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The use of anesthetics is a well-known treatment for severely injured patients. In the present study
we tested the pathophysiology of several levels of injury damage in a rat model and also tested the
e®ect of Equithesin on brain vitality in these models. Traumatic Brain Injury (TBI) was induced
using the °uid percussion injury model in four levels: mild, moderate and two levels of severe TBI.
Brain real-time evaluation was performed by the multiparametric monitoring assembly (MPA)
which enable cerebral blood °ow (CBF) monitoring by laser Doppler °owmetry, mitochondrial
NADH (Nicotinamide adenine dinucleotide) monitoring by the °uorometric technique, ionic
homehostasis using special mini-electrodes, intracranial pressure (ICP) by the ICP camino device
and needle electrodes for ECoG (Electrocorticogram) recording. Our results showed high corre-
lation between the level of impact and the extent of changes in the physiological properties of the
injury as indicated by the changes in all parameters monitored using the MPA device. Moreover,
Equithesin improved CBF, ionic extracellular level and mitochondrial redox state following
mild and moderate TBI while in severe TBI, Equithesin did not improve the metabolic state of
the cerebral cortex, although it decreased the mortality rate from 66% to 20%, and following
extra-severe TBI level, Equithesin did not improve survival rate. In conclusion it seems that
Equithesin's protective e®ect exists under mild to moderate levels of injury and not in case of severe
injuries.

Keywords: Cerebral blood °ow; mitochondrial NADH; multiparametric monitoring.

1. Introduction

Traumatic brain injury (TBI)was recently named the
\silent epidemic of the 21st century,"1 with
an incidence of 1.5 million cases per year in theUnited
State alone. Hence it is clear that scientists' and
physicians' e®orts to improve the treatment and ¯nal
outcome of head-trauma patients are signi¯cant.

One of these treatments include the use of anes-
thesia up to a comatose state, especially in severely

injured patients, in order to decrease cerebral
metabolism and decrease cerebral perfusion and
therefore decrease intracranial pressure (ICP) and
increase cerebral perfusion pressure (CPP).2,3

The major pathophysiological mechanisms
involved with head trauma are very complicated and
include the impairment of cerebral circulation,
metabolism, oxygen supply and acid�base balance.
This fact might explain why therapeutic attempts
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that are aimed at the normalization of only one of
these components have failed to improve outcome in
patients with severe head injury.4

One of the crucial parameters being monitored
in severe head injury victims is the ICP level.5�7

This parameter is also used for the evaluation of
adequate sedative-anesthetic management of these
patients.8�12 Although a diverse range of anesthetics
is used in the treatment of TBI patients, iso°urane
and pentobarbital are the most frequently used
agents.13 A most recent study that examined the
Intensive Care management of patients with severe
TBI in Austria implies that the use of barbiturates
(short-term) may improve the outcome of patients
after severe TBI.6 There is also a vast experience with
barbiturate application in numerous medical centers
implying that barbituratesmaybe considered as a ¯ne
pharmacological agent usable under these con-
ditions.14 According to the conclusion of the Brain
Trauma Foundation, high-dose barbiturate therapy
decreases mortality rate of TBI patients and is e±ca-
cious in lowering ICP and in setting of uncontrollable
ICP as opposed to all other conventional medical and
surgical treatments used for lowering ICP.13

On the other hand there are scientists who claim
that there is no evidence that barbiturates improve
the ¯nal outcome of patients with severe head
injury.15 Moreover according to Statler et al.,16 \the
metabolic-suppressive properties of pentobarbital
induced relatively negative e®ects on functional and
histological parameters of the rat brain after TBI,
as compared to other anesthetics." Barbiturates
also have dangerous side e®ects, such as infection,
pulmonary dysfunction, arterial hypotension and
renal failure.17 Considering the negative e®ects of
barbiturates, in the present study the rats were
anesthetized using Equithesin, which is a mixture of
pentobarbital and chloral hydrate. Doing so, we
decreased the dose of barbiturates being used and
hence decreased the risk for negative side e®ects of
this anesthetic in the rats that underwent TBI.

