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ABSTRACT. The purpose of this study was to determine 
the effect of sympathetic nerve stimulation on regional 
cerebral blood flow during the first 3 wk of postnatal 
development in piglets. Forty-one piglets ranging in age 
from 2 to 24 days were studied while anesthetized with 
30% NZO, paralyzed and mechanically ventilated ( P a m z  
= 35-40 mm IIg). Regional cerebral blood flow was meas- 
ured with tracer microspheres (15 2 1 ~ m )  during electrical 
stimulation (15 Hz, 15 V, 3 ms) of the right cervical 
sympathetic trunk. Sympathetic stimulation decreased 
blood flow to the ipsilateral cerebrum (gray and white 
matter) (-15 2 2%), hippocampus (-9 + 2%), choroid 
plexus (-50 + 5%), and masseter muscle (-93 + 2%) 
compared to the contralateral side where blood flow to 
these regions was 74 + 4, 45 + 2, 258 + 26, and 24 + 4 
ml/min/100 g, respectively (mean + SEM; p i. 0.05). The 
magnitude of the reduction in cerebral blood flow was not 
dependent on postnatal age as  no significant differences 
were noted when the piglets were grouped according to 
age. Ilypercapnia (Paco2 = 64 + 5 mm Hg) increased 
blood flow 2- to 4-fold above control in all brain regions 
except the choroid plexus. The effect of sympathetic nerve 
stimulation was augmented during hypercapnia where 
blood flow to the ipsilateral cerebrum, hippocampus, and 
caudate nucleus was decreased by -34 2 4, -23 + 5, and 
-16 + 3 %, respectively. Activation of sympathetic nerves 
can reduce blood flow to specific brain regions during 
control conditions and these effects are larger in hyperemic 
conditions such as  hypercapnia. These data demonstrate 
that sympathetic nerves are present and completely devel- 
oped a t  birth and, when sufficiently activated, capable of 
influencing regional cerebrovascular resistance in the new- 
born piglet. (Pediatr Res 20: 131-135, 1986) 

Abbreviation 

CBF. cerebral blood flow 

system at birth, studies of the newborn cerebral circulation it? 

v i v o  suggest a potent sympathetic constrictor cffect in the as- 
phyxiated newborn dog (4) and hypoxic lamb (5). The effect of 
sympathetic nerves on CBF in the nonhypoxic. eucapnic new- 
born animal, however, have not been examined. Additionally, 
sympathetic effects on CBF may change substantially over the 
first days of postnatal development. The present experiments 
were designed to characterize the effect of sympathetic nerve 
stimulation on CBF over the first 3 wk postnatally. 

In adult animals the cffect of sympathetic nerves on CBF arc 
thought to be minimized by compensatory vasodilation of intra- 
parenchymal arterioles (6). Since the cerebral circulation in 
newborn animals appears to be less responsive to various vaso- 
active stimuli (7-9). we postulated that in the newborn, intra- 
parenchymal arterioles may not dilate sufficiently to offset sym- 
pathetic vasoconstriction. T o  examine this possibility, additional 
experiments were performed to study the effects of sympathetic 
nerve stimulation during hypercapnic hyperemia. 

M E T H O D S  

Anitnul preparation. Studies were performed on 4 1 newborn 
Yorkshire piglets ranging in age from 2 to 23 days (mean age == 
7.6 + 0.7 days). Piglets were anesthetized with 3 - 4 s  halothani:. 
Core body temperature was monitored and maintained at 39" (? 
with a warming blanket. Following local anesthesia (2% lido- 
caine) a tracheostomy was performed and catheters were placed 
into a femoral artery and vein, a brachial artery. and into the leli 
atrium via a left thoracotomy. Animals were paralyzed (0.5 mg 
pancuronium bromide) and mechanically ventilated. Both left 
and right cervical sympathetic trunks were isolated and bipo1a.r 
electrodes placed around each nerve immediately caudal to  the 
superior cervical sympathetic ganglion and the nerve was crushed 
proximal to the electrodes on each side. Halothane was then 
withdrawn and anesthesia maintained with 30% N 2 0  + 70% 0:. 
No surgical procedures were performed after withdrawal of hal- 
othane nor were any experimental procedures performed that 
have not been tolerated by unanesthetized animals. The experi- 
ment began an~roximatelv 60 min after withdrawal of halothane. " S '  

