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Recently developed biosensor technology, which allows 
near real-time measurement in situ of gas tension (pC02 
and p02) and of pH, was applied to arterial blood, 
cerebrospinal fluid (CSF), and brain parenchyma during 
intravenous lactate infusion in monkeys. Comparison of 
simultaneous biosensor measurements and discrete 
arterial blood sampling for traditional blood gas analyses 
indicated a high level of correlation for pC02, p02, and 
pH. Arterial p02 and pH values were significantly 
higher and pC02 significantly lower than corresponding 
CSF and brain parenchyma values at baseline, during 
and following lactate infusion. There was a divergence 
between arterial and brain parenchyma pH and p02 
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Intravenous infusion of sodium lactate can produce in
tense psychological and physiological symptoms char
acteristic of a panic response in susceptible individuals 
(Bonn et al. 1971; Dager et al. 1987; Fink et al. 1970; Kelly 
et al. 1971; Knot et al. 1981; Liebowitz et al. 1984; Pitts 
and McClure 1967; Rainey et al. 1984). Although the 
mechanism remains undetermined, a positive response 
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measurements. Lactate infusion was associated with 
progressive arterial pH rises, consfrtent with the 
production of a metabolic alkalosis. Cerebrospinal fluid 
pC02 remained unchanged during and following lactate 
infusion. Brain parenchyma exhibited a complex pattern 
of response characterized by a trend for p02 and pH to 
decrease during lactate infusion, which reversed following 
completion of the infusion. These observations are 
suggestive of a transient hypoxia from decreased cerebral 
blood flow and/or reduced oxyhemoglobin dissociation 
during lactate infusion, but verification of these results is 
required. {Neuropsychopharmacology 12:307-313, 
1995] 

to lactate infusion appears to be a sensitive and specific 
marker for naturally occurring panic attacks (Cowley 
and Arana 1990). 

Previous work using mechanically ventilated mon
keys to investigate central nervous system (CNS) effects 
of intravenous sodium lactate infusion reported in
creases in lactate, as well as delayed increases in pH 
and bicarbonate using a technique of intermittent di
rect sampling of cisternal CSF (Dager et al. 1990). Con
trary to theories that lactate-induced panic results from 
peripheral metabolism of lactate to CO2 that then rap
idly crosses the blood-brain barrier (Gorman 1989), in 
the Dager et al. (1990) study CSF pC02 levels did not 
increase during lactate infusion. However, it is uncer
tain whether the intermittent removal of cisternal CSF 
may have affected those results and whether CSF 
pC02 is representative of parenchymal brain pC02. 

Accordingly, the present study was designed to 
continuously monitor gas tension (p02 and pC02) and 
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pH with indwelling proprietary fiber-optic probes in situ 
in arterial blood, CSF, and brain parenchyma during 
lactate infusion in monkeys. A unique feature of the 
emerging technology of fiber-optic biosensors is the 
capability to obtain measurements unaffected by poten
tial volume depletion effects due to repeated sampling. 
The on-line capabilities of these instruments also allow 
simultaneous, near real-time assessment of rapidly 
changing metabolic conditions between compartments. 

The purpose of this study was to use a fiber-optic 
biosensor to reexamine our previous findings of CSF 
changes in monkeys (Dager et al. 1990) and to further 
assess the temporal relationship between blood, CSF, 
and brain interstitial fluid gas tension and pH changes 
in mechanically ventilated monkeys during lactate in
fusion. 

