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Abstract
This study was undertaken to evaluate heart rate (HR) regulation during severe hemorrhage (HEM)
at different rates of blood loss. Chronically instrumented male rats underwent HEM at one of three
rates: slow (0.5 ml/min/kg; S-HEM), intermediate (1.0 ml/min/kg I-HEM), or 2.0 ml/min/kg (fast;
F-HEM) until 30% of the estimated total blood volume (ETBV) was withdrawn. Heart rate variability
analysis was performed and the absolute power within the low frequency (LF; 0.16-0.6 Hz) and high
frequency (HF; 0.6 - 3 Hz) ranges were evaluated. During the first 15% of ETBV loss, arterial pressure
(AP) was maintained while HR increased. The increase in HR was greatest in the S-HEM and I-HEM
groups and was associated with a significant reduction in HF power in the S-HEM group only. As
blood loss progressed AP and HR declined in all treatment groups. The decrease in HR was associated
with a significant increase in HF power in the F-HEM and I-HEM groups only. Parasympathetic
blockade with atropine methyl bromide eliminated all decreases in HR, independent of rate of
hemorrhage. Blockade of parasympathetic activity also significantly increased the AP at ETBV losses
≥20% independent of the rate of hemorrhage. The effect of atropine on AP was most noticeable in
the S-HEM and F-HEM groups. These results demonstrate that rate of blood loss has an important
impact on autonomic regulation during severe HEM and support previous findings that neural
strategies underlying autonomic control may vary depending on the rate of blood loss.
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1. Introduction
Autonomic changes associated with mild to moderate blood loss, include an initial phase of
reflex-induced sympathoexcitation which is critical for maintaining arterial pressure (AP). This
initial compensatory response is baroreceptor-dependent and includes both an increase in
vascular resistance and heart rate (HR) (10). However, if blood loss continues, and exceeds
15-20% of total blood volume, the body enters a second phase, characterized by sympatho-
inhibition, bradycardia, and fall in AP (23,51). The mechanism underlying the onset and
maintenance of this second phase of severe hemorrhage (7,21), or the hemorrhagic sympatho-
inhibitory phase, is complex and remains to be clearly defined. There is, however, evidence
that both central and peripheral factors contribute to hemorrhagic sympatho-inhibition,
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including a change in afferent activity from the heart, central activation of opioid-, γ-
aminobutyric acid-(GABA), and/or serotonin-containing neurons in the brainstem (16,17,
19-22,46). Evidence from both our lab (1,34) and that of Troy and colleagues has demonstrated
(57) that the rate of blood loss also influences the characteristics of autonomic control during
hemorrhage, including indicators of brain neuronal activation, the level of bradycardia
observed at the time of peak blood withdrawal, and the HR sustained 40 min following the
offset of blood loss, during the recovery phase. These observations suggest that the central
neural circuits modulating sympathetic and parasympathetic recruitment activated during
severe hemorrhage, may be different depending on the rate of blood loss.

Heart rate variability (HRV) analysis is a useful method for evaluating changes in autonomic
regulation and has been used to study changes in autonomic balance during varying
physiological states such as exercise, sleep, aging, and emotional disorders (6,38,42,47). HRV
analysis is performed by evaluating the frequency components of the interval between
successive heart beats or R to R intervals (RRI) using a fast Fourier transform. Two main
frequency components are recognized, including a low frequency (LF) and a high frequency
(HF) component. The origin of these frequency components have been described by various
autonomic blockade studies (2,9,12,32,40,48,53) and it is generally accepted that the HF
component primarily represents parasympathetic influences (56,62) whereas the LF
component reflects a mixture of sympathetic and parasympathetic influences. The ratio of LF
to HF power (LF/HF) is frequently used as an indicator of sympatho-vagal balance.

Based on the results of our previous study demonstrating that brain activation varied depending
on the rate of blood loss between 0.5 ml/kg to 2.0 ml/kg in conscious rats, the present study
was undertaken to evaluate how autonomic control varies during different rates of blood loss
rate (1). We hypothesized that the change in both the HF and LF/HF ratio would increase as
the rate of blood loss increased. Preliminary results from this study have been presented in
abstract form (49).