Srimir/ulion of .sj'mn~~uthrlic rrcJr!Jes. Most of the s y mpathetic 
Studies in noncerebral vascular beds have shown that the fibers innervating the cerebral vasculature originate from the 

sympathetic ncrvous system is immature at birth in most species ipsilateral superior cervical sympathetic ganglion. Thus the effect 
and considerable postnatal development occurs with regard to of unilateral electrical stimulation of the superior cervical S ~ N I -  
the force of smooth muscle contraction, vascular innervation patheticganglion on cerebral vessels is primarily on the ipsilatcral 
and function, and adrenoceptor concentration and function ( I ) .  hemibrain ( lo) ,  whereas the contralateral hemibrain can serve as 
Histochemical and pharmacological studies have indicated that control when measuring CBF with microspheres. In the present 
adrenergic mechanisms in cerebral vessels of mice and rats experiments the preganglionic nerves were stimulated on the 
exhibit considerable postnatal development as well (2, 3). right side while the left side was unstimulated and served as 

Despite the apparent immaturity of the sympathetic nervous control. Stimulation parameters were 15 Hz, 15 V, 3 ms. Stim- 
ulation was continued for 1-2 min and CBF measured between 

Rcce~vcd Ma)  29. 19x5: acccplcd Scptembcr 18. 1YXi. 45 and 90 s of the stimulation period. 
Corrcspondencc I.. ('raig Wagcrle. 1'h.D.. Departme~it of  Physiolog!. C'n~vers~t)  

ol'Penr~b\.l\anra Scliool of Medrc~nc. I'hrladclph~a. PA 19 104. 
Meusilrcrnrnt ofCBF. Blood flow was measured with the tracer 

Suppol-tcd h! Nalional In,t11urc of I lcal~li  Grantc 735-1 ID-072 17- i 0 and R0 1 - microsphere technique ( 1 1). Microspheres ( 5.0 + 1.0 ~ m )  la- 
HD-15'173. belcd with 141-Ce, 85-Sr, 46-Sc (3M, St. Paul, MN), or 113-Sn 
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(New England Nuclear. Boston. MA) were used. Stock solutions 
were sonicated for 5 min and shaken vigorously on a vortex 
mixer for 2-5 min. Approximately 0.7-1.2 million microspheres 
were placed into specially prepared injection vials (1 1) and 
shaken again on a vortex mixer prior to injection. The contents 
of the injection vial were flushed into the left atrium over a 
period of 15-30 s. Reference arterial blood was withdrawn from 
the brachial artery for I0 s prior to, during, and for 60 s after the 
microsphere injection at  a rate of 0.97 ml/min. 

At the end of the experiment. the animal was killed by intra- 
venous injection of KCI, and the brain was removed and sec- 
tioned into right and left cerebrum. caudate nucleus, hippocam- 
pus, thalamus-hypothalamus, midbrain, cerebellum, pons, and 
medulla. In addition to the brain, the left and right choriod 
plexus (from the lateral ventricles) and the left and right masseter 
muscles were also removed. Tissues were weighed and placed 
into counting vials along with reference bloods. Counting vials 
were filled to  a height of less than 2.5 cm to minimize geometrical 
counting error. 

Tissues and reference bloods were counted for 5 min with a 
three-channel 7-counter (Bcckman Instruments, Fullerton, CA). 
Energy windows were set at 125-170, 370-430. 460-550, and 
820- 1060 KeV for 14 1-Ce, 1 13-Sn, 85-Sr, and 46-Sc, respec- 
tively. Nuclide separation was performed using standard methods 
for differential spectrometry (1 1). Blood flow,was calculated with 
the formula Q = At*Qr/Ar/Wt* 100, where Q is flow to tissue in 
ml/min/100 g. Qr, At, Ar, and Wt are the reference blood 
withdrawal rate. activity of the tissue, activity of the reference 
blood, and the tissue weight. respectively. Cardiac output (ml/ 
kg/min) was calculated as cardiac output = Ai*Qr/Ar/body 
weight, where Ai is the total activity injected. Total activity was 
calculated from the volume of the stock microsphere solution 
injected. 

