantity of nutrients required for cerebral mgtabolism are
supplied to the tissue. Similariiy, stresses which tend to

reduce CBF Rie. extrinsic vasoconstrictor activafion or

<

~reductions-in PP) are opposed by compensatbry dilation of

e

the small cerebral vessels. Clearly, the homeostasis of the

CBF/me;azflism relationship is dependent on the intrinsic

=

dilative responses of the small vegsels} One would

o postulate thit a loss in their *capacity to dilate would

result in reductions in CBF leading to ischemia.

[y (3




II RATIONALE AND OBJECTIVES

Al

2

hxs

1, Dilative Reserve of the Cerebrovasculature
- L4 N

Since the abiljity of CBF to respond appropriately to’
vqfious intrinsic dilative stimuli is dependent on the

responses of the small cerebral vessels, their capacity for

dilation will be a primary daterﬁinapt of CBF reactivity.

Cerebrovascular dilation maintains CBF félatively constant

P

during moderate reductions in PP bu;\profound hypaotension

results in a decrease Iin flow and a loss of CBF autoregu-

- L

lation. The perfusion pressure at which CBF begins ﬁo
decrease (approx. 60 mm Hg during hemorrhagic-hypbtension)

is termed the lower limit of autoregulation. It had been’

.

agssumed that the small cerebral vessels wergmmaximally
dilated at this préssure - tha£$1§, the vessels ﬂf?; unres-
ﬁonsive to further feducfiqns in pfesaure as theirfﬁ;%aciti
for dilation (dilaCive reserve) was completely exhausted
xkig;h'e:'al., 1975; 1976).

It has also been proposed that the response to
hypercapnia is directly related to the dil;tive reserv;ﬂ
Harper and Glass (1965) showed that the increase in CBF

pto@uced by hypercapﬁialwas reduced during_qoderate reduc—'

tions in blood pressure and abolished in severe hypo-

tension. Several studies have subsequently confirmed their

findings (Carter et al., 1973; Okuda et al., 1976), Harper

and Glass postulated that in severe hypotensive states (ie.

below the lower limft of autoreguiatidn), the vessels Qfe.

- R L)

14 .




.

already maximally'dilateq in response to the blood pressure.
reduction and thus are unable :to dilgte further in response
to hypercapnia. In general .it is assumed that autoregﬁ1a;
‘tory dilation reduces the residual dilative capacity and
"thus decreases cerebrovascular reactivity to hypercapnia.

‘L

»

2. Effect of Large. Arteries on the Dilative Reserve

"Although the large arteries are relatively Janrespon-
i A ' ’ - )
sive to intrinsic dilative stimuli, there is evidence that

the large cerebral arteries can modify the'autoreghlatory
. - < / . ~
‘and CO2 responses, presumably. by altering the dilative re-

gserve., Fitch et alu‘(1975) demonstrated that the . lower

limit of autoregulation to, hemorrhagic hypotension decreased

from QS mm Hg in control animals to approximately 35 mm Hg
. : - B M g H
in .animals pretreated with acute cervical sympathec;ody'or

_aLpha-adrenorecéptor blockade. They suggested_that the

’

.

sympathd—adrenaT—discharge accompanying hemorrhage had con-
stricted the large extraparenchymai vessels in control ani-

mals. It was argued that-the small intraparenchymal vessels

dilated to compensate for'thg increase in large artery resi-

-
-

o

stance and this subsequently‘decreased ;heir capacity for
dilation in re;ponse to hypofensioh.- Thhs autoregulation
failéd'gt a relatively high‘pre;sure. They suggested that
this extrapargnchymaf vasotonst;iction was preventbq by

sympathectomy in treated animals, Therefore the dilative

reserve was effectively'increased and CBF autoregulatibn

15 |

continued to a lower pressure. There is additional evidence -



.l

whereas demervation causes a slight increase in COé respons-

‘iveness (James et al., 1969; Harper et al., 1972; D'Alecy et

to- support the fact that the sympathetic nervous system can

alter the dilative capacity df ;hg,cérebrovasculatufe; Sym-
pathetic stimulation reduces the CBF response to hypercapnia

- . .
- L

al., 1979).

3

Sengupta %t al: (1973,1974) have shown that carotid

artery occlusion also affects the cerebrovascuIar responses

(‘ h
to dilative stimuli, Although CBF was unchanged following ~
carotid occl?sion at normotension, the CBR{ response to hyp-— .

ercapnia was' reduced and autoregulation was completely abol-

ished (ie. tHb lower limit of autoregulation was approx.

[

equal to thehgesting pressupéﬁ. Their explanhtion of these

-

results was identieal to that given dabove. They suggested

.

that the small intfapyrenéhymal vessels had dilated to com-

pensate for the 1ncrease in 1nflow artery ‘resistance and

were thus unable to respond effectively ‘to hypercapnia ot

hypotepsion (ie. their dilative reserve vas effectively
reduced). '
The preceeding discussion suggésts that there is a:

close relationship between CBF autoregulation; the .CBF CO,

g . .
response and the dilative reserve of the cerebrovascula-

.

ture. In these studies, the changes in CBF responsivé;esé

.

were eiplained using a model of cerebral circulatory control -

wherein the small cerebral vessels compensated for changes

in large artery resistance such that the dilative reserve

was altered. At present, fundaﬁental aspects'gf'this‘model




o

S

rémain hypothetical.siiée the 'cerebral vessel responses |,

following changes in Ia;ge artery resistance (e&.:caroild
artery occlusion or sympathet;g'activation/denervation) have
not been documented expgrimentally. Recent investigations . .

! - . N - e 3 )

- of the CBF and pia} vessel caliber r;sponses to dilative §V

‘mately 65 nn Hg (ie. the lower limit of-autoregﬁlation)'

’

stimu]li have fbhnd that éhére:is a diécrepancy between the

obseryed changes in CBF and those in pilhl arteriolar caliber

(see next section). oThus, although the above model suggeses
- @

a rational wvay in which the cerebrovasculature 1s affected .

. e “

by:alperations in lyrge artery resistance, the basic assumpJ«

ot -
v

tions of the model have nogpad yel® been confirmed by direct
mdeasuredent of cerebral vessel calibers.

- -

3.Relationshtp Between CBF, Pial Vessel .Caliber ’

and the Dilative Reserve. o

. .
\ o . ~

- The pial vessel responses to dilativée stimuli have

. been examined infrequently and even fewer studies have made ,-

4 » -

"a comparison -of CBF and pial vessel responsiveness obtained

from'idéntical preparations. MacKenzie et al.. (1979) found
that during hemorrhagic hypotension, the pial vessels dilat—' .« -

ed progressively ag preBSure was reduced to 35 mm Hg but "CBF

-i

began to decrease markedly at.a.blood pressure of,quroxi—

.This indicated that a loss of CBF autoregulation was dbt - .

associated with a dqpletion of the dilative 'reserve and that

there was a discrepancy between chahges'ln tota}_CBF'hnd

alterations 1in pial‘vqasular resistance. A different type :

@ :
- H .. - .
s 3 . . . v . »

. _ d
-

KA . .
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of incongruity?was observed between the CBF.and.pial vessel

responses to hypércapnia% Gregory et al, (9981) found that
N R . -

at profound hypotension (approx. 35 mm Hg) CBF responded to

-
= , . .
. . oo

hypercapnia but the‘pial vessels were completely inreactivé
to CQZ . 'Although‘the autoregulatory responseé suggest that

the dilativé reserve of the plial vessels was greater tﬁgn

% . »

that of -the overall cerebrovasculature, the responses to

<

_hypercapnia suggest that the reverse may be trwe - the total
> - .

dilative, reserve exceeds that of the pial vessels. v

.

Tn either cese, the reasong for the reductions in

1 . K

.

flow at the. lower limit of autoregulation are unclear as

v -

both studies indicated that there was a residual capacity

for vasodilation at low“preqsures. Other investigatious

measuring either CBF or'

3.4(

continued responsiveﬁess of the cerebrg%asculature to hyper-

'

@ .
el caliber;have also thWn a-

T e

-capnia during Severe hypotension. Ekstrom—Jodal et al.

(1970) found that there was a residual CBF C02 response at

50 mm Hg_&a pressure below the lower limit of autoregula-
r\% (v’r v

tion %" Although this disagrees with the'study of Harper and

Glass (1965), Wei et al. (1980)'have subsequently shown tn;t

'the-pial-vedsels aléo continued to respond to hypercapnia‘at

pressures of 40-50 mﬁ;ﬂg. Thus it would appear that there

is a reserve capacity for dilation below the lower limit of

autoregulation.' However the exact manner in which CBF -pial

-
-

vessel’ calibver and the dilative reserve are interrelated 1s

poorlgkdefined and our understanding of the control 6f CBPF.

1g far ﬂrom complete."

<4,



4. Summary of the Rationale-

v
* E‘-

Various control mechanismé actively regulate CBF to
engq&ﬁfthat the delivg?y of nutrients tg.the:tiss;e is ade-
" quate to ;upp1y the metabolic demand. In partiéular, a
deérease in PP is normally balanced by a correspondiné;;'

- ~
change in CVR which maintains CBF constant. However, .there

L] .
are several. conditions (eg. ‘hemorrhagic shoek or occlusive

ceéeb;ovagculér disease), in whidh PP is reduced to sach an

extent that this regulafion féfls, CBF decreases to g¢ritical

d

levels and ischemic brain démagé may occur. In order to

‘prevent or reduce the degree of tschemia, it is necessary to

)

know both the reason for the impairment of flow (ie. why the-

control mechanisms failed) and the manner in which the

regulatory aSility can be improved. A determination of both

these factors requires a detailed understanding of the man-

ner in which CBF is controlled by the cerehro&asculatgre.
fhe regulqiion of CBF.in response to intrinsic

stimuli is currently considered to be due to.alté;at}onﬁ in
.the resistance of the small.cerebral iessele. Since the
p;paciti for dilation of these wessels is 1131:&&, their
responsiveness to additional &ilative stimuli wiil be depen-
dent on their residual dilétive capaciéy. (I have defiﬁed
fhe residﬁal gapacity fof dilation to be equal to :ﬂé dila-
.tive reservg.),The-dilative reserve 1is thought to be ditered
by several situations. affecting the responses of the small

[

cerebral vessels.

L]
) .

The cerebral arterioles dilaée'in response to PP
. .

-
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v ’ ' . . l 2 0
reductions’, thereby reducing CVR and maintaining CBF con-

L}

stant. At the lower limit of autoregulation CBF decreases
and it has been proposed that the {esidual dilative capacity
is completely exhauéted at this limit. A depletion of the
reserve would expéin why CBF decreases bressuré passivély
wiéh further reductions in PP and why§there is a loss of CBF
COoo realtivity at extremely 1low PP, Conditions which
increaézﬁlarge artery resistance (eg. sympathetic activation
an% Ea;ogiﬁkart::; occlusion) are thought to cause a compen-
satoty -dilation_of .the small-cerebral ve;selghand a reduc-
tion in their dilative Téserve. This would account for the
reduced CBF ;eéctivity.to hypercapnia and the increased
lower limit of autaregulation seen under these conéition;.
It is important to note that in these situations alterations
in vegsel caliber and the dilative reserve have been assumed
to occur base& on the results of CBF measureménts. Recent
"studies in which both CBF and pial vessel caliber were
measured difectly suggest that these concepts may .require

v
revision.

Although CBF and pial ve§se1 caliper responsiveness
within similar preparationé are not well documented, Fhere
.are 1ndic§tions of a poor correlation between their respon-
sést Qpe.study has.shown tﬁat the pial vessels continued to

dilate below the lower limit -of CBF autoregulation and

-

arother foun¢‘that~at profound ﬁypoq;usion CBF reactivity to

hypercapnia gohtinued even though the reactiviy of the pial.

vessels was abolished. These studies suggest that the dila-

¢




«.‘ ‘\ . . . -‘z‘ .

~
e " ’ i

tive reserve 'is not completely depleteq at the lower 1limit

of autoregulation and CBF could be increased ;f this reserve

-

capacity for dilation could be evoked: Altgrnakiiely, it is
possible ‘that the responses of the pial vessgls‘differ sub-
~stap}:ia}-lj from;thoqe of the intraparenchymal a;terioles so
= that changés in pial»vaséhlar reslstance are not i;dicative

“of ave%ége changes in total cerebrovascular dilative capa-

e

city., If this were true then previous conclusions concern- 2

ing the control of the cerebrovasculature based on observa-

.

tions of the pial vessels would be of little value. It.is

~
.

clear that a more extensive study of the interrelationship , .

€ a®

between CBF, piai vessel caliber and the dilative resérve is

.
-

required in order to define the manner in which, CBF is regu-

-

; lated under normal conditions and how this regulation 1is ’

affected by changes in sympathetic activity or'carotid_'

artery occlusion.

. »

5.0bjectives .

The overall objective of this thesis was to inves-

tfgate systematically the relationship between CBF and pial

¢

vessel caliber under a variety of cénditions which would

alter the_dilative'teservel The cerebrovascular reactivity
) .to CO9 provided a méasure_of the dilatfvé resefve. The
first serigs of expérimeﬁts exaﬁinéd'the responses of"the
‘cerebral circulétion'£9 hemorrﬁagic hypotension and the
effect; of hypotension on the cerebrovascular responses to

)

Hyperéapnia under control conditions. The effects of sympa-

g
. .

. N
“a & N \
, .
. .
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thetic denervation (expected to increase the‘dilative

. . feéerye) werehinvéstigated in a second group of animals and

finally, the effects of unilateral carotid artery océlusion

r y B : _
(éxpected t® decrease the reserve).-were examined 'in a third

gébwp of animals. A detailed study of the interrelationship

-

pat between ‘changes in\CﬂF; pféI vessel responses and/;hl

dilative reservé-iéffundaheﬁtal to our understanding of the

v
- .

W " ‘control of the cerebral circulations - Prior to-p:esenting‘

P

the results from the first series of.experiments, the

. general methods and procedures used will be described.
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I1I EXPERIMENTAL DESIGN

. . T . - P .
1MAnimal Model - a

=4

«

. & - .
In ;hese experiments, an animal with a relatively

large bloed,vplume'(ie. one th? §ize ff a qabbitfor cat) ‘was
requiree, as the pretocol included'taking frequent bqudl
eamples.‘ The preﬁerred species %?ule have be;n S;e cat, .
since pial vessel and CBF }@sponsea could tﬂ!ﬂthJe beee

compared directly to sejetaloprevious studies (Kontos et -

al., 1978; HaeKenzie et al.; l979). 5However, the species >

5

selected also had to be suitable for the study of cerebro— .
vascular responsiveness following carotid artery occlusion‘;
(ies increases in inflow arte;y resistance), The internal

carotid artery in the adglt cat 1is either very sﬁall OFr not
paeent 86 that occlusion of this artery would increase'in—.'
flow artery resiseapce V;ry little. Although oeélusiog of -
‘ the common carotid artery in the cae ;ight pred;ce a larger

.

increase in inflow artery sesistance,xthe anastqmbsingfves:

L4

: “gels between the external carotid arteries and. the Circle of

Willis (the rete mirabile) could subsequently alter the. -
[ N . -
cerebrovascular responses in an inconsistent way (ie. depen-

~

denf on the, vascular responses-of the~rete). In contrast,

the cerebral -arterial supply of the rabbit (Eigure 1) is

- ‘-

‘yery similar to that of both man and primates. Th{s is

useful as the effects of carotid artefy occlusion hayve been

‘"examined previously in these larger species. _Also, there is

) ¢ N

«a branch of the Circle of Willis in the rabbit (the internal 24

[ TR

-~ . 2;5 L , S , | . C
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opthalmtc éft r}) ffom which the Circle of Willis pressure
can pe monitored. This measurement was necessary.to deter—
mine the increase ird inflow artery.resistance (ie. pressure

decrease) resulting from occlusion. Thus, due to 1its

appropriate size and cerebrovascular anatomy, the rabbit was
chosen as the animal model in the present experiments.

2.General Anjimal Pteparation

The experiments were perforped on rdbbits of either
sex weighing between 3 and 5 kg. The animals were anesthet-
iged with urethane (ethyl carbamate, 1.5-2.0 gm/kg IV). The
initial 7-9 ml of the 20% urethane solutiop was infused
quickly through the ear: vein. The temainiﬂg urethane was
infused at approximately lml/min uﬁtil a stage of surgical
adestheaia was reached. Occasionally additiomnal urethane
(1-2 ml) wae requiréd. No.measurepents were‘made at least
30 minutes after supplementary anesthgtie‘wes gIVen;a@
’urethane‘was found to increase CBF transiently.

Both femoral arteries and veins were exposed and

" catheters constructed from PE tubing (90 or 190) were inser-

ted into the vessels. The trachea was exposed and intubat-
¢
ed. The rabbit was placed in a stereotaxic;headholder and

connected to a positive pressure respirator,(ﬂarvard Model
551) supplied with a mixture of oxygen enriched air. Muscle
relaxation was maintained using gallamine triethfiodide.

(flaxedii, 3 mgfkg-IV) as required. The end-expiratory COg

of the animal was monitored continuously with an infrared

-



‘.

.r

CO, analyzer (Beckman, Model LB-2) and ventilation was -
adjusted to achieve normocapnia (P,C09=40 mm Hg). This

value was chosen as a result of‘blood éas measurements
obtained from ten lightly anesthetized rabbits duriﬁg spon-
taneous respiration (mean P,C07 of 39%] mm Hé). Hypercapnia
was induced when required, by adding CO) to the inspired gas
mixture such that the ar}eriél PCO2 increased to 60 mm Hg.
Immediately prior to each experigeutél.measurement, an
arterial blood sample was obtained and analyzed for PCO3,

POy and pH (Radiometgr§ Model BMS-3), o : "" - :

- -
. .

All pressure measurements were'obtained‘with strainx"f'ﬁ
T : v : 5. N A

. - ) . ) . ,;:."W .

gauge transducers (Statham Model P23Db) which¢ﬁere<ca1§y£at— ¢

-

ed using a mercury manometef. Arterial blood presgﬁra was N
monitored from the catheter, placed in the abdominal aorta

via the femoral arsery and intracranial pressure was measur-

ed through an 18 gauge needle bésitioned in the clsterna

magna. Since cerebral venous outflow pressure is approxima-

tely.equal to the intracranial pressure, PP was calculated ,

- -
.

- as the Qifference between thé mean arterial blood pressure

and intracranial pfessure. Sémpié recor&ings of the blood
. , -

pressure and intracranial pfesaure are shown in Figuré 2,

‘which also centains the recording of théiend-expiratorx COy

e

concentration. .

o

A heating blanket was wrapped around the animal to

maintain its body temperature between 38 and 39°0c. A slow .

‘intraveérfous infusion of Ringer's lactate was continued

throughout the su;gicai“preparation to counteract fluid los-



4y

He

. f': Figure 2

3
. -

This fig¥Te displays a tracing of the expired COj
Bl / . - -
concentration, arterial blooh-pressure and intra-

cranial pressure recorded from a typical rabbit.

Ve

e
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4

ses.’ Priot to the Induction of hypotension heparin was

»

injeeted (2000 units 1IV). PP was then reduced by bleeding

.

a

from the other arterial catheter’ into a heparinized pressur-

ized reservoir. : ‘.

&

3. Methods
>

. §

" 3.1 Measurement of CBF

3.1.1 Introduction . ey

.
D

“ CBF was meﬁfured using the hydrogen clearance tech-

'

nique. This method of flow measurement was first. employed
in 1965 (Aukland) and it was subsequently applied to the

study of the cerebrei circulation by Fieschi et al, (1965)

and Gotoh et a1,(19&6). The technique uses a polarized
electrode to detect the . accumulatioq of hydrogen gas in the

B tissue and then the washout of the tracer by the blood (for
teview,see Young'(1980)).

. 3. l 2 Construction Bf the Electrodes

The edectroﬂrs were constructed from platinum wire

(320 pm 1in diameter) which was sharpened electrochemically

. . to a tip diameter of 15-25 pm. The.etching apparatus<used

to sharpen the electrodes is shown 'in Figure 3. A carbon’

rod (the cathode) -and tWelve platinum wires (anodes) were
posftdoned in a 152 sodium cyanide 15% sodium hydroxide

solution and connected by a DG circuit. All wires-were

inserted at a unjiform depth (approx. 2mm) in.order to form a

sharp well shaped electrode tip. The initial current pas-

.y
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“ Figure 3

A schématic diagram of the apparatus used to.sharpén
felecfrochéﬁicaLly the platinum electrodes (center)g.

Included in the figure are the eichingf?igpu%t

————

(on the left) and the plexiglass disc .which holds the

electrodes in the sodium cyanide solution (on the-

.. . ) . . - »
right).
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Sing‘thtough the electrodes,was adjusted to 1400-1600 mA by

means of a variable resistor and the disc containing the

-
-

electrodes was rotated at 2-3 rpm.in order to keep fresh
elecﬁrolyte at the platinﬁm surface. As the amount of metal .
in the solution decreased so did the current. Etching was

terminated once the current fell to 700 mA. The etched

electrodes were washed in distilled water and in a solution

f‘

coptaining 10% nitric and 302 iydrochloricjacid‘vhich creat-
ed active sites on the metal surface. This was follo&ed by
a final rinse in distilled water.

The diameter of lhe-sharpened wires was measured
using a microscope fitted with a calibrated microeeéer‘eye-
,piece. The electrodes were considered satisfactofy if the
tip diameter was <25 ;m and thé.diameter at a distance of 1
mm from the tip was >290 po ésee Figure &). Thesé electro-
des were sharp enough to penetrate the dura and yet had a
large enough surface ar;a to provide an adequate signal to
noise ratio%

?he electrodes were soldergd to cdpper w@rés and
insulatea with polyethelene tubing to within 1.5 mm of the \-
bare gip (Figure 4). Initially, the interfaces were sealed
-wifh varnish. In later experiments pdl}stf}ene Q-dope was

-

substituted as- it provided a more durable insulation.

3.1.3 Cranial Preparation '

A midline incision Qqs ade in. the scalp of the rab-
} C e - - - . e
bit and the skirn and muscle were retracted to expose the = .. .

skall., Sﬁ;;burr holes (3-5 mm in diameter) positioned bila-
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" This diagram shows the. <onstruction of the platinum

'

glectréde.l'The insets indicate the dimensions of the

electrode tip.
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. | Figure 5

. r
Figure illustrating the placement of “the electrodes in
the cergbral cortex of the rabbit. Positions were: ) :

. '_ measured relative to the coronal suture line and the

midsagittal suture line.

0
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Left " Right
—~Midsagittal suture line
. Coronal suture line ‘ X
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":u'térally (see Figure 5) were made using a saline cooled dent-

»

al drill. PBleeding from the bone was'te:minat;d.using both

- bone wax arfd a microfibular coagulant_(Ayit?he).. The elec-
;rodés were inserted through the meninges and 'into the cor-
L4 +
. » c .
" tex to a ‘maximum depth of 1.5 mm. This was done using a

. "microdrive attached to the stereotafic frame in ordér to

mgnimize local tissue trauma due to lateral movement or

.

overjihse§tion during placement. . The exﬁosed dura was then
[
cqvered with absorbable gelatin sponge (gelfpam) and the

- 1 -

_electraqdes were sealed in place'using cold curing dental ”
aérylic (Perm Rebase and Repair Acrylic).

"3.L}4'chording the Hydrogen Partial Pressure

.

e The rabbit was electfically isolated from the opéra-
ting table with a sheet of plaskic; A polarizing voltage of

~ -

600 mV waé applied to the stainless stéél reference elec-
o ttode’ﬁlaéed in.the shoulder. The platinum electrode’

.provided an gccépuor surface for the -oxidation reaction -

o

4 a M .
ﬂz-’fH++2é'. -The current output of the electrode was
. o .

-~

p;opo;tional to the Hz'partial pressure 1in the tissue.

Figure 6 éhowgithe system ﬁsgd to amplify and display the

.

electrode output on strip chart recorders (Brinkman 2571).

e ,The prephrﬁfion was gllowed to stabilize for at least o;::j\ .
o ' - 4 _ . . .
hour hefore flow measurements were made. During this hour,

c -

A i < ) . . /
hydrogen was added to the inap;red gas in.order to estdblish

. . Y. .- X
the electrode sensitivity. In addition, the concentration
R ~ ' .~ -t )

'\6f,1nsp1redlgoi required to

was deternined.

<

increase the P4C02 to 60 mm Hg
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R This diagram
polarize and
‘electrodes.
the baseline
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Figure 6 ‘ . ’
v . . . .
Shows the electronic circuits usad to '

amplify the signals from the platiinum

The balance control was used to pos:[’on ’

recording-at a desired zero level.
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‘a measure of the mean CBF in the tissue surrounding the

3.1.5 Clearance Curves

In order_to obtain a flow me;éuremen;, hydrogen was
added te the inspired gas.A Ve%tilatién with this migtﬁr;
(~10% Hy) was ;ohtinued until the tissue:bécame saturated
(approx. lb.mip.). The inﬁalacion 6f hfd;Ogen was then dis-
continued abtﬁptiy and the clearance.of hydrogen (absolute '
concentration atBitrary) w;s re;orded foé 8-10 minutes._

The analysis of the clearanc; curve (Qee Appendix 2)
was performed using a Hewlett Packard computer (Mbdel 9830).
The clearance curve was digitized at 10 and 20 ;ec intervals
(see F{gqre 7) and the Qata were stored in the comphter.
}he dafa.analysis program was szkten such.that the oper}tor
could select the poin{ at ﬁhich the analysis'began and could

-

also correct for alterations in the zero baseline. Imn

,addition to the calculated flow indices, the output from the

-

computer providéd a gemiloé plot of _the original data and
the fitted curves. This alfowed a visual check of the

accuracy of the data entry and curve fits.