METHODOLOGY 

Seven healthy, adult pig-tailed macaques (Macaca nemes
trina) weighing 8.3 ± 3.2 kg were studied. The study 
was approved by the University of Washington Ani
mal Care Committee and conducted at the Regional Pri
mate Research Center at the University of Washington. 
Two animals were restudied and the two sets of mea
surements averaged for each twice-studied monkey 
( each of the twice-studied animals had missing CSF or 
brain parenchyma data for one experiment). One of the 
seven animals was continuously monitored for 24 hours 
between repeat lactate infusions. Animals were initially 
anesthetized with ketamine (10 mg/kg IM), and the tra
chea was intubated. Anesthesia was maintained dur
ing the experiment with halothane, 0.5-1.0% inspired 
in air. Animals were mechanically ventilated at a con
stant minute ventilation using a Harvard Ventilator 
(Harvard Apparatus Co., Dover, MA) to maintain ini
tial PaCO2 at approximately 40 mmHg. Body temper
ature was maintained between 37°C and 38°C using 
a thermoregulated, circulating-water blanket placed un
der the animal. An 18-gauge catheter was inserted into 
a radial vein for lactate administration. Incisions were 
made over both femoral arteries and fiber-optic biosen
sors were inserted bilaterally via femoral arteriotomies. 
These probes are designed to permit arterial blood sam
pling for discrete blood gas analyses (Bertaud et al. 
1990), which was alternated between locations during 
the experiments. 

After placement of the arterial probes, the scalp was 
incised and reflected and 0.5-cm holes were drilled 
through the cranium bilaterally over the parietal cor
tex. On one side, the dura was pierced, and a #5 French 
feeding tube placed between the dura and pia to allow 
the insertion of the biosensor probe and to ensure con
stant bathing of the probe tip in CSF. On the con
tralateral hemisphere, a stereotaxic apparatus was used 
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to insert a biosensor probe tip through the dura approx
imately 5 mm into the brain. Two animals had bilateral 
brain probes placed to allow simultaneous comparison 
between locations. Following insertion, the dura was 
sutured and the probes glued into place (Kool Liner) 
to stabilize the probe tips and block fluid leakage. 

Following stabilization of arterial blood gases for 
20 minutes, 1 M racemic sodium lactate (Abbott Labora
tories), 10 ml/kg, was infused intravenously over 20 
minutes at 4 to 6 ml/minute. Discrete arterial blood sam
ples were obtained before, during, and after infusion 
of lactate to compare with biosensor values. Gas ten
sion measurements from arterial blood samples were 
performed using a Corning Model 178 Blood Gas Ana
lyzer capable of analyzing 0.1-ml samples. Through
out the experiment instrument performance was rou
tinely calibrated against standard buffers. Lactate 
concentrations at baseline and completion of lactate in
fusion were determined from arterial blood samples col
lected into gray-top tubes (Becton Dickinson) contain
ing sodium fluoride and potassium oxalate. Blood 
samples were filtrated by adding 0.6 mol/L perchloric 
acid and then vortexing. L-lactate in the supernatant 
was assayed using an automated enzymatic, L-lactate 
dehydrogenase procedure (Hohorst 1963) and D-lactate 
levels determined using a soluble D-lactate from Leish
manii and spectrophotometric quantification (Carvel 
and Bergmeyer 1974). 

The biosensor is a sterile, disposable fiber-optic de
vice designed for insertion into arterial blood through 
a 20 Ga catheter (1-3/4" Arrow Arterial Catheter or 2" 
Deseret Insyte) (N arayanas-W amy 1991). The tip of the 
device, which resides in a fluid sample, consists of 
analyte-specific, nonconsumptive polymeric dye and 
membrane systems bound to three 120-µ-diameter fiber 
optics. The measurement technology is designed to 
minimize transient motion artifacts common in some 
fiber-optic devices specifically through the use of ref
erence wavelengths and ratiometric algorithms that 
compensate for noncatastrophic light loss due to opti
cal fiber motion (Guiliani and Gutcheck 1990). The reli
ability and accuracy of this probe have been extensively 
tested (Iyer et al. 1990, 1991). 