We believe that the bene¯cial e®ects of anes-
thesia on TBI are under disagreement, among other
reasons, due to the di®erences in the degree of injury
for which they are being used. Therefore, we wanted
to apply a TBI model of several degrees of injury to
be treated with Equithesine.

In addition, one of the limiting factors in the
evaluation of anesthetics' e®ects on cerebral par-
ameters is the ability of monitoring only some par-
ameters from the brain simultaneously. It is clear

that continuous multiparametric monitoring of
parameters that evaluate brain blood supply and
cerebral metabolism are of great bene¯t.1,4,18�21 In
this view, the advantage of our multiparametric
monitoring probe is obvious, enabling not only the
monitoring of ICP level but also real-time evalu-
ation of cerebral hemodynamic, ionic, energetic and
electrical state, under anesthesia in the experimen-
tal model of TBI.

2. Material and Methods

2.1. The multiparametric monitoring

system

Monitoring of the cerebral cortex following TBI was
performed using the multiparametric monitoring
system (MPA) (Fig. 1). The MPA, 6mm in diam-
eter, contained optical ¯bers for NADH redox state
°uorometry, a laser Doppler probe, selective mini-
electrodes for the measurements of extracellular
levels of Kþ, Ca2þ and Hþ each surrounded with a
DC potential electrode, ICP probe, brain tempera-
ture thermistor and two electrodes for electro-
cardiogram (ECoG) monitoring.

The principle of NADH monitoring from the
surface of the tissue (1mm depth) is based on the
fact that excitation light (366 nm) passes from
the °uorometer, which contains appropriate ¯lters,
to the brain via a bundle of optical ¯bers made of
quartz. The emitted light (450 nm), together with
the re°ected light at the excitation wavelength (366
nm), is transferred to the °uorometer via another
bundle of optical ¯bers.22 Changes in the re°ected
light are correlated to changes in tissue blood
volume and therefore serve to correct for hemody-
namic artifacts in NADH monitoring.23 The
corrected °uorescence (NADH) is obtained by
subtracting the re°ectance from the °uorescence
signal at a 1:1 ratio.23 Real-time monitoring of CBF
from the same cortical area was achieved using the
laser Doppler °owmetry technique, which is based
on the Doppler shift re°ecting the °ow of red blood
cells in the microcirculation at a depth of 1�2mm
and the re°ectance at 632 nm that is mainly a®ected
by changes in tissue blood volume.24�26 ICP was
monitored by the Camino device (model V420, USA).
Extracellular Kþ, Ca2þ and Hþ ions level were
monitored using selective mini-electrodes attached to
Ag/AgCl holders. The DC steady potential was
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measured by highly stable Ag/AgCl electrodes con-
nected via a salt bridge located around the ion's
electrodes. A reference electrode was located below
the skin of the animal's neck.

All of the signals monitored during the exper-
iment were digitized and transmitted to a multi-
channeled computerized data acquisition and
recording system (Labview A/D software, National
Instruments Co., USA) for further analysis.

2.2. Animal preparation

All experiments were performed in accordance to
the Guidelines of the Animal Care Committee of
Bar-Ilan University. Wistar male rats (250�300 g)
were anesthetized with an IP injection (0.3ml/
100 gw) of Equithesin (each ml contains: pento-
barbital 9.72mg, chloral hydrate 42.51mg, mag-
nesium sulfate 21.25mg, propylene glycol 44.34%
w/v, alcohol 11.5% and distilled water).

The rat was ¯xed in a head holder and a midline
incision in the skin wasmade exposing the parietal and
frontal bones of the rat's skull. For the MPA a 6mm
hole was drilled in the parietal bone and the Dura
mater was removed. Two stainless steel screws were
drilled in the frontal and parietal bones to ensure
better ¯xation of the monitoring device to the cerebral

cortex. Another hole (3mm) was drilled at the con-
tralateral parietal bone for the connection of the °uid
percussion injury device. All devices were then ¯xated
on the rat's cortex using dental acrylic cement.

