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ABSTRACT. Significant fluctuations in heart rate (HR) sheep the variability in HR is related to  fluctuations in sympa- 
and arterial pressure occur during fetal life. However, the thetic tone associated with changes in electrocortical activity. 
mechanisms regulating this normal variability are not corn- However. a direct relationship between the level of sympathetic 
pletely understood. To  test the hypothesis that the normal activity and changes in HR or blood pressure has not previously 
variability in fetal H R  and blood pressure are  produced by been demonstrated. The present study used direct recording of 
intrinsic fluctuations in sympathetic outflow, we recorded efferent sympathetic nerve activity to test the hypothesis that the 
HR, mean arterial blood pressure (MABP), and renal autonomic nervous system. in particular basal sympathetic activ- 
sympathetic nerve activity (RSNA) in conscious, chroni- ity. modulates resting arterial pressure and HR in the fetus. 
cally instrumented, near-term fetal sheep (n = 5; 132-137 
d of gestation, term being 145 d) and correlated the rela- MATERIALS A N D  METI-1ODS 
tionships between RSNA and MABP, and RSNA and HR. 
RSNA, HR, and MABP were sampled at  a frequency of 4 Slrrgic~~l prc>pururiot~. Studies were conducted in chronically 
H z  and the values averaged by 5-min blocks over a 4-h instrumented fetal sheep (11  = 10) between 132 and 137 d of 
period. Linear regression analysis demonstrated a positive gestation (term = 145 d) .  Anesthesia and surgery of the ewe and 
correlation between RSNA and both H R  and MABP in all fetus were performed as previously described (7. 8). Briefly. 
five fetuses ( p  < 0.02). In a second group of fetuses (n = polyethylene catheters were placed into femoral arteries and 
S), ganglionic blockade with trimethaphan (150-250 mg/ veins: a catheter for recording amniotic pressure was secured to 
kglmin) significantly attenuated ( p  < 0.05) the coefficients the fetal skin. The left kidney, renal artery, and renal nerves were 
of variation of HR (12.3 f 1.9% versus 1.7 f 0.6%) and exposed through a flank incision. After isolating a branch of the 
MABP (5.8 + 0.6% versus 3.6 f 0.5%). These results nerve bundle, platinum electrodes were secured onto the nerve 
demonstrate that, in the fetus. fluctuations in HR and for recording of RSNA as previously described (9). When func- 
MABP are mediated by changes in sympathetic outflow tion of the renal nerve was demonstrated by audible monitoring 
and s w e s t  an important role for the autonomic nervous of pulse-synchronous bursts and examining oscilloscope tracings, 
system in fetal cardiovascular regulation. (Pediatr Res 35: the electrodes were secured with silicone gel (Sil-Gel 604A and 
250-254, 1994) 604B. Wacker-Chemie. Munich. Germany). A plastic-coated 

copper wire. used as a ground wire. was secured to the paraver- 
Abbreviations tebral muscle and the flank incision closed. Maternal incisions 

were closed in separate layers. All catheters were exteriorized 
HR, heart rate through an S.C. tunnel and placed in a cloth pouch on the ewe's 
MABP, mean arterial blood pressure flank. Before surgery. 2 g of ampicillin was administered to the 
RSNA, renal sympathetic nerve activity ewe, and 2 g were given intraamniotically at the end of surgery. 
REM, rapid eye movement All procedures were performed within the regulation of the 

Animal Welfare Act and the N I l l  (;~riclcl,/i~r rhc. C'urc~ und Usc. (?/ 
Luhoruror~, .-lt~irnul.s. At least 24 h were allowed for recovery 
from surgery before experiments were performed. 

E.\pc~rimct~tul protocol. For the physiologic studies. the ewe 
It is well established that significant fluctuations in HR ( 1 .  3) transferred to the laboratory i n  a small cart that was 

and blood pressure (3)  occur during fetal life. HR variability is inside a cage, The ewe was then sedated with diazepam 
used as an index of fetal well-being (4). although the mechanisms 

( mg), an i.v, bolus infusion of vecuronium bromide (4,0 
regulating cardiovascular function in the fetus are not well under- mg), intubated, and ventilated to maintain arterial blood values 
stood. Several investigators have demonstrated in healthy fetuses similar to those obtained during spontaneous respiration, Vecu- that baseline H R  ( 1 .  3) and arterial pressure (3. 5)  are related to ronium was also administered to the fetus (0, mg,kg), Muscle changes in fetal behavioral patterns as measured by electrocorti- 
cal activity. Zhu and Szeto (6) have further suggested that in fetal paralysis was necessary to  eliminate muscle movements that 

interfere with nerve recording. Diazepam ( 2  mg) was given every 
Rece~ved July 19. 1993: accepted September 29. 1993. 2 h to the ewe and additional doses of vecuronium were admin- 
Correspondence: Jeffrey L. Segar. M.D.. Assistant Prol'e.isor. Department or 

Pediatrics. University of lowa Hospitals and Clinics. 200 Hawk~ns Dr.. lowa C~ty.  istered to the ewe and fetus when movement was detected. 
IA 52242. Sedation with diazepam and paralysis has previously been shown 
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to  the ewes. After intubation, a I-h stabilization period was 
allowed before the start of the experiment. 