2. Materials and Methods
2.1 Animal Preparation

All experimental procedures were approved by the Animal Care and Use Committee at the
University of Florida. Male Sprague-Dawley rats (320-420 g, Harlan Industries, Minneapolis,
IN) (n=33) were brought to the lab, weighed and then anesthetized with an intraperiotoneal
(i.p.) injection of ketamine/xylazine/acepromazine (80-100/1-3/8-20 mg/kg, respectively;
Phoenix Pharmaceutical, Inc., St. Joseph, MO). Once anesthetized to a surgical plane, small
incisions were made in the hind limbs to expose the femoral arteries and veins. The femoral
vasculature was separated from the surrounding connective tissue and nerves by blunt
dissection. Following isolation, PE-10 catheters connected to PE-50 tubing (Braintree
Scientific, Braintree, MA) were inserted into the left and right femoral arteries. In a subset of
animals, a venous catheter was also inserted for subsequent fluid administration. Catheters
were filled with heparinized saline (50-100 IU/ml), plugged with 23-gauge obturators and
tunneled subcutaneously to exit through a small incision at the neck between the scapulae.
Catheters were then secured with sutures to the surrounding skin and all incisions were closed.
After surgery, incisions were covered with antibacterial ointment (Alpharma USPD Inc.,
Baltimore, MD) to prevent infection, and animals were allowed to recover on a heating pad.
Rimadyl (Pfizer Animal Health, Exton, MD; 0.01 ml/Kg) and buprenorphine (Reckitt
Benckiser Pharmaceuticals, Inc., Richmond, VA; 0.01 ml/kg) were administered
subcutaneously prior to returning animals to their home cages. Rats were given food and water
ad libitum and allowed 48 hours to recover prior to experimentation.
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2.2 Experimental Protocol
The day following surgery, the animals returned to the lab, were weighed, gently handled,
acclimated to the experimental container for 2-3 hours (9×9 inch bucket), and then returned to
their home cages. On the day of the experiment, rats were weighed again and placed into the
experimental container in a quiet room. The arterial catheters were connected to additional
PE-50 tubing and passed through a swivel and tethering system (Instech Laboratories Inc.;
Plymouth, MA) to allow free movement within the container. If a venous line was present it
was also connected to additional PE tubing and attached to the outside of the swivel. One of
the arterial lines was then flushed with heparinized saline (2 IU/ml) and connected to a pressure
transducer (Stoelting Inc., Wood Dale, IL) in-series with a computer sampling system
(Cambridge Electronics Design, Cambridge, England; CED). Pulsatile AP and mean arterial
pressure (MAP) were recorded continuously at 100 Hz.

All rats were allowed a minimum of 60 min. of habituation prior to experimentation. Next, all
animals underwent a fixed volume hemorrhage (30% of estimated total blood volume (ETBV)).
ETBV was calculated using a previously reported equation for estimation of rat blood volume:
(0.06 ml/g)*(body weight in g)+(0.77) (26,37). The subset of animals instrumented with venous
catheters also received an intravenous injection of atropine methyl bromide (0.6 mg in 200
μl) 7 min. prior to the onset of hemorrhage (30% ETBV). The animals were randomly assigned
to one of six experimental groups: slow hemorrhage (S-HEM; 20 ml/kg/40 min.; n=6), atropine
+ S-HEM (n=5); intermediate hemorrhage (I-HEM; 20 ml/kg/20 min.; n=6), atropine + I-HEM
(n=5); fast hemorrhage (F-HEM; 20 ml/kg/10 min.; n=6), and atropine + F-HEM (n=5). Blood
volume was drawn from the second arterial catheter at the designated rate. Following the
completion of treatment, data were continuously recorded for another 30-45 min. All rats were
then euthanized with an injection of sodium pentobarbital (100-150 mg/kg, Ovation
Pharmaceuticals, Inc., Deerfield, IL).

2.3 Data Analysis
HR was determined offline by detection of the interval between systolic peak pulses in the AP
signal (Spike 2, CED). For HRV analysis, four time periods (4.5-5 minute duration each) were
chosen for analysis (see Fig. 1): baseline (within 10 min. prior to the onset of hemorrhage),
peak (the 4.5-5 min. interval just preceding the drop in AP and HR associated with hemorrhagic
hypotension), nadir (last 5 min. just preceding the offset of hemorrhage), and recovery (30 min.
after the offset of hemorrhage). Within each chosen segment, HR was then converted into a
tachogram, a record of time between heart beats or RRI. The filtered tachogram was then
analyzed in the frequency domain using HRV software (Biosignal Analysis Group; University
of Kuopio, Finland (45)). In the software used, the tachogram was interpolated at 10 Hz and
detrended via the smoothness priors formulation (alpha=1000; (45,55)). The autoregressive
model was set to the 40th order. The Welch's Periodogram window width was designated to
512 points with an overlap of 256 points in the Hanning window. In the rat, the frequency
components of HRV are designated by the following frequency ranges: 0.16-0.6 Hz (LF), and
0.6-3.0 Hz (HF) (32). Frequency domain characteristics analyzed included the power or area
under the curve for the LF and HF components and the ratio of LF/HF power.

