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ABSTHACL This study examines the responses of pial 
arterioles and ,enules to increased meall airway pressure 

in Ilewborn pigs, We further charaderil.l'd the 
changes ill cortical subarachnoid cerehmsJlinal fluid pms
tanoids with increased both before and after cycloo:l:
ygenase inhibition with indomc!hacin, Eight chloralose 
anesthetized newborn pigs were equipped with closed na
nial windows and \Iith a cOJl\entional infant 
IHessufl'-cycled respirator. Increasing p,," from 3,2 ± 0,3 
cm water to 14,3 ± 0,6 cm lIater did not change pial 
arteriole or \enule diame ters, ('erebrospinal fluid prosta
noids (6-kcto-I'(;F, ,,, 'hB" 1'(;1-:2, and PC 1-' ,..), howell'r, 
were increased re\ersihly (3- to 5-fold) by inneasing P,,,; , 
After indoml'lhacin (5 mg/ kg, intravenous) pial arterioles 
constricted appro:l:imatcly 15 ult with increased Thl'Sl' 
results suggest t hat increasing \'entilation pressurc in
creases brain prostanoid production , Prostanoids appear to 
inhibit vasoconstriction and may be important in maintain
ing cerebral blood flow during the stress of mechanical 
ventilation, (Pediulr Res 22: 647- 65(), 19S7) 

Abbrcviations 

p;," , mean airway pressure 
CSF, cerebral spinal fluid 
im, intramuscular 
iv, illtral'Cllous 
PII', peak pressure 
PEEP, Jleak end e:l:piratory pressure 
PC, prostaglandin 
T:l:Ih, thrombll\ane B2 
PVI I/IVI I, perilentricular/ intraventricular hemorrhagl' 

Positive pressure vcnt ilati o n co mmonl, is uscd in neo natal 
intensive ca re units, We hal l' notcd Jlfclioush that cC I\ ' hral 
perfusion is maintaincd during positi ve pressurc ventilation oj' 
newborn pigs dcspitc sig niticant redu c tion or ca rdiac ou tput (I), 
In addition wc ha vc l(lUnd that locall \' produccd prost:lnoid s arc 
an important in the maintcnance o r cerebra l hlood !lOll 
tiu ri ng hcmorrhagic h ypotcll sion (2) alld ill thc i nne:lSl' in l'l'rc
hral hlood now durin g asphyxi:1 (:\ ) In the nennat:t1 pi g, TIlL'se 
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tllO obsel'l atilln s k d 1\1 tlw l1\pnthcsls that pmstannid s :ll s\l ma l 
pia \' a role in till' maint l' nan ce nr cl' I\'bra l pnru slOn during 
pnsiti l c pressurl' lentilati o n " Th l' nhjl'cti'e or th l' preSl' nt s tulh 
is to inles[iga ll' thl' I'llie' o J' loetih protllll'L'l1 prostanoids in 
co ntrolling microcc rehral lasntiar tOlll' durin g pnil ld s llf In
LTe:lscd :111''11':1\' pressurl', 