’ - - .
The initial slope index of the clearance, was used as

»

.

¢lectrode tip (Doyle et al, 1975;and Rowan ’ 1977).

During severe b%ood pressure reductions;. the animals could

not be maintained at ‘a steady pressure level for more than

2-3 minutes such that the biexponential curve anély§1§
(requiring,.o minutes of clearance data) was conaj‘.dersd
unreliable. Thérefore only the initial slope index was used

.

in the, analysis. of the CBF ?eappnaé to hemorrhagic hypo-

.

e



Figure 7 ' -

. - .
A sample hydrogen clearance curve and the semi-log.

¢
ilplot of the curve are presented in the upper an¢’1owe£
sections of this figure, respectively. The fa;}_flowv
and slow flow values obtained by biexponential curve
analysis and the ISI flow caléuléted from ‘the init;;l
. slope of the clearance curve are also showg.
. Y
. Ezt Values f6;/:I;::rode in positio; #2. o /,t>
“ Ff- Fast flow‘compon?nt |
.Fs—'Sfow flow coyponent
ISI- Initial Slope Index of Flow
. . - . ~n .
» . . .

L 3
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. ring 6 cm in diameterb thus'forming‘a pool for the paraffin R

teheion. - . . ~

A PR,

3. 2 Meagsurement. of Pial Vessel- Caliber‘-é‘ - ~x

——

3.2.1 Introduction ) e ;-

-~

The pial vessels in the rabbit were viewed hgfng,the

open skull ﬁreparation originally described by Wahl et als’

(1972). The vessel diameters were measured with the imaée

technique developed ﬁy'Baez (1966). = ° .. S o

3.2.2.Cranial Pre}aration . S ;_' . -

A midline incision was made in the scalp of the rab-

bit. The, cut edges.weré¢ elevated and sutured to a steel

N

011 (Fischer lightweight) A 2x1 cm craniectdmy was made

over the,parietal cortex using a saline- cooled dental‘

drill.‘ Bipolay diathermy was uséd to halt any bleeding from

the scalp or muscle whereas bone bleeding was terminated

with avitene and bone wax..The exposed dura was covered*with .

_paraffin oil to a depth of approximately i- 2 cm, infused at

a' rate such that the temperature of the oil at the brain
surface was*37-38 0c. The position of the steel ring* was
adjusted such that the concave suface at  the edge of the oil
pool was well removed from the ares ‘of thﬂ craniectomy thus

avoiding any refractive distortion in the field of measure-

-

ment. The dura was incised and the cut dural edées were

I <,

sealed using. bipolar diathermr and reflected. Mannitol - .

(1. Q 1.5 mg/kg I1.V.) was used 1in several rabbiﬁs to facili- .

tate this. procedure by increasing the separation between
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. * the brain surface and the dura. No caliber measurements

_were'made for at least 90 minutes to ensure that the cere-
Hrovascular'effecte of mannitol.infuston had disappeared
(Johnston end'ﬁeiﬁer, 1973).

3.2.3 Image %glitting Technique

. In each animal 7- 10 pial vessels (arteries and art-

'erioles) of varying sizes were .selected for study. Their

PR " -

locatiom on the brain surface and the site of measqrement

T -

N ‘ X were recorded to emsure that all subsequent‘measurements .

would be made'at the'eame location, A schematic diag:am of
- S » a
fhe system used to measure the diameter of. the pial vessels

-

“ "is shown in Figure 8. The viql;vessels were illuminated - .

—-

L with a fibre optic'light'squrce‘(Eéling) and”obeervei

- . .. . . ’
through a triocular stereomicroscope (Olympus) -at a :

-
»

magniiicetionlof 80x. . -
[V . M . o . ..' ) . i i ’_ . .
s . ‘ . Pial vessel diameters.were meaeured*with an image ‘

-

, < .o ) L S
spitting device (Vickers), viewed by aclosed circuit tele-

vision camera and videomonitor (Penasonic)r,fTwo partially

. reflecting prisms within the 1image splitting eyepiece doubl~ .
ed and reintegrated the image. The two images were separa—

- ted by rotating a graduated dial connected.to the prisms~
-’ ( . ¥,
Tﬁe degree of rotatfon required to juxtapose the:two images

- was proportional to the diameter of the vesse1; The image

.splitter dial was calibrated in microns by measuring mono-' -

- hd -

filament wires of known diameter,; Figure Y- demonstrates the

- ~ o

e linear relationehip between the wire diaméter and the number

< -

of units ‘observed on the dial of the image splitter.

- ¥
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their size in micrometers (x).

Figure 9

.

. ‘This is a graph of the diameter of the monofilament

sutures measured in image splitting units (y) versus

#

A least squares

- regression analysis of the points dete}mined'that‘

y = 1.056x + 0.033.

1.056%.002.

: 4 .
The slope of the line was
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the latter experiments the rotating diél was connected
directly to a potentiometer.hfghgs_allJ;ed permanent record-
ings of the degree of rotation aﬁd thérefore vessel diaeeter
ko be made; Repeated vessel measuregents\with either method
had -a standard deviation of less than71.5~pm.

"

4, General Protocol

4,1 Data Accumulation

- (i)Resting‘PP: Several measurements of €BF or pial vessel
cali£%r were made at normocapnia and normotension and the
response to hypercaggia was obtaineg. ‘ ‘ a
(ii) Hemorrhagic Hypotension: PP was lowered gradually in
increments of 10-20 mm‘Hg and the reduced lével of.RP was
held constant while meas\\:remevnts were m‘e at normocapnia
and hypercapnia. This seque;ce was repeated a number of

times until PP had been reddffd to 15-25 mm Hg.

Q.Z Data Analysis

(i) Normalization: Since meaé\rements were not obtained at

S

each pressure level in all animals, the data were converted

to a percentage of a control value. Unless specified other- ..

wise, the control value was calculated as the Lverage of a%}

measurements obtained at normocapnia and normotension. -

(11) Organization: The CBF data obtgined at normocapnia-

were ‘grouped in P?“intervalg of 10 hﬁ Hg (eg. 10-19,

20-29,...) and
' »

range. The data obtained during hypercapnia were treated

the mean * SEM was calculated’ for each PP
® ]

. . .
similarily and the difference between the values obtained at

Al

v
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o’

.

S1

normocapnia and hypercapnia represented the.COz response.
The ;iai ves§el‘data wvere séparated into the following three
groups accor&ing to the cdntrol‘vessel caliber measurement:
group‘I contained vessels <50 po in diametér; group II con-
tained vessels 50-90 pm in diameter; and group III contained
vessels >90 pn in" diameter. The grouped data yere.then
analyzed a; described above. Studentzs t-test was used for

statistical comparison unless otherwise noted.

4.3 Data Exclusion

In a number of instances, data obtained from indivi-

‘dual hydrogen electrodes or pial vessels were excluded from

further analysis for the following reasons. (i) Unsatis-
factory electrical recordings were obtained. from €lectrodes
which-hﬁd;lost t%eir‘insulating'seal during handliﬁg.

(1i) The c;earanc; curves obtained from qli.hyd;ogen elecf'
trodés’we?e biexponentii;. However, the curve%\féom several
electrodds were found to have an extremely ‘low Weg (<15%)
when compared to the.majo;ity (average We= 60%2%).  The (

[ B \

initial slope index of flow in these electrodes @as similar .

19
©

to the slow compdhent of the normal clearance curves. These

o

low values most likely occurred as a resul®, of compression °

*

of the cortex by the electrode flange and therefore were not
2 O_ .

®

considered to be representative of normal cdrtisgi CBF.
(111) In several instances’, CBF and pial vessel caliber

decreased passively as PP was reducedkf Although great cdre . -

" was taken when inserting the electrodes ‘qd ®xposing the

brain surface, small regions of trauma occasionally oceurrqd

o

£ s
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and were thought -to be the cause &f this pressure-passive
behavior. The data from these electrodes and vessels were

' -

considéred unreliable and were omitted from the anaiysis., .

’ D Lt .. . . . . . ' ’\
» . o 7 5. Analysis of Resistances
i 5.1 ?ial~Vascular'Resistanqe . : ‘:.'
L :

The resi&tance of each g:oup of pial artericdles” was
calcuiated-‘gr each PP range using the Poigeuille equation
. (see Append}x 10. Under this premise, plal vascular regsis-— .

tance. was proportonal °to the‘Viscésigy of *»blood divided by

: the,fourt%,poﬂer of vessel radius?¥ (Nete that for small

-

vessels (diameber<<300pm), the viscosity of blood decreases
significantly with Qgcreasing vessel radius - the

,Fahraeus Ltndquist effect (Burton” 1965; Charim and Kurland-

197¢,-McDona1d 1974) The validity and limitations of these

hd /

calculations are diséussed in detail in Appendix 1. Since

-
Py ~

the ebsolute,values of the abowe resistances could not be

.

<

assegsed all resistances were cgnvertee to a pereentage of ™

- N . . »

.\-( . ., ...
their respectyiye control values observed 9t'normogension and. .

-
. -

normocapniq. B - . .' .
v Y o -

5 2 Totel Precapillary Reeis;ance

.The total.cerebrovascular.resiecance (PP/CBF) rep-

A

. 52

' .

Ed

- . ) L »

resedts the resistances of all cerebral veesels.‘ However .

oply the arterioIes and drteries are likely .to par;i;ipate

)
o

sctive}y in the control of CBF. In order to ¢ mpare changes

& «

. 1in ptal vascular reoistance (an active vessel‘segment)qwfth

s -

changes in total precaplllary gesistance (PCR), the capil-

¢




. . ; 4 S3

o . . N

laries and ‘veins were assumed to be 4 - passive segment of the

o . 3

. ) cerebrovasculature which did not change its .resistance to’

. flow subétantially unﬁgr the conditinﬁs‘studied'(that is ,

the capillaiies and veins did not contribute to the observed,

ol ‘changes in total CVR). Capillary-venous resistance (a

- . [N
constant) was calculated assuming under control conditions a

B

capillary input pressure of.3d_mm Hg at normal'flow'rateé

(Gdfe, 19;ﬁ) pnq‘ﬁgs-gubtractedafrom the total CVﬁ te obtain -
<« ' ) the ;;sistance of the preé%ﬁilia?y cerebr;1 yaaculaﬁure. .
.Implicit in these calculations ig the assumption that

-

- 8 ° < .
changes ‘in ‘cortical 'CBF are representative of those
- /] A . - ~ . - . ¢

- ) T ogcurfing elsewhere in the brain. This has been verified

eyéerimenb&lly by Symon et al.(1973) during hemorrhagic
oo hypotension in the-baboon.

. )
. . . -y

v ° .

"~ B . & ©
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IV CONTROL EXPERIMENTS

3

A Y N
1. Introduction

<

Many aspects of the cerebral circulation and its

~

. R .
control are not well understood (see Chapter II for

details). The reason for the decline in CBF. at the lower

limit of autoregulation is uncertain as is the role of the
reserve in”detérmining the autoregulatory and CO,

Y
.

responses of the cerebfovastulétuxe., In addition, the

manhgr in which changes in pial vessel caliber are related
. a : ) ' ’

to vessel responses elsewhere ih the vascular bed (ie. the

relatfonihip between pial vessel-caliber arid CBF) is not

‘clear. The specific objectives of this group of control

" experiments was as follows:

6" -
.

L4

"(1)‘ to idnvestigate the effects of hemorrhagic hypotension

»

on GBE and piaf vessel. caliber in the rabbit.
$ . ’ » , - .
Y : ) N
(2). to examine the relationship between the dilative
. . o .

reserve and the autoregulatory redponses of the cerebral

circulation. ot
. L]

((3). to determine if changes in pia vascular.resistance
¢ ) . ., vn‘

were represehtative'of alterations in ;otal CVR.

4

Fd




A ‘ "2. Methods

- N

ques, experimental prot&bol and analysis of the data were

-

identical to that described in Chapt%r III. Meaéurements

the parameters were made during stepwlse reductions in pres
sure at normogapnia and hypercapnia. The data were grouped

according to PP and the difference between the values ob-

t;inéd under normocapnic and hypercapnic cdonditions provided

- ‘ .
the CO); response. Pial vascular resistance and total pre-

capillary registance were determined from the data as des-

A

‘

cribed prEvidusly. .

. a - -

- 3. Results ) ! ' - -
qg 3.1 Cerebral Bleod Flow .

Ki.l Measurements at Normotension

Satisfactory recordings wefb»obiained from 95 of 105

electrodes. The clearance curves from these electrodes all

-
.

_Werwe biequneﬂtial in character. The flow data were int -

tially grouped according to the location of the electrode in’

-

.. the cortex. A cgppqris&n of the results,obtaineq.ffom ant~-’
: L . ‘ .
, "' ™ erior, central and posterior cortical regions showed no

gignificant differences in the_controL'le?els of flow or in

the responses  to hypercapnig or hypotension. Therefore, the

“

dafa ffpd all locations were combined. The normocapnic and
. R - ' .

hygercapnic'control megsurements Qf the initial slope index

9 1 (181I), fast component of flow (Fg) and slow flow (Fg) are

ot

“_ . * — . "

.
LS / . . o
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Figure 10 . :
Lo o This gfaph ﬁresents-the'mqaﬁ"valﬁéh of the fast flow >
: . (Ff)’ component, .8109'1 flow (Es) componen't and the :
' initial slope index (ISI) at hypocapnia (MABP=83%4 mm )
.- Hg, ICP=8%] mm Hg), normocapnia (MABP=94%3 mm Hg, »
ICP=9%] mm Hg) and hypercapnia (MABP»102%4 mm Hg, '
- ‘ N ’ - : -
) ' "ICP=11%1 mm Hg). .
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pregénted in Figure 107 1TIncluded in the graph are the aver-
age flow indicies obtained from 5 rabbits at moderate hypo-
capnia (P4C02= 30 mm Hg). The mean flow valugs at normo-
casnia (Pa€02= 40%*]1 mm Hg) %nd normotensios (PP= 83+3 mm Hg)-

v
were as follows::ISI= 96%4: Ff= 159%5; and Fg= 34%] L,
ml/100gm/min. Ehe €Oy reactivisiZidﬁyl/100gm/nin/mm Hg . '4'14

P,€02) were Calculated by linear regression for each flow

index (ISI- 205 t 0-2, Ff’ 1.‘.7 + 002,.Fs= /0-57 t 0.04).

e

3.1.2 Effects of Hemprrhagii'ﬂypoten%ion

-
- The mean values of PP, ICP, and P4C0Oy obtained at normo-

capnia and hypercapnia. during hemorrhagic,hypotension are ’

~ ) r .' ! ‘ ’

shown in Table 1. The mean pH valoes are also included and

,< .. . ‘

these are somewhat acidotic under resting conditioms. : The
-~ : .

corresponding changes in CBF (ISI) .are prs&gjfed‘in Figure

11. Under normocapnic conditions, CBF.di&" not differ

sen
-

.significantly from cost:ol‘levels usbil BP was lowered to

a&broximétely'65 mm Hg. As PP was ﬁeduced.from 65 to 35 mm

Hg, CBF decreassd gfadually and at pressures below 35 mm Hg

the reductions in é’ow'bécsme.pfesshre passive. -Hypercapnié

\uncreased CEBF substantially to 150~ 160& control at PP great-

.er than 70 nm Hg. At 65 mm Hg, CBF during hyparcspnia de- ’

cregssd'markédly. With‘further PP reductions there was a

. .

‘declime in - -CBF during hypercapnia. The Coz.response

.

" (the adai:ionai.incfesse in flow”produced by hypegcaphis st

each PP leval) was essentially ‘conBtant at pressurea greater

than 65 mm Bg.’ Between 75~ 45 mm Hg the C02 response dimini-
" -
shed and it ceased to be significant at a PP of 35 mm Hg.




s Table 1

q

Physiological Variables During Hemorrhagic Hypotension

® - .
.State ‘ . Variabies :
. PPt rcet P,CO* pH - i
- - - "~ A\ - - —
. Normocapnia C17E1% 61 ©37%1 7.05%. 14 -
e 5. 3okl 7.07%.06
' 3kl L 74l 40%1 © 7.09%.05
.i ) 45%1 6%1 o 41*1' 7.11#.63
5541 Y . 40%] 7;;5*.07
’ ) <0 T Teesl . 1ol 4 = &1%1 7.21%.06
., . o C S ® . .
. . 7 . 75%1 ‘ 9%l  40%] 7.23%,03 o
o R L 84¥) _ Cokr'w.  40f1~ 7.274.02 -
: N ’ . 941 a1 3911;} 7.28%.03
' - Hypercapnia ' ,15%1 ' 7%1 . aiz‘x 6.96%.03
: -- 2441 4%l © 59%) 6.92%.03
36l 7#1 ., 60l — 7.07%.01
‘ ' - \ e TRl ',59.t1" "6:‘99t.05 ;
SR sakt T g 60£1  7.02£.05
| ' . 6541 1081 - ' 6241 ° 7.10%.04 .
> 74%1 1242 ,_61t1' 7.16%.02
| | - 8541 ok | 6OPI~_ 7.13%.02
-‘4 | | - 941 ’ 12#3 62%1  7.15%.03
N . 3 - ,;105}2  11#1 6141 7.18%,03

>
s

— , * om Hg , . % all values are expressed as mean*SEN
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' ¢ . ©u

The mean CBF responses %sferved during hemorrhagic®

R

hypotension at both normocapnia and hypercapnia are

presented in this figure. The additional,increases in
| - .

»CBF resulting from hypercapnia (ie. the COQ responses)

are shown inathe bar graphs. The symbol * indicates
. ! . : k]
%4 . : i ) .
. g that the CBF difference between normocapnia amd hyper-
-« . : : S .
capnia 1s not statistically significant, . ' '

- .
. -
. . .
‘e B, A . .
. .
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3.2 Pial Vessel Caliber

-~ -
.~

3.2.1 Measurements at.Normotension -
. —7

s~

2 . R h R .
Thgvreséing éiametgrs of the 77 vessels studied ranged .

~
_ - -

from 20-170 pm at a mean blood pressure of 94*1 mm Hg and

P3C02 of 39.6*0.6 mm Hg. Since caliber is highly,&ependent

‘on PP an arbitrary reference pressure of 95 mm Hg wag‘choéen'

and the calibers were converted to a percentage of the cal-

iber observed when PP was closest to this value. Group I

contained 28 vessels with a mean diameter off38¥2 pm, group

II contained 30 vessels with a mean diameter of 68%2 pm  and

5

.

group IIT contained 19 vessels with a mean diameter of 1164

pm.

L

In five animals, the induction of hypercapnia at

reéting perquianpressure; resulted in a coppression of the
pial vesselslat the,peripher§—of the craniotomy dﬁe'to.brain
swelling. When this occdrréd, the animal was rgturngd
immediately to nérmocapnia and no measurements were-taken.,
Thqfnesponge to hypércapni# at normotension wag:obkained'in
the.remaining five animals. The average response'(z change
in caliber) ef all vessels in a gi;én diameter .tange was
calculated for each_animal and used in:the determination of

the nean C07 response as shown in Table 2. All vessels

dilated during hypercapnia and thexresponae of the smallest

vessels (grohp I) was significantly greater than that of the

other two groups (3cheffe's two way analysié of varlance).

[
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i - TABLE 2 .
- Pial Vessel Résponses* to Hypercapnia . -
MABP PaCOé -Vessel Caliber(um) Cbz Response(Z)t
(nmHg) (mmHg) I IrT  IIr - 1 " 11 ILE
. ‘ '. V</ ’ )
10343  39.2%.4 3442 66%2 115%5 - - =
104%3 60.4%1.0 42%2 78%3 132410 . 24%4 19%4 15%4
—p O5_ _ ns_
. p 001____

-
N had

* Mean values T SEM

e

+ Compared statistically with Scheffe's two way analysis of’

variance

0
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3.2.2 Effects of Hemorrhagic Hypotension

The effects of hemorrhagic hypotension on pial vessel

)

caliber 'are shown in Figure 12. As PP was decreased .under
norhocapnic conditions, all vessels showed a progressive
increase in diameter. The smallest vessels (<:50‘pm) dila-

ted to 165 % 6%, the intermediate vessels (50-90’um) to 145

v .
a\ LN

T 4% and the largest vessels (>90 pm) to 133 * GZ of their !

l A

respective control calibers. The maximum dilatation of the

2 °

smallest vessels occurred at a lower pressuxe.(30 39 mm Hg)

a

W
than that of the largest vessels (40-%9 mnm &g). Aﬂnce maxi-
u . I' ," @ . . : N ‘:,. - ' ) ' .

;mal dilatation had been'achieVed, vessel caliberﬁdecreased 4

’ AR S S e
with further reductiuns in\pregsure. ¥ ;j’ ;, e & .
v ' oy . r ‘

The calibers of the pial vessels during hype;capnia

exceeded those during normoddpnia at ; PP leveds @bove 40. mm ff
. «", ! -'J . ; oo

Hg.f A reduction in PP produced a progrpssiVe incresse Ln A

the vessel calibers.f The PP‘at which the vesSels-attained

b ’ \' !‘ PR | .

a maximal dilation was not shar & defined.g Fhe small A o
.

vessels dilated to 173267 ‘ﬁha imtermedipée vesgels to

\ " §- ® “
160*4% ahd the largest vessels t¢ 141*3% of their control

N L

calibers. Dilation was maxfm‘l at a P? qf~appr3fimately 45
-~ ? .7"‘ ’ ;‘\, e
mm Hg for all vessel groups. melow thie PP) the vessel,. v . *
\ PN \ [ - ) 7‘

. . I . T . BN
calibers. decreased. . - A o \ ‘ \ N .

L] lu - .:"
" The COZ response of the pial vessels (ie. the addi%hen- !
]

al increase in caliber produced by hypercapnis) was, depenﬂ- :i

.ent on the PP. .As PP was reduged from normogension to 653mm

Hg, there was an tnerease in the COj ‘response which was most

pronounced in the smallést vessels. In the 65<45 mm Hg

.
v . ‘
.




This diagram displays the pial vessel dlameter res-

‘' ponses to hemorrhagic bypotéqsion at’ both normocapnia

. o . I E
and hypercapnia in the upper ana mid panels, respec-

.

tively., The, CO2 response at each PP level is shown in . o
the ‘lower panel. The symbol 1t fndicates ‘that .the o,

B t
-

différence bgtw%Fn Ebe,mean“diameter at norﬁocapnia.

and ﬁypercapnia is not sfgnfficant. ) e -

Y
‘e
[ ’ h

’ &
> . s ] . .

- : : o ' ‘ - - . .
.o . . '
N A s M . . .
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pressure range, the CO02 response decreased  and. it was' abol-
. & - - v .

ished at a PP of 35 mm Ag. - e

[ ‘ to” &

‘3.3 “Vasculatf Resistanee So : ..

° A4

The chan esQin iiaL-vasculhr.resistance observed during.

.
- -
[y n

hemorrhgégc otension are compared to ‘those of total pre-
¥

"%epill@ry resistance (PCR) im Eigure 13. Under normocapnic,

cqnditions the reductions in the resistance of thQ'ﬁiJI ves-

° >

sels equalled or exceeded the corresponding decreases in

tétal PCR at all perfusion ﬁresbu:ee-éreatef than"33 mm Hg

~

(that is, throughouf the-autoregulatqry preséﬁ:e'range).i

L] » i

The autoregulatory responses of the pial vestﬁls were size-

b}

4 ?

.dependent. As PP was, reduced to 45€ Hg,* the_dec_r;ease in

the‘resieéance o; the large vessel® was proportionately less
thaq'tﬁat of the smaller wesselg. As pressure was reduced
further to 35 mm Hg,~fhe resistance of the large énd inter-

-

médiate sized vessels increased. Only the smallest veqeele

. ) e . : .
showed a continuLd autoregulatory decrease in reeip;ance,gp_
. 4" . ] ) . . oW ‘ ,’

thip'renge corresponding to ‘the cottinued dfcline in total

. PCR. | ; ot .. .

- o -
A comparisbn of total. PCR and: pial vascular resistdnce
J .
changee during hypercapnia are. also included 1n the Figure.‘

s . °

[ - . ,\ . ,
in utter#pl P 002, however the total g/}/JEcreasgd to a
(-

level sinildr or slightly less than thJ resistance of the

.
.

pial vessels. As the’ PP was reduced to,&’/im Hg, the pial

vascular reeistance was decregsed (in small vessels more,

’ »

than large) hhereaa the. decline o tokal PCR w{l lqps pro-

Kl

[ 4

' .At ‘normotensidn, all re&istances vere reduced by~an increase:

v 9’ .‘ M . . -y .