For evaluation of the effect of atropine, 1 min. averages of MAP and HR were calculated at 2
min. prior to the onset of hemorrhage (baseline) and every 5% increment of ETBV loss during
hemorrhage. The absolute change from the initial baseline was then determined. Additionally,
HRV analysis was performed on 5 min. HR averages taken 10 min. prior to atropine
administration and 2 min. following atropine injection (prior to any blood loss), and the 5 min.
just prior to the offset of blood withdrawal.
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2.4 Statistical Analysis
Within treatment groups, data were averaged and reported as the mean ± SEM. To evaluate
the effect of blood loss rate on HRV, data were analyzed by a two-way analysis of variance
(ANOVA) with repeated measures comparing treatment groups against the designated time
points or percentage of blood withdrawal. Atropine data was analyzed using either a three-way
ANOVA with repeated measures (%ETBV withdrawal data) or a two-way analysis of variance
(atropine vs. no-atropine HRV data). When indicated, the test was followed by either a one-
way ANOVA with a Scheffe Post Hoc. Significance determined as p<0.05.

3. Results
3.1 Cardiovascular responses to different rates of hemorrhage

Figure 1A illustrates the typical cardiovascular response to an intermediate rate (I-HEM) of
hemorrhage. After the onset of hemorrhage, AP remained steady and was paralleled by an
increase in HR. The rise in HR peaked approximately half way through the hemorrhage
protocol or at 15% ETBV loss. As blood loss continued beyond 15% ETBV, there was a sudden
decrease in AP and HR, which reached a plateau or nadir just prior to the offset of hemorrhage.
Following the termination of hemorrhage, both AP and HR slowly returned to pre-hemorrhage
levels.

The averaged cardiovascular response from each of the four measurement periods selected for
HRV analysis is shown in Figure 2. Prior to the onset of hemorrhage there was no significant
difference in baseline MAP or HR between groups (p=0.81). Repeated measures analysis of
variance (Fig. 2A) identified a significant interaction between the effect of rate of blood loss
and time on MAP (p<0.03). Further analysis within groups identified that MAP at both the
nadir time point and during the recovery period was significantly different from the baseline
MAP (p<0.001) in all groups. Additionally, analysis between groups identified that the MAP
of the F-HEM group at the nadir time point was significantly different from the other two
groups at the same time point. Although the drop in MAP was greater in the F-HEM group,
the transition point from compensation to hemorrhagic sympatho-inhibition occurred around
15% ETBV loss (Table 1) for all rates of blood loss. Analysis of HR as a function of blood
loss rate and time (Fig. 2B) did not identify any significant effect of rate (p=0.26). There was,
however, a significant effect of time (p<0.0001). With all groups combined, the average HR
at the peak, nadir, and recovery time points were all significantly different from baseline.

3.2 HRV analysis of hemorrhage response
The typical changes in the LF and HF components observed following frequency analysis at
each time point during I-HEM are shown in Figure 1B. Prior to hemorrhage onset (baseline),
the highest peak was observed in the HF range, however the peak power shifted to the LF range
during the compensatory phase (peak time point). At the nadir time point there was a large
increase (∼10 fold) in peak amplitude of both the LF and HF components, but the LF peak
remained above the HF peak. Finally, the peak amplitudes of both the HF and LF components
were reduced during the recovery time point relative to the nadir of hemorrhage, but still
remained above baseline 30 min. following the offset of hemorrhage.

For comparison between groups, the average power of the LF and HF frequency components
are plotted in Fig. 3. For all three rates of HEM, the increase in power for both the HF and LF
components was greatest during the nadir time point relative to baseline. Analysis of the HF
component identified a significant interaction between time point and rate of blood loss
(p<0.0001; Fig. 3A). Comparisons within groups identified that the HF power at the nadir time
point was significantly different from baseline for both I-HEM and F-HEM (p<0.004). In
contrast, the HF power was only significantly different from baseline at the peak time point
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for the S-HEM group (p<0.003). Comparisons between groups further identified that the
increase HF power observed in the F-HEM group at the nadir time point was significantly
greater (p<0.02) than that of the nadir for the S-HEM group.