The use of 15 pm microspheres to  measure blood flow in the 
choroid plexus has not received adequate validation. One prob- 
lem is that due to  its small size (40 mg) the choroid plexus does 
not trap adequate numbers of microspheres resulting in larger 
variability of blood flow measurements (12). In the control 
conditions, a mean of 256 + 29 microspheres were lodged in a 
single choroid plexus. Despite these theoretical limitations, in- 

Table 1. 6ffi.c.f c~f'symputhetic nerve stirnzrlution on 

Control 
(n = 41) 

dependent measurements of right versus left choroid plexus flow 
are well correlated ( r  = 0.74) during control conditions and thus 
the mean flow values for right and left choroid plexus at control 
are identical (Table I), suggesting that the design of this study 
(right versus left comparisons) offers adequate sensitivity to detect 
unilateral changes in flow to this structure. Perhaps a more 
serious problem is that of sphere shunting. It is possible that a 
sizeable portion of 15 pm spheres are not completely trapped by 
the choroid plexus. If significant numbers of microspheres pass 
through the choroid plexus to the venous circulation then flow 
would be underestimated. In this respect, an alternative interpre- 
tation of our data would be that sympathetic stimulation resulted 
in vasodilation so that fewer microspheres were trapped in the 
plexus. However, such an interpretation is unlikely because we 
have shown that vasodilator agents (adenosine) resulted in an 
increased number of trapped spheres and increased calculated 
blood flow to the choroid plexus (unpublished results) of lambs. 

Since the brain regions were separated into right and left sides, 
some of the smaller structures often had less than 385 micro- 
spheres as well. This occurred most often in the cerebral white 
matter (63% of the cases), pons (55%), and masseter muscle 
(45%) samples and less often in the hippocampus (28%), caudate 
nucleus (20%), and medulla (8%). Nevertheless, as was the case 
for the choroid plexus, independent measurements of right and 
left sides during control conditions, in these regions as well show 
mean values differing by less than 4% (Table 1) suggesting that 
unilateral differences in flow can be detected with considerable 
sensitivity. 

Experimentul protocol. In order to examine the efficacy of 
sympathetic nerves on CBF during postnatal development, the 
piglets were separated into five groups according to postnatal 
age. These groups were 2-3, 4-6, 7-9, 10-1 5, and > I  5 days of 
age. CBF was measured during baseline (no stimulation) and 
again following 45-90 s of unilateral sympathetic nerve stimu- 
lation. Arterial blood was sampled prior to each CBF measure- 
ment and analyzed for blood gases and pH using standard 
Radiometer electrodes. Mean arterial blood pressure was contin- 
uously monitored using a strain gauge (Statham P23d) and 
recorded on a Grass polygraph. 

In five piglets (mean age = 9.4 + 3.6 days) in addition to the 

' r~gional CBF in newborn piglets (mean * SE;)* 

Normocapnic 
stimulation 

( 1 7  = 41) 

Hypercapnic 
stimulation 

( n  = 5) 

Pac-oz (mm Hg) 38 f 2 
Blood pressure ( m m  Hg) 90 f 2 
Cardiac output (ml/kg/m~n) 206 f 15 

Blood flows (ml/min/100 g) 

Left Right Left Rieht Left Right 

Cerebrum 79 t 7 78 +- 8 74 f 4 62 f 4 t  262 -t 64$ 167 t 2 8 t  
Gray matter 80 + 7 78 f 8 74 t 4 60 i 4 t  267 f 55$ 169 t 281 
Whitc matter 37 k 3 36 * 4 35 t 2 32 i 2 t  1 I I + 20$ 83 t 101 