During each experiment. MABP and amniotic pressure in 
fetuses were recorded continuously using Statharn P73Db pres- 
sure transducers (Statham Instruments Division. Could Inc.. 
Valley View, O H )  and a Beckman R-61 1 Dynograph recorder 
(Beckman Instruments. Fullerton, CA). Fctal MABP was cor- 
rected relative to concomitant amniotic pressure. HR was mon- 
itored with a cardiotachometer triggered from the arterial pres- 
sure waves. 

The renal nerve electrodes and ground wire were attached to 
a high-impedance probe (HIP5. Grass Instruments. Quincy. 
MA). The neural signal was amplified ( ~ 2 0  000) and filtered 
with a low-frequency cutoff at 100 Hz and a high-frequency 
cutoff at 1 kHz using a Grass Bandpass Amplifier (P5 I I ). The 
amplified and filtered signal was visually displayed on an oscil- 
loscope (5 1 1 A. Tektronix, Beaverton. OR). routed to a Grass 
AM8 audio monitor. The amplified neural signal was rectified 
t o  make all voltages positive and integrated at rates of 0.5-1.0 
Hz using a 9873B Beckman voltage integrator. The rate of 
integration depended upon the quality of the neural signal and 
remained constant during all parts of the experiment for each 
animal. The integrated voltage and neurogram signals were dis- 
played on a Beckman R61 1 Dynograph recorder and simulta- 
neously recorded on-line to an IBM-XT computer using LAB- 
TECH NOTEBOOK (version 4.2. Laboratory Technologies. 
Wilmington, MA). 

In the first group of fetuses ( n  = 5). basal HR. MABP. RSNA. 
and integrated RSNA were continuously recorded over a 4-h 
period. In a second group of fetuses ( n  = 5). we examined the 
role of the autonomic nervous system on fetal cardiovascular 
homeostasis. After a 90- to 120-min control period similar to 
that described above, complete inhibition of sympathetic nerve 
activity was attained by a constant i.v. infusion of the ganglionic 
blocking agent trimethaphan ( 150-250 rng/kg/min). After allow- 
ing for a 30-min equilibration period. continuous recordings of 
HR and MABP were obtained. In both groups of fetuses. fetal 
and maternal arterial blood samples were obtained hourly for 
determination of arterial blood gases (BGM 1302 pH/blood gas 
analyzer). Noise within the neural signal was measured during 
ganglionic blockade and subtracted from the recorded signal 
before any calculation of change in RSNA. 

Fetal HR. MABP. and RSNA values were sampled at a rate 
of 4 Hz and were averaged over 5-min periods. For each animal 
in the first group, the relationships between RSNA and MABP 
or HR were determined by linear regression analysis using the 
least squared method. Group analysis was not performed because 
of differences in the rate of integration of the neural signal among 
animals. The coefficient of variation (SD/mean. expressed as a 
percentage) for each parameter measured was used as an index 
of variability. This method of analysis takes into account be- 
tween-animals differences in HR and MABP ( I I ). Statistical 
comparisons of arterial blood and hemodynamic values during 
4 h of continuous recording were performed by analysis of 
variance and Newman-Keuls multiple comparisons procedure. 
The paired t test was used to compare differences in HR and 
MABP variabilities during the control and ganglionic blockade 
periods as well as arterial blood gas values. Statistical significance 
was accepted when the p value was less than 0.05. 