- s A



- Figure 13 ® .

. S - -

~ ¥ : . - . : ,
.  This diagrau presents the reductions ‘in P}al vascular
"res#st ce and in total"'precapil'l"ary resdistance *

b, -~
-

el ;-) bserv.e.d dut‘ing _hemorrhagi’c ‘ hypotens}on.

»
. I .

‘Shown aré the'r-esisthnees at n\:moc’apnia (top 'pan}el-),
- . . ’ .-

at hypercapnia (mid" pamel)‘ and the COp res'po_nse_s

- .

(lower panel),.,1 ' : e

- ’ o ' . N . I4 ¢
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.o — //‘“\.
nounced. Reductions in pial vaecular resistance exceeded
. . [ N

those of total_PCk at PP between 35 and- 85 mm hg.- At- P

- - 2

‘less than 45 nm JHg thére &ae.an‘increése in plal vascular

.resistance equivalent to that of total PCR

The additional reductions ‘id resistance produced by
-hypercapnia (CO2 resnonses) show that throughout the entire
'_ presaure.range,'the relative detrease in total 8CR corres-
‘ponded very- closely with the mean change in pial vascular'
reeistance. At preseures above lg ‘mm, Hgd the COy respongses
'2 were eizé~éependent~ However,.the'reductions in resistance °
_wereQ:imilgr-fpr.aIl‘vessel'gronps at'press;ree below 75 mm

-

- -

.. oA .
Hg. - L , B o - -
’ 4, Discussion . R *
4.1 Methode ; . e o \ .
/4 1 1 Cerebral Blood Flow e . . O .

Phe method use¢ to sharpen the platinum electrodes was , -

. ’ ’ \ . N 4
an important determinant of the reproducibility and reli-

ability of the hydrogen clgarance technique. In. a recent

P ™ rw

study, MacKenzie et al (1979) examined the effecte of hemor- ":f

e rhagic hypotension on the: cerebral circuletion'and CBF Qag‘ .

« -
[ - 4

measuked gsing'platinpﬁ'elect?édee which’were sharpened by

“hand. 'The flow measuremerfts they obtained'baing theae elec-

xrodes shoWed & relativé1y high degree of scatter and fre- "'

quently demonstrated a, lo% prqportioh of faat:clearing tia-

-

-
R 4 ‘e

sue. In addition, “zero flow" or extrenely slow hydrosen

clearance vas ohaerved in approximately 50% of che elec— .



. : . N

) - 2 71
trodes at mean arterial preesures ranging from 18 to sq'ﬁh

» . . . -
. .

Hg. - Although care was ‘taken to avoid cempression of the’
cortex by the electrode flange, the possibpility remains that
» * . .
the irregular edges producéd by hand-sharpening may hawve.

.

v caught on the tissue ‘during insertion and distorted the cor-
-~ e . ) P 7 . -
) ’

s tex surrounding the electrode tip. In the present Sstudy,

'd.! platinum wire was sharpened electrochemically thug.pro-

<

e '.ducing a very smooth taper and a relatively‘snarp tip.

' "’ These electrodes could be inserted directly through the

meninges and *intp the cortex without significant ‘tissue dis-
o

tortion. The flow measurements were much more stable than

those obtained using hand—sharpened'electrOdes-(thé coef~-

ficient of variation of repeated measurements wa8'7.2k over

: a 90 minute period) and the average We vas 60%2%, "Zero .

-

flow” 'was obeerved in only one electrode (at a PP of 13 mm™

4 ‘e

‘ Hg) out,offa total of 69 flow measurements in the\lgfl9 mm
+ Hg pressure range;*.lhus,‘the hfgh:degree of scatter, low Wg

and frequent occurrence of "zero flow“‘observed'in previous

. . B -

studies are considered to .be the result of cortical trauma
.or qpupression rather than p'hysiological v‘ar‘iability. ’ The‘se

- ) }“,. difficulties can be minimized or eliminated by careful prep— -
. " .

aration and insertion of the platinum electrodes. v

* okl z Pial Yeaeel Caliber ’ . - '. -

-

Recent Treports by Navari et al (1978) and - Kuschinsky

"

and Wahl (1980) have indicdted tat the thickne’ﬂ of the. ofl
. ' layer coVering the cdrtical 8

-’

- ation. is extremely impog;mn Nevari et al. founﬁ that the
. - . S ) X ) - 4 . _.., , ‘ ,-’

- . . ‘ . ‘ ‘
A P /. : L . K3
‘ ' .

‘face in an open skull prepar- o

£y



—

ol

<

. ) ‘ . - ‘ *

cerebrospinal'fluid surrounding the pial wvessels beeame
o . o, . ) ’ P : l. .
alkalotic within approximately 10 minutes if the vessels
£ - - 4+ ‘
were covered with only a thin layer of n&neral oil. This

L4
&

resulted in significant alterations in pial vasen}ar react-

ivitys However, Kuschinsky and Wahl subsequently showed

that if the layer of oil 18 1 cm or more thick (as in the

present stﬁdy), this alkalosis does not occur.

4.2 Keasurements. at Restin'gL Pressures

4.2.1 Cerebral Biood Flow .

°
)

The . control values for the fast and slow componeﬂta of

H L4

flow (159t5 and 35%1 ml/lOOgm/miﬁ) obtained 1in the present .

* o

<

, study are in close agreement with thoSe measured in the

unanesthetized rabbit by deValols et al (1975) using the

133Xe clearance method (ISi‘and 34 ml/lOOgn/min, respect—

ively). Similar fast JElow values were obtained »y Gregory
4

) et at.’ (1977) in chloralose-urethane anesthetized rebbits.

The GBF responses to hypercapnia in the present study (2 5,

(4

1.7 and 0.6 ml/lOOgm/min/mm Hg P,CO0, for the ISI, fast and

“

. 8low flcw components, respectively) compare closely to those

_ onained’in baboons by Symon et al. (1973,1975). The cor-" -;'

. . :
s PR . .

A ' . . . . _
reapohding-qoz_reaCtivitieB calculated from their data were

- -7 l

‘approximateiy 2. 3 1 9 and 0; 7 ml/lOOgm/min/mm Hg P3902. : -

e . : . | ,?.

- . 4

4, 2 2 Pial Vessel CaLiber

i .

?‘ In agreement with previous investlgations, 1 found that .

.

-the inbreaSes in piel veosgl caliber,induced byyhyperc;pnia

_were oige—depenéent (G;e ory et al; 1980; Wei é:-af,’19so>.




Th% CO) responses decreaged with increasing vesselasize

(1.13, 0.90 and 0.71 %/mm Hg P,CO0y for groups I, II and -III,

respectively). These values are similar to those obtained

=

by others in cats (Gregory et a1,°1980' Wei et al, 1980).
Levaeseur et al) (1979) reported a significantly higher COj *

reactivity of approximately 2.3%/mm Hg P COz for fO pm pial
s

arterioles in awake rabbits. The reason’ for this discrepan-

‘cy is uncertain. It is pdssible that the urethane anesthe-

’ 4' ‘ ‘ ’ v
sia used in my experiments may have, depressed the C02 res-~' s

l . '\;c L} . v

ponses-however, the fact that there vas no apparent ‘effect

&

on the resting flow levels or on the CBF response to hyper- = - :
. . t
capnia would'argue against ‘this explana%ion. Alternatively, )
[ J '
it may be that the responses meagp by Levasseur and col- ~
F .

leagues were obtained at a,lower‘PP-than those of the pre—
sent -study.' The COz;reactivity for Group T veesels increas-_

.ed to approx. 1 7Z/mm Hg PoC€03 at a PP of 65 nm ‘Hg (see

‘Section 3.2. 2)» -t , 1' e \

.

4,3 Résponses during Hemorrhagic Hypqtension .' . g

. - -

4.,3.1 The Lower Limit of Autor;gulatidn--o
]
Although other f‘vestig:‘ors have cong}dered autoregu— '

*

lation to /,be an “on" or off“ phenoménon, this was not an

accurate representationﬁf the presaure-flow relationship iﬂ

theapfesentrstudy;' The pressure At which ‘CBF began to -
» . #,(
- decrease (appror. 65 mm Hg) - traditionally termed the lower

limit of autoregul tion'— represented the transition to a

region of incomplete autoregulatiop in whirh flow ' decreaaed'

~considerahly less than the corresponding reductions in PP, S



o
f
&

~

The true‘iowe; limit of autoregulgtion occurred at a PP of

A - 35. mm Hg and was assoclated with pressure passive reductions
,in CBF., Differences between tﬁe‘autoreéulatory responses

obtgined in the present series and those reporfed in the

‘litg:qtﬁre are ‘likely related to factorg ‘such as the repro-

b 3 . -

dliicibility of CBF measﬁreyentsl»éhe_nqmber of flow determin-
-ations and?é}térations in the dilative reserve as a resﬁl‘

¢ ’

. : [ . ) .

: . of the paﬁ?ipular experimental condition(see Chapters V and
vDy. - : . T .
¢ . .- XY - f' [ .”. “w L' r X -
. . 4.3.2 Pial Vessel Dilation Co. B ' .

.- . ) p R .% .'1 N N . '

,w - . . EERR [ - R -

T . . * A reduction in PP to 35 mm Hg resulted in a progressive
cLoe dilation.of the pial vessels similar to that observed in :

: L . ‘ ' 3

[ 2

‘e othér.studiés (Kontps;et al, 1§78;4MacKengie‘et'al, 1979).

However, in addition to confirming that the intensity of

~
. -
°

. . autoregulatory dilation is dependent on vessel size, the
. ' . . T : R o B . - -’
present results have shown that large arteries attain their

- . ' ‘. mgximﬁm caliber'dt a higher pres!hre than -small pial arter- .

1es. As discussed in Chapter V, this'may be related to
' . : e

-

neurogenic influences.

e . .

s Coa MacKenzie et al: hgd found é_&iscrepancy"belween the

. . . -,

- ‘, lower

limit of.au}origulation and maximal dilation of “.the
.- pial veépelgg' In thélpréheht study; CBF autoregulation
4 (although 1ncomp1e:q){:continuéd té'a PR of apprbxiqatélzjﬁsy

5

S, mm Bg,,£h§rgbx demonstrating a qhalitécin.qorresponﬁence
" between pial vesiel and CBF responses. Once the pial vés-
S gt - ' * ' ®

«

R _{élé.dere unresponsive to additional pressure reductions
. (ie. they were maximally dilated), both CBF and pial vessel
. D . -

- .
- » . . R s . S ~ .
“ o, .
.

. @




. , . . “ *
Jcaliber responses'were pressure dependent.

C4h.30 3'The Dilative.ﬁiserve

\_/ ‘e : ’

[y

Ihe fesponses of the cerebrovasculature to hypercapnia

. -

provided information on the ability of ‘the *cerebrtvascula-

ture to dilate ?urther fdllowing a reduction in PP. The

present fésuifs édnfirm that there is a reduction 1in the CBE
. . -
response in moderate hypotension and an abolishment of the
. e

€0y . response in ﬁrofound hypotension (Harper and Glass, : . '

1965; Okuda ‘et aIa, 1976 Gregory et al., 1981) Howevef' "

N, ot . P AN

‘in’ previous studies the relationship between the lower limit B

»

of autoregulation, CBF responsiveness to’ hypercapnia an&’ ) + !

e o

- .

pial vesseél COZ reactivity vere not well defined.: Ekstrom-
Jodgl et al (1970) found thet there was a CBF €O response s

below the “"lower; 1imit of autoregulation” .but the preahnt ’

- ’ ' . . .. N . N
results "suggest that this reactivity ‘to COg occurred in the

region of incomple@e autoregulation. uﬂei’et al.(198b)'found'

‘a variatgpn'in the. pial vessel, respondiveneds to hypercepnia R

. - e
» * ’ . -
. . . .

during hypotension similar to that-in the present stuav; .

however, CBF was‘not measured: The csmbtnea CBF and pisl'

b}
-

vessel responses obtained presently demonstrated that there

- LY

is a close correspondénce between)CBF autoregulation and the "o

. .

?

ability of the’ cerebrovascula{br@ to respvnd further, to

fiypercapnia. . o o, . : D .
Within the region of compll'ete sut-orequice‘tion (PP ¥ 65 am
Hg), the €02 response of the pisl vessels incteased with h. ~

-

‘decreasing PP ‘“Chiﬁhat the CBF responae Y hYPerca;:T,‘*“h::e' |

neatly cbonstant. In the.region,of 1nconp1ete antoregulstion
A A . - . ' . .
- g o ] , - . L v

.
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'4(PP-65—33,mm Hg), the CBF and pial vessel response to hyper-
capnia dgminished with decreasing PP and at a PP of 35 mm Hg
they were abolished. 1In the pressure passive region (below

. )
the lower limit of autoregulation [ie. 35 mm Hg]), bqth CBF

-~

~and the pial vessels were unresponsive to hypercapnia.

These results indicate that a fynctionally intact dilative
. ‘ ) o ’ .
reserve was associlated with a region of complete auforegula-

iiqn, a progressive decline in the di}ative‘resérve'was
coupled with a partial autorggulation of CBF and a total

loss of this reseer:acbompanied the onset of pressure-pas-

‘sive flow reductioas.

v

9

A.A'Changes'in Vascular Resistance

The net change in totalvpfecapillary resistance '(PCR)

1§-det9rhinedlby.the sum of the'resistance changes occurrihg‘

in the various vascular components connected in serdes (ie.
| 4 . v ' - .

inflow arteries, large and small pial ;essgﬁs and intrapar=~

-
- Y

. enchymal arterioles) and the manner in w@iqh/egch gomponenE 
‘contributes to this change may be aésessed ﬁy c;mparing«thg
response (%. control) of an 1nd1v1dua1 vessel group to the -
perqgﬁtage Change in total PCR (see Appendix 1)._. The autor
regglatory responses of .the }arge.cerébral attﬁ:{es may be”

estimated from data gvailable in the iitég;ture. Eu Boulay
© et’al (1972) found tHat the large inflow arteries of baboons
. - . , S P S . )
decreased in size (ie. res{stance increased) when MABP was

‘reduced by- "29 mm Hg or more”, Kontos et al. (1978) found.
that inflow artery'resistance‘remained fbl&tively constant’

3 - » N . ' ¢
during MABP reductiomns tn .cats. ' Their data. also showed that.

] L ] . -

1 <
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although the large pial arteries (268-384 pm in dlameter)

/

were responsive to changes in MABP .at relatively high pres-

~

- sures (>100 mm Hg), they dilated by oﬁlyv51 at pressures
below this level (ie. an 18% decrease 1n're31§tance). Thus

> it is clear that the autoregulatory respoﬁses of the inflow

.

and large pial arteries~afe eitremely limited (when compared

'to the 65-70% decrease in total PCR seen in the present

atﬁdy) and that the smaller distal arterioles must hndergo a
« B} ’ ' * 2
pronounced autoregulatory dilation in‘order to compensate

"for these lesser responses. -This was conﬁirmedfby the find-

.ot B ) - - . .“\.
ing that the autoregulatory reductions in the resistance of i

.

the small pial vessels (<170 pm 1n_diametqg).gnceedéd the .-

decreases in total PCR at pressures between 35 and 85 mm

-

Hg. The Eransi;}dn from limited'to'pronounced autoregu- .

‘latory dilation appears ﬁq occur within pial vessels 170-260°

ne

@n in diameter.
\ The resﬁonses of the }ntr&parenchyﬁfl vasculature can-

not be mgasqred'@ireccly.. However, in view of the marked
v T i .
_ s8lze-dependénce of cerebrovascular awforegulatory behavior,

.one would postulﬁte that altefatiqhs in intraparenchymal
.\ . ’

o vascular resistance would cbrrespond most closely to those

of the small pial arterioles of comparable dlqmeter. In'(,

su{port of this statement, I found that only the smallest

. _ pigi arterioles- showed a.continved autoreghlatory decline- in

?

resistance ‘as pregsure waa.reddded‘froﬁ 45 to,35 mm Hg.

& Total PCR also . decreased in tlis pressure range suggesting ,’
. 7 that the intrapafenchymal.vessers had continued to dilate 1in

)




-
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4
‘, the region o

parallel with ‘the small pial arterioles. In addition, the ..
close agreemeat between the changes in pial 'vascular resis-
[ 4 -

Jo -
-

tance and total PCR duridg hypercapnia would argue against

.

any major difference in the, response of. the intraparenchymal

3
o 4

vasculature to this stimulus.. .

.
-

N .
“ >

5. Summary and Conclusfons

' . . .
£ 5 é .
u
.

-

(1). Diring hemorrhagic hypotension, there are three auto-
. N . . 4

i

regulatory regions: .a regton qf tqmplete autofegulation (at
PP>>65 mm Hg); a region oft incomplete autoregulation (at PP

r
of 65 35 mm Hg), and a pressure-passive region (at PP <35 mm-

Hg).
. , :
(2). The-onset of flow redyctions representedi‘a 'transition

,to a"region in’which‘tﬁere was a gradual decline in CBF.,

Reductibns in flow were prOportionaCely less than reductions
in PP due toja continueé dilatidn of the sm&ll cerebral ves-

3

‘sels. The lower ;dimit of autoregulation was assggiated with

a maximal dila{1on of these vessels,
(3). - The aufg:egufaQOty response 1is directly releteﬂ to the

residual diletiﬁe reserve as measured by the ability of. the

. - L3

pial vessels and CBF to respond to a superimposed dilative

« 8timulus . The dilative reserve waé not eppreciably‘altereﬁ

in the regio;/of intaEEHeutoxegulatiBn; was diminished in

incomplete euto}egulatidn; and was eompleteiy
L S

depleted at_a PP of 35 mm Hg - the lower :1imit of autoregh-

. N .
’

~

lation. ) ‘ . T - .




lation. : : o . - S ) "t -
- (4). The loss of a responsrveness of thé cerebravasculature_

to hypercapnia 1s related to a depletion of the dilatiye e

. . . . .
reserve by autoregulatpry dilation. T N 7

.

- e A

* (5). TReductions in pial vascular re;isiance exceeded tﬁat
o . . T =
' of total precapillz?% resistance\at PP betw&Fn 85 35 mm Hg*

_Thus the pronounced autoregulatory responses of the. smfll
. a L
¢ ‘ T qicerebral vessels compensate for the more)limised-responses,

. \ - af the" proximal cerebral arteries. e ST . '

(_ v e, Y
L3

) (60 The decrease in pial vascular resistance evoked by

hypercapnia corresponded closely to the reductions in total
[}
precalelary resiet!nce.et musthP 1eve1§. Ih#s observation

. * . L 2 . y
2 = B . - vy . ~ : .
-

. - :
and }he‘preceding“conclupion'euggest,that‘%ial vessel - -

responses were similar .to those of the intraparenchymal
- e - L
Pt . yessels and were represenﬁative‘of changés 1ih total CVR.
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Denervation of the sympathetie nervous system has
’ been shown tq'alter the autoregulatory regponse of the cere=

brovaseplature during hemotrhagic hypotension. Fitch et

al. (1975) found that_CBF began to decrease at a pressure of

‘apb?oximately 65 mm Hg in control baboons subjected to hem-

orrhagic hypotension. However, in anidhls pretreated with

—

acute cervical sympathectomy or alpha-adrenergic blockade
flow remaimed.atwcontrol levels to a pressure of approxima-.“ .
tély 35 mm Hg. Kovach et aLu (1975) also'foumd that the
el ' "pressu:e range in which flow remained ad’control levels
*dnring hemorrhage was. entended following alpha blockade.

Fitch and- colleagues concluded that “the marked sympatho—

.

adrenal discharge which accomﬁanies hemorrhage interfegres
* ) : with aqtoregulation at 'low pressures. ' In accordance with ’ : -

. the dual effects hyoothesis (Harpe‘het al.,-1972), they 3\
W suggested tha.chemorrhage had resulted in a‘sympathetic
vasoconstriction of the extraparenchymal vessels and a

[y

compenaatory dilation of the intraparenchymal vesaels which

~~

N

then exhausted the cerebrowggfular autoregulatory capacity

at a higher preseace_;g,the untreated animals (ie. ‘the dila-o -

v tive reserve was reduced). Thia ability of the- sympathetic

.. ' ' B nervous aystem to ‘alter the dilative reserve is supported by

several other.studies which have'demonatrated that following

alphafadrenergic,blockade 5here {a a elight increase in

T e




.

either the CBF sz response or the teactivity of large pilal

- !

atteries to hypercapnia'(Kawamu;a et al., 1974; Weil et al.,

o

1980). - . o | S

The results of the precéeding group of experiments

(Ch. IV) suggest additional ways in’ which the sympathetic

Y .
nervous system may have influenced the cerebral c¢irculation

during'heuorrhage. At fP*Between 65 and 35 mm Hg,. the C02
response decreased and autoregulation was incomplete (ie.
CBF'declised). Thus, the sympathetic activation ;ssociated
with hemorrhage diq not appear to have substantially altered
the autoregulatory range, rather it seemingly restricted the
cerebrovascular.autdregulstory response and reduced the
dilstive reserve at intermediate PP levels.‘ If so, the

e}planation proposed by Fitch Lt al. (1975) and the dual
' AN

effects hypothesis would require some revision (eg. both

' large and- small vessels could be influenced by’ the sympathe-

»

tic nervous system) - Sympathetic 'activation during hemor-"
! .

rhage may.also have «contributed to the differential respons-

iveness of the pial véssels. Stimulation of the cervical'

‘sympathetic ganglion is known to§constrict large pial’

Qessels more than small ones. Thus, the size dependence of

the autoregulatory dilation observed during hemorrhage may
be related to an.increasing influence of the sympsthetic

netvous system with iﬁcreasing vessel size.
. R < .
Although alpha-blockade is expected to inckease the
- ' . ’

dilati&% reserve during hemorrhage, this has not been con=~

firmed experimeﬁtslly-since the effects of sgmgathetié

S BE -1

[



< s - " N L -
JER ) <" - TN
. ’ . . . 82
@ : ‘ ~

_def¥rvation on the cerebrovascular COj responses during ‘\\\\\

- hypotension,are unknown. In addition, the manner in which. L
N .the pial véssels are affected has not beeﬁ investigated
. sjsiemptically.. A compasison of the responsiveness of the

éerebral circmlation in animals treated with an alpha

adrenoreceptor tblocking ageht to those in the preceedi

+  control gfﬁug should. indicate the extent to which the
sympathetic nervous system infuences CBF and plal vessel .
responses dufing hemorrhage.

‘. e * C ' °
= . ' . :
The specific objectives of the present group of

M experiments was to:
/ . N ] ' ' o - -

”

-
(1). investigate the effects of alpha-adrenoreceptor block-

ade on both the CBF and pial vessel responses to hemorrhagic

hypotension in the rabbit.

(2). determine Ehe effects of alpha-— adrenoreéeptor block—'

-
~

L .ade on the dilative reserve (le. the cerebrovascular
responses. to.hypercspnia) during Hemorrhsgic hypbtensionw

2.Methods -

R
Y \

<

N '_ 2.1 Animal Preparstion

' ' Rabbits were prepared for the measurement of CBF (13

rabbits), pial vesse‘ calibdber (7 ra!bbits) or both CBF and.

+

p&pl vessel caliber (4 rabbits) using ‘the procedurel des-
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cribed_inAChapter;IIIa The effects of phenoxybenzamine(PBZ)

on the cerebral metaﬁplic‘rate of oxygen consumption (CMRO3)

D P .
‘wese investigated in .an additional 3 rabbits. In this

" latter group of animals, three small burr. holé¢’s were made

. . . o . -
over-the cortex and.electrodes were inserted ‘into the brain’

.

for the peasuremegt-bf CBF. A small craniectomy ,was made
over the superior sagital sinus and the tip of a 23 gauge
. - ) .

~

«needle was positioned (using a microdrive) within thd®sinus
for the #ifﬁdfawal of cortical venous blood. -Each determin-
ation of CMRO3 required the measurement of CBF and the

samaling of blood from both the sagital sinus and {rom a
£ , ’ .
. N

femoral catheter positioned in the sorta. Arterial and
venous blood qamples were analyzed for hemoglobin, 03 satur-
ation and PO2 in order te aetefmine their 0, contents.

Se .

CMRO, was calculated as CBF times the cerebral arterfovenous

. .
-

oxygen content differences.