Caudate nuclcus 70 * 6 6 7 + 6  66 f 4 64 i 4 287 t 57$ 235 +- 4 4 t  
Hippocampus 47 + 8 48 t 4 45 i 2 41 t 2 t  208 +- 424 156 + 28t  
Thalamus-hypothala~nus 85 t 10 85 t I0 82 k 5 81 f 5  419 F 83$ 374 t 57 
Midbrain 84 t 9 85 k 10 81 i 6  79 f 6 454 + 80$ 407 t 78 
Pons 78 t 9 77 * 10 71 + 6  7 1 f  5 405 t 80$ 401 + 78 
Medulla 73 t 9 75 i 9 74 t 5 73 f 5 433 t 85$ 409 + 77 
Cerebellum 78 +- 7 76 * 7 64 * 5 73 t 5 345 t 79$ 285 f 50 
Choroid plexus 281 t 25 280 + 28 258 t 26 1 2 6 f  l 5 t  576 t 112 183 + 871 
Mcssetcr musclc 

- - - 
21 f 2  2 1 i 2  20 + 2 I f I? 32 f I0 I + It 

* Pac-oz. arterial blood partial pressure of CO?. During control, sympathetic nerves were not stimulated. During normocapnic and hypercapnie 
stimulation. the right superior cervical sympathetic trunk was electrically stimulated for 45 s prior to and during measurement of blood flow. The 
effects of sympathetic nerve stimulation are represented by differences in blood flow between the unstimulated (left) and stimulated (right) side. 

t Right side significantly different from left side, p < 0.05. 
$ Significantly different from control p < 0.05 (this comparison was made only for the unstimulated side). 
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above CBF measurements the effect of sympathetic nerve stim- 
ulation on CBF was determined during hypercapnia. Following 
the baseline. and sympathetic stimulation (during normocapnia) 
measurements. C 0 2  was added to the inspiratory gas mixture 
such that-arterial Pro2 was elevated from 35-40 to >60 m m  Hg 
fbr 10 min. .I hen an arterial blood sample was taken. the right 
sympathetic trunk was stimulated and CBF measured for a third 
time. 

In four piglets (4, 5, 6, and 21 days of age), the effect of 
alterations in stimulation frequency on CBF was determined. 
Following baseline measurements. the sympathetic nerves were 
stimulated unilaterally as described above except that stimulation 
frequency was altered: 4. 8. and 16 Hz. Arterial blood was 
sampled and CBF measured at each stimulation frequency. The 
sequence by which the frequencies were administered was ran- 
domized and 10 min allowed between each stimulation. 

S~iiri.slic~u1 unu/~~.si .~ All data are reported as means t SEM. 
Comparisons between right (stimulated) and left (unstimulated) 
sides were made using paired / tests. A one-way analysis of 
variance was used for comparisons between postnatal age groups. 
The effects of hypercapnia were compared to control and nor- 
rnocapnic stimulation by a one-way analysis of variance with 
repeated measures followed by Student-Newman-Kuels test for 
differences between means when the F value was significant. p 
5 0.05 was considered to be statistically significant. 

The effect of unilateral sympathetic stimulation (15 Hz) on 
regional CBF. blood pressure and cardiac output are presented 
in Table I and Figure 1 .  Data are from all 4 1 piglets combined. 
Arterial blood gases were maintained constant (PaO? > 100 m m  
Hg) during control and during normocapnic stinlulation. There 
were no differences between left and right regional CBF or 
masseter muscle flow during control (no stimulation). Stimula- 
tion of the right sympathetic trunk, during normocapnia. reduced 
blood flow to the right cerebrum (- I5 ? 2%), hippocampus (-9 
+ I % ) ,  choroid plexus (-50 f 5%), and masseter muscle (-93 
+ 2%). Blood flow to the caudate nucleus. thalamus-hypothala- 
mus, midbrain, pons, medulla. and cerebellum were not affected. 