For the pH and CO2 sensors, changes in analyte 
concentration are detected by wavelength-specific 
changes in the absorbance of indicator dyes. The pH 
dye system is coupled to the optical fiber using pellets 
of polymerically bound dye adhered to a reflective sur
face (Iyer et al. 1990, 1991). The instrument alternately 
transmits two wavelengths of light that pass through 
the measurement cell and return to the instrument pho
todetectors after reflecting off the cell mirror. Changes 
in pH result in differential absorbance through the pH 
cell that are detected by the instrument as changes in 
returning light intensity. The carbon dioxide sensor 
embodies a modified Severinghaus principle in which 
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bicarbonate is mixed with a pH indicator dye (Yurek 
et al. 1983). The CO2 pellet is embedded in a gas-per
meable hydrophobic polymer. CO2 is measured as 
changes in the internal pH of the sensor that produce 
differential absorbance changes of the indicator dye. 
The oxygen-sensing chemistry employs a phosphores
cent dye whose emission is proportional to the partial 
pressure of oxygen. The dye is mixed with a hydropho
bic gas-permeable polymer and applied to the end of 
an optical fiber. Light at one of the dye excitation 
wavelengths is pulsed down the fiber, and the dye emits 
a second wavelength in response. The oxygen concen
tration of the fluid sample is proportional to the ratio 
of two luminescent decay times of the dye emission 
(Khalil et al. 1991). The three sensors and a thermocou
ple are integrated into a sensor bundle or probe de
signed for durability and thrombo-resistance (Yim et 
al. 1991). The thermocouple is necessary to measure the 
probe location temperature that allows gas tensions to 
be corrected relative to 37°C. 

ANALYSIS 

Probe values were assessed in relationship to standard 
arterial blood gas and pH analyses and between brain 
probes located in opposite hemispheres using Pearson's 
correlation coefficient. Three data points from each 
probe were collected per minute and data averaged over 
5-minute intervals (four baseline, four lactate infusion, 
and four postlactate infusion timepoints). Gas tension 
and pH differences between compartments and dif
ferential changes in response to lactate infusion were 
assessed by two-way analysis of variance (ANOV A) for 
repeated measure using the Greenhouse-Geisser cor
rection; if significant, Scheffe's test was applied for com
parisons at each time point between locations. As two
way ANOV As were significant or indicated a trend for 
time-by-location effects, a one-way ANOV A for 
repeated measures, applying the Greenhouse-Geisser 
correction, was used to assess gas tension and pH 
changes separately at each location over the 12 aver
aged time points at baseline, during, and after comple
tion of lactate infusion. 

Additional post-hoc analyses applying a repeated
measures ANOV A to examine time-by-location effects, 
excluding CSF data, were performed for exploratory 
analysis of the divergence between brain parenchyma 
and arterial measurements during lactate infusion. 

RESULTS 

Comparison of simultaneous biosensor measurements 
and discrete arterial blood sampling for traditional blood 
gas analyses indicated a high level of correlation for 
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pCO2 (r = .95; df = 101; p < .001), pO2 (r = .91; df = 
101; p < .001), and pH (r = 0.95; df = 101; p < .001). 
There was also a strong correlation at each time point 
for two animals in which brain probes were placed 
bilaterally in opposite hemispheres for pCO2 (r = 0.83; 
df = 87; p < .001), pO2 (r = 0.61; df = 87; p < .001, and 
pH (r = 0.84; df = 87; p < .001). 

During lactate infusion arterial blood lactate (com
bined concentration of 0- and L-lactate) rose from 2.7 ± 
1.0 mM/L (all values ± SD) at baseline to 18.9 ± 5.9 
mM/L at completion of the infusion. 

The relationship between pCO2 levels at baseline, 
during, and after completion of lactate infusion for the 
three probe locations is shown in Figure 1. Significant 
differences in pCO2 levels were observed between the 
three locations according to a repeated-measures 
AN OVA [F(2, 18) = 8.06; p < .003; e = .204]. This was 
due to consistently lower arterial pCO2 levels than 
CSF pCO2 (Scheffe's test, p < .05) and brain paren
chyma pCO2 (Scheffe's test, p < .01) levels. Time effects 
on pCO2 values pooled across locations were nonsig
nificant[ F(ll,231) = 1.39; p = NS], but a trend for time
by-location differences was observed [ F(22, 198) = 2.03; 
p < 0.1]. This trend remained when a post hoc ANOV A 
for location by time, excluding CSF data, was performed 
for arterial pCO2 and brain parenchyma pCO2 mea
surements [F(ll,132) = 2.71; p < 0.1; e = .173]. 