.
¢

2.2 Protdcol

Sévgral measurements were made under resting coundi-

tions and theilr average served as the .control. .Pheﬁoxyben-

zamine hydrochloride (Dibenzylipe; Sm}th,Kline and.EréncH

Laboratories) stored as a 1% solution was diluted (x10) 4in

saline and infused intravénously (1.5 mg/kg). The gntﬁal

was allowed to stabilize for at least 20 midutés'foilouing

. 83

thé infusion of_?Bi, )
N ’ t'

' 'PBZ _infusicd reduced the MABP by 35%3 mm Hg. A
measurement of CBF or plal vessel caliber was made at normo-
capnia and then MABP.was raised to ﬁre-infuslon pressure

¢ e

-~
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“levels. Anéiotensin ‘I1 amide (Hypertenqin-CIBA)-was infused

~inttavenously‘&n a concent;ation ofW.025 mg/ml’ in saline at

L] -

* the rate required to. tncrease PH to normal (. gg 1. 0 ,;\

,jmllmin). Angiotengin has be&g found . to have no effect “om
CBF if the blood brain barrdier is intact (Pickard et al.,

N - . :
1977). At least 5 minutes were allowed for the preparation
) 4 : o : - ’
. ‘to itabilize prior to measyrements at hormocapnia and hyper- ____

capnie. The PP was reduced in 10-20 mm Hg steps initially
L » - - ’ B
by decreasing the rate of angiotensin Anfusion; and subse- -

'_ tO'

quentlyﬂby inducing hemorrhgge. With the above exceptions,
sy . the experimenteilprbtocol was identical’ to that described in
Ch. III-Sect.4. Measurements were made at eaclt PP ievel and

‘

the résponses were organized into 10 mm Hg PP ranges.

» [ L] =~ . - .
-

" T 3. Restlts = .-

. 301 CBF ' - ’”»

'The results from rabbits withrboth CBF and pjial

¢ . » ' . ' . !
vessel data were fdentical to those in which only CBF or
a, Ve * rl t

pial vessel'caliberlwere measured and therefore they have

! been included in the app}opriote sections. Satigfactory

. 5

clearance curves wete pbtained'from 52 of 66 elecrodes. CBF
Y. . [

CISIj was 102%7 ml/lOOgh/min under resting conditions
- ‘(MABP-92*2 mm Hg, PP-SZ*Z mm Hg, P C02-40 3*0 3 mm Hg) and ~ {
L : these values are similar to those obtained in control ant-

. mals.' Treatment with phbnoxybenzamine caused a.38% reduc-

tion in MABP to 57*3 am .Hg and a 32% decrease in CBF to 68*4

: ml/iOOgm/min. As shown in Table 3, CMROz also decreased by

-~

. approximately 2‘%. oy .

% . - -
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TABLE 3
Effect of_Phenoxybenzépine on CMROj - i
( .
',—Conditioﬁ Animal n* -0 contentX CBFt CMROZt _‘;
o ‘ I - |
° number (ave.) (ave.) (avea)
. . . A i X
. '\
~ (control) 2 2 13,9 9:0 148 | 7.2
‘ . 3 2 18.1 12,7 .125° 6.8
Post-PBZ T s 14:3  7.L. 45 3.2 (763)
| 2 5 12.4 7.0 96 5.2 (72%)
’ 3 4 "17.1 8.5 63 ., 5.4 (79%)

% n@mber of CMRO9 measurements,

.

X ml/dl, t'mi{lbOgm/min‘
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\; fTﬁe CBF reséonses during PP alterations are pteee;tf

ed as a ercentage oﬁ"their pre-treatment control in Figure
14, At noxmotapg%a, there was an autofegulqtion of CBF at a
reduced flow-rate (approx. 70% of conttol),over the 85-35 mm-

-ﬁé PP range. At PP less than 35 mm Hg'there were marked’

decrease’s 1“,933' Under hypercapnic‘conditione, Cf?_
iidéteesed to- between iOO and 120X of control in the upper
pressure renge (45-55 mmﬂgj,, ‘,ﬂPP less than 45 ey Hg,
'decreases in PP resulted in reductions in CBF The addi-
'utional 1ncreeses in. éBf'evoked by hypercapnia were approxi-
| mately 30-40% control at «PP between 45 85 mm Hg. The Co,
response at 35 mm Hg-was~reduced substantfally to-lOZ aﬁd.at
PP lese than 35 mm Hg COj reactivity was abolished. - <i%'

3.2 Plal Vessel Caliber = oL

The 57 pial veeqels (26- 195 pm) examined under rests -
.ing conditions (MABP=93#3 mm Hg and P,CO=39.70.4 ma' Hg)

'had-mean~diameters in Groups I,I1, and III of 38%2 unm

(n-22), 63*2 pn (n-16) and 118%7 pm (n-19) tespectively}

These were similar to the resting calibers of the control

animals. . ' S ' o .
N ' ]

The responses ofiehe plal vesseis td'reductioﬁi in

-

PP are &hoWn ia Figure 15. ~Under normocapnic conditions,

decreadét”tn*?? between 85~35 mn - Bg resulted in a progres-

2

sive dilation of all vessels. The 1ntensity of the response
.

was dependént on -vessel size. Group I vessels dilated to ‘
163£10%, Group II to 14284% afd Group 111 o 129%4% of their

control values. -All groups achieved their maximal d;lation

‘ A
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. Theé CBF responses following phenoxybenzamine infusion
- . LS

- . are praéented in this diagram, Shovﬁ are CBF at

‘norﬁocapnia,-at hypercapnia and the CBF COy response

-

durihg.hypbtens;on. The‘symbol +* fndicates that the

K

differencg'between CBF at nirdpcdpnia and hypefcabnia_

.« is not'étiﬁiﬁbtcallyégigﬁlficant. .
# , R ' - ) . .
. ’ . R 'l
) , ' .
. . N .
. . - )
f ".
. * ’ ) ‘ P
. ) b .
; . : . — ’
¢ , . ) : .
N P X '
B ) . rg ) .




~— Nortnocapnia
-+~ Hypercapnia

"B CO,Response

¢
~

" 3
’ m
- p-

AMMMIMIMN

- ks

~

[

_
. Y
N\

100

“80

Q
(Ue)

1207

O,

100+
8

3 N .
(10J3u0) %) 489 = . ,
L ' ) 2

v ¥

A

PP (mm Hg)



Figure 15
. ‘ . »

This ,diagram presents the pial vessel cdliber data” .

. obtained following phenoxybenzamine treatment. - Shown

.are the-vesagl responses’ to hemorrhbgié hypoteﬁsion at
normocapnia, at hYpeEgnpnih and-éhe CO7 responses.

The symbol ¥ indi'cates that the difference, in caliber
;t normocapnia and hypercapnia is not statiatichly‘

s

signiffcant.‘. ’ N '
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to 30% fer Group I'vebsels.. At, PP of less fhan 45 mm Hg the-

at.a PP o

sel diam ters decreased pressure passively. -

35 mmIE . At pressures~ less than 35 mm Hg, ves;
i )

he vessels dilated in response to hypercapnia at

*

all pregsure levels above 35 mm Hg. " The pial vBssel respon—

difficylt to obtain measurements at higher pressures. Under:

hypercapnic conditions, tﬁe.calibefs of’the.vessels gradual-

1y incr ased as PP was reduced between 65 snd 45 mn Hg. At
)

Hg PP level the vessels achieved a maximum dila-

.

tion of P75*82 for Group I 155*82 fox Graup II and 142%4%

the h5

fo roup III vessels. At pressures less than 45 mm Hg ves-

» N

'sel calibers decreased pressure passively. The C02 response

evoked at PP>»35 mn Hg was reJatively independent of PPeover"®

‘the rang‘of p.ressures examined. The ma-gnitude of the COy

fesponse varied fro; approgimaeeiy:ZOZ for Group ITE vessels

CO; response was abolished. ‘ , BN

. A

3.3.Vascu1arv§eaistanCe ‘ .-

The ehanges in resistance corresponding to e pilal
vessel and CBF responses,dbtained in the treated animals are

shoen'in Figure 16. At normocapnfa, autoregulatery reduc;
tions in polh pial‘yasculsp resistance snd_idtal precap;f-

lar; resisésnce i?CR) ye:; onsefved'ever the 85—35.ﬁm'ﬂg )
pressuie rsnge and‘yascular ;eeielances inereased at PP less

than 35 mm Hg . .The resistance ﬁecrqis;s of Group III ves-

e .
]
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<
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v
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This"fighre shows t'l'ie changes in pial vascular resis- »

tgnce and the a'-,fte}rat:lons 'in total precapillary resis- ===

- ' o - s i . Tt o
tance (~--@® --) obtai ollowing phenoxybenz.ami’ne
- . : ! '
Y - e : s .
infuston, "~ Presented are the riesis‘l:a‘nce‘ednctioqs in - > .t

l;esp.on'ée to ‘hypofénéidn at 'both ﬁoi:n’:o~pn“ia and hyper- ‘ )
capnia. The additional .decreases in {gsist3<nce resul-
) . i < A

tiné .from h);pe'r'c‘apnia are i'tic':li.xded in the lowest
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: sels were less pronoh%ced than those.of Group Ii At PP

between 75-35 mm Hg the reduction ih total PCR was éﬁpro!ié
mately 20X less than that of pial’vascular resistance. Dur-

ing hypercapnia, the reéistances of the pial and precapil-
. , > - i
lary vessels decreased over the PP rarge 45-65 mm Hg and.

increased at PP less than 45 mm Hg. All resistances exhibi-

‘ted a CO7 response (a'reduction.in ;gaponse to hypercapnia)

~

J

at PP greater than 35 mm Hg and the change in total PCR sur-

passed that of pggl vascular resist;nce by approximately 10X
- rd » .

¢ i -
‘in this pressure kggion. 7 , .

- 3.4 Comparison with Control Responses

@

The variation Yof CBF with PP in the PBZ treated

Y
@

-animgls &s compar,e;i to that of control animals in Figure

7. CBF following'alpﬁa—réceptdr blockade w#s lesd than

ghat of the control series %t all PP leveig.greaté; than 35

mm Hg'under normoéapnic conditions and at PP levels grga;er ‘
ghan 65 mm Hg ﬁndei hypercapnic codditiops- .The C02'

response in the treated group was greater than that of

controls at pressures less than 75 mm Hg. i} least squares

.

regression analysis was perfbrmed on the flow values obtain-

ed at PP of 30-69 mm,Bglin thelcontroi'series (the regiog/o

‘incomplete #utoregulatiqn) and at PP betwéen 30;%9 mm Hg in

>

the PBZ series’. The rate gf decline in CBF in the control
'. group'(0.7*b»1Z/m;-gz?\gglsl(gshf1Ehnt1y‘greater (p<0.02)

than that of'the PBZ groﬁp (0.2%0.1%/mm Hg). .

LY

"The responses of thé pial vessels in groups I1I,I1 and

I11 (PBZ treated) are compared to those of controls in Fig-



i : .
. i d

These graphs compare the CBF,6 responses obtained

following phenoxybenzamine treatment, with the

: cérresponding regsponses of the control group. Shown T

, are CBF at normocapnia, at h?per-cépnia and the COj .

. response. : .
L
L]
/

* - p£0.05, statist'ica'lly diff-eren,t from control . 7
o8 . . < .

*#% — p<0.01, statistically different from contrdl

. ' \*_v-../
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ures 18, 19 and 20, respectively. The calibers measured
duridg Qyiercapnie and the CO, responses obfained'were simi-
lar in the two experimental series. In comparison to con-

trols, autoregulatory responses of vessels In the PBZ series
‘were depfesged at PP levels of 45-85 mm  Hg. Iﬁis difference_
reached etadistical signif{cance only id the Group III ves-

sels. As PP was reduced from 45 to 35 mm Hg, the large pial

-

vessels (Groups II and III) continued to dilate whereas

these vessels had decreased in caliber in the control

series.

;N 4. Discussion

4.1 Direct Effects of Phenoxybenzamine
PBZ infusion i the rabbi& reduced MABP by 35 am Hg
(38%), CBF by 32% ana.CMROZ by. 24* Previbus studies 1in the

.

cat, dog and primate have reported similar MABP decreases of

-

" 23-35 mm Hg (21-3&2) following 'PBZ treatment (Hernandez-

Perez et al., 1975; Kawamura et al., 1974; James and MacDon-

2

nell, 1975; Fitch et al., 1975; Davis and Sundt, 1980).
Several 1dvesttgetors'examiqigg the cerebrovascular effecte-
of'phenoxybenzamine have’aleo founde{eddctiona in flow or
_metabolism. James and MacDonnell‘(1975) [in dogs] and Davisl'
and Sundt (1980) lin cats} have shown that CBF dis decreased
" by 13% and 222, .respectively. .James and MacDonnell also
foqu that cortical 02 consuyption following PBZ trea:ment
was reduped in one out of four dogs. - Meyer et al.. (197A)

'.demonatreCed that intracarotid injection of PBZ in man Qe

i
’
[]
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Figure 18

“ Comparisonn of the Group I (<<§0 pm) vessel responses
following phenoxybenaamine infﬁsioh with .the corres-

v -

ponding responses df the control group. ) o .
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Figure 19

~Comparison of the Gréup II (50-90 pm) vessél Tesponses

. . - * ‘ .

‘'of the phenoxybenzamine treated group wirﬁ“?he corres-
\'\I. , ) ‘. ! f - .- B : ’ . ’ E
-ponding responses of the control group."
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. Comparﬂison of the Group 111 (>90 pm) vessel responseé'

- of the phenoxybenzamine treated group with .the. . .

co‘rre%ponding responses of the control group.
: . ’ L .0 S I

. ' * - p< 0,05, statistically different from control "

o *% - p<0.01, ‘stati'stically different from control
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reduceﬂ*ﬁﬂkoz. In contrast to ;these studies, other - investi-
. S '
gations in primates have found that CBF either remained
unchanged (Fitch et al., 1975) or increased by 221 (Hernan--
2

dezﬁPerez, l975)’follbwing PBZ infusion. Furthermore, Kawa-

mura et al. (1974) showed that after treatment with PBZ the

.

vehods outflow "and CMROZ in the baboon were -increased but

.

that these increaees were transient. Thus' the .effects of

phenoxybenzamine on, CBF and ceTebral metabplism are quite

-

variable. Althdugh the reason for this variation is uncer-

tain, it may be the result of the different specips ana’”‘
e 14 ’ *
various anesthetics used in the above experiments.

3

The two mbst probable causes of the réductid/in CBF

observed poét-PBZ in the preseer,study were the decrease in

. - . R 4 . .

PP and the redhctiqp in cerebral metabolism., A 38% decrease

in PP from 83 to 50 mm Hg could have accounted for the flow
" reduction if autoregulation had heen.loet :olLowing PBZ
’ . F . " s

fnfusion but this*was not the case. ‘Thus, it ﬁbulg appear’ .-

that the flow reduction occurred primarily 48 a result of
[

the decline in CMROj tnduced by PBZ. It is a well establi- .

shed finding gpat‘CBF is normally closely coupled to cereL

hd <

‘bral metabolism (Sokoloff, 1977).
' " The manner in which PBZ altera cerebral metabolism -

- . -
»

ig uncertain but it 1s possible that PBZ directly affecte
cerebral-function. There are alpha-receptors present on the®
cortical neurons and also within deeper brain structures
which -ediate neural activity (Edvinsson and MacKenzie,

1977). Since PBZ 1is known-to cross the blood brain barrier




tion of PBZ inhibited the-firing rate of cortical cells in-

' decreased CBF

-~ *

(#asuoka et al., 19673, it 1s possible that PBZ blocks the *

. . ’ ’
alpha-receptor meédiated synaptié¢ events. In support of

'this, Biadshaq et al. (1978) found that a topiéal applica-

the rat. Therefore, the decrease in cerebral metabolism

\

following PBZ infusion could be  due to a direct inhibition

® ‘e

of normal neural activity.

2

.

4.2 CBF Resgpns§9'Post-PBZ Infusion. “

There. have been 1hd§pations in previous studies that

-

alpha-adrenoreceptor blockade during hémorrhaéic hypotension , _ . -

altered the CBF autoregulatory response. of the cerebrovas-
; ) ) ‘e

"culature, Both Fitch et al. (1975) and Kovach et al. (1975)

had found that during hemorrhage, CBF remained éé qgn¥r01

levels to a lower pressure in PBZ treated animgls?tphn in a

group of controls. The preceeding group of contrg}’%xperi-
* ) .

ments sﬁggeéted that this might not be entirely correct.

Instead of substantially increasing the autoregulatory

range, the sympathetic activation associated with hemorrhage

.

<

éppeared to limit the autoregulatory responses of the cere-

brovasculature in the region of incomplete aﬁtoregulation.

In the present study a direct comparison of the results .
obtained in Eontrol and treated animals was complicated by,
- [ -

the decrease 1n'CpF following PBZ infusion. The effects of

-

both wvascular alpha receptor,blockaée and ?he*teQucf}on in -

CBF and metabolism ﬁusc be considered»
'The'dec;iqevin metabolism accompanying PBZvinfusion

in the PBZ group over the autoregulatory



pressure range (35-85 mm Hg) under normocapnic'cohdiﬁions
. - I .
and at PP’reatef_ than 65 mm Hg under hypercapnic

L. . -~ conditions. There was an additional effect of PBZ infusion

- L}

.on CBF. The range over which C02're§ctivi£y was functional-

. ly intact was extended in PBZ animals when cémpared Eo the

. control series and there was an increase in the CBF COy.

- response at PP levels of 45-65 mm Hg. -If‘is.clear that this

increased response was due to the reduction in CBF' and meta-

T e . - ¢
. bolish at normocapniia and not a result.of increased (abso-
. T ‘ . . ¢ ﬂ}ﬁ
lute) levéls of CBF during hypercapnia. This, the general
» /’ ' ’ .

/’ S
__~*"depression in CBF/metabolism post-PBZ resulted im an

) ! .

improvement 'in the dilative reserve. .. . o
: N .
. ~ This increase iﬁ the residual capaéity for dilation
-;o likely hed an 1nfLuencq 3& the autbregulatory responses of
- . the.cerebrovasculature.' Although the range of CBF_auforegu-
L ’ ] iatién-was not extended by alpha receptor.plaékadg‘in the

rabbit, there was a relative improvement in the autoregula-
tory respensés in' the region of incomplete autoregulation
(65-35 mm Hg). Regression analysis of the data in this

. . pressure'fegion~demons£rated that there was;ﬁ 0.7*0:12/mm Hg

. o

L . decliﬁe in CBF in the control series. ’ This was reduced td

0.2%0.1%/mm Hg in the, PBZ treated group. ‘Eithér,vaecular

'8, dlpha rg;eptor $lociade or the declineﬁin‘CBF and metabolism
’fcpuid account.for this change. lIg the more marggq CBF
: o "decline. in tﬂg control serieé_was due to a neurogenic T e
restriction of the autofegulaﬁory responses, theﬁ'alpha- T n
B - .

receptor blockade would have #me#ented this effect. Alter-

- . . '
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.

_natively, the increase in the dilative reserve due. to the

décrease in CBF/metabolism could have resulted in a more
~

efficient response of the cereprovasculature to PP reduc-

& .

tionse. *

«

- ‘[Since  most major chanées in cerebrovascular respon-—

- -

e - siveness observed‘.‘llowiqg PBZ infusion appear to be relat-

-

<

- ~ i
ed to the change in CBF/metabolism, the. results of the

present study may be apblicable to other circumstances which.

-

reduce either CBF or oxygen consumption. For.example, hypo-

%apnja decreases CBF and barbiturate anesthesia is known to
» — -

.depress both CBF and cerebral me ®aboliam. The present .

-

experiments sﬁggeﬁt titat under these conditions there would

-

”~ L. .
8l1go be an increase in the dilative réeserve and a relative

" improvenent ot autoregﬁlétion at low pessures.)

.

i‘,

* .
4.3 Pial Vessel Caliber-~during Hypotension

Fitch et al. (1975) had suggested that during hepog—q

rhage'there is a vasoconstrictiqh of the large extridparen-

‘éhymal vessels (under néhfbgenic cantroi) and a compensatory

- greater iqfiuence of th;')xmpatheti

-

dilat&on,of the intraparenchymal vessels (under intrinsic

-

'qontrol). The‘pial vessels in geheral have béen.coﬁsidered

r -

. : - . ”
to be transitional €under the influence of both neurogenic
and local contzol mechéniams). Since the ‘pial vessels have

demonstra;éd'a‘differentbgl responsiveness to syd%athetic
. L ..

stimulation {(see Chapter 1), it was possible that the size-
dependence of their awtoregulatory respoﬁse to.,hemorrhagic

hipotension in cdntﬁpl animals- may' have been‘reiéted to a

o

¢ nervous system on large
- 4 4 - B

,“ ' \

L e
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pial vessels than small pial vessels. The present study has

shown that alpha blockade does not affect this size sepend-

o -

ence appfetiably. ‘}he general responses of the different
vessel groups and the maximal dilation attained by these
iksq%ls were equivalent to the correspdnding group;~!n the

control series. ~One Qould conclude that either the level of

avtoregulatory stimulation or the intrinsic responsiveness
of the pial vessels increased with decreasing vessel size.

Some of the differences between the pial vessel

A

responses in the two experimental groﬁps may have been -

related to neurogenic influences. When compared to controls

» N o

- -

there was a relative vasoconstriction of the pial vessels in

the PBZ grodp at PP greater than 45 mm Hg. Vascular alpha - p
adrenoreceptor blockade may -have dgcreaséd the reéistagce of

the large proximal vessels (ie. by preventing an increase in

v

adrenergic tone). This would then have incfeased the intma-

’,

vascular. pial pressure and evoked’ an autoregulatory con-
. : L J

striction of the pial vessels. Altefnatively, the decrease

. in CBF could also Rave gffected the pressure within the pial

. ~vessels, - A reduction in flow with no- change in the resist-

o

.ance of the inflow vasculature would result in an inerease

in“ intravascular pial pressure which would be accompanied by

'_.;ba§oéonatriétion. Finally, the alteration in cerebral meta-
. bolism wouid tend to reduce the.cpnCentration-of vasoactive
mefabolites surrounding the pial vesgels resulting in a
;- decrease 1ff vessel caliber. It dis likely that all of the

‘above effects cont¥ibuted to some extént to the obsérved

-~

)
-
]
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reduction in pial vascular resistance.

3]

A combination of these effects also appeared to .
improve the éutoregulhtory fesponseg of the PBZ group at lqw

PP, The autoregulatory dilation of both the intermediate

> ) and large sized vessels (Group Il and III) were extended to
w
a lower pressure of 35 rather than 45 mm Hg. A blockade of
Y 4 N

"the vascular alpha receptors could explain these differences .
if the responses of the pial vessels observed in the control

group had been restricted by neufogenic é;tivation. This

SN

restriction would then Se@remoVed by aléha—blockade,

. increasing the extent to which~they'coul& dilate. However,
since CBF and metabdlism'were”feducéd, these.effect; would "
not be apparent except at véry low pressures. Thé fact th&t

the alteration in the,auﬁo:égulatory response following FBZ

|

infusion was most pronounced in the large. plial vessels would
. , ) .

be consistent with the finding by others ;haf sympathetic
. J .+ ¢ s8timulation’constricts large pial vessels more than small

5 '.ones. Thhs'a blockade of heurogenic vasoconstriction 1is a
' possible explanation for the improved autoregulatory
. Q o .

-

responses of the larger pial vessels. However, Ethis
imp;oveﬁent could also be due to the reduction in CBF per
~ .

se. At a PP of 35 mdf Hg, CBF in. the PBZ group remained

fsomewhak less than that of controls. Jdhis would tend to /’ *y
* increase tbe'intravaacularpéa}:zressure.in the PBZ gfoup Qt
any. given PP and tht;tefoi':e :edu' ithe'PP at which‘méx_imal
‘dilation occqfred. ‘Thus the decrease in CBF could also play

a role in improvihg‘the autoregulatory responses of the pial



.

vessels at lowgpressures. The extent to which either effect

is involved in the éltered pial vessel responsiveness

observed following PBZ is not clear.

- . -
4.4 Response to Hypercapnia'

klpha receptor blockade has. been reported by

1)

Kawamura and colleagues (1974) to improve the CBF respons-

iveness of the cerebro%Yasculature to hypercapnia at normo-
tensinni Thelr data ¥ndicated that after PBZ treatment
'there-yas a.sligﬁt‘increase in the CBF Co, reacti;ity,
althougn'this was nop statistically significant. Thé& also
found that PP decrea;ed 25-35 mm Hg ﬁuring hypercapnia..
They argued that‘since this decrease in PP was greater
'following PBZ infusion than under contrql'gonditions, a
<correction for the changt in PP was tequiréd. Follo;ing
‘this correction their data showed a sigmificant increane in
CBF COZ reactivity ‘post-—- PBZ treatment. |

I*found ‘that the CO2 response was relatively inde-
pendent of PP in the upper“gressure regions of both animal
groups. This indicatté that the correction made by Kawamufa
et a8l. was likely inappﬁﬁpriate. Furthermore, 1 found that
the CO2 feactivity of the control and PBZ groups "were equi-
vaient at high PP levels. This demonstrated that alpha
~receptor'bloékade had little'effént on the CBF response to

4

hypercapnia at normotension in the rabbit. The possibility

I e
voee L

remains that. the decline in CO9 teactivity in the 45-65 mm.

v Y

Hg presaure rahge in the control series was due to the :

sympathetdic activation associated with hemorrhage (1e. a

»

% oo 110,
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neurogenic restriction of the cerebrovascular responses to,.
N ®

hypercapnia). _If this was the case, an absolute increase' in
. . ‘ -

- >

CBF under hyperghpnic conditions:would normally be expected

following sz infusion. "However, since there was a reduc-
. .

tion in CBF and metabolism, the flow requirements during

hypercapnia’were reduced and an absolute increase in CBF was

not anticipated.