Analysis of the LF component (Fig. 3B) also identified a significant interaction between time
and rate of hemorrhage (p<0.0001). Comparisons within groups demonstrated that the LF
power at the nadir time point was only significantly different from baseline in the F-HEM
group (p<0.009). Furthermore, the increase in LF power observed at the nadir time point in
the F-HEM group was also significantly different from the LF power in both the I-HEM and
S-HEM groups at the nadir time point (p<0.009). No other significant differences were
identified.

Finally, analysis of the LF/HF ratio (Fig. 3C) only identified a significant effect of time
(p<0.003). When the LF/HF ratio of all groups were combined (S-HEM, I-HEM, F-HEM), the
mean LF/HF ratio at the peak time point (2.4± 0.53 au) was significantly different from both
baseline (1.1±0.2 au; p<0.03) and recovery time points (0.86± 0.12; p<0.01).

3.3 Effect of parasympathetic blockade on MAP and HR response to HEM
Because the greatest effect of hemorrhage was associated with the HF component, presumably
reflecting changes in parasympathetic drive, the response to severe HEM was evaluated
following peripheral administration of atropine methyl bromide in a separate group of animals
(n=15). Prior to the onset of hemorrhage, parasympathetic blockade induced a significant
increase in baseline HR (365±5 pre-atropine vs 411±5 bpm post-atropine; p<0.001) but had
no effect on MAP (126±3 pre-atropine vs. 121±7 mmHg post-atropine).

Figure 4 illustrates the effect of atropine administration on the cardiovascular response to
severe hemorrhage induced at different rates. Atropine administration eliminated all decreases
in HR in response to severe hemorrhage independent of rate of hemorrhage. Using a three way
analysis of variance with repeated measures, the effect of atropine treatment, the rate of
hemorrhage and %ETBV withdrawn was evaluated. For both MAP and HR there was no
significant interaction between all three factors. Independent of the rate of hemorrhage,
however, there was a significant interaction between atropine treatment and %ETBV
withdrawn (p<0.001) on HR. Further analysis with all rates of blood loss combined identified
the drop in HR following parasympathetic blockade was significantly different from HR in the
absence of parasympathetic blockade (p<0.001) at blood loss volumes ≥20%. Analysis of MAP
also identified a significant interaction between atropine treatment and %ETBV withdrawn
(p<0.001) when all rates of blood loss combined. Following parasympathetic blockade the drop
in MAP at blood loss volumes ≥20% were significantly from animals without parasympathetic
blockade (p<0.001).

To further evaluate the effect of atropine administration on the hemorrhage response, HRV
parameters were compared both before and after atropine administration. As shown by Table
2, atropine significantly reduced LF and HF power and the LF/HF ratio. Using a two-way
analysis of variance (rate of hemorrhage × atropine administration) the effect of atropine
treatment on HRV variables at the nadir time point was also evaluated. As shown in Figure 5,
atropine administration significantly reduced both LF and HF power and LF/HF ratio in all
three treatment groups at the nadir time point compared to non-atropine treated animals. For
both HF and LF power there was a significant interaction between rate of hemorrhage and
atropine administration identified (p<0.0003). Further analysis identified a significant effect
of atropine treatment for each rate of hemorrhage. Within the atropine treated animals,
however, there was no significant effect of rate of hemorrhage on either LF or HF power
(P>0.18). Analysis of the effect of rate of HEM and atropine administration on the LF/HF ratio
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did not identify a significant interaction. There was, however, a significant effect of atropine
administration when all HEM groups were combined (P<0.002).

4.1 Discussion
To our knowledge, the present study is the first to evaluate the impact of different rates of
constant volume blood withdrawal (30% ETBV) on autonomic control of HR using HRV
analysis in the conscious animal. There were two main findings in this study. First, during the
initial compensatory phase, HRV analysis indicated that only the slowest rate of hemorrhage
(0.5 ml/kg/min) elicited a significant reduction in parasympathetic drive as indicated by
changes in HF power. The second major finding of this study was that as blood loss approached
30% of the ETBV, the sympatho-inhibitory phase of hemorrhage was characterized by
indicators of elevated parasympathetic drive to the heart, but the magnitude of change in
autonomic balance varied depending on the rate of hemorrhage. Together these observations
support previous results from both our lab and Troy and colleagues (1,57) demonstrating that
brain mechanisms underlying autonomic control during severe hemorrhage are not constant,
but appear to vary depending upon the rate of blood loss.