During hypercapnia (Pace. = 64 mm Hg) flow to the unstim- 
ulated side increased 2- to 4-tbld in all brain regions except in 
the choroid plexus. On the stimulated side (right) flow was 

caudate h~ppo -  chorold masseter 
cerebrum nucleus campus plexus muscle 

Fig. I .  1:lkct ol'clcct~-ical stimulation ( I5 h/. I5 V. 3 ms) of the r~ght  
cer\ lea1 s~mpathe t ic  trunk on I-cgional cerebral blood flow in the ipsilat- 
era1 hemibrain dur~ng normocapnia (Pa( o2 = 38 mni Hg. ,7 = 41) and 
h>pcrcapn~a (I'ac.02 = 64 mm Fig. 11 = 5). A r ;  1s the percent change In 
flo~v = (I-ight-lcli)/lcft , 100. Values arc mean ? SF. *significantl> 
d~fYcrcnt fi-om /c~-o. -I s~gnilicantl! dilkrcnt from normocapnia. p 5 0.05. 

c e r e b r u m  hippocampus choroid ~ l e x u s  masseter m u s c l ~  

Fig. 2 .  Effect of electr~cal stimulation ( 15 HI. 15 V. 3 ms) of thc right 
cervical sqrnpathctic trunk on I-cgional cerebral blood flow in the herni- 
brain ips~lateral to stimulation at varlous postnatal ages in newbor.1 
piglets. 1% IS the percent change in flow = (right-lefi)/lcft * 100. Values 
are means ? SE. There were no statisticallq s~gnificant dilTerences noted 
bctmeen an)  age group in any of the four regions examined. 
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significantly less than the control side in the cerebrum. caudate 
nucleus, hippocampus. choroid plexus, and masseter n~uscle 
during hypercapnia. Although the mean values for choroid 
plexus flow and cardiac output appear to be elevated during 
hypercapnia, these changes were not significant when compared 
to the paired control values of those five animals (cardiac output 
= 273 + 53 ml/kg/min: choroid plexus = 446 f 123 ml/min/ 
100 g). It is possible, however, that these increases were indeed 
real but could not be detected with so few animals since the type 
I1 error was high ( 3 5 % )  for both variables. 

Figure 1 illustrates the effect of hypercapnia on the efficacy of 
sympathetic stin~ulation in those tissues where sympathetic vaso- 
constriction was observed. Hypercapnia augmented the magn.1- 
tude of the reduction in blood flow to the cerebrum, hippocam- 
pus. and caudate nucleus (cerebral tissues) yet effects in the 
choroid plexus and masseter were not altered. 

The effect of sympathetic stimulation on regional CBF as a 
function of postnatal age is depicted in Figure 2. In all four 
regions where flow was decreased (cerebrum, hippocampus, cho- 

... . . . . . . q-qq 
- 

- 

age 
(days) " - - 

- 2-3 5 

- 4-6 ,7 

- 7-9 9 

. 10-15 8 

- 1 > I 5  2 

roid plexus, and masseter muscle) sympathetic stimulation rc- 
duced flow significantly in the youngest age group (2-3 day:;) 
and there were no differences noted with increasing age (up to 
15 days) in any of the brain regions. Also shown in Figure 2 are 
data from two older animals. 21 and 23 days of age in which 
reductions regional CBF were seen as well (> 15 days group). 

The effect of increasing stimulus frequencies (4. 8, and 16 Hi:) 
on the blood flow to the cerebrum are shown in Figure 3. The 
magnitude of the reduction in flow to the stimulated side in- 
creased with stimulation frequency. Significant decreases in flow 
to the ipsilateral cerebrum were noted at 8 (- 12 f 4%) and 16 
Hz (- 14 f 5%). 

DISCUSSION 

The autonomic nervous system in a number of vascular becls 
is immature at birth and develops over the postnatal period, 
eventually reaching adult characteristics. In the rabbit myoca:-- 
dium. for example, sympathetic innervation occurs postnatally 
and catecholamine levels d o  not reach adult levels until 3-4 wk 
of age (13) while in lambs. myocardial neural developmerlt 
occurs largely during the last half of gestation and developmerlt 
continues postnatally (14). In the canine hindlimb, vasoconstric- 
tor responses to sympathetic stimulation do not appear until 4 
wk of age (15). Therefore. responses to sympathetic activation 
are generally small in neonates compared to adults. 