.

Wei et al.(1975) found that large }ial arteries r

(>100 pm) treated with a topical application of phentola- -

-
L]

mine (an alphadféceptor blocking agent) showed én increased

‘ ) )
responsiveness to hypercapnia at normotension such that the

response of the large vessels became equivalent to that of

®

fhe small pial vessels. Normotensive levels of PP were not "
’ \ . “‘ -
examined in the present study and therefore this effect of #?

alpﬁa-b}ockade has yet to be confirmed. Over the pressure. -

»

range examined presently,ethQ increases 1in the calibers of

-

the large. pial'arteties (> 90 um) were less pronounced than

-~ . .
those of smal]l pial vessels ( £50 um). Therefore alpha .

blockade did not remove the size-dependence of the pial
vessel.responsés to hypercapnia in the rabbdbit at PP levels

Pl

less than 75 mm Hg. T ‘ I

4.5 Changes in- Vasculat Resistance

. fThe‘dgdrease tn CBF and metaholisﬁ also affected the
changes in resistance of the PBZ group. Comparipg'total PCR
_in the control and PBZ series (from Figures 13 and 16)

~demonstrates that at PP levels “above 35 mm Hg, total PCR of

the PBZ group washapproximate1§J2}X greater than that of the

A
K]



"response of the cerehfovascdlatuxe. .Howeveit since the

112
c?ﬂtrol.group. Pial vascular resistance in -the SBZ.treated
animal was approximately 13% greater tﬁéﬁ’that of controls.
Thé ‘increase in total PCR was related to the decfeaseAin
CBF/metabolism and presumably to a change 4n the

<

concentration of vasoactive metabolites‘with}n the brain.

v

However, the oﬂservation that total PCR increased more than
plal vascular resistance suggests that other'é;rebral Qes—
sels had constricted to a gre&ter extent than thelpfal
vessels. Since thé intraparenéhymal vesseis are closest to
the vasocactive metaboiites_withiﬁ.the b;ain, it seems most
likely that these vesséls respdnded tp‘PBZ 1ﬁfusion with a
regulatory increase in resistance exceeding Ehat of the'pial
v;gsels.: . L - .
There was a clo;e porrespondence between ;otal PCR
C0y responses- and Q;osenéf Q;al vasculér resistance 1a
contro]‘anima],s. _Ho.wever, in PBZ treated animals, t.he CO9
response of total PCR exceeded tha; of pial wvascular resis-
tance by an average of llz at PP greater than 35 mm Hg;

One poqsyble'explanation for the relatively greater COj

responae.qf total PCR would be that alpha blockade may have

bfeventep the neundgenic %esttictioﬁ of large cerebral

.

artery'rgsponses-td hypercapnia thus 1mproving the average

contribution of the large inflow arteries to reductions in
resistance during hypercabnia are,minimil (see Ch. VI,
Sect. 4.2)‘and the size dependence of the pial vessel

responses was not altered suﬁa;antially by alpha adreno- - .

’ . -~
. - ..

[y
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receptor blockadé, this explanation seems unlikely. Alter-

natively, it is ﬁoesible that the intra}erepch&mal vessels N

°
)

éespoﬁded to hyﬁercipnia wlth greater reductions in resist-

-
.

ance'then the pial.vessels. This weould imply‘thet the
intreparencﬁymel vessels had a greater dilafive reserve fol:.
lowing PBZ infusion. The latter b&ssi%il{ty would be con-
sistent with the suggestioﬁﬁfha; intraparenchymal vessels

had constricted to a greater eXtent than pial vessels as'a

. resilt .of thé decline in CBF and metabolism.
: .
1 : :
Although the responses of the pial vessels and those

&

of the intraparenchymal vessels may differ quantitativedy

following PBZ infusion, their responsiveness to subsequent

e 'dilative stimuli appear to be closely ~thterrelated. . Altera-

tions in pial vascular resistance generally paralleled both
» autoregulatory changes in total;PCR and the™  PCB response to
- | a8 . .
hypercapnia. Thus, the pial vascular resistance changes

-

- "were at.least qualitatively similar to both ehenges in total

PCR épd lntraparenchymal ;7@ietancea f - T

4.6 The Dilative Keserve

There were severaf improvements in the cerebrovascu= .

- - - -
. . N . - : \

lar‘responses to dilative Rtimull following alpha blockade. .

A
1

. : The CBF CO; response increa ed ahd the range over which the

+

response was functionally adequate was "extended to a PP

.

-y level of KS;mm Hg (ie. there was an 1ncreaae-in ;he dllati;e

' reserve). There was a correapondiﬁg extension of ‘the pres-

sure region in Which autoregulation was essentially intact.
N - ! . e ’ .
- " In particular, there was 'a relative improvement in CBF aptd-




1.

© »

regulation and ;nithe plal vessel autoregﬁlgtory responses

it low PP, Thus the increase in the dilattve reserve fol-"
lowing BBZ infusion appeared to ,inflience the autoregulatory
respounse. . -

- * - . .' - -
The CBF COj; response indicated that the changé in

" the dilative qgservé was due primarily to the reduction in

LY

CBF/qﬁtabglism rather than. to- an absolute increase in CBF

during hypercéﬁnia (1e. incréased vasodilation). The close

proximify o}‘the 1ntraparendhymal vessels to vasoactive

'metabolites and the changes in total PCR versus pial yascu-

lar resistance Bbtainéd following PBZ infuéioq strongly sug- °

gest that. intraparenchymal vessels constricted to a greater

extent 'than pial vessels. Resistance analysis also sugéestf

ed that the intraparenchymal vessels made a ma jor contribu-
. ’ - 5 * ’ ' . - Lo
tion to the incredse in the dilative reserve observed in the

PBZ gg&up. .

Due to the reduction n CBF[mgtabblism it is diffi-

.

cult to isolate the direct effects of (vascular) alpha
blockgde‘(ie: an increase in the limits to which the cere-
hrovas%ulﬁtufé can-dilate).” Nevertheless, the present

. . R . . . . - . ‘

results demonstrate that the influence of ‘the sympathetic

.
.

% ) -
nervous system during hemorrhage in‘the rabbit is relatively
minor.  There were. no 'absolute increases in .CBF,or pial

' vessel caliber above those of the control series following

- .
. -

PBZ infusion: 'The autoregulitory range was hot altered by ..

alpha adrenoiéceptor blockade gng,the general siz§ depend-

ence of the pial vessels was nat dependent-on-aipﬁa med;axed

I 114 
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qehrogenic activity. The possibility remains that the

-

reduction in CBF of control animals in the region of incom-
Plete autoregulation was due to a neurogenic restriction of

the autoregulatory and COj responses. If so, the reductions
in CBF were relatively minor under'normocapnic conditions’

(less than 25%) and moregpronopﬁéed under hypercapnic con-

k&it{gns.

'

5. Summary and Conclusions

~

(1). Infusion of the alpha adrenoreceptor blocking agent

phenoxybenzamine reduced CBF ‘and metabolism in the anesthe-

tized rabbit. -

(2). Following PBZ infusion ther 8 an increase in the

dilative reserve related to thpﬂd‘ ‘in CBF/metaboliam.-

‘More specifically, the, C02 respbnse was 1ncreaaed at PP

levels of 45-65'mm Hg'and the range ‘over which qhe CO,
regsponse vas functionelly ‘intact was, extended to lower

‘ . g ‘ : :
pressures. Lo ' '

. <

//(3) There was e relative 1mprovement of CBF autoregulation

Eorrelated.directly with the observed 1ncreaae in the

-diia;iye4reee;ve.¢3 - ’

.

at PP levels of 35 to 65 mm Hg following PBZ 1nfusion. The

-
.

autoregufetoty response of large plal vessels (50~ 195 am)

.Jr T

was extended to a lower'pressure of 25 cather than 45 mm
..

Hg. These improvements in the éutoregulatory reapqnses'

4

(4). a&pene'%as no‘Chenge~in the ;angefof cBF-adtoregulation

or the CBF response to hypercapnia at normotensiqn following

a"

' s 1S



those. of the pilal vesse€ls,. e i :

o

. e S

'alpha receptor blockade. 1In addition,; the size depe;dence

of the pial vessel responses to hemorrhagic hypotension and

to hypercapnia'weré'essentially unaffected by.alplta adrener-

’gic blockade. I would conclude that (a) effects of sympa-

thetic activation during hemorrhage are minimal in the %

] . L1168

rabbit ‘and (b) the size deﬁendence of wgscufar responsges is

-

the result of -either 1ntrinsig1differences in vessel respon-

-
/

‘siveﬁess and/or differing levels of dilative stimﬁlatioq.

.
[ 4

(5). The :esponées of the~pial vesBeIs_wgre qualitatively

-

representative of chahges in total PCR and idtraparénchymal'

-
)

resistance, The quantitative comparison of rébistancé 8hg-

e

gests that intraparenchymal vascular responses exceeded"

-
.

£ S




V1 EFFECT OF CAROTID ARTERY OCCLUSION
- . a

1. Introduction

It is important- to understand the effect of carotid

artery occlusion ‘on the cerebrovasculature as inflow artery

3

occlusion occurs naturally in occlusive cerebrov‘fcular

disease and carotid ligation is oftén used as a treatment

for intracranial aneurysms. Carotld artery occlusion
. %

«0

results in a pressure Teduction in the Circle of Willis

(Bakay and Sweet: 1952; Kn&pp'et al., 1965; Iwabuchi et al.,
1971);'hoﬁever there is norﬁally no change, in the resting

leveI*of CBF (ie. total CVR ¥emains constant) (Sengupta et

4

al., 1973; Hobsen et al,, 1974). Since inflow artery resis-

tance [(MABP Circle of Willis pressure)/CBF] incgeases fol-

-

lowing carotid at{ery occlusion, there must have been a cor-
responding decrease in the_:esiqtance of some other vascular

segment. §engﬁpta et al. (1973 1974) postulated that the

distal vessels dilated to compensate for the initial pres-
-

sure drop bat" tﬁ%t &his subsequently reduced their ability
toArerOnd'to other dilative gtimulf. In support of %this
hypotuesis they founo thatugﬁe CBF response to both‘hypoteu--
sion and hypercapnla were impaired following carotid artery

occlusion, fThus-it?ia clear that the.dilative reserve 1is

a

reéeduced following carotid artery occlusion.

N However, several pointosremain uncertain. The

results of the control experiments (Ch. 1IV) sugéest .that

folldwing occlusion there may be a region of incomplete

autoregulation'prior to an onset of pressure passive beha-

M .
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vior. Although the data of Sengupta et al. (1974) show that

»

the autoregulatory response is impaired, it 1s not possibie
to identify cleariy a tegion of incoﬁpleie autoregulation

due.to the considerable scatter of individual flow measure-. -

ments. Thus the exact manner in wliich the autoregulatory

)

response is %ff;dted is not clear. The preceeding experi-
ments ais; suggest that there mayfbé a substantial residual-
dilative capacity at ﬁressdres below those at which CBF
begins to:decreaée. _However, the extent to which the'dila-_,'
tive reservé is reduced throughout hemorrhagic hypoteﬁéion
following occlusion has n;t been ;nvesfigéced. Egrthefmore,
the éannér in which carotid arteéy qcclusi§P‘affects pial .

vessel caliber and their responsiveness to dilative stimulil

v

has not been studied. Finally, although Sengupta et

al.(1974) hypothesized that the effects of carotid occlusion:

-were due to the decrease ig distal intravascular pressure .

K

accompanying occlusion, this has not been tested.

In order to clarify these issues, I have examined -

the effects of carotid artery occlusion in the rabpit. The

-specific objeétives were as follows:
(1). to determine the effect of carotid “artery occdusion on

CBF and pial vessel responses to hemorrhagic hypotension.

<

(2). to examine the effect of carotid occlusion on the

dilative reserve (ie. the cerebrovascular responsiveness to

hypercapnia) throughout hemorrhagic hypotension.
(3). to determine if the observed effects of carotid artéry-

occlusion are .related solely tdé the éha;g&_id Circle pf

?



-

_CBF (11 rabbits) or.pial vessel caliber (10 rabbits¥ in a -

. \ :: . 119

.

Willis_pfessurg. This was accomplished:by.comparing the .

results of the ocecluded group to control dnimals at the same

5 s

level of cérebral PP . . . )
e L 2. Methods ' . . ,,/)
SO : 2.1 CBF and Pial Vessel Caliber 7 _ °

'Rgbbits were préparéd for the measurement of either
=, < . . .

manner-identical to-that described in Chapter 3. Prior to ‘

placeﬁent of the animal into the headﬁolder, the righti a

~

common carotid artery was exposed at the level of its bifur-

~ catfon into the external andKinternal carotid arteries. As

% . Ay
shown in'Figure 21, sutures were placed around both the

.

right’internal carot%ﬂ aftery (06.5-1.0 cm}froﬁ the sinus)
and #he cpmmbn carotid artery (>1 cm from the sinus). The
suture was thrgaded through a 3 cm leﬁggh of poiyetheléne'
tubing kPE 90) which occluded the vessel when the edge of
the tubing was compressed against the ;rfery. Occlusion pf
the internal carotid artery prevented blood flob'eﬁtﬁe{ from
the heart to the braip,'dr in a retrograde=ménner éroﬁ the *
brain to the external car&ti&‘aftery. Common’carqfid”arterﬁ
occlusion eliminated thenfossibility of blood flow -to the.
brain through anaagomotié.channels in the eye.

6BF and plal vessel calib;r were measured.bilaferal?

ly following a prbtocol'similar to that outlined in Chapter

II1. The average control value was determined prior to

B
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Figure 21
This diagram illustrates the anatomy of the "carotid’
- o -

artery bifurcation most frequently observed in the
‘rabbit.

The figure also shows the positioning of the

sutures about the internal and common carotid arter- -
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occlusion., Following both right internal and common carotid .

artery occlusion, measurements were made at normochpnia and

hypercapnia and then the PP was reduced by gfaded heémor—
; . .

-

rhage. Pilal vascular rq@istahce and total precapillary
resistance (PCR) were calculated from the data as described

previously (Ch. III).

'; . 4
. . )
2.2 Ophthalmic Artery Pressure Measurements

2.2.1 Introduction

'\

Since carotid artery occlusion results in an
increase in inflow artery resistance and a pressdre reduc-’
tion 1n'the Circle of Willis (Backay }nﬂ Sweet, 1952; Knap

et al., 1965; Iwabuchli et al., 4971) , the mdgnitude of thi
pressdre reduction ﬁas~requ1red to'in&erpret thé effects of

carotid artery occlusion on the cerebrovascilature: In the

rabbit, the internal ophthalmic artery (approx. 0.35 mm in
diameter) arises directly from the Circle of Willis or froM

the internal carotid artery near the Circle and’theq enters

LN

the orbit of the eye without branching GRuskell,'l962),
- SRR |

Therefore, it is possible” to measure the pressure in the .

-

Circie"of Willis by cannulating .the internal ophthélmic
artery within the orbit., In the present study, techniques - .

were developed to expose and qannuIate.;h; internal ophthal-

L
A

mic artery and subsequently measure this -pressute. ‘e

I

2.2,2'Preparation % . ‘ . ’ . .

The internal obhthalﬁig artery was approached trans-

orbitally 'in 14 rabbits. The e&e was decompreéséd by the 4

-

~ . P




was"positioned4witﬁ the aid of a microdrive. The suture at

o

' B . : 123
N ’ ' . \
removal of the lens, aqkbq;;>humor and vitreous bedy. An ‘

incision was iade around the upper edge of the orbit, close

to the. bone and through the cartilage. With the aid of ag

operating microscope, the periorbita was dislodged gently

.frvn;:he orbit between the frontal artery and thq accessory

s

lacrimal artery. These two arteries were coagulated and the

lacrimal .gland was partly removed. The periorbita was then .

dlssected .away from the orbit and retracted. .The origin of

any  hemorrhage occurring during the procedure was visualized

by irrigating the area with saline and bleeding was halted

using bipolar coagulation or bone wax. Once the obtic fora-

men was visible, the periorbita was cut and the muscle and
. [ . ] e

. arteries sdrnounding the optice nerve were c&fgulated. The

ophthalmic artery was then separated from the optic nerve
and the nerve was sectioned; .The'sheabh,surrounding 3-4 om
of the artery was dissected free and any~br§nches were
qoégulateg. Two 6-0 silk threads were placéd arou:d the
o?hbhalmié artery and the rqbb;t was heparinized go-prevenf

thrombosis within the vessel following cahnu}ation.

The artery was cannulated using a 316 needie that

2
-

the distal end of the vessel was tied and sJEsequeqtly used

to stabilize the artery during .cannulation. The microdrive

’ *

. / o "
wag advanced slowly sugh that the needle pierced the vegsel
. [ ’

wall and travelled.within the lumen for a distance of 2-3

.

]
mm. .The second suture was
a

the cannula and achieve a prés;ure tight seal.

then used to tie the artety to

.’

. 4 .

)
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2.2.3 Internal Oghthslmic Pressure
I_The cannula was cennected to a strain gauge trans-
ducer using stiff-walled polyethelene tubing.' The system °
was filled witn saline and all air bubbles were renoved.
The,patency of the recording system'was checked frequently
'by injecting approximately 0.01 ml of saline. The system

was sealed and the tip of the needle was unobstructed if

tnere was a momentary increase in presgsure and a- return to
- the preinjection level.. The frequency response of this
- _system was such that ;hé?arterial pulse pressure was

severely damped and only mean pressures ceuld be~mee§@red‘

- Qe

accurately. Therefore, in order to compare the systemic and = . .

4 - L
[ . -

ophthelmip artery pressures, a continuous recording of mean .
arterial. blood pressure was obtained H§ filtering the aortic

pressure signal electrpnically to omit all high frequen-

cles: The calibration of aortic and ophthalmic pressure

.

transducers was tested .frequently by connecting botn to a

-
‘.

common pressure sourte- (aortic pressure) .and ensuring. that

. - - - v
-

there was no diffefence in pressﬂres recorded.

-

.

® 2.2.4 Data'Aquisition

' As descrihed in the general protocol (Ghapter I111),
”
» %he ophthalmic pressure was measured at resting and then

red 5 levels of . arterial blood pressure at both normocap-. -

y = -
nia and bypercapniar- The effects of reversible carotid
L . -

. artery’ occlusion weteé recorded at each. pressure level . The

- .pressure gradient across the large,inflpw-arteties toge&?er

",
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with CBF measurements a}lowed the calculatiqn of the inflow

- artery resistance.

A\ ; : | B “

.\

- 3. Results

s f a

3.1 Ophthalmic Artery Pressure
a

3.1.1 Inflow Vessels Intact

The Circle of Willis pressure in the‘rabbit 1s com-
.posed of arteries  which are approximately equal in size
(McDonald &nd Potter, 1951). Therefore, the ophthalmic art=

! h

ery pressure was cdnsidered-representetive of~that through-

out the Circle of'Wiflie: :fhe mean-pressure in the ophthel—

mic artery (ie. tHEPCircle of WLJlis) under resting condi-

tions (MABP-92*4 an Hg, P aC02=39%] mm Hg) was 85%4 mm Hg and

the average pressure,gradient between the MABP and the

Circle of,Williglﬁes 7] mm Hg. During nemorrhegic hypo-

tension pfductions in MABP were accompanied ny equivalent Py

reductions 1in ophthalmic artery pressure (see Figure 2&9 Bo

that the pressure gradient (aorta to the Circle of Willis)

remained essentially constant, Hypercapnia increesed this-

1pressure difference at resting and moderately reduced Pg;

The mean'pressure gradient across ‘the inflow arteriee for

eaeh PP levelvis‘shown in;leble 4, This Table includes the

P ;mean ptessure gradientsAtf the’c}pillary;venous nressure'
component (eguei tq'that calcuLatedfin the control'Serieel
bh,'IV; Sect;'3.3) and the renaining‘bressure drop across

.i tne eerebrel arteries and arterioles. ‘In other, words, the

) ~e & N . . °
entire cerebyal perfusion pressure was divided into three



Figané 22

. -~ i

-~ ~

In this graph the pteségpéimeasufed in the ophthalmic

artery (or that in the-Cigcle'bf Willis) is plottéd‘
versus the simulthqééus medsunément of heﬁn arteriai
.plood.pfessu}e. The pressures obtained under normo-
chpnié éondiéions differ from tﬁoée,obtainéd at hyper-

capnia if the blood pressure is either normal or

moderately reduced.
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. TABLE - & °

-
L

.
L]

Pressu;e-cr;e’enté‘at Normocapnia{N) and Hyperc

apnia(H)

Pressure Gradient (mm .Hg)

5"

Inflow

&
Arteries+

" Segment
Ar@eties and V~Capillai1es'

Arteriolesf

B

“and _

Ty

.

N

Veina*

H

95

'“85

‘75

v 65
-T55¥.

45

3s
- "Hf 'i “gs.

N H

-8 12 N

7 .13

713 LT

7 12

8 11 .

8 10

N

65

55- .

46

36 .

28 .

18

10

2
29
18
12

8 -

7A-

22

22

22

‘a1
20

19..

17

10

37

-

.33

25
22

17

10

- T medn'pgeésura( #ll_hm Hg), *

- ~

calculated mglues'(mm Hg)




seéments - inflow artery, artery-arteriole amnd capillary

/ . - " .- -
venvus pressure gradients. These pressures were used to |
. -~ - -

calculate resistances presented in Section 3.4. ' -
3.1.2 Effect of Carotid Artery Occlusion - .

- -

-

~There‘wss.a 7+]1 mm. Hg increase in the pressure grad-
ient from the aorta to the Circle of Willis following caro-

“tid artery'occlusion. A typlcal example of the effect of

temporary carotid *artery occlusion on the pressure.within -

the Circle of Willis is shown in Figure 23. The inflow art-

-

-z ' .ery pressure gradient during oeclusion increased duripgvhyb-

ereapnia.  Mean:vslues of the total pressure gredient-ioc_

. ¢luded) ano ‘the inorease.in the presure gradient resulting -~
from occlysion at each PP level are shown in Table 5.

3.2 CBF and-.Pial Vessel ,Caliber

3.2.1 Responses at Normotension . N

RS . . .o - * . .-

= o "Satisfactory eclearance cnrves were obtained from 46 .

- -

.of 55 eIectrodes. ‘In order to determine if the 1ocation of
* the electrode was an important determinant of cerebrovascu- -

lar responsiveness, the responses were grouped according to

. - . A.their location in the left or: right(oceluded) hemisphere as.

shown in stle 6. The average MABP, PP and PaC07 were not ~
altered by unilateral carotid artery occlusion and the ’f" o
physiological ‘state of these rabbies was siniler to that of

. o "the control group. CBF was reducen slightiy;:: the right

side following occlusion both at #Ermocapnis and hypercapnia

although the Zifgerences were not significant. The total




. . - ) . Figure 23 ' -

\ : .
‘Shown are a sample tracing of the ophthalmic artery

pressure and -mean arterial blood pressure at normo-

capnia and hypercapnia. The diagram demonstratés that

 thé redué;ion“in_the perfusion pressure resulting from

k]

.occlusion is greater at hypercapnia thgn normocapnia.
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- ---- Opthalmic Artary ’
o Nor mocapnia Pressure -
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£ 1201
E
21007 -
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a 807 Occluded :
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E 1207 R | ) bR
o [T R R AP, z15mmHg
2 100 i ommmm e AP, = 3ImmHg
el Occluded | AP due_ to Occlusion
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1 min.




TABLE 5

. \ L -
Pressure Gradient across the Inflow Arteries during

Unilateral Carotid Artery Occlusion

Pressure Grhdignt+(mm Hg) 'R
fP Normoqégnia ) Hypefcapﬁia
- Range - Increase due . lnfrease due
to Occlusio; Total to chlusion Total
25 ] | 2%1 9%2 . 2k1 . 10%2
35 o 4%1 1242 . 32 13%3
45 41, 12%2 41 152
55 Cwt1 g2 5kl 1742
65 ' ’ S%1 1342 S e%2 183
75 5¢1 1241 ‘ 742 20%2
85 : . 61 14%2 ' 72 20%2
95 ‘ 741 1s¢2 9%2 21%3
105 | 7#1 - 15%2 © 10#3 . 23%3

.+ MABP less Internal Opthalmic Artery. Pressure

ir
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- TABLE 6
CBF Followimg Carotid Artery Occlusion
at Normotension .
Variables : : " Pre-occlusion .Post-occlusibq
| N* ¥ N# nt
éhysiological(n-ll)
MABP (mm Hg) : 10043 i12#3 994 113%4 )
PP (mm Hg) . 92%3  103%3 92%4 1034
4 . scop(amng) 39.8%.5  61.3%.7  40.7%.7 61.3%.6 -
Cﬁ?(ml)lOOgm/min)
Left Side (n=22) 99+8 169412 95+7 154411
Right pSide (n=24) 98+7 17149 9147 144%13
Total ' 9945 17048~ 9335 149%8

* Normocapnia + Hypercapnia
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-, . e

CBF‘requnse to hypercapnia was aléo reduced soméwhat fol-

- -loﬁi;g ﬁarotid occlusioq.