RESULTS 

During the 4-h continuous recording. there was a small but 
significant decrease in arterial pH between the tirst (7.33 + 0.02) 
and fourth (7.26 + 0.04) hour of recording, although the values 
for arterial Po2 and Pco2 were similar between the two time 
periods (Table I). No differences in resting HR ( 164 + 14 rclr.slr.s 
153 + 13 bpm). MABP (51 + 3 rcfr.srr.v 50 + 2 m m  Hg), and 
RSNA (1.51 + 0. I r?rrsrr.s 1.54 f 0.7 U )  were found between the 
first and fourth hour of recording. respectively. These I-h average 

Table I . Rt:v!in,? ur!t~riul blood utld Irct t~oci jnut~~;~,  rullic~v rlliring 
(i 4-11 c~ontitlrrorr.~ rc~cortlitl~ irl,/ctcil slrcc~p ( r l  = 5/* 

~- ~ . -- -- - - - - -- 

Hour l 
~- - - 

Hour 1 Hour 3 Hour 4 

 PI^ 7.33f O.01t 7.31 + 0.01 7.29 + 0.03 7.16 + 0.04 
Po: (kPa) 3.1 ?0.1 3.1 f 0.1 3.1 ?0,2 3.1 +O,l 
P(.02 (kPa) 5 . 9 f 0 . 3  hOf0 .3  h . 4 f 0 . 3  t i .4 f0 .4  
HR (hpm) 164 14 154 ? 10 160f I 1  153 + 13 
MABP (mm Hg) 5 1 -r- 3 50 ? 3 50 + 3 50 ? 1 
RSNA (0)  
~ ~ ~ -~ 

1.51 + 0.10 1.52 ? 0.20 1.54 f 0.20 1.54? 0.30 
- -  - 

* Values are means f SEM. 
t I J  < 0.05 compared with h 4. 

Fig. I .  Plot of5-min averages of HR. MABP. and RSNA to shov. the 
range and association of the var~ah~lity of these parameters in a fetal 
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Fig. 2. Computer plot of fetal HR. MABP. amniotic pressure, and 
RSNA at 5-s intervals over a I-h pcriod. This hour coincides with the 
first hour in Figure I. 

values were similar to the average values for H R  ( 1 59 + 9 bpm). 
MABP (50 + 2 m m  Hg). and RSNA (1.53 r+- 0.02 U) for the 
complete 4-h recording. 

A representative plot of HR. MABP. and RSNA expressed as 
5-min averages is shown in Figure I. This figure illustrates the 
range and variability in HR. RSNA. and to a lesser extent MABP 
that occurs over a 4-h time period. In addition, the naturally 
occurring fluctuations in the parameters appear relatively con- 
current and in similar directions. This relationship is also evident 
when 5-s averages for HR. MABP, and RSNA are examined 
(Fig. 2). Of note. the data in Figure 2 coincide with the first hour 
displayed in Figure I. 
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Using linear regression analysis, fetal HR and MABP both 
demonstrated a strong positive correlation ( p < 0.05) with RSNA 
in all five fetal animals studied (Table 2). Figure 3 is a typical 
regression analysis of the relationships between HR or MABP 
and RSNA in a single fetus. Similar regression lines attained 
statistical significance in all fetuses studied. The slopes of the 
regression lines remained relatively constant among the animals 
(Table 2). 

To determine whether the sympathetic nervous system con- 
tributes to the generation of HR and MABP variability, record- 
ings of HR and MABP were made in a second group of fetuses 
before and during continuous infusion of the ganglionic blocking 
agent trimethaphan (Fig. 4). Infusion of trimethaphan resulted 
in a significant attenuation of the variabilities in HR and MABP 
(Table 3). Ganglionic blockade also produced a significant re- 
duction in HR (168 + 7 versus 126 + 7 bpm) and MABP (53 + 
2 versus 42 + 3 mm Hg) compared with control values. Arterial 
pH was lower during infusion of trimethaphan (7.3 1 + 0.12) 
compared with control (7.35 + 0.12). although no changes in 
Po2 or Pcoz were seen (Table 3). 

DISCUSSION 

In the near-term fetus, short- and long-term fluctuations in 
HR and arterial blood pressure have been well demonstrated (3, 
12, 13), although the mechanisms regulating these variations are 
not completely understood. Our study demonstrates strong pos- 
itive correlations between changes in RSNA and HR. and RSNA 
and MABP. Furthermore, the variabilities in HR and RSNA are 
greatly attenuated after ganglionic blockade. Taken together, 
these results suggest that fluctuations in sympathetic outflow 
generate the observed variability in fetal HR and arterial pressure. 