The usc of thl' closl'd lIindoll [l'l'hniljul' :llIllII 'S dirl'L'[ 
lisu:tii/ation of pial arlL'ril1ics :l!ld Il'ins anti prmilks th l' llJlJlllr
tunity to saIllple' curti l'a l suha r:lchnoid ('SF Ilhil'h hl' uSl'd 
tll measure cL'rehral Pl'llSla llllid slllthl'SIS ( .. n In 11ll' JlI \ 'Sl' nt s tudl 
we used the cranial windl111 [0 ohsn\l' thl' rl's pllnSl' [ll pi:t1 
artnioles and Il'nuks p m) tn positi\l' pl'l' ss url' le' l1lri:l
tion , Further, Ill' ljuantilil'd [Ill' elli..'l't nl" positil l' press urc' I,' ntl 
lation ill till' k ll'l s l) r prnst:lnnilb in suh:lr:lchlwid CS I ' S:lIl1Jlle's 
takcn from the cran i:ll wi ndoll, 
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l'ight piglets (O,h- I Jl kg, agl' d:lIS) IICI'c' aill'sthl'tl/l'd Ilith 
kctamille h\drochlmilk (-,-, mg! kg, 1m) al'l'pl'om :lI in l' (3,-' 
Illg/ kg, illl) and thcn m:lintaincd lln i\-chimalllsl' m)!.! kg 
initialh rollulled h\ :- mg! kg/ h , ill. Cathc'lns \llTl' pLll'l'd intn 
a kmmalll'in and artl'ry, TIll' 1'L'1l0US c:lti1L'tn :tilllll'c'd I'llI' drug 
ad min istral ion II'h i k th c arlcI'iall'at hL'ln lias uSl'd f(1l" l" 1 n t i nUL )US 
hlollli pressurc Illonitol'ing and ror lIithdrall:t1 ur hlond 
g:IS and pi! sampks, Rillod JlI'c'SS llrl' lias lk[erlllincd using :1 

Stat ha m pressurl' tran sducn and a (iou ld reundn, 1 hl' [r:ll' hl'a 
Il'as cannulalL'd lIi [h a ",0 mm (id) st r:light l' llll ll tra l'ill'al tuhl' 
a nd ticd ill plaCl' to PI\'ll' llt a ir kak , The anim;i1s IllTl' I\' ntilatl'd 
lI'ith an inl;lI1l p rl'ssurl' l'c'spira[ , )] ' ( Bourns Ill' HOllrn s I ,il l' 
Systcms, RilLTsidl', ( ',-\ \. and [h l' JlI'll\lmal JlI\'SSUI\' 
nlllnitmed continlillusil', Th e :l!lll11als lIere \l'ntilalL'd lIith 1'll(11ll 
air Ilith initial Icntil:11ll1'I parametcrs ()f 20- ,,0 hrl':l th s pn 
minute, an inspiratory timc Llf 0,) s, a I'll' nl" 12 .. 1 l'm 11:ltn, 
and a I'FEI' of Inll, Bl)dy lIas maintain l'd :It -'7 -
.lX" C lIith a lIatn-l"i rnilating heating P:ltl, 

The scalp lias rl'Illl1\'c'll. a Iwk cm In diam l' tl' r lI'as Illa(k 
in lhe skull OI'er thl' parictal l'O rtl' ,\, Thc dura and 
llleillbranes IInc' nil \\ 'illwlll IlHll'hing Ih,' hra in " :llld all nil 
edgcs \ITre rl'llcc tl'd Oll' r [Ill' bone so th a t thc suh:lr:lc hllllid SIXll'l' 
\I'as not c:o;posed tLl damaged [i SSUl', ,\ s[:linkss stl' l' l and glass 
cr:l nial l\ inti()\I' II ':IS pLICl'd in the l10k and ce llll' lll ed into pl:tce 
\I ith den[a l acry li c. Th c SP:IL'C undn [Ill' 1I1Ildoll lIas li lkd lI ith 
artilicial CSJ (220 mg KCI. 1-' 2 Illg \lg(I" 22 1 m g ( ':ICi ," 77 1 () 
m)!. 4()2 Ill)!. url' :\' Ml) mg lk'l.lrllSl', 2()hh Ill g :\:1 II CO , 
pn liter, pi I = 7..,-, : peC), = 4() mm Ill'.: PO, 4" mm Il g ) 
through nl'cdks In cLlrplll'atcd intll thl' sides nl" till' lI'indllll ', Thl' 
\'olul11c of Iluid dirl'L'th unlkr thc Ilindllll IS apprll\ima1L'h 
"I and \Ias lI'ith thc subarachnOId spal'e, ,\I'tl:r IIll
plantation llf th e window, at kast 30 min :llloll l' ti ki'lll'L' 
L'\ pcrilllentatio ll lI'as hegull, 
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Pial vessels were observed with a Wild M75 trinocular stereo
microscope, a television camera (model VC-65SL, Dage-MTI, 
Michigan City, IN) mounted on the microscope, and a video 
monitor (model CT 1930V, Panasonic Corp., Secaucus, NJ). 
Vessel diameter was measured with a video microscaler (Model 
VPA 1000, For-A-Corp, Los Angeles, CA). 