The pre-occlusion diameters (20-152 pm) of the 86
pial vessels examined under resting conditions (MABPini?Z
' he -

\ mm Hg and P,C09=39.3%,5 mm Hg) are shoyn in Table 7.
mean caliber in each vessel group on the right hewmisphere

was similar to that on the left and the total mean diametegs

<

were equivalent to those of the control animals. The effect’
of unllateral Carotid artery occlusion on pial vessel
Y - R . -

diameter is presented in Table 8. . The data shown in tﬁe‘

[

'Table were obtained from 5 rabbits. that did "not exhib#t

.

excessive brain swelling during hypércapnia. The avg}agg
. . ; - C e ¢
- - response of all vessels in, a given size gro@®p were calcula-
T ; . ¥ ‘ e
gﬁid in the detérminatidﬁ of the

-

ted for each animal and
. M . .

- mean responses for that group. Following occlusion, the -
plal vessels dilateg and there was no signﬂticant difference

between the degree of dilation achieved in the occluded

]

versus the contralateral side. The reqponses'td hypércapnia

were ¥Thilar to those of control animals and the left-right

side differences were not significant. . . .

3.2.2 Responses during Hypotensionm A

]

The‘cerébrovascular.;esponses,were 1nitially.combin—
ed and analy;ed acc:rding té'tﬁe locatiqn'of thg ﬁeasurement
.with resﬁect to the left or right (occluded) hemisphere.
figure 24 shows the ﬂial}diameters (éroup 1) and the CBF .

data Qrgaﬁiied in this way. The quup {} and III vessel

P responses (not shown) demonstraied s8light left-right differ-




TABLE 7

’ “a Y F 4 . -
- ° }. Diameter of the Pial Vessels 1in eaqh Group

a

Prior to Occlusian -

)
n

-~

-
-

' "_G;.‘éup h s Left Side. "gight‘ Side - Total
’ Af:4>‘ - -Nf oCdlibef%hﬁ §“'Qéi1ben N . Caliber
o1 20 3ex2 Y 23t 3ss2 . 43 3541
II Te127 eek2 .. 16 60%2 28 63%2
v ‘Iii - .9 '1;2*‘7 6 99+3 _' 15 10745,
,,:‘f’Numbér of Végsgls%in ;&ch group, * He;n(pﬁ)*SEM

. o« ) . . T
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TABLE 8 : >

Pial Vessel Diameter Following Carotid Artery Occlusion :

K

Pial Vessel Diameter(% Coﬁtfél)

Véssel | Normozggpié+ o —e 802 ResponseX
Q- Group ;; Left ‘Right . 01 Leét » Right

3 SideJ_JSidg Total Side . .;ide Totgl

. C : ‘ '
1 1066 _ 108%4.  107%3* 3246  26%6 29%5

S 11 10552 107#4  106%2% . 19%7 . 2324 - 2134

IIT . 104%3 106%4  105#3 | 15%5 2243 o4
+.MABE=1033 am Hg, PoC0,%39.0%.5 amHg . t 2

X MABP=104%6 mm Hg, P4COy=61%2 mm Hg

* grehter than control (p<.05) S -
" .‘ i -" ° o *




Figure 24

0

This figure compares fh:\cerebréiéééular Yesponses

[y

obt;ined'f;om the right emispﬁére to those obtained
from the left side. CBF

LN * e }
nia are presented in the top section. The c&libers of

at normocapnia and hypercap-
’ . -

-

the Group I vesseX responses at normocapnia are shown

in the lower panel. All‘!iffetences:betwaéh right and

left sides are not statistically signif;panq.

~ e

°
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ences gsimilar to those of the Group I vessels. None of the

~r

differences between the responses in the pccluded and con-
tralateral hémispherés were significant and the slight dis- -

a .
e left and right hemispheres were combined.

-

simi arfties which did occur were inconsistent. Thus data
from

The CBF -responses to hemorrhagic hypotension follow-
. ing carotid artery occlusion are shown in Figure 25. -During

» -

normocapnia CBF was maintained at control levels between PP

of 105-85 mm Hg and CBF declined at PP between 85-45 mm Hg. - -

.

The lower limit of autoregulation occurred at 45 mm Hg.

During’ hypercapnia, CBF was dependent on PP over the entire
. - . . :

- . range with the possiblé é;c;ption of.«the uppermost PP levels:

’ . (> 85 mm?g%). As PP decreased, CBF under hypercapnic con—

-

ditions declined; " The COo responée vas appfoximatelj 502 at
pressures greater than 85 mm Hg and 20-30% at PP of 55-85 mm'"
Hg; it was not significant at pressures less than 55 mm Hg. -

- The effect of hemorrhagic hypotension on the,pial
- N A ) !

vessel responses are presented in Figure .26. .Fbilqw€hg the
dilation produced by occlﬁglon of the carotid artery at /’j>

4 normocapnia, a reduction .in PP produced a-suppleﬁqhtary

' : . dilation of the.pikl‘vessels; Thé arteries dilated progres-

sively.until a maximum dilation of 160%#3%, 146%3% and I3243%

‘control was attaineqd in the Gzoup I,II and 111 vessélg, res-

" : A ) ' o

pectively. These ‘maxima occurred at a PP level of 45 mm Hg
' Y

for small and iotermediate sized vessels and at a PP of 55

‘mm Hg for the larger vessels (>-90‘pmf.3-FuftHer reducgﬁéns

]
in PP resulted in & decline in vessel diaméter. The pial

.
o - .




Fi gufe 25

) ) -~

This diagram-presents the CBF responses obtained fo;-
-lowing unilateral carotid artery occlusion. Shown-are

‘the me an responses to hemorrhagic hypotension at nor-

mocapnia‘aﬁd ét'hyperbapnia.~ The_additional increases

- .

in 'CBF resulting frqm‘hypercabpia are shown iq:the bar

graphs. The symbol * indicates that the difference
between normocapnta and hypercapnia is not signifi- ~
cant,
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This d{agram:presents the pial ieééélirésﬁonseg :

obtMned following unilateral carotid artery occlu--
n. Shown are the mean respénses(to hemorrhagic
q;ension‘at dbrmbcépnia,'at'hipercgpnia and the CO4
. - S 4 . . .

responses. The symbol ¥ indicates that the differ=

ences-between normocapnia-and hypercdpnia ‘are rnot
- " d . * ' . .
significant. » , - v a . F
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vessel diameters measured during hjper?apnia were géeater \ .
. than those‘at.normocapnia at all.PP greatér than 45 mm Hg.

As - PP was reduced, the‘Group\I,,II and III vessels dilaeed

continuowsly to attainfmaximai values of 17%#62, 161*?% and -

141*6% control, respectively. PP reductions below, 55 nm Hg

resulted in a decrease in g§§§e1~diamgters to valugs equ}va—

lent to:the calibefs at norm:capnia. The CO2 response oé
-the pial vessels initiélly/;}cieased as PP was reduced from , -
- 105 to;65 mm Hg and then declined at pressures below 65 mm |

ng o . ) °

3.3 Comparison with Control Responses

{3.3.1 Direct Comparison
| Thg,CBF'réspopses following occlusion are coﬁpared
i. fg tpﬂéé of tﬁe'control animals in Figuré 27. CBF was less
than that of céntrol animals at PP 6f 35185 mm Hé during
normocaﬁnta.;néka;'PP of 45-85 mm-Hé during hypercapnia.
The CO2 respopaé was also reduced following occlusion at PP

- levels gréater than 65 mm Hg.

The effect of ocdldﬁion'on the Group I, II.and IIT L2

——

e

vessel responses with respect to those of coétrol areé pre- -

"sented in Figures 28, 29, and 30, respectively. Plal vessel
T ’“_ dibation at normGCQphialwas grgater Gnof neccéhsérily signi- ..

~ ) .

’ ficant) than that of controls at PP above ‘45 mm Hg.,K At

. .3presaure§ below‘this level,'@ial veséel'diameters in Ehe'
T ~. -

. occlwded eriéh were less than ot equal to those in xhg\
emea, | . \~—,.

k'contrql aeries. Similariiy, as PP was reduced to 55" nm Rg ™~
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This graph presents a comparison of CBF responses in
the occluded group with those in the cpntrol group.
. . . , S
- M \. s .
* - p<0.05, statistically different frym control

: . . . a0
' %% - p <0.01, statistically different from control
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. Figure 28

, - :
This diagram shows a comparison of the Group I vessel
4

responses in the occluded series with those in tﬂ“

control.series.

N L)

se R p <0.05,-stat}stica11y different from control

*% - p {0.01, statistically different g}om control

-
-

[3)
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Thié'diagram‘prgsents ihe comparison of Group III
vessel responses in the occluded series with. those {in

.
)

* s the control series. , . . ‘ ’ . .
K- o . : ) .
£ - p {0-Q5, statistically different from control . . &

. . *% - p <0.Ql,fstatistica11y differént from controi"
N . .. ) . % . ’ s '
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during hypercapdia, piél vessel calibérs were sdmewhat

greater in the occluded series than in the conirol ;nimals.
Q9 <.

These differences were most p&snodnéed-infsmall'(< SOEﬁm)

pial vessels. The autoregulatory responses of the oéclud;d

'series were similar to or less thanm those of the contrel /7

series at PP. below 55 mm Hg'. The two. groups of animals héﬁ

\3qu10€ient sz responses at most PP levels, However,; at :PP
- ' . .

of'4S dm ‘Hg. the responsed of the pial vessels)follbwing
} _ - . '
occlusion were. reduce elative to those of the control .-

a
v

series. * . :

3.3.2 Correction for Decreases in Cerebral PP ..

Clearly, carotid artery occlusian affected the auto-

regulatory and *COg responses in comparison tothose of con-
. . - ’

o . .
trol anisals. There was a reduction in pressure in the

‘Circle of Willis such that the.bressure‘pgrfusing the -

2=
-

‘cerebral arteries and arterioles fplléwing occlggion was

4 - - .
‘less than that calculated as MABP minus -ICP. In order to
exam!!; the manner in which the altered cerebrovashular

responses following occlusion were®related to this aiffe;-
. , . i .

ence in cerebra]l PP, the mean Circle of Willis pressure drop
in each PP range of the .occluded seriés (from Table 5).whs~

sub}racted from,tﬁe PP for that iével. Then the data

:obtained following carotid ocqlusion were shifted to a level

of cerebral ‘PP which:waa equivalent to that of the control

animals.’ ' o .

-, \

Y The CBF responses of the occluded group (shifted té

correct:ezteb;aiaPP)'are“compared to the control series in

‘ - 183
 of

...
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Figure 31. Many of the differences between the two serles
. ) ! . g
’ of animals were removed by this correction although some
dissimilarities remained. CBF was'less in the occluded
series than in controls at intermediate pressure levels L

A

(50-80 mm Hg) during normocapnia and at approximately 75-80

mm Hg during hypercapnia.‘ The CO02 response was also Less at

.« approximately 75-80 mm Hg. : .
. . The responses of Group I, II and III pial vessels of
. »the occluded series (shifted to appropriate cerebral PP)

are compared to those of control animals in Figurea 32, "33

A

.and 34 respectively. =~ The autoreguletory responses.of the
control and occluded series were almost.;denticalyat:PP~1esg
-thae 85{ﬁm Hg and the COj eng hypercapnic responees of the
‘control Eer;es.coincided with those of the occcluded series.

In the upper PP-range, the. dilation of the occluded series

-
~

at normOcapnia was significantly gregater than that of the

3.4 Pial Vasthlag and.Precapillary Resistance (\\~

Figure 3?. Both total PCR -and plal vegsplar resistance
exhibdted an autoregulatory-deeiine ;: ?P'og 45-qulmm Hg.
'Dering hypercapnia, total PCR was eé;enfially coﬂetant at PP
of 105-75 mm Hg, declined a't. pressures beloy this PP range

dnd then increased at PP less than 45 hm Hg. ‘Pial vagcular "
resistance’  during hypercaﬁnia demonstrated a gradual de-

cline over the 105-55 mm Hg pressure region and an 1ncreaee

control series. ' . v AN

. w : ' ’ :
. Alterations 1§ total precepillary resistance (PCR)
. - are compared to th chadées i%.pial'vascular resistance in
. %. .
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In this figure, CBF responses of the occluded series

. ~ N .

are compared to those of control., Occluded values have ‘

been shifted to lower PP to account for the decréase S’,

- L] -

in céerebral PP following occlusion, - B
: . S,

LY . . . .
e .

o
- i P .

* -'p'<0.'05, .sta.tisotical'ly gi-ffereni from . control

*k -'p‘<0.01,vstatiatiaa11§ dhfferéht from control
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Figure 33

<
-

Group II vessel responseg of the occluded series are .

I . ’

. «2compared to those of control, Occluded. values have
LTI X ' )
. been shifted to account for fhe decrease in cerebral

PP following occlusion.

'

.

* - p<0.05, statistically different from control

N : &k — p‘<0.01;'hf;tist£cally different from control

'
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"at PP less than 55 mm-Hgisﬁéll pial vessel groups exhibited,.

a COy response.at'PP greater'than-hs ﬁm‘Hg whith paralleled

¢ N -

. "that of total PCR., However, at PP greeter that 85'pi Hg,

»

reduetions in totdl.PCR\substantial}y exceeded thoge of pial

.
L
.

.
- e -

.vascular resistance. LT ) ﬁs .

The most apparent difference between the resistance

*

changes fqllowing occlusion and those of - the control séries

(see Eigure-13f was Iin the extent to w?ich reductions in

oia£ vesculer.resistance excehded”those of total éCR. ;Wﬁen
compared.to eontrois'piél va&cslar résistsnce wss,substa%;
. , N
tfally'reduced in tﬁe occludediseries (appro;. 25%) and
total PCR" was higher at intermeiistb pressures.. These
changes corresbondedrto the pial vessei dtlation-shdqtela-
tively reipced‘ng- serreé fdllowi;g Ocelusion. Wh;n the.
two series vere, compared at’ equiualent Levels of PP (not
shown). the majority of tifese defe!Ences vere resolved
althookh pial vascular resistance remsinéd lower than con-
trol values at high PP and‘total CVR was ‘greater tﬁan that

-* ¢ ,
.oﬁlcontrols {in the intermedidte,pressure range'(SO—%O'mm

Hg)'

3.5 Inflow Artery Resistance

. -

-3.5.1 Changgs-ln*Vascui&r‘Res;stsooe

Lot .0 "_.,‘. T, ’
"The pressurefmensurements of section 3.1-wereAused
to calculate the resistsnees of three consecutive wegmeg;s
. SO0 :

of the cerebrovesculature under unoccluded and occluded con-:

. L}
'.‘ditions.- ‘Thé ihflow arter}'&nd cetebral artery-arteriole
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-

K
- .

‘ resistances were calculated from fﬁé'appropriate pressure

gradient (unocclﬁded‘or.occludei) divided ﬁy the correspond-

ing CBF (comtrol or occluded) in each PP. range. The =

."' R ¢ .- .. . . . : . ( . . .
- papillary-vgnous resistance ‘was calculatea’jj/dgglribed in
. - e . i (

Chapter III Sect. 5.2 - ie. it wes assumed to remain con- T,

stant under the conditions studied.: ’ .

The resistance cﬁsnges'obtained ﬁhpd all inflow ves-
- . R ' .
sels were intact (ie. 'under conditions equivalent to con-

trol) are shown in Figure 36. The resistgnce of ‘the 4nflow ~

. .
s - - . pgc"‘ A-;_

vessels was essentially constant during,hemorrhagic hypo- S
‘ o \ ’ “»

tension, increasing slightly at, PP lee& than 45 mm Hg In -

. ..‘

contrast, tl&e was an autoregulat“ decline in total CVR

®

as a éfsult of a decrease id artery4ar0eriole'resistanceJ
t * i .

~

Under_hypercapnlclconditions the. resistance of “the large

~ inflow arteries rose slightly'as.PP was reduced. whereas

7 . .

therea;ss a gradual decline in both total-CVR and artery-

» : . ]

.arteriole resistance. The C02 responses.demonstrate that ) '-!

- A -
) - PRENP [}

. 1nflow arte:y resistance either remaimed .coPstant or in-

-~
-

creased slightIy during hypercapnia whereas both total £VR
and‘artery-&rteriqle ‘resistance decreased. 5
. . - » - ’ ‘-’.-c P .
. The effect of carotLd artery occlusion on: thess vas-~
) . | ,/ . * . L. . 3 @

cular resistances 1é presented in Figure 37. Following

.occiusion there was an incresae in tnflow artery resistence‘ A

. . <

- . N
-

from 7 to 152.and a correeponding decrease in artery- T T N
-dkterio}e resistqpce. Th;,‘hbsequent chsnges in vascular

{ .
reaistance were similar to those descrfbed abgve, Inflow

/ . - o

artery,resistsnce did'fot decrease.dyring,henqrrhsg}c'pyp07<

. . P
. .o - . L.
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- A, : .
. n " 4. ) ' . .. ’
' . Shown are the autpregulatory changes_ in total CVR and T
. , the dorréspdnding altegqtibns in resistance of three .’ '
. - = . different cerebrovascular segments. The resistances '\
§4ﬁf .~ . obtained at nqrmoéapnia, at hypercapnia and'tﬁe'coz; . .
. 2 ‘ . D . .
' s . T S e -
T . responses are présented in the .upper, mid and lower
L - ‘ < ? N ! “ * »
. . sections, respectively. g
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« Shown are. thé-alterations in, total CVR and the ©

changes iﬁ.resistance in each of the three 2erebro-

R vascular segments following carotid ariirf'occlusipn.

4

/

1

‘obtained during hemorrhagic hypotension at
- . . ‘
normocapnia, at Wypercapnia and the CO) response 4are

. ‘' . P
L4 . '

"presénted. . : . .

Resistances
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tension; hypercapnia or hypercapnia plus hxgotension. .
Ix : - . ! . \ .
Rather, the reductions in total CVR were assgociated with

* o~ v
. =

: . .
parallel decreases in artery-arteriole resisvdnce. ) .
’ ” ‘\ : _,/ "; » '

L e .

3.5.2 Distributiou of‘hesistances
Chg%ges in”the.distributiom of resistanceé,(ie.'the
relative contributiop:of a barticular'component to totsi
N Cvﬁ) are shown in figure 33\(unocc}uded) and Figure'Bb " .
T (occluded) The;resistsnces~in the unoccluded state al
- .., norbocapnia indicate‘that at a ;; of IOS‘nn Hg the-artery—

PN o . LR

arteriole component accounted~for a major portion of total

fae

CVR ' (72%) whereas the inflow artery and capillary venous

rsegments made* relatively minor contibutions of 7 and 21%,

L]

respectively. As PP decreased, a‘progressively greater o ’

. portion of total CVR Was attributed to the large {nflow

l

arCeries. At a PP-of 35 mm. Hg they composed.ZA% of total ,

CVR and the cerebral arteries and arterioles accounted for:

s

- .only 28%. Under hypercapnic coanditions, the inftial‘contri-.
: .

butions to total CVR. of the artery-arteriole seémént s v

. .
a . .
. ° -

.- ) decreased whereas that of the other two-components ihcreas-

. ~
[}

ed. .Thé Subsequent redistribution ‘of resistances were simi- .

. LR}

. 4' _ lar to that at normocapnia. Artery—srteriole resistsnce
oo A '

. accounte® for 542% of total CVR,ht normotensionfshiéh declin-

- L]

ed to 22% at a PP.of 35 mm Hg. The contribution. of the_in-
. flow artéries incressed from 12 to 29% and that of the
et .
b capillary venous segment increased from 34 to 49% over this -

o4

7 L]
-

. ) pressure range. e, ,
T ,‘. . ) ® .. . N . .

T . The relative contribution of the inflow vessels was

v . » »
v




. . -
- ¢ . .
1

Diagram presenting the contributions made by. thHe

various cerebrovascular components to total CVR.'

-

" Their res;staﬁce redis

v -

s

ibutions dpring~héhofrhaéfc

P . :
hypotension at both n mocapn&a and ‘hypercapnia are

» .
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of Resistances

Distribution
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Figure 39

5

< ' .

Resistance distributions of the vascular components

following carotid artery occlusion. Shown ‘are the

. .
contributions made to total CVR at normocapnia and at

hypercapnia'ac each PP level. :

¢ 7
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- ' . .

P ~— . o~y - ) - .
B - v . . . - . :i'
increased at all PP following -rarotid srtery Qcclusion (from
@ o N

N , Fig. 39). This wvas related to the initial incqease in R
inflow artery resistance and tbe“ corresponding decrease in

artery-arteriole resistance. During hyéotensio-n'end
P : . Tt - : . ‘ i

1 A H!percapnia the resistances vere. redistributed in a m1:n5r~

- L
-x v

. similar to,that described in the unoccluded situation.

~ 3 l‘ . . "\‘
] ’ . . -
- L ~

. . .. TN

o

. . . SR S
: . " . 4. Discussion ., . . . -

. Lt ‘ - v . . v

T s &1 Carotid ArterL‘Qcclus'ion

Bl

- e« . S )
1.1 Effect of Occlusion at Normqtension=

« t

- 3

Following unilateral carotid aartery dcclusion in the

. . ’

rabbit t.re \was a 7 mm Hg decrease in the Circle, of Wﬁlis
* ! -
. - pressure and inflow arteryq resistance increased by a factor

‘of two,, . CBR was maintained at .r near contro{ levels by’ h *

-

reduction in' total PC}( which was reflected in the 22%

decrease in- pial vascular resistance (ie. a 62 d:Bation of

) the pial vessels:)’ . e ) L
. . . - ‘ q\
Q R Resistance calculations inditate that the compensa-\ -

¢ e - .

' tory -‘respon_se, of the 'pia’f vessels wa,s adequate. Under rést-

L4
P

ing conditions the relative segmental pressure ‘gra.d'ients -are..

‘aquivalent to the relative weights (see -Appendix 1)°of the

o inflow a‘rteri', a’rteryvartei‘iole‘and 'caﬁillary—venous seg-
o -

ments (i{:j.09 .66 and 25 respectively). ; If inflow sGry‘

resistance increases 1002 and cspillary—veno s resistsnce ‘18

u,)na.-};sngkd following’ occlusion, then.ntal cv wil‘l"main_
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coeetant‘i{ there is a 14Z reduction in artery-arterioLe

.

~

"resietance.‘ Therefore the decrease in pial vasculer reste\\\
. I
ance observed would’ appeargtg be sufficient to counteract
P .
the "increase in inflow artery resistance.' "
1

) There was a slight reﬂiction in the CBF COZ response -
<and.no change in pial Yessei reaetivity to hypepegpnia.

. V p
ﬂAithough, the CBF Coz.response‘followiqé occlusidh has been
.fouﬁd to be‘subsfantia}lf reduced or even abolished fbllow-
ing occlusion in man and enimale (Pistolese\et al., 1971;
Dyken,\l9??; Sengupta et al., 1973); eucﬁ a major change in
the CBFiCbz reactiviﬁy woui&’not be expecged in the presént
study}'.Tﬁe change 4n cerebral“ierfusion pressure .

acctompanying occlusion was, approximately 10 mm Hg &ufing‘.

hypercapnia and the control seriles aﬂdicatés that CBF 1is

Al

relatiyely independent of pre’sure at upper PP levels.

‘

P » L Py
. . 1 :
- . - .

4.1.2 Effects on the -Dilative Reserve - . o
. r ! . ’ ) \J

The CBF CO; response during hemorrhigic hypotension

[ = . - - . 1
was markedly reduced in the occluded group of animals when

compared to controls on& PP was 'red:uce\d to 85 or.75 mm Hg.
in addition, the PP level at .which the CBF and pilal vessel

COg responses weIe abolished was elevated by 10 -9 thfol-
. : i i ‘ ; - - ~ . - . )
Jlowing occlusidn. ‘Both of these\observations indicate that

there was a reduction in the dilative reserve. Changee'in

. the augt?ziﬁiatory reeponse also indicated thet there was &

-» ' . ‘
decrease in the ability of the cerebrovaeculature taerespomd

v

to a dilative stlmulus at low preseurea. The lower limit of

-
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'autoregulation occurred at 45 rather than 35 om Hg'dhd the

. . .
. pressure at which there vag a maximal autoregulatory dila- ) "

tion of the plal vessels was also shifted to a 10 mm\Hg

higher pressure level. Thus, both the CBF and ‘plal vessel

l
responses Bemonstrated that there was ‘a2 reductiod in the r

residhal capacity for dilqtiod of_the‘cerebrovasculature 8
. ‘ . . . S
following carotid artery occlusion. .