While the importance of sympathetic nerves in the cerebral 
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Stimulus Frequency (Hz) 

Fig. 3. Effect of increasing frcquenc! of electrical stimulat~on of the 
right cervical sympathet~c trunk on blood flow to the ipsilateral cerebrum 
in newborn piglets. 1% is the percent changc in flow = ( r~ght  cerebruni- 
left ccrebrum)/left cerebrum * 100. Values are means + SE. ti = 4. 
* signiticantly different from the ~~nstimulatcd (Icft) side. p < 0.05. 

circulation is a subject of considerable interest and controversy 
in adult animals, little is known about the developmental aspects 
of cerebral sympathetic innervation and function. Studies in 
rodents (2, 16) and rabbits (9) indicate that cu and ,ll adrenergic 
receptor numbers as well as contractile responses of isolated 
basilar artery to various agents, including norepinephrine, in- 
crease with postnatal age suggesting that adrenergic mechanisms 
are relatively immature during the neonatal period in the cerebral 
circulation as well. In species that are generally more mature at 
birth, however, sympathetic nerves may have a large influence 
on the cerebral circulation during the neonatal period. In ba- 
boons (17) isolated cerebral arteries of neonates are 10 times 
more sensitive to adrcncrgic agonists than adult cerebral arteries 
or arteries from other vascular beds of the same neonate. In 
asphyxiated puppies, the (Y-antagonist. phentolamine, reduced 
vascular resistance in the cerebrum suggesting a component of 
adrenergic mediated vasoconstriction (4), yet adult dogs appear 
to be one species where effects of sympathetic stimulation on 
CBF are smallest (1 8). In lambs, maximal electrical stimulation 
of sympathetic nerves reduced flow during hypoxia by 35% in 
the cerebrum ( 5 ) .  The effect of sympathetic nerves on CBF in 
the normoxic, normocapnic newborn animals has not been 
previously studied. 

The present study has shown that sympathetic nerve stimula- 
tion rcduccd CBF in the normoxic, eucapnic newborn piglet, 
with no clear increase or decrease in sympathetic efficacy over 
the first 23 days ofextrauterine life. The influence of sympathetic 
nerves was augmented. however, during hypercapnic hyperemia. 
The degree of cerebral vasoconstriction was dependent on stim- 
ulation frequency. These data suggest that, in piglets, the efferent 
sympathetic pathway. i.c. postganglionic neuron and neuromus- 
cular synaptic transmission mechanisms, are functional at 2 days 
of age and efficacy of sympathetic activation does not increase 
over the first weeks of life. In addition. because the sympathetic 
trunk was stimulated preganglionically, the present study suggests 
that synaptic transmission in the superior sympathetic ganglion 
is functionally developed in the newborn piglet unlike rats (16) 
where preganglionic stimulation does not result in postganglionic 
action potentials until I wk of age. Younger animals were not 
examined in the present study, however, Busija rl 01. (19) have 
shown that sympathetic stimulation constricts pial arterioles in 
I-day-old piglets and so it would appear that sympathetic nerves 
in the cerebral circulation are well developed at birth. 

In adults, the effect of sympathetic nerves on CBF appear to 
be species-dependent. In normocapnic dogs, cats, and rabbits, 
CBF was not altered by sympathetic stimulation (18, 20) but in 
monkeys flow was reduced by 26% (18). The 15% decrease in 
CBF observed during unilateral sympathetic stimulation in the 
present study is considerable compared to those adult studies. 
Similarly, sympathetic stimulation causes comparatively large 
decreases in pial arterial caliber in the newborn piglet (19). 
Whether the magnitude of the effect of sympathetic nerves is due 
to species differences or to  developmental age cannot be deter- 
mined because data for adult pigs are not available. Isolated adult 
pig cerebral arteries in vitro, however, respond to topical norep- 
inephrine or transmural electrical stimulation by vasodilation 
(2 1, 22). In addition, histochemical and radioligand binding 
studies have failed to establish the presence of N ,  adrenergic 
receptors in adult pig cerebral arteries, although P ,  and a. 
adrenoceptors are present (23, 24). The present studies and those 
of Busija et ul. (1 9) clearly demonstrate sympathetically mediated 
vasoconstriction in the newborn piglet, suggesting major differ- 
ences between neonates and adults in this species. 