Protocol. The CSF under the cranial window was replaced , 
and pial arteriole and venule diameters were measured during 
an initial control period of five minutes. During this period the 
animals were venti lated at a low mean airway pressure (P;;: = 
3.2 ± 0.3 cm water). At the end of this 5-min control period 300 
J.L I of CSF from under the window was collected and frozen for 
prostanoid anal ysis and the CSF under the window replaced. 
Airway pressure then was increased by increasing both the PIP 
(to 18-20 cm water) and the PEEP (to 8-1 0 cm water) thus 
maintaining a constant tidal volume and PC02• The P;;: at this 
time was 14.3 ± 0.6 cm water. This pressure was selected from 
previous experience which has shown that this airway pressure 
wo uld decrease cardiac output without altering arterial blood 
pressure (I). Furthermore, we know from this same previous 
study that sagittal sinus pressure would be increased at this P;;: 
thus forcing the cerebral circulation to accommodate to an 
increase in venous pressure. During this 5-min period the re
sponse of the pial vessels was recorded. At the end of five minutes 
a second sample of CSF was taken and the ventilation returned 
to the control settings (P;;: = 3.2 ± 0.3 em water). During a third 
period (control 2) the vessels were measured again. At the end 
of this 5-min period a third CSF sample was taken. We then 
ad ministered indomethacin trihydrate (5 mg/kg, iv). The dose 
of indomethacin used has been shown previously to cross the 
blood-brain barrier in sufficient quantity to inhibit the formation 
of cyc!ooxygenase metabolites (5) on the cerebral surface. During 
the ensuing 30- to 45-min period the CSF under the window was 
fl ushed several times. The protocol then was repeated at the same 
three airway pressures (control !:increased p;;::control 2). No 
CSF samples were collected after indomethacin as previous ex
perience (4) has shown that CSF prostanoids are undetectable 
after thi s dose of indomethacin. 

Sagittal sinus pressure. Four piglets of similar size and age 
were prepared and ventilated as above except that a sagittal sinus 
catheter was placed instead of a cranial window. A midline scalp 
incision was made and a 23-gauge teflon catheter was inserted 
into the sagittal sinus. Sagittal sinus pressure as well as proximal 
airway pressure were then monitored in the same manner as 
arterial blood pressure. Airway pressure then was increased in a 
gradual stepwise fashion fro m a P;;: of 3 em water to a P;;: of 40 
cm water. 

Time control animals. Four additional animals were prepared 
as described above and pressure ventilated for 4 h. At hourl y 
intervals the airway pressure was increased. Pial arteriolar and 
venule measurements were recorded to insure that responses of 
the vessels were consistent. 

Prostanoid analysis. CSF samples were analyzed for 6-keto
PGF1« (6-keto-PGF1,,), TxB2, PGE2 , and PGF2" using radio
immunoassay methods previously described (4). Antibodies to 
6-keto-PGF1,,, TxB2 , PGE2, and PG F2« were produced in rabbits 

immunized with prostanoids coupled to thyroglobulin using the 
mixed anhydride method. Cross-reactivity of all the prostanoids 
with other eicosanoids tested was less than I %. The assays were 
performed in gelati n-Tris buffer using the appropriate tritiated 
prostanoid. After 24 h of incubation at 4° C, the free fraction 
was separated from that bound to antibody by adsorbing the 
unbound ligand on activated charcoal. Data were handled by 
computer with determination of second order regression of tracer 
bound to antibody against unlabeled prostanoid by method of 
least squares. All unknowns were assayed at three dilutions; the 
unknown dilution curves and the standard curve had to be 
parallel before the results were used . Values are reported in pg/ 
m!. 