-4,1.3 The Cerebral Perfusion Pressure

: 9
. ’ L)
The wajority of the changes in the responses of the

-eerebrovasculature observed following eécluéion wvere
associated with the change in the cerebral Péw The lower -
limit/of ZBF autoreguiation.and the plial vessel.auteregula— ‘
tory'responses in the control ‘and occluded'grouﬁs\were
essentially eqhiralent following a shift to. corrected cere-

bral PP. Similarilyg correcting for reductions 1in cerebral

f:EQ resolved almost all differences between the cerebrovascu-

° °

lar (CBF and pial vessel) responses }o hypercapnia in the,

occluded and ‘control groups. In other words,'the{deeteaae

in dilative reserve following carotid artery occlusion wvas
Lelated to the change in pressure at the CiJcle of Willia
(ie. csre?ral PP). The responses of the occluded series
were'fqr‘the moet bart-equivalent to the controlﬁseries"v o
observe¢.at‘a lower fP,level - the‘pressure ehange being |
equivalent te the ‘decrease 1n}the Circle'of Wiilis pressure -

* produced by ecclusien;

"This analysis demohstrates,tﬁht gpe sererity of the

effects of cerot1¢ qcc{yeion will be ciogelyvrelated to the




.’

%

T R -

»

extent to which the gerebral PP is altered-.by occlusion.
.' Lt .

Moderate to severe reductions in the Circle of Willis pfes-

gure would cause relatively limited decréases in- flow afe

normocapnia and normotension bdt would result in a marked
decrease in the residual cabacit& for . dilation, A profound

réduction'in the cerebral PP to lqvels‘of'30-40 mm Hg would

s

result in pressu}e passive changes in CBF 2&&-5 complete

~

déplééion of the dilative reserve. These results also show

that CBF could be maintained at control levels to a cerebrial

PP of approximafély 45 mm Hg 1if thp‘diiative reserve-ayail‘

able ‘were ufilizéd.fuily.:‘ . =

.The actual.chadée"in cerébral PP résulting frqm
carotid artery occlusion diff;rs gréétly-from‘sbecie; to
speciés, Ihis'variability is a result ofiva;iaﬁion in ;he
Qolume flow~rwte.c§rried by the carotid artéry gnd,in the
resistance of thg“collateral'vesselé, For ei#mplé, if the

occluded Qeséel had previodsly.suppyied a retatively large

fraction of the total inflow, then flow in the remaining

collaterals must incregse subsﬁantially resultiné-in a mark-

.

ed reduction in the Circle .of Willis pressure. -Similarily,

if the,co;laterél,arteries are poorly developed or obstruct-

ed then these'vésselé would have a cqmpisativéry high tesis¥,

‘. . ' \ f N
tance to flow\which would also result in a profound reduc-

tion in cer®ebral PP.

In many animal wifh large collateral channels (such

as the dog and rabbit) unilateral carotid artefy occlusion

"resﬁlts 18|A pressuré drop of 20 mm Hg or less at the Circle "~



. .
N ‘ 3 .
S

of Willis ahdlthese animals can survive carotid artery

. " occlusion with no 111 effects (Lowe, 1962; Moss, 1974). 'In'

contTast, ;hé collateral cdrculation in some spectes is
. ’ ’ P L '
. poorly developed. The‘gérbil does not have posterior com-

municating arteries and may also lgck an anastomosis between
)

the right and leff anterior cerebral arteries (Berry et al.,

[

1975) In the latter case, unilateral carotid artery

9

. Aocclusion commonly results in cerebral 1nfarction Lnd/or
L 4
death.' Laas et al. (1979) found that a lefhal outcome in
‘phe gerbiL was predicteble if the stump pressure (back pres-

site in tHe carotid artery) deereased to less than approxi-

" T

matedy 20 mm Hg. It is'cleer from the present data that at
- this pressure level the dilative reserve would be complétely

depleted and CBF would deérease'to ischemic levels.

In ehe—ﬁ;boon, the~§ressure in the Circle of Willis
is decreasee by approximately-15~20.mm Hg.following carotid
artery ecclusion (Jennet et'al;, 1976) ' Sinee‘this réHuc-
tion'in pressure is relatively minor, ope would expect a
region of incomplete'autoregulation to preceed the»onset ef

- pressure pessive flow reduct;ons if these enimalslwere sub-
jected'torsistemic hypotension. The data presented by
Sehguﬁcg et al, (1974) 1ndica}e that a gradual decline 1n’
CBF may have occurred at higher ptesaure 1evels but the
scatter of individual flow measurements makes the ?oqitive
identification of such a response difficult. Serigupta et
al. simply concluded that CBF was pressure passive following.

-

carotid artery ocgclusion ip the baboon.
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In.man; the relationship between cerebral .PP and.CBF

&

+is not well defined. Leechpe: al. (1974) fouad that CBF was

" dependent on the pressure reduetion”in the intermal carotid

artery following océlusidn, but qﬁ% large ;catter in floﬁ“;f"*-
. . i - Y'
measurements at any one pressure made it impossible to pre-

~dict CBF baséd‘splely on the carotid stump pregsufe. -How~'

ever, they found that reductionsﬂin‘CBFIto'1gss than 20

m1/100g/min- (30-40% control) following occlusion were e

éssocigted-with a'high incidence of igchemit neurolegical
complications. According to the.Prgsent study, flow feducf

tiong of ;ﬁis magnitude would occur only at pfessures‘below

the lower limit of autoregulatfon~ahd would be associated

L3 ' - .

with a cdmplete loss .of tﬂe ﬂilaxive reserve. Clearly, .t

" permanent carotid artery occlusion would not be safe under
L 4 .

such conditions.

- " Several factors can contribute .to gbe'Variabilifynin

.
4

the relationship betw;en CBF and the garatid stump pres-

sure. For example, patients with occlusive“cerebrovgséu ar

tump pressureg.

laé§re but with eﬂuivglenévs
individuals~w1th a high intracrantal pressure. or jugulsr = °
vﬁnous'presaure woulé.experience é gréaté; reduction 1J'CBF
following ;cclusion than pat;entslwi}ﬁ a. normal intracranial
pressure. Therefore, the change in the Circle of Willis
‘éressﬁre foll 1ng occiusioh will un&dub;edly'influénc; CBF

in man, but it not the only factor deberninihg.the'degree
. . .



-

to which CBF will decrease. . . e

4.1.4 Additional Effects of Occlusion
¢ - -

FJllowing the corrective shift for changes in cere-

-

bral PP, several differences between the occluded and con;

trol group‘remained.l CﬁF 1n'the occloded group ﬁas‘less~
than controls at cerebral PB»of 50-75 mm Hg whereas pial .
vessel dilation exceeded control at- cerebral PP gre&ter than
80 mm Hg, Since the CBF_COZ.qeaponsgs were equivalent,_the Y

¢ -

flow decrease at normocapnia was not due ‘to a reductien in

the dilative reserve. In addition, sinee,a:correcfiom for

the change dn cerebral PP removed all differences between

“J

tﬁe pial vessel Co, responses in the two.aniial groups, the

-

supplementar} dilation at high pressures did not abpreciablw..

reduce the,residual'eapedity for dilation. Thus, these

changes .in cerebrovascular respohsiveness did not appear’ to ..
. * . [} .

"be related to'elther.decreases in the Circie of Willis pres-

sure or reductions 1n the. dilative reserve. -

Although cafe was taken to avoid disturbdsg the
L
>
carotid bifurcacion, its manipu{pcion may have altered cere-

. L

brovascular responsiveness in one of tvo ways. It is

possible thai cerebral metabolism was reduced since-a_dis-

"tension of ;he_eerotid sinus has beenfaesociated with a

decrease fn -the firing rate'of coftical pyramidal’ tract
. » L]

ey

neurones (Coleridge et -al.; 1976). Howevér, this reduction

in metabolisu would account only for the CBF decrease and”

“‘not the supplenentary pial dilation observed in the occluded

. - .
- N . .. - .

group, [Recall'that in the PBZ geries there was a reduction

[ ] . -
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in CBF/metebolish and also a decliné-in pial Yessel cali-
;ber.].Aitefnacively; the.baroréceptor aod/or chemoreceptors
.\pey save been stimulated during occlusioo. ro would postu- )
Tate tﬂ.t this neurogenic ecéi#atiohrsubsequently-affected

tﬁe'cerebrovascﬁlature'in‘twq,veys:. by producing a large

. artery constriction and a compensetory vasodilation distal-

ly, thus accounting for the pial vessels responses observed

at high PP 1eveIs* ana by enhancing the effectivenese of the
- )

sympathetic eptivatldl’;ccompenying hemorrhage which would

exolain the, reduced CBF obsen&ed at intermediate PP.

‘- 4.2 Inflow. Artery Resistance . ~ "\

4.2.1 Methods - 4 .

-

Alterations in the ihflow artery resisteosp in'bre%

viqus.s;udies have peen determined using ﬁwo diff:??nt
'ﬁethods. C;engee 1o;vesee1 celioer hace‘been'meesured
,difectly-f:dm hereﬂtel engiogrsms.— Howeve:f.sincefit 1€
difficul;'to.disitnguish the edgés'of vesseis od-the.x-ray‘
“film 1t 1s.techn{£e11y diff{cult to distingeish smell '

LTI

changes 1in caliber., Also many consecutive measurements are '

_not Toutine or feasible. An alternetive method hss been to

*

calculate «changes in inflow artery resietence based on

-

meesﬁreqents,of'}he pressure in the Circle of Willis and

CBF. 1In mhny sncﬁ-studfes one or more of the najdr sopply
. T
:arteriee were occlude¢ with'a catheter’ in order to meaeure .

.

. the Circle of.Willis pressure’ "The present study has shown

that occlusion of an inflow vessgel can increase 1nflov '
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artery rTegistance 'by a factor of two. The present method .

allows the theasurement of the Circle of Willis pressure

. . ) b ' ‘. i)
without interfering“with the vascular supply. This pressure -

S provided a determination of inflov artery. resistance-under
° . normal physiological conditions. , .. )
4.2,2 Measurements at Normotension ‘ g

Although the major copgpoment of resistance in most
. %

.vascular'beds is‘containedjse}the precapillary artefioles;

pressure measurements in the pial, ~'eries (>150 pm) of the
- ' cat, rahbit and monkey‘have suggested thst the large cere-
.bral arteries may contribute subs}antially (30-40%) to the
total CVR (Kahzow and Diekoff, ,19§~ox ‘and Sromberg, 1975;
Kofitos et al.;.1973, Baunbach and Heistad, 1982). This sug-
'gested taat both the inflow and large pial arteries'may play'
an‘important rolelinqthe cerebrovascular respbnses“to-

|

intrinsic dibstive B5timuli. Studies in which a major inflbw
- N

.vespel was cannulated to obtain the ‘Circle of Willﬁ& pres-‘

sure hsve repdrted substantial contibutions (17~30%) of the -

inflow vessels to total. CVR (Heistad et al., 1978; Kontos et

a1.,1978). . The results of the present study indicate that'

v %

o | ‘this' is probsbly an overestimate resulting from the measure-~
ment technique. I found that the inflow arteries in thes

rebbit represent odiy 1% of the total CVR.['Other'inVestiga- N

v
~ . ‘ -~

tors have obtained similar results using a dire&t puncture

of the vessels in the Circle of Willis.' Thése studies show—
L] » :
- ed that inflow artery resistance was approximstely 7% in the
i .

o dog and 'even leeg>és man (Backsy and Sweet, !952; Rnapp ét .

K . . - - - . )
. - o .
. PRAEETE . - . . .
< Sy . .o . ., L
- . T ms . . " . Py -t Y
S ‘ +
. . . . , . - . . ' . . -
» ‘ N . * » ' ’
‘s
. M »*
.
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‘al., 1965; Ferguson, 1972). The relatively minor contribu-

tion of inflow arteries to total CVR under resting condi-

~tions indicates that'the§ would not be very effective in

subeequently reducing total CVR 'in response to dilative ' .'\‘
stimuli., ° . - ' ) 'y
4.2.3 Responses to Dilative Stimuli <

. R - : .
There is 'some question as to whether or not the

»

large cerebral arteries dilate in regpoeee t,0 hypotension.

! i - - [ . .
Heigtad et al, (1978) fouﬁd that reductions in inflow artery
. j -

resistance accounted foerSZ of the decrease in total CVR

.
Soe

during hypotension. In tontrastﬁto these Jesiilts several’

2

!

studies have ahown that the pressure gradient between the

PR

ug;ﬁa/;nd\the large cerebral arteries ig constant during
hypotension kxaﬂzqw and. Diekoff, 1969; Kontos et al. 1978).

Thié'indiéates that inflow artery resistaneelis stable if
one assumes CBF 'is constant (ie. autoregulation ié,intac&);'
The present study prdvided direct evidence that the regist-

. ance. of the inflow arteries aiad net.decreabe dufing hypoteaf

sion but aetuaili increased at PP'lees than 45-55 =mm Hg.
’ . - ] - . .o )
This increase-in resistance ‘at low pressures would agree_ .

with the results of . du BOulay‘et al. (19725 who found a : ‘

L 4 . ] .

decrease in the caliber of large 1nflow arteries during

’ . .
e )

severe preaeufe'reductions ‘of. “29 mm Hg or more”. It 13 not

clear;whether tﬁia represeated an active'vaSOConstriction or -

simply a pressure passive rednction in caliber. One woald

- -

. conclude that the 1nflow arteries do not participate in the

r

) }utoregulatoty r’huctions of total’ CVRq

. - .
- .
’

PN

.»
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y * - The responsiveness of the major supply vessels to

o . . : '
hypercapnia is also uncertain. The resuits from angioéraph-
1c studies suggest that the large basal arteries may be
responsive to alterations in P4CO09 (Kreuger et al., 1963;

Petruk et al., 1974). Howaver, Kreuger et al. found that

extreme changes in PyC0y were required to visualize‘signifi;

‘caft variations in diameter. If P,COy was increased from_

. €

normocapnia to hypercapnia inflow artery caliber did not

increase. Similarily, Petruk et al. (1974) concluded that

increases in .caliber in response to hypercapnia were most

o

consistent and significant in vessels distal to the inflow

>

arteries (eg. the‘pericalloshl artery). Meisurements of

inflow artery resistance (from CBF and Circle of Willis

pressure) by Levy et al. (1976) demonstrated that resistance
'did not change during hypercapnia. .In the present study the

,increase in the pressure gradient across the inflow arteries

during‘hypercapnis was proportiohal to the'increase in CBF

and inflow artery resistance remained constant. Thus the

.results of the above studies and those of the present exper-

iments indicate that there'is little or no significant dila-

.

tion df the céfebrsl inflow arteries following 'a 20 mm Hg

elevation im P,CO03. 1In addition, the present data show that
s ) . ’ ' - ’ ' - . . . Y
the combined dilative stimulus of hypercapnmia plus hypoten--
. . » ! . ) . .

sion wasvelso‘unsuccessful in reducing inflow artery resist-—

ance,, One,wpuld coriclude that the inflow arteries are not

‘responstive to hypercapnia “(an extremely potent -vasodilator)

and are unreactive td dilative stinuli‘in general.

O



-red tions in total CVR. As a result of this, decreases in -

-5

4,2, 4 Redistibution of Resistances J;‘ .

A}
The redistibutf%ns in total CBF in response to var-

' s-.‘_

ious dilative stimuli occurred as a result of decreases 1in

I

the resistance of the artery-arterioleﬂbegmen; and it 1is

-

these vessels which determine the dilative reserve of the

resisthnce either'rehaiﬁed constant or increased during

d )

total CVR were accompanfed by a substantial redistribution

.

of the resistive components. As the contributign of the
p ‘

artery-artetiole?component.dﬁcreased that of the remaining

segments increased.

.

. -

The relatively minor contribution of inflow artery
resistance to total CVR was augmented substantially ddring
hypercapnia and hypotension. This indicates that incregses:

in inflow artery resistance (ie. Qasoconoﬁriction) would be

more likely to cause flow reﬁi%fions under these condi-
: s , .

v

ulafion and carotid artery occlusion (both of which increasei

. ‘ ' 'S ,
large artery resistance) have been found to reduce CBF dur-

ing hybercapnia but not undef,normocapnic codﬂitions.' Tﬁe

.

greqég;,%:fluence of the large cerebral arteries during PP

reductions is evident in patients'with arterial spasm (1e2

14
. . \

increased large artery resistance). Although CBF was normal o

ip such patients at resting blood pressures, hypotension to
. - .

a blood pressure of 40 to 50 mm'Hg resulted in a 35-65% re-

duction in CBF whereas in ‘patients without spasm CBF'wae ob-

] -

cerebral vasculature. Inflow artery and eapillary-venous -

tions. This is supported b;dthtjfaht.that sympathetic stim-



- a
!

-served to remain relasively constant (Farrar et al., 1981).

*

Thus increases in inflow artery resistadre,do not appear to

feduce.CBF until their coatribution eo total CVR increases

R S’.-

< . - .

substantially. | o ' CL

5. Summary and Conclusions
l. éarotid artery occlusion in .the rabbit resulted in a7 om .,
. Hg reduction 1 cerebral PP end"a dilation of the pial ves- .
sele. The 22% réddotion in pial veeselzresistance compen-,

+

.o : : 'y ’
sated for the_twofold'iqgrease in inflow artery resistance:.

such that ‘total CVR and CBF were essentially constant, *

2, At intermediate PP levels, CBF wds reduced following R

occlusion but amtoregulation was not abolished. There was |,
' B ’ v . . ) * .

SpffiEient dilative reserve available to retuxn CBF to

. control levels at @ll PP above 45 mm Hg.

3. There Was a reduction in the dilative reserve following -

»

occlusion which wsf directly related to the change in cere—

’ »

bral PP, Occlusi n resulted in a decrease ia’ the CBF COo,y
respbnse at high PE and a decrease in’ the plal vessel C02

response at 45 mm Hg. In addition, the liger limit of CBF

&

. autoregolation and that of pial veasel'dilation'were shifted
to a 10 mm Hg higher PB»levei‘ e

4, . There were additional alteraCions in cerebnOVagcular

.” -

responsiveness following occlusion unrelrted tg- chdnges in

either the Circle of3Willis presaure,or the dilative

resgrve. :In the occluda{-group, CBF was reduced at’ interme-

. -

LR}

‘diate pressures and there was 4 greater pial vesgsel dilation
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+ Both of these effects presumably occur-

at high pressures,
L R »

red as g'result of mgnipulatioﬁ of the carotid bifurcation.

5. The inflow vgsgeléﬁdid not dilate in reéphpse to reduc-
tions in PP, hypercapnia or hypetcapn@g ﬁlus hypotension.
The dilativie reserve aﬁbgared tofbe.contained‘éﬁtirely with-

in the cerebra!'artery-anﬁe:tole.component. )

«

@

6. The contribution of the large inflow arteries to total

CVR &t normocapnia and normotension was relatively,minof

under control conditions and dpubled,following carotid
- ‘ [ J -
grteryvﬂiclus;on. The proportibnal resistance of thgfé'veQQ_
.- hied . . .' ' oL
-sels increased substantially during.hypotension ar fgr

hyéé}caphia and it was suggested that under tifese conditions

- . M

chpngesvih,inflow artery qeéistanée may significantly

—

v ~ -

influente CBF, _ . .

L1
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- 1. Autoregulation of the Cerebrovasculature
. .Incthe present study the cerebrovascular response to
< .reductioné in PP couyld be‘descrlbed by the characteristic. .

v - R

autoregulatory responses observed in one of three pressure .

" . . . M
regions. (1) During moderate redustions in PP, the pi{& o -

2

complete. The CBF 2 Tesponse was‘qonstant and/thag of‘the .
ﬁial vessels inc sed. (2) At iﬁtermediate PP, autoregula-

- -

thon was incomplete (or iﬁpairg ). CBF decreased despite a

continued autoregulator$ dilation of the pial vessels. but

. ]

'éhé decrease in CBF was proportionatelyfless“than'the
4 . .
';edué;{on in.PP. . Both pial vessel and CBF COp responses -
. ¢ , » '
diminished progressively as the PP was reduced. (3) The

lower limit of auéoregulation qccumreh at a cerebral PP-of
Ce . approximately. 35 nm ‘Hg.* This pressure level was associated
. : . . . - . . 'y
with ‘the onset of pressure passive reductions in .both CBF

-~ and plal vessel caliber and with'}.complete.loss of ) R

cereﬁrovascular—réhctivity,tq'CQz.‘
. * ) i

S

the lower limit “of

{ .. . Previous studies have identified
‘autoregulation ‘as the pressure at which significant reduc-
C e @ . ' . ' ' ‘ .

"tioné in CBF commence. This ianner of identification may

account for'sdme.of the variation in the lower limiw of

_autdregulation reported in the literature. The present

* gtudy has showulxhat ‘the. onset of flow reductionn‘during
] hemorj"«ge"m:ere.ly represents a tr‘ansit%'n to a-région of

L}
- Lo , -

<, ! . : B

]

» - L
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incomplete autoregulation. The true lower limit of auto-

regulatiop'occurs at a considerably lower pressnre.

Tﬁe‘causé of the autoregulatory impairment at inter-

. 0

'médiate PP is unceitain. However, the reéults'presented by.

Fitch et al. (1975) indicate.that CBF:couId have teen main—
tained at control lerels during hemorrhage'to a blood pres-—
sure of approximately 35 mm Hg following alpha.adrenergie\\

blockade or cervical sympathectomy. ‘This suggests that the

sympathetic activation accompanyimg hemorrhage may Uﬁve

contributed to the decline in. CBF obker

A

t intermediate

Y

. It is clear that all vessels do ndt participate

edually in the autoregulatory response sifce there is a

‘marked depeffdence of vascular responsiven ss on vessel

°

size. The large inflow arteries were totally unreactive to
. ’

. ) i . . ’
dilative stimuli as shown by the essentiiIly constant inflow

artery resie{ance observed during hypotensioq and/or hyper-,
capnia.. Large pial arteries ( >200 ﬁm) were pot studied.

However,.Konto; et al. (1978) found that tﬁese vessels con~

. L 4
‘stricted in ﬁe{?onse to hyperteésion but showed very little

autaregulatory dilations, I founi;that the autoregulatory

responses of small (< 200 pm) pial vessels to hypotension

.increased Wwith decreasing vessel'size. Simila findings
, ' -

have been reported by others (K6ntos et al., 1978' MacKenzie

et al., 1979). 'In additon, I sbowed that the decrease 1in

~
-

ce compensated for lesser responees of

\
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smallest vessels (< 50 pm) apbeared to be rgpresenfacive of

those. occurring in the intraparenchymal,v@gculature. Reduc~-

tions in totalsCVR closely phralleled the observed changes

R ¢ pial vascular resistance and one would conclude that the

R . »

small cerebral vesséls play a ‘dominant role in the autoregu- .

latory control of CBF during PP reductions. However, there

- ]
was a fubstanttal redistribution of resistgnces during hypo-

tension and/or hypercapnia suggesting that the influence: of

alterati&ns in inflow vessel resistance on total CVR and CBF
would be increagsed under these conditions.
. - v v '

. The majority of current models describing the con-

w

) . . s | . . . .
trol of the cfrebral circulation are based on the basic con-

‘gebts contained in the.dual effect"hypptheais'as developed

by Harper and colleagues (1972). They proposed that the

cerebral circulation behaved as two resistances in series, _

each under a difjerent'conttol system. They suggested that

the extraparencﬁymal vessels ﬁould'be influenced by the
t 2 T

Sympathetié nervous system while the intraparenchymal ves;

sels wouPd be regulated by imtrinsic autoregulatory mechan-

isms. The& élso:suggeeted that vasoconsgtriction of the

4inflow tract arteries would be accompanied by a compensatory

(autoregulatory) vasodilation of the'intrapérenchynal ves=Y

‘sels., The pnesent_s@udy provides direct evidence that . . -

"compensatory” vasodilation dods occur in the small hé;ebral

vessels both during hemorrhagi§'hypotension and fdllow;ng

carotid artery occlusion., However, the respoﬁses‘of the

small pial vessels appeared to parallel closely those of the.

. . ~

T
* .
. . . 2
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intraparenchymalqvasculature\under all conditions studied.