After the ¯xation of the monitoring device to the
rat's scalp, a short session of anoxia was induced by
exposing the rat to pure N2 until respiratory arrest.
This short anoxic test is routinely used in all of our
experiments in order to make sure that the MPA is
placed correctly on the cerebral cortex and that
brain function is normal at the basal state. Our vast
experience showed that this short anoxic episode
has no negative e®ect on the cerebral tissue as well
as on the whole-body physiological parameters such
as blood pressure, respiratory and heart rate, body
temperature etc.27

In the group of the non-anesthetized rats, the
rats were placed in a restriction cage in which they
were left to recover and to fully awaken for two
hours (post anoxia), then after, TBI was induced. In
the anesthetized rats two hours after anoxia, E-th
was injected and the rats were anesthetized, then
after TBI was induced. In the control group after
the short anoxia monitoring proceeded for four
hours with no other perturbation. At the end of the
experiment, all rats were anesthetized and then
sacri¯ced using pure N2.

(c) (b) (a)

Fig. 1. (a) A schematic presentation of the MPA and its location on the cerebral cortex. The MPA includes a central light guide
made of optical ¯bers to transport the excitation light from the light source (a metal Halide Lamp) to the cerebral tissue, and the
emission light (°uorescence and re°ectance) from the tissue to the photo-detectors as well as optical ¯bers for CBF monitoring.
(b) The tip of the probe includes optical ¯bers for NADH monitoring (Ex— Excitation, Em— Emission), for blood °ow monitoring
(LDFin=outÞ, mini-electrodes for the monitoring of extracellular levels of Kþ, Hþ and Ca2þ each surrounded with a DC electrode for
the monitoring of DC steady potential. (c) The °uid percussion injury device for the induction of traumatic brain injury.
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2.3. Fluid percussion injury

TBI was induced according to the model of °uid
percussion injury28�30 ¯rst applied by Sullivan
(1976) using a special device (VCU Biomedical
ENG. Facility, Richmond, Virginia, USA). We
calibrated the device using nitrogen gas in such a
manner that an angle of 15� yielded an injury of
1:15� 0:14 atm, 20� ¼ 1:78� 0:28 atm, 25� ¼ 2:13�
0:34 atm and 30� ¼ 4:34� 1:08 atm.

In our experiments injuries at the di®erent levels
were induced as follows:

Mild TBI: a group of 9 rats were exposed to
injury at strength of 1:15� 0:14 ATM, from an
angle of 15�.

Moderate TBI: a group of 12 rats were exposed to
injury at strength of 1:78� 0:28 ATM, from an
angle of 20�.

Severe TBI: a group of 15 rats were exposed to
injury at strength of 2:13� 0:34 ATM, from an
angle of 25�.

Extra-severe TBI: a group of 10 rats were
exposed to injury at strength of 4:34� 1:08 ATM,
from an angle of 30�.

3. Statistical Analysis

Monitoring was performed at a rate of 1 sample per
second, and each minute, 60 samples were averaged.
The results were presented at intervals of 5min for
4 h. Statistical analysis was performed using the
SAS and SPSS software. For the evaluation of the
signi¯cance of the changes in a certain parameter
following TBI, the student, 2-tail, paired t-test was
performed. The di®erence between anesthetized and
non-anesthetized rats under a certain TBI level, was
tested using unpaired t-test. For the evaluation of
signi¯cant di®erences between the mortality rates of
the various groups the Exact Fisher Test was used.

4. Results

The e®ects of severe TBI on the hemodynamic,
metabolic and electrical activities of the brain in a
typical experiment are presented in Fig. 2. As TBI
was induced, ICP immediately increased to the level
of 60mmHg followed by a further increase to the
level of 100mmHg. Cerebral Blood Flow (CBF)
completely decreased, and partly recovered (up to
40%) approximately 7min post TBI. The decrease
in CBF was associated with an increase of 10% in

mitochondrial NADH level, which partly recovered
later on. The re°ectance and °uorescence dramati-
cally decreased by 100%. The extracellular level of
Kþ signi¯cantly increased, reaching very high levels
of approximately 50mM, following with a decrease
in the DC potential of Kþ, which recovered within
20min post injury. Extracellular pH level also
increased immediately after TBI following with full
recovery. The ECoG was signi¯cantly depressed,
showing a gradual minor recovery 20min post TBI.