4.2 Methodological Considerations
The first two rates of hemorrhage chosen for evaluation in the present study (0.5 and 1.0 ml/
kg/min) were based on rates commonly used by other investigators studying the neural origins
of hemorrhagic sympatho-inhibition and those rates used in recent studies by both Troy and
colleagues and ourselves (1,8,16,57). Additionally, we chose to evaluate a faster rate of blood
withdrawal (2 ml/kg/min) since many hemorrhage studies begin with a higher rate of blood
loss (>1.5 ml/kg/min) and then progress to a slower rate of hemorrhage, to sustain a fixed
pressure or to meet a fixed volume of withdrawal (5,52). Associated with this faster rate of
hemorrhage in the present study is the acknowledgement that 4.5-5 min. time windows utilized
for HRV analysis represented different percentages of the total time of hemorrhage. For
example, analysis of the compensatory phase of hemorrhage for F-HEM group occurred during
the first 5 min. of hemorrhage and encompassed a time period during which 15% ETBV was
lost. Alternatively, for the I-HEM and S-HEM groups, the period chosen for analysis during
the compensatory phase occurred in the second and fourth 5 min. period of the hemorrhage
protocol, respectively, and represented time periods when 7.5 to 15% or 11.25 to 15% of ETBV
was lost, correspondingly. Thus, for the F-HEM group, the periods chosen for analysis of the
two phases of hemorrhage represented a time of great autonomic fluctuation which may not
have been optimal for comparison of HRV parameters. Nonetheless, autonomic blockade
appeared to confirm the HRV findings, suggesting our comparisons were appropriate.

Another consideration is the fact that the present study was done in conscious animals following
a two-day recovery period from surgery. In our study, the sympatho-inhibitory phase of
hemorrhage was characterized by a marked bradycardia and hypotension. This characteristic
slowing of heart rate following 15% ETBV withdrawal has been reported by other investigators
in conscious rats and rabbits, but is markedly different from the response reported by Troy and
colleagues (8,41,51,57). In their study, HR continued to increase, while MAP declined
following >15% ETBV withdrawal. Their observation of a sustained tachycardia during
hemorrhagic hypotension is likely to reflect the lingering impact of halothane (which was
withdrawn only ∼ 70 min. prior to the onset of the experiment) on vagal drive (29).
Nonetheless, the results from their study demonstrated that the heart rate response to a faster
rate of hemorrhage was more dependent upon the recruitment of pre-collicular brain regions
compared to a slower rate of hemorrhage. This compliments our results which suggest that the
pattern of autonomic drive recruited also depends upon the rate of hemorrhage.
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Finally, the results of the present study need to be interpreted with the consideration that in
addition to changes in parasympathetic drive, changes in respiration can have a profound
impact on HRV parameters. In fact, HF power has been shown to be significantly influenced
by the mechanical effects of breathing (15), with power in the HF range increasing as tidal
volume increases, independent of changes in parasympathetic drive (28). Thus, it is possible
that the differences in HF power we observed during the nadir time point of hemorrhage
reflected in part changes in respiratory control induced by the different rates of hemorrhage
rather than just rate-dependent increases in parasympathetic drive. Unfortunately, in the present
study we did not monitor respiration and to our knowledge the impact of severe hemorrhage
on respiratory control in the conscious rat has not been previously evaluated. In the conscious
male rabbit, however, there is evidence that hemorrhagic hypotension is coupled to an increase
in respiratory frequency and not tidal volume changes (54). But whether this pattern of
respiratory control is the same in rodents or during different rates of hemorrhage is unknown.
Thus, future studies are needed to evaluate the role of respiration in HRV changes associated
with severe hemorrhage in the rodent. Moreover, to truly isolate the contribution of
parasympathetic drive to changes in HRV, future studies should be also be evaluated in the
presence of a beta blocker to eliminate sympathetic contributions (33,36,43).