One would conclude that the division of cerebrovascular
\ ]

resistance into extraparenchynal or intraparenchymal compon-—

ents on the basis ofﬁdiffering control mechanisms does not
[4

appear to be justified. The location of the vessels may not ~

be as important a determinant of veecﬁlar responsiveness as -

the size of the vessels under conside?etion (a similar sug-
‘gegtion has been made by Kontos et 3gl., 1978). As shown by

this study and'othere, the effectiveness of neurogenie dnd
-,
dilative stimuli in4ltering cerebral vessel caliber is most

*
clearly dependent on cerebral vessel diameter. Large cere-

‘bral artéries are influenced to a greater extent than small *

veesels.by neurogenic'vesoconetrictive Stimuli whereas small
vesselsoare much more&r;aetive to intrinsic dilative -
stimu}i. R - o

| There are severdl possible explanations for the size
edependeﬁee_of the véﬁgular resﬁodses to neueegenic vérsus °
ahteregulaterx stimulia 'There'are a éreater number of
adrenergic:fiﬁers e;rrounding the large cerebral vessels and
thfe~euggests that.these veseele ﬁay be‘more sensitive to ’
neurogenic influenges due to .a higher density of innerva—
. tion. However, Edvinsson and MacKenzie (1977) ‘have empha-
sized that small vessels have less sqooth muscle and wogld
requfre fewer‘eetve fibres to achieve the eame deneity of
iddereation as the i?t;er vepeels; In support of taie

statement, Kuschinsky and Wahl (1975) found that the fes-~

-ponse of pial vessgls to the perivaechlaf'application of
4 -

193.
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norepinephrine éas-independent of vessel size.. This ;oﬁld
sﬁggest‘;h;t large and small cerebral vessels a;‘ equally

« ,sensitive to sympathetic stimulation. ';f is important to
noPe that a generalized vasoconstriction affecting all
cerebral vessels (as would be expected during hemorrhdge or

"sfimulation of the cervical sympathetic ganglion) would tend -
., O

to reduce CBF and decrease intravascular pressure in the

‘' distal vessels. . Therefore, the size dependent responses'
observed under such confﬁtions could be interpreted as a

-

greater autoregulatory ddlation on the part of_ the smaller
vessels in response to .metabolic and/or myogenic stimuli. I°

showed that alﬁha.édrenergid blockade had only a relatively

- migor effect on pial vascular responses to hemorrhagic
hypote;:;onr Thus, one would éo;cludérthat the pial vessels
exhibit a d#ffgrentiﬁl susceptibility to autoregulatory - ’ |

stimuli ani'tﬁat neurogenic igflﬁences had cohtributédjvq;y 4[

little to this size dependence. !

- -

It is’possible'that the differential autorégulatory ’

L4
.

responsiveness of the pial veesels is a result'of'diffe}-
. 4

4 . .

" ences ‘in their accessibility to vasoactive substances. The

‘degrée of stimulation in small arteries lbcated cldse to. the
brain may be more intense than that in large plal arteries
which ére_furtﬁeg removed from ‘the cerebral tissueand .vaso-

active metabolites.- Al;erﬁatively, the greater dilative -
capaétti 6f the small cerebral vessels may be the resurt.of
a greater inherent sensitivity to autoregulatory stimuli.

* ‘ .
Lo ! .
. - .
. . . .
f

. A
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However, since the resistance decreases resulting from

hypercapnia (an eqﬁivalent dilative stimulus fbt all

" 'vessels) was shown to be much less dependent ‘on size than

the adtoregﬁlator& sponse, an inhe;ent differential

responsiveness “of the pial vessels would seem to be of 1less
importance in determining the autoregulatory response than
the proximity of the vessels to vasoactive metabolites in

the brain. It is clear that botﬁ autoregulatory and neuro-
. " ’

genic mechanisms are able to influence vessel-caliber‘énd I ' -
wouid)suggest that the control of vessel diameter is achiev-
ed through a competitive-interaction between int;insic and

—yee.

extrinsic regulatory mechanisms. . .
R ~

. : ¢
[ . . . ¢

2. The Dilative Reéserve =~ T ) e

=

The concept ;f dilattive reserve was 1nt;oduged iq{
this étudy and h;s been ;hown'to be a useful indicator of
the autoregulatoryx dapability of';hg cerebrov#fculaiure.5 R
The dilative reserve Qas defined‘a; the cérebfd&ascdlaf o .
Tesponse éo a 3£andardiied difative ‘stimulus (a 20 mm‘ﬁg
increase in P,C07) and was thus a relative rather tham an
.absolute measure of the residual capaéity foé'dilition. o )
This fixed stimulﬁs also decreaseﬁ total CVR (1e. increased
CB?) a standa}d amount,_if'the‘nec?essary reduction 1n4'

. vascular resistance ﬁas pésaible. A constant CBF regssndé
indicated that the di;a;ioh reéuired‘to Yeduce fqiil CVR in
response to hypercapnia was leé;vchqn ghe;msximal ekten; to

ghich'the‘cerebfél vegsels could dilate.kie. the absolute
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. cerebrovascuLdr reserve) - A decrease in "the CO9 response

e 0 ¢ 5
e indicaned that the residual Hilative capacity was no longer
v * sufﬁicient togallow the cerebrovasculature to respond fully
2 7 to this stimulus ; (ie, the vessels were approaching their
. » o - . .
maximumrdegreeémf dilation). The dilative reserve as
. ' . y\ﬁl -t
7 discussed bzlow will refer to changes in the residual dila-

It v ‘.

tive capacity determined from alterations in the cerebrovas-

cular response to hypercapnia.

¢ The dilative reserve can be increased either by an ’
. e :

elevation in the maximal level to which the cerebrovascula-

ture can dilate or by a reduction in the résting caliber of : -

P . . ) . ‘ , +
the cerebral vessels. The latter method would increase the

. : [ 4 N,
reaidual capacity for dilation‘but not the maximal dilation a ’/,-

attainable. I found that phenoxybenzamine ipfusion fncreas-. .

-

ed the dilé%ive reserve hy decreasing the resting CBF and .

'> 'metaboligu’(ie. reducing vascular diameter). In addirion,'

" alpha receptnr blockade may have increased the maximal - {

’ o . ‘

dilation achievanle by removing adrenergic tone.’ quever, e ‘
: ' - .. v

-

this was a relatively pinor effect.
h . o

tory vascular dilation and: a reduction in the residual

' 4
'3 . . - .
. . s M > ) .

dilative capacity. ’




ly paralleled elteratione ip'the3autoregulatory‘capabilitiéef'

.tant fpctor‘in éeterﬁining the autorEguratory re&ponse.-.’

The~eutoregulatory-response ob§er§éd wes‘closeiy;re-

. s
lat to the residual éaphcity for dilatioh,available.

ﬁnder all experimental conditions 'xamined depletion of the

dil%tive_reserve was associated with'a complete loss of CBF

autoregulation and a pressure paeeive decrease in pial ves-

sei calibe’r. An .increase in dilative'resefve following . . C

-

alpha-receptor'blockéde resulted in a relativye improvement ‘

in CBF autoregulation at iftermedizte PB.' A‘reduction in \d Q\

diLative reserve following carOtid arp@??eo:clusion raised N

. -

13

the lower limit of auvtoregulation and decteased the autoreg-
- - .4 .

'nlhtory range. Thuys, changes in the dilative reserve close-

N

suggesting that the residuaf'dilqéive'capdEity was an impor- .. ./

*: -

The present study showeﬂtthat the dilative reserve

ofﬂthi cereBrovdscuiature is ontained entirely within the. ' ’
small cerebral arteries and dr erioles. 1 also found that

¢ »

the eponses of ‘the small pi veasels (< 200 pm) were ¢ /

closely representative of the dilative reserve of the cere-

brovasculaeﬁfe ag .a whple. Reductiona in C02 reactiviy of
' .
-béth CBF and pial vessel cgiiber accurately reflected the

decline and subsequent depletiontof the dilative reserve

. . - -
. . .. -~ -

éuring.hypotension: Hovever;.CBF end-pial'veegpl caliber' T

differed tn their ability to distinguieh the effectiveness
.of the: autoreguletor? rgsponeq. The region of incompLete

. B

autoregulation ‘could be identifieﬂ only from a gredual

. g
decline in CBF ‘and not from® the pial vessel reaponse. Yet, .
- Co -, “~ e .
L/“ . ' ‘ ’ .o - S
, . S 2 - L4 .
- 7



”

fa
’

. . >
. . . . - . s, .
‘. 3 -, Y. o~

in any given animal, it was difficult to determine the lower

v e
. ~ N -

limit ochBF autoregulation due’ to the gradual decrease and
b 'variability in CBF .The cdontinuous dilation of the pial

‘vessels and the reproducibility of théir respo#se allowed

the- lower limit_of autoregulation to be more readily identi-

fied from ‘the pressure at which maximal dilation occurred.
. -~ C. -

In summary . I have shown thaf the ‘smali pial vessel res-

- -

ponses accur&teﬂy-reflect the dilative reserve and the auto-—
regulatory capability. Therefore, I wo.ld concludethat.

these vessels provide’a suitable model for the study of

.

Certain aspects of the present .study may be of im-
- » - .

-

portance in the treatment of cerebrovascular . dtsease. The.
l" - ’ IS . .

vﬂ%-results"bive shown ¢hat in the region of incomplete autore-

-~

t( :*l gulation CBF decreased desplte a substantial residual«capa-" .

- . N ] - -

city for dilatian. The C02 responsiveness of the cerebrova-
i)

'sculature indicated that ‘oyer most of “this .prIsure regi‘l

LA 2 v

CBF could have been maintsined at conttol levgbhs 1fy the

a ! -0 ) rs ' - [
autoregulatory stimuligwould have fully'evoked thé adailable

. . - - ’ - - - ,'. "__“.. -
dilative reserves 5Thus, it is'possib&e'that in-paffedfa

. coeN

\
with ischemia fesulting &rom cerebrovssculsr diseage, there

.

* s

ris a dilative reserveoavailable whicf\,“if ptiliz‘d, cowld

. result ‘in a 1easening of the CBF xeduction and the iavhemic

s\ ’” 3
deficit. rly, bhe mechanisms respoasible.for the 1u~
pairmgﬁt of'

BF autoregulation and the availability and con=

trol of-.the dilgtive reserve, under normal conditions and

e e
duri‘\\iachemis,'sre.worthy of further investigation. - e

= . : ) .
. . / . . ‘

mechanisms in§olved in the control of cgrebrql pe&fusion. e
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- . APPENDIX 1. CALCULATION OF VASCﬁﬁkB RESISTANCE‘CHANGES
* - ; ¥, . .y : X
- Y - - * -

»

1. Components‘of Resistance

. - . .
The t&tal resistance of a‘vascular hed-(Rt)-is defined = -~

as the ratio of .d:he pressure drop (APt)"IW the total flow\

v, s 1]

(F ). As indicated by Burtoh (1972), suqeessive componengs

-
-~ -

of the bed (arteries; large arterioles, szﬁl arterioles
etc.) are, effectively connected in series- su¢h that total

resistance may also be expressed as the sum of the

7 -

" resistances of the individial components (Rc).a Thus:

N Re = ‘AP¢/ Fy = 2 R Jreemeeeen (D)

where E ;epresents a summation over all components. Each

¢ - . - A

component -will consist of .a numbér of vessels (Ne) arrangen' .

in oanallel such that R, nill be (P/Né) timesvtpe resistance
of a single vessel (Ry ). If we assumed that Kﬁ may be des-

I3

cribed according to Poiseuille s equation (see below), then

' - e

Re will be given by. ' .t ' !
Re.= By /N -(a/w ). <L/u ). ( p/r4>....<2>

, . o
where L = average vessel length, p.= visebsity and r = Ves<

sel radius. Substituting (2) in (L) yields:

' Ry = AP:/Ft(h ° .(8/# pE (L/N ) ( p/r‘)...(3)

-0 It is theoretically possible.to calculate che ‘total

- . . 4

cirebrOVascular resistance from measurements of perfusion -

pressure and flow anﬁ“to'cohpare.these measurements directly
to-the,respbnses‘of the indiyiaual pial ‘vessel ;&éups.

7

I/However, in practice,,it is often not possiblevor.practical

to obtain .absolute measurements of many oflthe above para-~

: AR §-T 2D
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mgteré.. For example; the calculation. of total CBF (ml/min)

]

from measurements of mean fiow (in ml/gm/min).requires
the total weight of the brain is known. Similarly, the

‘calculation of Ro requires thgt'ghe average length and

[N . -

-nupber of vessels of a given size,aje knbwn?for each yascu-

' -~

that -

total

-

lar component. Hdﬁ??er,~sinc€ these factors are eonstant,"
~ “ . N . . . R

3

the résistance relative to a -control .value is réa&il&‘
- . L3 * ’

Caleulated.' = - N . ";l.

t

-

Converting the values 'to percentages of control: .°°

. R¢ (%) = 100 . Ry(test) / Rg(control) =
. . . ! - . . . .
Substituting for Ry = PP/(CBF.W,) gives: " ‘T; "
: . . " ;" .
Re(Z) = 100 . [PP/(CBF.Wp)ltest
P Py .‘ Yy -
o [E?/(CBFfwﬁ)]cantrof : .
’ . —~ .
s ) »

where Wp = total weight of the brain (a constant). "Thus '

B £

A

Re (%) = 100 . (PP/CBF)rege = (PB/CBF)X' ....(4)

. o (PP/CBF)control

.

'In'térms of the individual components, we may write:
: d Re (%) = 100. R.(test) -
. ) . R t Z 5 c )
A ' ¢ Rg(control)

.
.

-

-

gﬁﬂ:sﬁbéti;uting for IOO.RE(test) Q'Rc(costroi);ke(Z)-gives:

P
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Re(X). =3 Re(control) . R (®)|...(5)

? ) C

Ry (control) -~ - .

»
L3

The first term on the right hand .side of equation (5)

1s a constant equal to the relative contribution of an
individual vascular eomponent tq the total resistance under

control comnditions. Thie.term is analogous to a weightingg

»

factor since E Rc/Rt = 1 (from equation (l1)). Thus, equation

(5) statee}th&t chhnges‘in_totgr res&stance'wi&%«:epresent
the;a&g}age (yeighted mean) response of all cerebral vessels

to a given stimulus. , : ' ? ' :
. 1 .

.
' [

The response of an individual group of vessels will be

. LA .

given -by: : L o
) ’, P . -,

Re(%) = 100 . [(8/7 Yo(L/Ne)-( p/t4) brest

'.,' . ((8/r 7).(L/N¢A)'.°( p/e®) Tcontrol

.
- E

which teduces. to ' ‘ : (. .

< R(Z') -'q( P/r4)z con‘o-oa'ca--(6). !

\ -

"Thereﬁore, the resistance of the vascular components may be

)

calculated frOm measurements of p and r. o s

\ -
. *

2. Viscositz .

- It .1is. important to note that viecosity cannot be .
.eOneiqered,ae constant in these experiments since the

-viscosity of biood,decreaEes with decreasing véssel radius

-~
13 -
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. >
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* (the Fahraeus-Lindquist effect). The relationship between

.

the effective viécosity in a tube of radius r ( Pr) to that

-
T e . ] :

. . 1q a tube of infinite radius ( peo) was given by BurFom.
(I?gS) as: _ ‘

| o ARG LN V2 DL P ¢ A

where d is”the diamet;r of the particles in the perfusate. -

This'correctidn was applied in the calculation of pial vas-
~ - ) . P “~ ‘
cular resistqnhq\usfng a value of d=6 microns.

o ..

The"effect of th}s correction oﬂ the'calculation‘of

r o

pial vascular resistance is shown in the following example.

The diameter of Group I vessels increased from a control -

value of 38 microns at a PP of 95 mm Hg;_to 62 microns at a

PP of 35 mm Hg. According fé equation (6), the uncorrected
A ' . « ' s - 4 ~

resistance ( p = po = constant) would decrease from the .
« ‘control value (R,) to 0.13 R, as a.resuft‘of.thé dilatas -

_ tion. Correcting for the Fahraeus-Lindquist effect accord- d

ing to equation (7) decreases’ the control resistgﬁce'ta'0258~

Re. This corrected resistance (iél) would‘then be réduceda

* to .16 R, (.09 R.1) at the lower pres;ure. Thus,. the major

\ :_effect of this correction was to reduce thé absolute value

-

gf vascular resistance whereas its effect on the calculation

of changgs in resistanceé as a_percent of control was rela-

] . - ' . )

tively minor. ' .
It 18 also well known that changes in hematocrit will
. alter the aﬁparent vigcosity of blood. 1In three animals in

which hematocrit was measured over the entire pressure ,

.o

rangé, we found that hematocrit decreased\from;approximately

-
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‘P +40 to 0.34 in the latter stages of "hemorrhage (PP = 55=35
mm Hg). According to the equations given by Chatm and
Kurland-(1974) (pages }2-33), this wonld reduce viscosity by
a .factor of 0.90 (at a PP of 35 mm Hg) and the corresponding

'S * . -
decrease in resistance (from the previous example) would be

approximately 1.5%. Since we did ndot monitor hematocrit

routinely in the present experiments, the data were not
- .

-

corrected'for this ffctor. .Howevef, such corrections would

e °

: . ‘ ,
- 3. Applicability of -the. Poiseuille Equation

-

Poiseuille's-equafion was .developed debgribe the
g steady flow of a.Newtonian fluid through a rigid cylindrical
tube (McDonald, 1974). That is:

F = x. AP.T%/ (8L, y)
& ¢ .
In order to use this equation for the calculation of pial

vagcular reeistence (t.e. in edoation (2) aBove), one mcet
first examine the extent to ohich-the'aseumpcions made in
i1ts derivagtion will apply to the pial vasculature. The
following assumptions were required: : . .

1. The fluid does not slip at the vall. Tt is gemerally

.agreed that the fluid velocity is/{ero at the vegssel wall

4

and, ae discussed in detail by McDonaldC1974), the validity

.

of such an assumption is assured.

- &,

2, The tube is rigid. Although the diameter of small ves-

sels does vary throughout the cardiac cycle, the fluctuat—

ions are very - small and are muéh less than those of the

- ’ »

- - ‘
’ * . . .
B
B .
» - - ' I
- e .
' N “ R TT i
N * :
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. larger vessels (the largest flug uation being approximabely

.+ 2.5% of the mean diameter in the proximal aorta) (McDon-

ald, 1974).- Thus, any error arising from this approximation

would be insignifiqant when compared to the changes in

diameﬂbr resulting .from active dilatation (30-60%).
. ¥
3. Flow within the tube is fully developed and laminar.

. * This coq"‘ioh will be satisfied providing the Reynolds
. > <

number (Re = 2.r.v.P / p) is less than approximately 500 and

the entrance length (Le = 0.16. r.Re) is small compared to

c . *

the .length of the .vessel (where V=mean velocity and p =

density of the fluid) . The mean, velocity of flow in the
- \&.,‘\.~ o

‘largest Vessels of the resent study (r = 0 008 cm) would be
e ,

approximately 1-2 cm/séc (Gaehtgens et 19‘0) Assuming

N p

a viscosity of 0.02 poise and .a dénsiy
Y ;

of 1.0¥ g/cm3 for
'bloqp (Charm and Kurland, 1974), thef calculated Reynolds

number would be less_ than 2 and the ~ntrance~1ength required
h] . ; ’

. 30 microns. Therefore,, the assigfiption™Nof fhl}y deVelohed .
R laminar flow is justified for thk

. -4 4. The viscosity of the fluyid is constant and independent

of the shear rate. As discussed above, the viscosity of

- B - blood decreases in small vessele (the Fahraeus-Lindquist

i

: L . effect) and this must be taken into acc;un; when calculating
. - .

an “"absolute” value for vascular resistapce.‘-When resis~—
. ) P . ) '
tance ;p'expreaqed as a percentage of control, the effect is

relatively minor.’ Blood salso.exhibits anomolous viscous
. . * s .

e ' bréperties.at'lfw rates of shear. For blood with a cell
¢ 1 ’ - . . . P

- »

SR N : -«
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.

volume fraction (hematocrit) of 0.40, the apparent viscosity
increases at shear rates less than 100 sec™l (Charm and
;X’:r/r/l_‘gnd,l 1974, McDona]:.d, 1974). The shearprate (¥) within
.the piaY vessels may be estima.ted“ by 8.-‘ 4.v/r and will be
gpproiimaiely 500-1000 :s.e‘c"l. Thus, 'ptoviding flov; remai;ls
above 202_.of cont,ro_l values‘,,viscosi't/y ma&be considered ‘
'j.n‘g.epend.ent of the ghear rate.

[N



APPENDIX 2. ANALYSIS OF THE HYDROGEN CLEARANCE CURVE
R . 3 co

The theoretical model upon which the calculation of -

CBF is baseéd was \developed by Kety (1951). It considers the .

exchange between tissue and blood of a freely diffusible

tracer that #e neither utilized nor produced in the tissue. -

P L
The increase in the amount of tracer substanceYWithin a »

[+

tissue compartment per unit time is 9qua1 to> the rate at
which the tracer is brought to the tissue in the arterial
blood less the rate at which it is removed in the vénqus
blood. .This 1s the }ick priciﬁ&e, a law of cons€rvation of
mass, which can be stated mathematically as

in/dt’Fi(Ca‘-Cvi) .o..cllouotc(l)'

B

where Q4 1is the quantity.ofltracer in the tibsue-éompart-
ment i, Fy is the rate of blood flow in that compartment, Cg -

is the arterial éoncentrat;pn of tracer’and Cyy is the
.

venous concentration of tracer.
« If"f{t is assumed that .the tissue compartment is

instantaneously’in equiiibrium with' the blood, then the

venous™econcentration and tdssue’concentration of the tracer

are proportional, or¢

v Cvi - ci‘/ki ---....a-(Z)

where Hjy is the tissue :blood partition coefficient.
. ’ -
According to Kety, Ag=Vyi/W{ where ¥; is the volume of

’ . N . .
distribution and Wg is the weight of the tissue in which the

ttacer “is discribuhﬂ’.') Note that the tracer concentration

-
-

in the tissue Eompartment is just the quantity of tracer ’

-~




|

dwided by the weight of the tissue. That is

‘ Cy = Q4/Wgf eeeeesel3) \

Substftuting the last two equatioﬂs into equation (1)

»

yields,

v dCy/dt = (Fy/Wg) (Ca'= Ci/ Ag) wevensa(d)

N X \ - . .
-

‘Analysis: The tracer in the present experlpents,'hydrogen-

gas, is ¢elibgred such that the arterial concentration of

ttacer is constant. During saturation the solution to (4)

is: .
7 Cq(t) = Ny Co(l-e"kit) . where ky= Fy/ AgWq.
Following déluration of the tissue, ie. for t large, >

L3
. ~

Cj_ - Aica'

., '

_Since a=1 for hydrégen, the concentration(Cy) in the tissue

. of all comp&rtménts at the start of desaturation is equal to

A3

. The solution is

the arterial concentration. . During desaturation, the
hyd%oge; is rapidly cleared from the iungs such th;t-the
prtq?iq} concentration falis to zero within_16~20 sec.

dnder fhe;e conditions (ie. C;-O); the differentipfigluation
(4) ’s,}educed to s ' 4 -

'dci/dt = —kici ......‘....(5). ' ,Q

ci(t) - Co e‘k;t olc.’co(6)

where ki-'Fil'liwi-‘Figwin fiy the flow per unit weight of

tissue and Cy(t) 18 the tissue concentration within the

'ébdﬁartmen; at time t. Clearly ‘a semitog plot of Cjy(t)

% versus time would be linear.



‘plot determines this elope and intercept. The values of.
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Freqnently, using the hydrogen clearance technidﬁe,\

the total\concentration Ce(t) within a tissue is obtained
from more that one compartment. In general if_ all,
[ 4

compartments are assumed to be in parallel then C¢ is just a
welighted sum of the concentrations within each eompartment.
That is -

Ct(t‘)egwicq,,x.e'kit ceereea (7). R

where wy is the relative weight of each comnartment such

.

that Xwj=I. 1In the present study, the clearance Pf tracer
was from tissue containing compartments with a fast‘flow

(£f;) and a slow flow (£f3). 'Equation (7) for two’

compartments.would'be '

a

Ct(t) = WICoe-f‘ t + w2Coe_f2t oo.ooolloo(s)“

(as, a=1 for gydrogen). Since f; is greater thanAfz"

(approx. '3 times), the first te}m of- equation (8aﬁ§§proaches

*

. zero for t large, fie. . c .

Celt) - woC,e~f2t (t large) .

T ‘ ‘6r 1“ Ct(t) jand 1n(w2c°)-f2t .-eooooo(g)

fhus a semilog plot of the clearance curve, Ct(t) versus t

"is linear (for 1arge t) with a slope of —fz and a log . .

intercept of Iz-lzco (see Figure 7). Regression analysis of

points in the final 2—3 minutee (t 25 min) of the semilog

+
Y

w

‘the second term of equation (8) are'then ealculete& for

small ¢. Rearranging equation (8) yields, T

3

C (t) - WIC e f t - wzc e f f‘ ........(10)

where the left hdnd side is the original ¢tlearance curve
¢ 5 .
. , , .

*
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less the extrapolated values of the slow flow component for
all t. Taking the logarithm, equation (10) becomes

1n[(Ce(t) - wiCoe=f1 ] = In(wsCo) = £t vuew.(ll)

Thus a semilog plot of the left hand side of (10) is linear
and fg and waC, are determined from the slope andfintercept
respec;iveiy._ The méan flow fp is just

fq = wif+ wzf}
Or. substitutiﬁg éhe values of the<inQercepts determLﬁ;d'from

A
the semilog plots :

fp = (I1fg+ I2£2)/(Ij+Lp)
where the relative weights are

Wy Il/(Il",'IZ) and wom= 12/(11+12).

An alternative® analysis of the clearance -curve was.

- B

introduced by Symon et al. (1974). This analysis coﬁslhéréi'

only the initial 1-2 minutes of the clearance curve, as the’

initial clearance can be represented by a monoexponential.

A semilog plot of the curve has a lfnear'segment'vith a

slope equal the initial slope index of flow. Since

nential analysis requires 8-10 ninutes of stable £lo6w

-

conditions /and clearancé, tpe-initial‘siopé analysis is

suitable flor relatively short peribds-(2—§ min) of

stabiiit&.

A
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