As a nonsignificant trend for time-by-location differ
ences was detected, and to remain consistent with the 
other analyses, a one-way ANOVA for repeated mea
sures was used to examine each location separately. A 
trend was observed for arterial pCO2 to gradually de
crease during the experiment [F(ll,66) = 3.46; p < .09; 
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Figure 1. Mean arterial pC02 (circles), CSF pC02 (blank 
squares), and brain parenchyma pC02 (solid squares) at base
line, during, and after lactate infusion (±SD). 
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Figure 2. Mean arterial p02 (circles), CSF pO2 (blank squares), 
and brain parenchyma pO2 (solid squares) averaged every 5 
minutes at baseline, during, and after lactate infusion (±SD). 

e = .120]. Baseline CSF pCO2 levels varied between 
60.2 ± 11.2 mmHg and 57.3 ± 9.5 mmHg and did not 
significantly change in response to lactate infusion 
[F(ll,66) = 0.74; p = NS; e = .142]. Brain parenchyma 
pCO2 levels did not substantially change during base
line, between59.5 ± 7.6mmHgand60.8 ± 8.lmmHg, 
increased nonsignificantly during and immediately 
postinfusion to 66.2 ± 21.8 mmHg, and then decreased 
to53.2 ± 8.9mmHgduringthefinal lOminutesofpost
infusion monitoring [F(ll,66) = 1.75; p = NS; e = .157]. 

The relationship between pO2 levels at baseline, 
during, and after completion of lactate infusion for the 
three probe locations is shown in Figure 2. Significant 
differences in pO2 levels were observed between the 
three locations according to a repeated-measures 
ANOV A [F(2, 18) = 29.76; p < .001; e = .253). This was 
due to consistently higher arterial pO2 levels in com
parison to CSF pO2 (Scheffe's test, p < .0001) and brain 
parenchyma pO2 (Scheffe's test, p < .0001) levels. Time 
effects on pO2 values pooled across locations were 
nonsignificant [F(ll,231) = 0.21; p = NS]; however, a 
significant time-by-location effect was observed 
[ F(22, 198) = 4.05, p < .003]. A post hoc ANOV A for 
location by time, excluding CSF data, remained sig
nificant when performed for arterial pO2 and brain pa
renchyma pCO2 measurements [ F(l 1,132) = 6.01; p < 
.003; e = .236]. 

As there was a significant time-by-location effect, 
a one-way repeated-measures ANOV A was used to 
compare each location separately. Arterial pO2 values 
nonsignificantly increased from 92. 7 ± 32 mmHg to 
104.5 ± 34 mmHg during lactate infusion. [F(ll,66) = 
2.71; p = NS; e = .132]. Baseline variations in CSF pO2 
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Figure 3. Mean arterial pH (circles), CSF pH (blank squares), 
and brain parenchyma pH (solid squares) averaged every 5 
minutes at baseline, during, and after lactate infusion (±SD). 

levels, between 26.4 ± 17.5 mmHg and 31.5 ± 18.6 
mmHg, were greater than any changes in response to 
lactateinfusion[F(ll,66) = 0.73; p = NS; e = .126]. Brain 
parenchyma pO2 values decreased by a small amount 
during baseline, from 24. 9 ± 5.4 mmHg to 22.1 ± 8.8 
mmHg, progressively decreased to 10.6 ± 8.0 mmHg 
during lactate infusion, and then increased above base
line to 26.6 ± 23.1 mmHg at the end of the postinfu
sion period [ F(ll,66) = 3.64; p < .08; e = .139]. 

The relationship between pH at baseline, during, 
and after lactate infusion for the three probe locations 
is shown in Figure 3. Significant differences in pH levels 
were observed between the three locations according 
to two-way, a repeated-measures ANOV A [ F(2, 18) = 
9.73; p < .002; e = .157]. This was due to a trend for 
arterial pH to be higher than CSF pH levels (Scheffe's 
test, p < .09) and significantly higher than brain paren
chymal pH (Scheffe's test, p < .001). A time effect on 
pH values pooled across locations was nonsignificant 
[F(ll,231) = 1.4; p = NS]. However, a time-by-location 
effect was observed [ F(22, 198) = 5.2; p < .004). This 
time-by-location effect remained significant when a post 
hoc ANOV A excluding CSF data was performed for ar
terial pH and brain parenchyma pH measurements 
[F(ll,132) = 7.85; p < .009; e = .119]. 