4.3 Effect of rate of hemorrhage on the compensatory phase
The first main finding of this study was that the pattern of autonomic balance elicited during
the compensatory phase was markedly different in the S-HEM group compared to I-HEM and
F-HEM. During the peak time point, S-HEM was characterized by an increase in HR and a
significant decrease in HF power. Parasympathetic blockade suggested that the rise in HR
during the compensatory phase in the S-HEM group may have been mediated in part by
parasympathetic withdrawal since there was no noticeable change in HR until 10% ETBV loss
in the presence of atropine compared to a marked rise in HR in the unblocked animal. This
pattern of vagal withdrawal during the compensatory phase of S-HEM may indicate that
baroreflex modulation of HR in response to hypovolemia was the primary mechanism
underlying the response to S-HEM. Conversely, neither I-HEM nor F-HEM induced a
significant change in the HF power during the compensatory phase. Furthermore, the rise in
HR following atropine administration was similar to that induced in the absence of atropine
for both rates of hemorrhage. This suggests the compensatory response in response to I-HEM
and F-HEM may have been primarily mediated by sympathetic recruitment. This putative
change in sympathetic drive, however, may not have been sufficient to be detectable via HRV
analysis (ie. changes in LF/HF ratio). Alternatively, several autonomic blockade studies have
questioned whether the use of the LF component is a valid measure of sympathetic drive since
this component is so significantly reduced by parasympathetic blockade (18,33,36,43). Thus,
to truly elucidate how changes in HRV parameters during the compensatory phase of
hemorrhage reflect changes in sympathetic/parasympathetic balance, additional studies in the
presence of beta-adrenergic blockers are needed (24,33,36).

4.4 Effect of rate of hemorrhage on the sympatho-inhibitory phase
The second major finding of the present study was that the rate of hemorrhage influenced
autonomic balance during the sympatho-inhibitory phase of hemorrhage. First, the decline in
MAP measured during the nadir time point was greatest in the F-HEM group. This was coupled
with a significant increase in both LF and HF power in the HR signal. Atropine administration
corroborated that parasympathetic drive to the heart was significantly elevated during the
sympathoinhibitory phase above baseline in all groups when blood loss was greater than or
equal to 20% ETBV. Furthermore, although no significant effect of rate of hemorrhage was
identified, the elevation in HR following atropine treatment was greatest in the F-HEM group,
suggesting that this rate of hemorrhage may have been associated with some level of
simultaneous beta-adrenergic stimulation. This observation is in agreement with the results of
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a study by Gonzalez-Gonzalez et al., which demonstrated that beta-blockade during a rapid
rate of severe hemorrhage (∼2.2 ml/kg/min) induced a greater drop in HR compared to saline
treated animals at the time of 30% ETBV withdrawal (25). Unfortunately, in that study,
additional rates of hemorrhage were not examined, thus it remains to be determined if indeed
there is a significant effect of rate of hemorrhage on cardiac sympatho-excitation during blood
loss of volumes >20% ETBV. There is some evidence that increases in sympathetic drive to
the heart during severe hemorrhage may be mediated by increases in circulating catecholamines
(60). Thus, the results of the present study suggest that reflex regulation of adrenal activation
during hemorrhage may be dependent upon the rate of blood loss. However, to further elucidate
the role of sympathetic stimulation in mediating changes in HRV during the decompensatory
phase of hemorrhage and to clearly isolate the effects of parasympathetic drive on the HF
component, additional studies are need to be performed in the presence of a beta-adrenergic
receptor blocker (33,43).

Independent of the rate of blood pressure withdrawal, atropine administration also attenuated
the drop in MAP associated with %ETBV losses greater than or equal to 20%. Two previous
studies have evaluated the effect of atropine administration on MAP in the conscious rat.
Interestingly, the study that utilized hemorrhage rates closer to 1 mg/kg/min reported no effect
of atropine administration on MAP (4). Alternatively the other study utilizing a faster rate of
blood loss (∼2.2.ml/kg/min) demonstrated a significant elevation of MAP following
parasympathetic blockade and severe hemorrhage (25). A comparison of our results from the
I-HEM and F-HEM groups support these observations; the average drop in MAP following
atropine administration in the I-HEM group was not remarkably different from that observed
in the absence of atropine versus during F-HEM the drop in MAP was markedly attenuated by
atropine administration. Previous results from our laboratory and others suggest that different
rates of hemorrhage may differentially activate select regions of the brain, which in turn, may
impact the pattern of autonomic recruitment (11) or respiratory pattern (54). A respiratory
pattern of elevated tidal volume versus one of elevated respiratory rate might be expected to
have profoundly different effects on the role of HR in the maintenance of MAP (15). Future
studies with a larger sample size are needed to be to further elucidate whether statistical
differences across different rates of hemorrhage can identify the impact of parasympathetic
drive on MAP during the later stages of hemorrhage. Moreover, as mentioned above,
simultaneous evaluation of changes in respiratory pattern is necessary for the interpretation of
mechanical versus autonomic contributions to HRV.