In the present study, we sought to measure centrally generated 
tonic sympathetic discharge by recording efferent RSNA. It is 
generally accepted that neural activity is an important regulator 
of vasomotor tone and ultimately the maintenance of arterial 
pressure within its physiologic range (14). By using continuous 
recordings of sympathetic nerve activity. we were able to correlate 
the level of activity with MABP and HR. Although rapid fluc- 
tuations in RSNA. MABP, and HR occur, we examined the 

Table 2. Lineur regression unuly,ris vuhc~<sjrom 4-11 continliolts 
. ~ 

recording 
-- - 

RSNA tl.s HR RSNA I,.\ MABP 
~ 

Animal Slope r P Slope r P 
no. (bpm/U) value value (mm Hg/U) value value 

. - - - -- - -- - -- ~- 

1 18.96 0.73 0.0001 3.08 0.85 0.0001 
2 27.33 0.73 0.0001 3.98 0.92 0.0001 
3 13.26 0.45 0.01 5 3.07 0.42 0.022 
4 11.06 0.51 0.016 3.34 0.77 0.0001 
5 16.45 0.54 0.005 

-- 
3.70 0.70 0.0001 

- ~ p - ~  

correlation over a long period of time (4 h) using 5-min averages. 
This length of time was chosen to reduce the influence of 
baroreflex mechanisms on the average values of the measured 
parameters. The arterial baroreflex. which is functional and 
sensitive during fetal life ( 15). participates in the rapid adjustment 
of blood pressure around an existing pressure rather than in 
determination of the existing pressure itself (16). In contrast to 
our findings, studies in adult rats found a negative correlation 
between RSNA and MABP (17). However, these studies used a 
different method of analysis and examined a shorter period of 
time, and both differences likely allowed for baroreflex influence 
on the relationships examined. 

The mechanisms involved in generating the large fluctuations 
in sympathetic activity during fetal life are not fully understood. 
Previous studies have suggested that the variations may be related 
to changes in behavior state (I .  6. 13). In fetal sheep. which do 
not have an awake state but rather alternate between two behav- 
ioral states, REM and quiet (non-REM) sleep (18). HR and 
arterial pressure are highest during high-voltage low-frequency 
electrocortical activity (non-REM). and lowest during low-volt- 
age high-frequency states (REM) (1-3). Changes in other physi- 
ologic parameters including organ blood flow and cerebral oxy- 
gen consumption are also dependent upon electrocortical state 
(3, 5, 19) and may be related to changes in autonomic activity. 
Because electrocortical activity was not recorded in the present 
study, we cannot determine whether changes in sympathetic 
outflow are related to behavioral state. Nonetheless, the fact that 
changes in behavioral state are associated with alterations in 
cardiovascular function, which in turn is determined by varia- 
tions in sympathetic activity, suggests that electrocortical activ- 
ity-related changes in autonomic activity may occur. One also 
cannot exclude that fetal breathing activity. which occurs pri- 
marily during REM sleep, may regulate sympathetic tone and 
cardiovascular function by activating pulmonary stretch recep- 
tors. Studies in adult animals examining the role of pulmonary 
stretch receptors in modulating cardiovascular function have 
shown that stimulation of these receptors decreases efferent 
sympathetic activity, resulting in peripheral vasodilation and a 
fall in arterial pressure (12. 20). However loading of these stretch 
receptors also inhibits vagal efferent discharge. thus inducing 
cardiac acceleration (2 1). Therefore, it appears unlikely that the 
fetal breathing activity during REM sleep has a strong influence 
on fetal HR. 

The decrease in pH that developed over the course of the study 
could potentially activate chemoreceptors. However, given that 
activation of chemoreceptors results in reflex increases in sym- 
pathetic activity, and that no change in renal sympathetic outflow 
occurred during this time. a significant effect on chemoreceptors 
appears unlikely. The generation of the metabolic acidosis was 
surprising and may reflect the development of impaired uterine 
blood flow secondary to paralysis of the ewe. Metabolic acidosis 
did not develop in the ewe: however. maternal hyperoxia [Po: 

RSNA (un~ts) 

so, . 00 

1 8  
0 5 1 I S  2 2 5 7 

RSNA (un~ts) 

Fig. 3. Relationship between integrated RSNA and HR or MABP in a fetal sheep. I'oinl.~ are 5-min averages and represent those displayed in 
Figure 1 .  Dotted lines represent 95% confidence interval for line of best fit. 
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Control Ganglionic blockade 

Fig. 4. Representative tracing of HR. MABP, neurogram for RSNA. and integrated RSNA (IR.S.\':l) hefbrc ( C ? ) t ~ r r o l )  and during gangl~onic 
blockade. 