Statistical analyses. Pial arteriole and venule diameters, sys
temic arterial pressure, and prostanoid levels were analyzed using 
repeated measures analysi s of variance. If the F value was signif
icant, the Student-Newman-Keuls test was performed. A level of 
p < 0.05 was considered significant in all statistical tests. Values 
are reported as means ± SEM of raw values. 

RESULTS 

Increasing ventilation pressure had no effect on pial arteriole 
or venule diameters prior to treatment with indomethaci n (Table 
I). Table I also lists the airway pressures, mean arterial blood 
pressures, pH, and blood gases recorded during this study. 

Figure I shows the prostanoid values from this study. The 
levels at control 1 represent basal prostanoid levels and demon
strate that cortical CSF prostanoids are present without stimu
lating their production. The hydrolysis product of prostacyc1in 
(6-keto-PGF J,,) , PGE2, TxB2, and PGF2« all increased signifi
cantly when was increased. When was reduced (control 
2) prostanoid levels returned to near baseli ne. 

After the admini stration of indomethacin pial arterioles con
stricted 15 % when P;;: was increased while the venule diameters 
were unchanged (Table I). When the P;;: was returned to its 
original value, the vessels returned to their original diameter. 
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Fig. 1. Effects of increased P;;: on cortical subarachnoid CSF prosta
noids. Levels of 6-keto-PGF, . , TXB2, PGE" and PGF2• are given in pg/ 
ml (mean ± SEM) (*p < 0.05 compared to control 1). 

I. Pial arteriole and venule diameters, paw, mean ar/erial blood pressure (BP), and blood Gas/pH fmean ± ScM (n = 8)) 

Before indomethacin After indomethacin 
- ------- -- ... - - - -- ---.-- ---

Control 1 Inc rea sed Pm;; Control 2 Control I I ncreased Pm;; Control 2 
- ' - - - " ---" ' - - - . 

Arteriole di ameter Cum) 168 ± 11 174 ± 14 169 ± 11 174 ± 14 148 ±I3* 175 ± 14 
Venule diameter (f.Lm) 192 ± 12 190 ± 14 188 ± 13 192 ± 15 187 ± 9 192 ± 14 
Pm;; (cm H2O) 3.2 ± 0.3 14.3 ± 0.6* 3.2 ± 03 3.1 ± 0.3 14.1 ± 0.3* 3.1 ± 0.3 
BP (mm Hg) 56 ± 8 56 ± 9 56 ± 9 53 ± 6 53 ± 8 52 ± 6 
pH 7.48 ± 0.12 7.46± 0.I8 7.48 ± 0.1 1 7.46 ±0. 14 7.49 ± 0.20 7.47±0.I8 
PC02 (mm Hg) 28 ± 2 27 ± 3 27 ± 3 28 ± 3 29 ± 4 27 ± 4 
PO, (mm Hg) 82 ± 4 88 ± 3 86 ± 3 85 ± 3 89 ± 2 87 ± 4 

-.--- .. - - -.-... - - - ... - - -.-- - --. 

* Significantly differen t when compared to corresponding control 1 (Studcnt-Newman-Keuls p < 0.05). 
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l'ig, 2, Recordings of prox imal airway pressure (,I/N,IJ',I},). sagiltal 
s inus pressure (SSI'). and arterial blood pressure (H/,) recorded IIhile 
1':;:; was increased from 10 to lX em wa te r. Sagittal sinus pressure i nLTcases 
directly with airwa y pressure. AI1criai blood pressure is alleetcd bc'ginning 
at a of approximatel y .15 em water. 

Blood pressure as well as a rteri a l blood gases during th ese three 
pe riods were unc hanged , 

In all f'our animals prepared with sagittal sin us ca theters. 
increasing airway pressure was re flected directly in sagitt a l sinus 
pressure (Fig, 2), Baseline m ean sagittal sinus pressure was 3 ± 
1,0 mm Hg with minimal ventilation press ure (P;;;: = .1 ± 0.2 cm 
water) and increased to mean of' 2 J ± J. 5 mm I-Ig when P;: was 
40 Clll wa ter. !\rterial hlood pressure was not alrected until the 
I';: was 36 ± 2 c m wate r. 