Only a few other groups have utilized spectral analysis to evaluate changes in autonomic control
during hemorrhage (3,25,39,41). In one study, spectral analysis of MAP and renal sympathetic
nerve activity (RSNA) was performed over consecutive 5-min. segments during a 20-min.
hemorrhage (rate 1.35 ml/kg/min) in conscious rabbits. Similar to our results, a decline in MAP
and HR was noted following the withdrawal of approximately 15% of ETBV. During the nadir
(15-20 min) time point, when MAP was lowest, spectral analysis of both MAP and RSNA
reported a significant elevation of all frequency components (LF and HF) relative to control.
This agrees with our observation that both LF and HF components of HRV were elevated
during the nadir time point in both the I-HEM and F-HEM groups. Conversely, in a recent
study by Batchinsky and colleagues, it was noted that 40% ETBV loss in isoflurane
anesthetized sheep induced a significant decrease in HF power and sustained increase in LF/
HF ratio (3). These changes in HRV parameters were observed in parallel to sudden withdrawal
of renal sympathetic nerve activity and it was concluded that changes in sympathetic drive do
not correlate well with changes in HRV during hemorrhage. It should be noted that their study
was done under anesthesia and the presence of even small amounts of anesthesia can strongly
attenuate parasympathetic outflow (58). The exact origin of the effect of anesthesia on
parasympathetic integration has not been defined, but it is likely that a component of this change
takes place in the brainstem, possibly at the level of the vagal preganglionic neurons (61). The
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results of our study however suggest that in the absence of anesthesia, the magnitude of the
power in the HF component may be predictive of the rate or severity of blood loss.

Critical to the induction of the sympatho-inhibitory phase of hemorrhage is activation of
ventrolateral periaqueductal gray (VLPAG) neurons in the midbrain (8,57). Previously we
identified that the number of c-Fos positive neurons in the VLPAG increases as the rate of
hemorrhage rises (1). In the context of the present study, this raises the possibility that the level
of VLPAG activation directly determines the magnitude of hemorrhagic hypotension and
sympatho-vagal drive to the heart. In a recent study by Vagg and colleagues, the output from
the VLPAG to the medulla was carefully characterized and was shown to involve a projection
to the caudal midline medullary nuclei, a region known to induce sympatho-inhibition (27,
59). However, since the bradycardic response to severe hemorrhage can be blocked by
vasopressin antagonists with only modest effects on the hypotensive response to hemorrhage
(30,31), convergent input from other regions, such as the area postrema, the nucleus of the
solitary tract and/or the parabrachial nucleus, must also play an important role in cardiac
sympatho-vagal balance changes during severe hemorrhage. It is well documented that the
parabrachial nucleus plays an important role in autonomic control of cardio-neurogenic
responses and when activated by certain inputs can selectively increase parasympathetic drive
(44,50). In a previous study, we identified that several rostral brainstem regions, including the
locus coeruleus and the rostral parabrachial nucleus showed selective increases in c-Fos levels
during both F-HEM and I-HEM, but not S-HEM compared to control conditions (1). The results
of the present study suggest that these regions may play an important role in recruiting
autonomic circuits needed to modulate sympathetic and parasympathetic drive outside of
normal baroreflex circuitry, as the rate of blood loss rises above 0.5 ml/kg/min. Interestingly,
the VLPAG has been identified to send a dense descending projection to the parabrachial
nucleus (35), but the function of this projection has not been defined.