Table 3. .-lrterial blood and h~~ tnod~nu tn i c  \,alricj.v hclfi~rc~ atzd 
ujic~r gun~lionic blockadc~ inf i tul  sl~ec~p (n = 5)* 

-- - -- -- - 

Ganglionic 
Control blockade 

~ p~ p~~ ~p 

PH 7.35 * 0.l2t 7.31 * 0.12 
Po2 (kPa) 2.6 ? 0.3 2.6 + 0. l 
Pco2 (kPa) 5.3 ? 0.3 5.6 ? 0.3 
HR (bpm) 168 * 7 t  126+ 7 
MABP (mm Hg) 53 ? 2 t  42 + 3 
HR variability ( 9 ; )  17.3 * 1.W 1.7 * 0.6 
MABP variability (7%) 5.8 + 0.6t 1.6 k 0.5 

- 
RSNA variability (76) 58.2 -C I 1.8 

-- 

Variability = SDfmean. Values are means * SEM. 
t p < 0.05 compared with ganglionic blockade. 

values of 150 mm Hg (20 kPa)] may have helped prevent the 
development of fetal hypoxemia despite impaired uterine blood 
flow. 

The significant decreases in H R  and arterial pressure resulting 
from ganglionic blockade confirms the findings of previous stud- 
ies in near-term fetal sheep (22). In preterm fetuses, ganglionic 
blockade has little effect on systemic hemodynamics. while dur- 
ing postnatal development. there is a gradual decline in the 
hypotensive effects of autonomic blockade (22. 23). These find- 
ings suggest that sympathetic tone is high late in fetal life and is 
important in the maintenance of fetal arterial pressure. In con- 
trast, other investigators (24) have shown in near-term fetal sheep 
that chemical sympathectomy does not alter resting HR or 
MABP. However, chemical sympathectomy results in elevated 
levels of cortisol, vasopressin, and circulating catecholamines. as 
well as a supersensitivity to  a-adrenergic receptor agonists, all of 
which may be involved in the maintenance of H R  and MABP 
(25 ,  26). 

The present study demonstrates that fetal H R  variability is 
mediated by neural mechanisms because ganglionic blockade 
attenuated this variability. Because H R  is influenced by both 
limbs of the autonomic nervous system. we cannot directly 
determine whether periods of cardiac acceleration are caused by 
increased sympathetic activity or withdrawal of parasympathetic 
tone to the heart. However, previous investigators (6) have 
demonstrated in the fetus that p-adrenergic blockade attenuates 
the cyclic variability in HR between low-voltage high-frequency 
and high-voltage slow activity states. In addition. the decrease in 
H R  in response to  @-blockade is greater during high-voltage low- 

frequency than during low-voltage high-frequency states. Fur- 
thermore, in adult animals. cardiac sympathectomy abolishes 
the decrease in HR during REM sleep (27). Taken together. these 
results suggest that during fetal life fluctuations in sympathetic 
outflow contribute to the variability in HR. 

The degree of arterial pressure variability was similar to  that 
previously reported in fetal lambs. rats. and unrestrained cats 
(28). The finding that ganglionic blockade attenuated arterial 
pressure variability in fetal sheep is surprising given that. in the 
absence of efferent sympathetic nerve activity to the vascular 
bed. baroreflex mechanisms. which act to buffer changes in 
arterial pressure. are made inoperable. Arterial baroreceptor de- 
ncrvation in fetal sheep is known to increase arterial pressurc 
variability (28). Furthermore, in mature animals, both limbs of 
arterial baroreflex are essential in maintaining cardiovascular 
homeostasis because interruption of either the afferent limb (by 
sinoaortic denervation) or efferent limb (by ganglionic blockade) 
results in increased arterial pressure lability (79). Reasons for 
these differences may be related to  differences in study design. 
species. degree of maturation, or peripheral hormonal influences 
(29). Nonetheless. it appears that changes in basal sympathetic 
tone play a more significant role in the generation of natural 
variations in blood pressure during fetal compared with postnatal 
life. 

Although RSNA has been used by other investigators as a 
measure of central sympathetic outflow (17). it must be noted 
that RSNA may not always reflect changes in activity in other 
sympathetic nerves (30). Previous studies in mature animals have 
demonstrated that changes in sympathetic flow to skeletal mus- 
cles in response to select stimuli may be opposite of those 
observed in sympathetic fibers innervating the kidney and gas- 
trointestinal tract ( 3  1). Similarly. sympathetic outflow to differ- 
ent organs also differs during hypotensive hemorrhage in adult 
rabbits. increasing in adrenal nerves and decreasing in renal 
nerves (32). Additional studies are necessary to  determine 
whether similar relationships between sympathetic activity and 
HR or MABP exist for other sympathetic nerves during fetal life. 

In summary, positive correlations exist between the level of 
sympathetic tone and resting MABP and HR during fetal life. 
Blockade of sympathetic activity markedly attenuates the natu- 
rally occurring variability in MABP and HR. These results 
demonstrate that in the fetus. oscillations in MABP and HR are 
mediated by changes in sympathetic outflow and suggest an 
important role for the autonomic nervous system in fetal cardi- 
ovascular regulation. 
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