The time control animals maintained vessel diameters con
stant when P;: was increased, For examrle_ pial artcrioles were 
165 ± X, 1(17 ± 3, and l (lX ± 4 11 m ('or con trol I. increased P;;;;, 
and control 2 during the Ilrst increase in p;;;:. On subsequent 
in c reascs in arte riolar diameters were J 67 ± 6_ J 6X ± X. and 
170 ± X I1Ill It lr co ntro l I. increased I';:, anci contro l 2. 'Jo 
indomethacin used in the time control animals. 

J) I SC lJ SS ION 

The results 0(' thc prese nt stud y indicate that whe n ve ntilation 
prcssure is increased. co rtical su barach noid ('SI: prostanoids 
increase to attenuate vasoconstri c tion. 

I'rostanoids pla y an important role in pc rinatal ccrebnl\ascu
lar ph ys io logy «1). Sreeill eally, evidence ('rom our ow n laborato ry 
suggests that prostanoid s arc in volved in regulating perinatal 
cerebral blood now during peri ods or asph yxia anc! hypo te nsion . 
I n newborn rigs in h i hi tion or cyelooxygenase hl oc ks the cerebra l 
hyperemia associated with asph yx ia (3) . When a similar animal 
preparation is s uhjected to hemorrhagic hypotensio n . csr pros
tanoids increase exce pt w he n th e animals a rc trea ted w ith indo
m e thacin . Indom ethacin inhihit s prosta noicl producti o n and 
brain blood now blls (2). 

Increasing ve ntilati o n pressure in newbo rn pi gs decreases car
diac output and increases sagittal sinus pressure prior to decreas
ing systemic pressure (I), Desrite th ese ,'a rdi ovasuliar 
effects, cerebral hlood fl ow is maintained. The results 0 (' the 
present study su ggest that the pl'Ostanoid system contributes to 
th e maintenance o r cerebral perJ'usion when th e card IOvascular 
system is stresscd by pressure ventilation, as with aspll\xiated 
and hypo tensive newhorn pigs. F1evati o n oj' airway pressure 
ca uses cortical suha rachn o id CSF pros1:inoids to increase, When 
prosta noid sy nth esis is inhibited. pial arterioles co nstri ct in re
spo nse to e levat ed P;:. Th us, prosta no icls appear to in h i bit 
vasoco nstr iction during pressure ve ntilati o n. 

Thc stress or m echani ca l prcssure vc ntilation ca uses \'asoco n
striction inmost vaseu lar hed s. I ncreased cereb ral p rosta noid 
syn thesi s during increased airwa y pressure appea rs to attenuate 

cerebral vasoconstri c t io n th e rehy aiding in oj' l'l'r
ebral blood no\\,. As hoth \'asodilattlr \',lsoconstrictor pms
tal10ici s incre;lse. \\'C assumc J'rom the artcriol,lr response 
ind o methac in that di lator prostanoids ((l-keto-I'(iF, .. a nd PC I:,' ) 
pla\' a dominant rol c, FurthcrmOI'l', it is possihk that till' con
stricto r prostan o id s a rc' produccd sc'co ndarih to a ge neral pros
tan oici s\'nthesis stimulation, Such a prcssor responSl' It) lI owcd 
by ce rebral rrostan o ici production could tlL'c ur \ia cerehral ad
re ne rgic nen'o us sti mulat io n or \' ia c i rculat i ng catechola mines. 
We have ('ound that both <I-ad ren ergic stimulatioll a nd topica l 
norepinephrine constrict pi glet ccrebral arterioles (7). while' top
ical no repine phrine ca uses dilator to hc reil'asc'd into 
thc co rtica l subarachnoid ('SF (X). 