In the non-anesthetized rats, the severe TBI
group showed a mortality rate of 66% (6 of 9 rats). In
all cases the rats died immediately after the induction
of the injury and not during the additional four
hours of monitoring hence the rats that died are
not included in the results showed in Figs. 3�5.
Administration of E-th signi¯cantly decreased the
percentage of mortality in the severe TBI group to
20% (p ¼ 0:029). However in the extra-severe TBI
group, 70% (7 of 10 rats) of the rats died immediately

Fig. 2. Typical responses of one rat from the severe TBI
group. The monitored parameters include: intracranial pressure
(ICP), re°ectance (REF), °uorescence (Flu), corrected NADH
(NADH), cerebral blood °ow (CBF), extracellular levels of Kþ,
Hþ and Ca2þ, DC-potential of the Kþ electrode and the cor-
tical spontaneous electrical activity (ECoG).
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after injury and when anesthesia was used 100% of
the rats died within 15min. Since these rats were
monitored only for a very short duration (around
15min), their results are not shown; however, it
should be mentioned that this group was very similar
to the severe group except for the responses of
extracellular levels ofKþ and DC-potential ofKþ, in
which no recovery was observed, namely irreversible
ischemic depolarization was developed, as opposed to
full recovery of these parameters in the severe group,
namely reversible ischemic depolarization was
observed.

The e®ect of anesthesia on ICP is presented in
Fig. 3. As seen in the control non-anesthetized rats,
a trend of increase in ICP is seen, whereas in the
anesthetized control rats ICP decreased by
3�4mmHg 160min after the injection of E-th.

In all non-anesthetized TBI groups a biphasic
rapid response (increase/decrease) in ICP was seen
following with a secondary gradual increase in ICP
with time. However, at the anesthetized rats the

secondary increase in ICP was prevented therefore
ICP levels were signi¯cantly di®erent during almost
the entire experimental period (4 h) (p < 0:05 to
p < 0:01). Moreover during the impact, the maxi-
mum increase in ICP in the moderate group was
signi¯cantly higher (p < 0:05) in the non-anesthe-
tized rats as compared to the anesthetized rats while
in all other groups similar maximal levels of ICP
were monitored. As for CBF anesthesia had no e®ect
in the control group however while the immediate
response of CBF to TBI was a signi¯cant decrease of
75%�95% in the mild and severe group respectively,
under anesthesia CBF decreased only by 10% in the
mild TBI, by 60% in the moderate group and by
95% in the severe group. Therefore there were no
di®erences between CBF under anesthesia versus
awakens in the severe group, whereas in both other
TBI groups CBF levels were signi¯cantly di®erent
between both treatments (p < 0:05). The changes in
NADH level (Fig. 4) showed no signi¯cant di®er-
ences between the various levels of TBI as well as in
the control groups.

Fig. 3. The changes (mean� S:E:) in the intracranial pressure
(ICP), cerebral blood °ow (CBF) following three levels of TBI
(mild, moderate and severe) and in control rats, induced in
anesthetized rats (A) and non-anesthetized rats (B). The
dashed arrows identify periods in which a signi¯cant di®erence
between the two groups A and B was found (*) p < 0:05.

Fig. 4. The changes (mean� S:E:) in the re°ectance at
366 nm (REF366) and mitochondrial function (NADH) follow-
ing three levels of TBI (mild, moderate and severe) and in
control rats, induced in anesthetized rats (A) and non-anes-
thetized rats (B). The dashed arrows identify periods in which a
signi¯cant di®erence between the two groups A and B was
found (*) p < 0:05.
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As seen in the control group, NADH decreased
with time by 13% in the anesthetized rats as well as
in the non-anesthetized rats. Following mild TBI in
the non-anesthetized rats NADH increased by 10%
and remained so until the end of the experiment,
while in the anesthetized rats NADH increased by
15% following with a decrease back to basal levels.
At the moderate TBI group, there were no di®er-
ences in NADH level between non-anesthetized and
anesthetized rats. In the severe TBI model, anesthe-
sia kept NADH stable while in the non-anesthetized
rats NADH increased and decreased and the varia-
bility in the group was very high. This fact may be
one of the reasons for lack of signi¯cant di®erence
between the two treatments. As for the re°ectance at
366 nm (Fig. 4), under control an increase of 15%
was monitored in both experimental groups. When
mild TBI was induced the re°ectance signi¯cantly
decreased in the non-anesthetized rats (p < 0:05) and
remained low through the entire monitoring period.
In the anesthetized rats a decrease of 30% in the
re°ectance was seen followed by an increase to the
level of 90%.When these two groups were compared,