Sympathetic vasoconstrictor influences on CBF were more 
pronounced during hypercapnia in these piglets even though 
acidosis inhibits both presynaptic release of norepinephrine as 
well as vascular responsiveness to norepinephrine (25-27). The 
mechanism by which CO. potentiates sympathetic effects on 
cerebral blood flow as suggested by Harper el al. (6), is explained 
by differences in vascular control mechanisms within the cerebral 
circulatory bed. During sympathetic stimulation, only larger 
arterioles, primarily in the pial circulation constrict while changes 
in CBF are small or negligible because smaller intraparenchymal 
vessels, under local metabolic control, compensate by vasodila- 
tion. During hypercapnia, intraparenchymal vessels are already 
dilated and cannot compensate for vasoconstriction in large, 
upstream vessels; thus total flow is decreased when sympathetic 
nerves are stimulated. If in the newborn, such compensatory 
vasodilation by intraparenchymal vessels were lacking or dimin- 
ished because of immaturity of responsiveness to  vasodilator 
stimuli (7-9), then effects of sympathetic nerves would appear 
to be larger. The findings of the present study indicate that this 
is not the case in piglets. The reduction in CBF was augmented 
by CO, from 15% in normocapnia to 34% during hypercapnia, 
suggesting that under normocapnic conditions, downstream 
compensatory vasodilation attenuated, by one-half, the effect of 
sympathetic nerves on CBF. 

During normocapnia, sympathetic stimulation reduced flow 
in the cerebrum, hippocampus, and choroid plexus while other 
regions examined (caudate nucleus, thalamus, midbrain, pons, 
cerebellum, and medulla) were not affected. During hypercapnia, 
sympathetic stimulation decreased flow to the caudate nucleus 
as well. In adult cats, sympathetic innervation is less dense in 
hindbrain regions than forebrain regions (28). The regional effect 
of sympathetic stimulation on CBF in the present study suggests 
a similar pattern of innervation density in the brain of the 
newborn piglet. Effects of unilateral stimulation on flow to 
hindbrain structures supplied via the basilar artery. however, 
may not be detected using right versus left comparisons since 
any constriction in this artery or upstream vessels would reduce 
flow to each side equally. Consequently, these data cannot be 
interpreted to suggest that no sympathetic effects occur in the 
brainstem and cerebellum. 

The most profound effect of sympathetic nerve stimulation 
was noted in the choroid plexus where flow was reduced by 50% 
demonstrating that sympathetic innervation in this species is 
present at birth unlike neonatal rabbits, where adrenergic inner- 
vation develops over three weeks postnatally and the plexus in 
the lateral ventricles are the last to receive innervation (29). Early 
studies in adult rabbits showed no effect of sympathetic nerves 
on choroid plexus blood flow (30-20), however, significant con- 
striction was noted following a? adrenergic blockade (32), sug- 
gesting presynaptic autoinhibition in this structure. The large 
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effect observed in the present study may relate to  the relatively 
dense innervation of pig choroidal arteries compared to other 
species (29) and suggests a potential role of these nerves in 
regulating choroidal blood flow or cerebrospinal fluid formation 
in the newborn. 

The question as to the role of the sympathetic nervous system 
in the cerebral circulation in the newborn is an important one. 
The newborn period is often associated with various degrees of 
stress due to respiratory and circulatory difficulties. Studies from 
adults suggest that sympathetic nerves in brain vessels may 
protect cerebral capillaries from damage by acute changes in 
blood pressure ( I  8. 3 3 )  or that they may exert a trophic influence 
on brain arteries ( 3 .  31). During hypoxia or hypercapnia, how- 
ever, activation of these nerves may limit increases in flow and 
thus have a deleterious effect on the available oxygen. The impact 
of physiological reflex activation of sympathetic nerves in the 
newborn CBF remains uncertain. There have been few studies 
as to what physiological conditions might result in activation of 
these nerves in the neonate. In a previous study the CBF response 
to hypoxia was not altered by t u ,  adrenergic receptor blockade in 
lambs ( 5 ) .  yet in asphyxiated puppies. t u  adrenergic blockade 
decreased cerebrovascular resistance (4). The present study has 
demonstrated that in piglets. functional sympathetic mechanisms 
are established in several brain regions at birth and when electri- 
cally stimulated significantly alter CBF. 
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