As there was a significant time-by-location effect, 
a one-way repeated-measures ANOV A was used to 
compare each location separately. Arterial pH values 
remained stable during baseline, at approximately 
7.44 ± 0.14, then progressively increased during and 
following lactate infusion to 7.56 ± .10 [F(ll,66) = 15.50; 
p < .002; e = .135]. Baseline CSF pH levels varied be
tween 7.23 ± 0.14 to 7.26 ± .14, then increased non-



NEUROPSYCHOPHARMACOLOGY 1995-VOL. 12, NO. 4 

significantly during and postinfusion to 7.32 ± 0.23 
[F(ll,66) = 1.29; p = NS; e = .107]. Brainparenchyma 
pH levels decreased slightly during baseline, from 
7.13 ± 0.17 to 7.09 ± 0.21, progressively decreased to 
6. 91 ± .043 during and immediately postinfusion, and 
then increased back to 7.08 ± 0.21 during the final 10 
minutes of the postinfusion period [F(ll,66) = 3.6; p < 
.09; e = .110]. 

After completion of the lactate infusion, one ani
mal was observed during a 24-hour period of continu
ous blood, CSF, and brain parenchyma biosensor 
monitoring followed by a second lactate infusion. Probe 
values remained stable during the 24 hours between 
lactate infusions. During both lactate infusions, a simi
lar brain parenchyma response pattern occurred, 
characterized by substantial decreases in pO2 and pH 
and by a slight increase in pCO2 that reversed upon 
completion of the infusion. 

DISCUSSION 

These data demonstrate the first application of a novel 
fiber-optic biosensor in situ to study peripheral and 
CNS pO2, pCO2, and pH responses to a metabolic 
challenge. Analysis of these data was limited by the 
power that precluded more extensive modeling using 
time-series analysis or multivariate analysis, but it did 
allow a preliminary assessment of the time course and 
compartmental differences in gas tension and pH 
changes. Metabolic changes were induced by intrave
nous infusion of sodium lactate, which also is used to 
precipitate panic in susceptible humans who experience 
spontaneous panic attacks. Although within the range 
previously used by us to study CNS effects of lactate 
infusion in monkeys (Dager et al. 1990), the amount 
of lactate administered was approximately double the 
dose generally received by humans during a standard 
lactate infusion and thus may limit clinical extrapola
tion of this work. In addition, hyperventilation, which 
is associated with lactate-induced panic and has been 
shown to significantly affect brain metabolism in hu
mans (Dager et al. 1995), was controlled for in this ex
periment. 

The fiber-optic biosensor demonstrated good agree
ment in comparison to discrete arterial blood gas and 
pH measurements obtained using a standard blood gas 
instrument to analyze direct sampling of arterial blood. 
In addition to the advantages of in situ monitoring un
der near real-time conditions, problems with discrete 
arterial blood sampling, such as, systematic errors due 
to air bubbles (Biswas et al. 1982; Harsten et al. 1988; 
Thorson et al. 1983), dilution from flush solution (Boidin 
andJorna, 1984; Hamilton et al. 1978), storage temper
ature, or time delay between sampling and measure
ment (Kelman and Nunn 1966) were avoided using 
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fiber-optic biosensor technology. The biosensor tech
nology described in this report utilized phosphores
cence; however, alternative technological approaches 
using fluorescence or micro electrodes also have been 
developed for fiber-optic biosensors (Barker and Hyatt 
1991; Mahutte et al. 1990; Shapiro 1992; Shapiro et al. 
1989) and could be similarly applied. 

During lactate infusion, a progressive rise detected 
in arterial pH is consistent with the metabolic alkalosis 
observed in humans during lactate infusion (Liebowitz 
et al. 1985). Arterial pCO2 exhibited a trend to decrease 
during lactate infusion, but this observation is not 
directly comparable to human studies that demonstrate 
a lowering of pCO2 presumably due to hyperventila
tion in spontaneous ventilating subjects. Thus, the small 
decreases in arterial pCO2 observed in this study may 
reflect the effect of increased blood pH or changes in 
tissue CO2 production during lactate infusion. 