a signi¯cant di®erence between them was seen
(p < 0:05). However following severe TBI, both
groups showed a signi¯cant initial decrease of 75%�
87% in non-anesthetized and anesthetized rats,
respectively; thereafter, the re°ectance in the
anesthetized rats remained low while in the non-
anesthetized rats, re°ectance was unstable with
periods of increase and decrease. These changes lead
to no signi¯cant di®erences between the two treat-
ments at this level of TBI. While extracellular Kþ
level remained stable at the control groups, following
TBI reversible ischemic depolarization was seen, at
all three levels of TBI (p < 0:05), namely Kþ level
increased signi¯cantly followed by full recovery.
However, in the non-anesthetized rats the pick value
of extracellular Kþ was signi¯cantly higher than the
increase seen at the anesthetized rats in the mild and
moderate groups (p < 0:05). The increase in extra-
cellular level of Kþ was associated with a negative
DC shift in all experiments, although under anes-
thesia this decrease in DC-potential was smaller
than the one seen in the non-anesthetized rats at
themild andmoderate groups (p < 0:05 to p < 0:01).

Fig. 5. The changes (mean� S:E:) in the extracellular levels of Kþ and Hþ (pH) and the changes in DC-potential of Kþ, following
three levels of TBI (mild, moderate and severe) and in control rats, induced in anesthetized rats (A) and non-anesthetized rats (B).
The dashed arrows identify periods in which a signi¯cant di®erence between the two groups A and B was found (*) p < 0:05.
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Following severe injury DC potential was similar in
non-anesthetized and anesthetized rats. The changes
in extracellular pH level showed a signi¯cant decrease
in the control anesthetized rats two hours post injury.
In non-anesthetized mild TBI rats pH decreased to a
greater extent than in the anesthetized mild TBI rats
(p < 0:05 to p < 0:01). Following moderate injury,
pH level was changed at the sameway in both groups,
only the peak of increase in pH was higher under
anesthesia versus awakens (p < 0:05). At the severe
group pH decreased in the anesthetized rats whereas
in the non-anesthetized rats approximately 90min
post injury pH returned to its basal level. There were
no di®erences between the non-anesthetized rats and
anesthetized rats at this level of injury.

5. Discussion

In the present study we used the MPA device for
real-time monitoring of the cerebral cortex following
three levels of °uid percussion brain injury in
anesthetized and non-anesthetized rats. The ¯rst
part of this discussion will relate to our unique
monitoring approach and the three levels of injury
induced, whereas, the second part will discuss the
involvement of anesthesia in this model.

5.1. Tissue viability evaluated by the
MPA following various levels of

TBI

The MPA probe was placed contralaterally to
the injury site following four levels of TBI. It is
important to clarify that although the level of injury
induced in our severe group is sometimes related to
as moderate injury in other studies,31�34 our results
clearly demonstrated signi¯cant di®erences between
this group and the moderate group, therefore we
decided to classify the four levels of injury as mild,
moderate, severe and extra-severe. The di®erences
that were detected in the hemodynamic, metabolic,
ionic and electrical aspects indicated that the severe
level of injury is stronger than the one induced in
the moderate group and results with di®erent con-
ditions in the cerebral cortex that are not a®ected
from anesthesia.