Summary
The results of the present study evaluated the impact of three rates of blood loss on autonomic
control of HR during severe hemorrhage. Our findings demonstrated that, even though the
sympatho-inhibitory phase of hemorrhage occurred consistently following the loss of ∼15%
ETBV, the rate of blood loss markedly affected the pattern of autonomic activation, both before
and after this point, as indicated by changes in HRV. The F-HEM group showed the greatest
change HF power during hemorrhage. The S-HEM group demonstrated similar changes in
overall AP and HR, yet HRV analysis demonstrated that the level of autonomic activation, as
indicated by HF power, was significantly less at the nadir compared to faster rates of blood
loss. Although some of the differences in HRV could be explained by changes in respiratory
pattern (increases in tidal volume vs. increases in respiratory frequency) which was not
monitored in the present study, these observations support recent results suggesting that the
central pathways activated in response to hemorrhage are dependent upon the rate of blood
loss (1,57). Additionally, our results suggest that comparisons of forebrain regions activated
by F-HEM vs. S-HEM may be useful in identifying regions critical in initiating the sympatho-
inhibitory phase of hemorrhage and the onset of elevated parasympathetic drive. Our results
also provide new information to a growing body of literature evaluating changes in HRV
following trauma as a potential predictive index of survival (13,14). In that regard, the results
of the present study suggest that excessive elevations in HF power, in the absence of any
significant change in LF/HF ratio, may be indicative of a fast rate of blood loss. With further
study, HRV may be a useful guide in determining an appropriate therapeutic method or survival
potential for trauma patients.
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Fig. 1. Example of arterial pressure (AP), heart rate (HR) and power spectral analysis of R-R
intervals before, during and after a moderate rate of hemorrhage (1 ml/kg/min) for an individual
animal
A. Black horizontal bar indicates the duration of hemorrhage (30% loss of estimated total blood
volume). The vertical gray boxes indicate three time points used for heart rate variability
analysis (baseline, transition, and nadir). B. Power spectral density (PSD) levels measured in
the low frequency (LF; lightly shades peaks) and high frequency (HF; darkly shaded peaks)
ranges from the different time points before and during hemorrhage for the animal illustrated
in A. Recovery time point reflects data from 30 min. following the offset of hemorrhage.
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Fig. 2. Effect of rate of hemorrhage on cardiovascular response to 30% estimated total blood volume
(A) Mean arterial pressure (MAP) and B) heart rate (HR) at different time points during slow
(S-HEM; 0.5 ml/kg/min; n=6), intermediate (I-HEM, 1 ml/kg/min; n=6), and fast (F-HEM, 2
ml/kg/min, n=6) hemorrhage (30% estimated total blood volume loss (ETBV)). *P<0.05
indicates a significant change from baseline within treatment group. #P<0.05 indicates a
significant difference from F-HEM at the nadir time point between groups. **P<0.05 indicates
a significant effect of time (all rates of HEM were combined).
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Fig. 3. Effect of rate of blood loss on heart rate variability parameters at different time points during
severe hemorrhage
Changes in (A) high frequency (HF) and (B) low frequency (LF) power spectrum density (PSD)
before, during and following S-HEM (n=6), I-HEM (n=6) and F-HEM (n=6) are shown. C.
Changes in the LF/HF ratio within individual time points. *P<0.05 indicates a significant
change from baseline within treatment group. #P<0.05 indicates a significant difference from
F-HEM at the nadir time point between treatment groups. **P<0.05 indicates a significant
effect of time (all rates of HEM were combined).
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Fig. 4. Effect of parasympathetic blockade on the cardiovascular response to different rates of
hemorrhage
Average change from pre-hemorrhage baseline for HR (top panels) and mean arterial pressure
(MAP; bottom panels) during severe hemorrhage in untreated (n=6 per group) versus atropine-
treated animals (n=5). Data represent one min. averages taken during increments of 5% of
estimated total blood volume (ETBV) loss within treatment groups (S-HEM, I-HEM, and F-
HEM) until at total of 30% ETBV loss. ** P<0.05 indicates significant difference between
atropine and no-atropine animals at %ETBV loss points greater than or equal to 20%
independent of rate of HEM groups (p<0.05).
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Fig. 5. Average effect of atropine pre-treatment on HRV parameters at the nadir time point of
hemorrhage
Changes in (A) high frequency (HF) and (B) low frequency (LF) power spectrum density (PSD)
in untreated S-HEM (n=6), I-HEM (n=6) and F-HEM (n=6) animals (lightly shaded bars)
versus atropine treated animals (n=5/group) following 30% ETBV withdrawal. C. Comparison
of the LF/HF ratio between atropine-treated and untreated individuals. *P<0.05 indicates a
significant difference from no-atropine value within treatment group. ** P<0.05 indicates a
significant effect of atropine treatment with all rates of HEM combined. # P<0.05 indicates a
significant effect of rate of HEM on HF or LF power in non-atropine treated animals.
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Table 1
Effect of rate of hemorrhage on HSI onset parameters

Parameter
S-HEM
(n=6)

I-HEM
(n=6)

F-HEM
(n=6)

Time to HSI onset (min) 19.3±1.5 * 11.5±1.1 * 4.7±0.5

Volume loss at HSI onset (percent ETBV) 14.5±1.1 % 17.2±1.2 % 14.1±1.6 %
*
indicates significantly different from F-HEM value.
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Table 2
Effect of atropine on baseline HRV parameters

Pre-atropine
(n=15)

Post-Atropine
(n=15)

LF power (s2 × 10-7) 7.6±1.4 0.76±.15*

HF power (s2 × 10-7) 9.9±2.2 2.8±0.8*

LF/HF ratio 1.08±.2 0.4±.0.08*

*
indicates significantly different (p<0.01) from no atropine group for same rate of hemorrhage.
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