We cann o t explain why the diameter of pial yenules did not 
increase when Intrathoraci c pressure \\as incrcased, It he 
that th c increased \'enous pressure docs no t reach di st,lIl \' to' pial 
venules and that vc no us engo rgem e nt occurs onl\' in the 
vesse ls of th e hrain. 

i\ c lear associati o n ex ists be t\\ ee n pressurc \l' ntilati o n and 
neonatal PYII/IYH (9) with more se\ erc res piratory illness ha\
ing a high e r incidcnee of PYH / IVII , The role in nc'ascd 
intrathoracic prcssure a nd thu s increas in g \'l' nou s press urc' pla \ 
in PYII / IYH has bee n discu ssed (9) . and it appears that rcstri c tl'd 
\en ous return ma y contrihute to PYH / IYI I. Furtherlllorl'. in
\'o lvc m e nt o f prosta no id s in the tie\elopmc nt oj' I' V I I/ IVII h;lS 
bee n suggcsted. Somc auth o rs (I()) rc port inhihiting prostanoid 
synthesis with Ind omethacin prc\ e nts I'YH / IYII. \\ hile' ll thcrs 
(I I) ha \'e fail ed ito show sueh an 1\ltllOU gh nll nc' of 
thesc studi es exam i 11L' d cerebral hlood Il()\\ 'd II ri ng i nd'omct n 
therapy . other investi gators have sh o\\' n in ho th ncwborn animals 
(3) and humans (12) that ind o m e thac in decreascs c,' rcbral hltltld 
/low , !\Ithough a link bct\\ecn mechani cal \entilation and I' V II / 
IYII appears rossible. no pre\ious \\or" has dem o nstr;tt l'd an 
association between m ec hanica l \ e ntilati o n and cncbral prosta
noid product io n. 

The closed cranial windO\\' tcchnique used in thi s study allll\\S 
both di reet ohse rvat io n of pial \esse ls and sam pi i ng of t he co rt ical 
suharachnoid CSF that bathes the obsc n nl blood \'L'sse is, Pros
tanoids in co rtical subarachnoid Iluid appea r to ha\'l' origin,ltl'd 
li'o lll the corti ca l surl;lCes hecause ('SF rrom the c is tc' rna ma l!, na 
has much lower prostanoid co ncentrati ons untkr co ntl'Ol 
tion s (4), Possible so urccs o f thesc prostanoids in clmk l'ortil'al 
vessels, autonom ic nc n 'es associated \\' i t h t hesl' \essc ls. a nd / or 
hrain parench yma. Y.'/ c spec ulate fro m the e\ itk- ncc' a\ail;lhk 
rrom other tissucs that 6-kcto-PGF, .. andhB, arl' from till' 
\esse ls whil e P(iF.: is from the ncr\'o us ti ss uc ( 1., - I In thl' 
prese nt e.\periment sc\c ral possibilities exist Illr thi s loell pros
tanoid production. In particular. it sccms possihk that \\ 'h,'n 
ainva\ pressure is Increased thus in creas ing ve nou s prl'SSlll\'. the 
source of the mcasurcd prostanoid s is thc' \l' nOli S SYStClll , TIll' 
major increase in vc no us pressure is jlI'ohahh transn{itt,'d to till' 
sagittal sinus. and it is possihk th at thi s is till' Illa in sit c' tlf 
prostanoid sy nth esis. 

In wc ha\e show n that incrcasi ng ailw<Jv prl'ssurl' 
usin g a conve ntional prcssure-limited inI:lnt \entibttlr 
cercbral co rti cal p roci ucti o n or prostanoid s \\'hill' no t alrc'c ling 
pial arteriole or venul e ciiamc ter. When prostanoid pmdUditlll 
is inhibited wi th ind 'llll c'th aci n. pial l'o n stri "t wh l'l1 P:;;, 
is increased . Thi s e\'idc nl'L' furth e r suppo rt s the impac t that 
mecha nical \cntilation can ha\ e on the peripheral \'ascular S\'S
tem and al so suppo rt s the Important roll' that pla\ 
in th e regulati o n or th c' cl'l'ebr;ll c irc ulation of stressed nc'o naks, 
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