Findings that CSF pCO2 did not change in re
sponse to lactate infusion are consistent with our previ
ous findings (Dager et al. 1990) and a subsequent re
port wherein CSF pCO2 did not change at a single 
sampling point after lactate infusion in spontaneously 
ventilating monkeys (Coplan et al. 1992). These results 
provide additional evidence to support our conclusion 
(Dager et al. 1990) that CNS uptake of excess blood 
CO2 arising from peripheral lactate metabolism is not 
the mechanism responsible for lactate-induced panic 
(Gorman et al. 1989). 

The divergence between arterial and brain paren
chyma pH and pO2 levels during lactate infusion was 
a particularly notable finding of this study. During lac
tate infusion when arterial pH and pO2 values were in
creasing, brain parenchyma pH and pO2 exhibited a 
trend to decrease and then to increase back toward or 
above baseline during the postinfusion period. At the 
same time there were nonsignificant increases in brain 
parenchyma pCO2 while arterial pCO2 was decreas
ing. Although decreases in brain parenchymal pO2 
and pH during baseline may have contributed to the 
overall trend, those changes were small in comparison 
to changes during lactate infusion. In addition, brain 
parenchyma changes were not reflected in CSF changes, 
which would be consistent with observations that the 
bulk flow of fluid exchange between brain perivascu
lar space and CSF is both slow and variable in direction 
(Ichimura et al. 1991). One possible explanation for this 
divergent pattern of response in the brain parenchyma 
would be an acute, transient decrease in cerebral blood 
flow during lactate infusion that would specifically de
crease brain tissue 02, pH, and washout of CO2. While 
such an interpretation runs counter to evidence from 
piglets that cerebral blood flow can increase in response 
to osmolar effects of lactate infusion on the pial arteries 
(Laptook et al. 1988), it is consistent with observations 
that infusion of hyperosmolar compounds such as man-
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nitol produce a compensatory reduction in cerebral 
blood flow when cerebral vessels constrict in response 
to the hyperemia resulting from decreased blood vis
cosity (Donato et al. 1994). A second explanation for 
the pattern of response observed in the brain paren
chyma in the present study is decreased oxyhemoglobin 
dissociation. A reduction in oxyhemoglobin dissocia
tion resulting from the metabolic alkalosis produced by 
sodium lactate infusion would decrease oxygen deliv
ery (Edvinsson et al. 1993) and accentuate hypoxic 
effects of a transient decrease in cerebral blood flow. 

In our initial effort using direct sampling to evalu
ate CNS effects of lactate infusion, a rise in cisternal fluid 
lactate was detected during the infusion (Dager et al. 
1990). Subsequent work applying magnetic resonance 
spectroscopy (MRS) to measure brain lactate noninva
sively during lactate infusion has detected rises in brain 
lactate during lactate infusion in animals (Dager et al. 
1992a) and healthy volunteers (Dager et al. 1992b) and 
disproportionately greater increases among panic sub
jects during a lactate-induced panic response (Dager 
et al. 1994). Although brain tissues appear to have 
limited capacity for oxidative catabolism of lactate un
der resting conditions (Gjedde et al. 1975; Wortis et al. 
1941; Sacks 1965), utilization of lactate by mammalian 
brain can be demonstrated (Fernandes et al. 1984; 
Schurr et al. 1988; Sokoloff 1973). Thus, parenchymal 
brain pH changes may in part reflect the primary me
tabolism of elevated brain lactate levels. 

Brain parenchyma pH and gas tension findings 
were inconsistently observed in all animals, which sug
gests individual variability in the pattern of response. 
Concurrent interstitial fluid measurements from con
tralateral brain locations obtained for comparison in two 
animals indicated good agreement between probes. 
However, we are unable to comment with certainty 
whether brain parenchyma findings may reflect a local
ized phenomenon influenced by the presence of the 
probe tip intead of a more generalized effect. It is also 
unknown whether halothane may have influenced 
brain interstitial fluid measurements. It is noteworthy 
that the time course for brain parenchyma gas tension 
and pH changes were reproducible in response to 
repeated lactate infusion in one animal following a 24-
hour monitoring period during which gas tension and 
pH measurements remained stable. 
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