As for the location of the monitoring device, the
MPA was placed contralaterally to the impact
hemisphere, based on our preliminary results, which
were recently published. This study showed that

monitoring of the cerebral cortex using the MPA
under moderate or severe head injury is practically
feasible only in the contralateral hemisphere.35 As
indicated, the contralateral site of monitoring has
the advantage of being very close to the injury site
and hence clearly demonstrate the hemodynamic
and metabolic changes following the injury. These
changes include a decrease in CBF,32,36 increase
of NADH redox state level, disruption of ionic
homeostasis and decrease of DC potential. However,
this location is less a®ected from the direct injury
that induces cell rupture, hemorrhage insults and
edema,37 which are changes that deeply a®ect the
absorption character of the tissue, disabling the use
of optical monitoring technique such as the °uoro-
metry. The location that is close to the impact site
yet is not the exact impact site can be addressed to
as the \penumbra of the impact site," as also widely
used in the model of focal brain ischemia, which is
another model for brain injury,38 or at the model of
brain retraction which is also involved with focal
ischemia and include the ischemic core, at the
retractor position and the ischemic penumbra at the
circumference of this position.39 In both these
models for brain injury, the evaluation of the cer-
ebral damage is mostly performed in the penumbra
zone, especially when a therapeutic perspective is
being tested.

The extent of physiological changes monitored
by the MPA in the cerebral tissue of both anes-
thetized and non-anesthetized rats was correlated
with the mortality rate of rats. These results con-
¯rm previous studies28,40,41 that also showed a
decrease in survival rate as injury was more severe.
The high mortality rate following severe and extra-
severe TBI probably resulted from the fact that in
such cases the impact is so strong, also reaching the
brain stem, which is responsible for the respiratory
and cardiovascular functions, as was previously
indicated.42 In rats that survived the TBI, the
increase in ICP following TBI as well as the level of
CBF decrease were proportional to the level of TBI
applied, as previously presented in other studies as
well.18,36,40,41

Since the skull is close and not °exible, following
TBI, ICP increases gradually due to the develop-
ment of hemorrhage insults and edema.18,43 Our
results showed also such an increase in the severe
non-anesthetized TBI group. In addition, CBF
remained low and extracellular Kþ level increased,
ECoG was depressed and in many cases ischemic
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depolarization was developed as previously reported
in another study.40 Whereas, in the mild non-
anesthetized TBI group, ICP increased with time;
however, this increase was associated with an
increase in CBF, and a decrease of the re°ectance
(implying for increased cerebral blood volume —

CBV). In this case the increase of ICP, previously
reported,44 evokes due to an increase in the meta-
bolic demands of the injured tissue. When auto-
regulation mechanisms are intact and activated,
vasoconstriction of small arteries will occur and
CBV and ICP will decrease45,46 whereas, when
autoregulation is damaged there will be no
improvement in the cerebral functional state.

Although CBF reached very low levels in the
moderate and severe injuries of non-anesthetized
rats, the extracellular levels of Kþ and the DC po-
tential were fully recovered (reversible ischemic
depolarization). This indicates that there is still
enough energy in the tissue for ionic homeostasis
even though CBF is low. Whereas in the extra-
severe group irreversible ischemic depolarization
was seen namely, the extracellular level of Kþ
increased and remained high until the rat died.
These results point out for the importance of
monitoring the extracellular level of Kþ which gives
indication for the energetic state of the tissue (since
the activity of the Naþ=KþATPase's which are
responsible for the maintenance of ionic homeosta-
sis, is directly dependent on ATP level), minimizing
the risk for misinterpretation of tissue state using
laser Doppler °owmetry alone.

Following TBI oxygen supply to the brain is
often insu±cient, leading to a decrease in energy
production.47 Previous studies showed that the
mitochondria, which are the main generator
for ATP, are damaged during TBI due to lack
of oxygen, resulting with mitochondrial dys-
function.21,47�49 In our study, there was a problem
in the evaluation of mitochondrial function via the
analysis of NADH level. The main reason rises from
the character of the injury which induces hemor-
rhage and edematous insults in the cerebral tissue
and leakage of ions from the intracellular space to
the extracellular space yielding signi¯cant changes
in the optical character of the tissue. Our vast
experience in real-time monitoring of the mito-
chondrial NADH using the °uorometric technique
showed that the accumulation of blood beneath the
monitoring probe increases tissue absorption, thus
re°ectance decreases, as observed in the current

study too. Edema induces an increase in tissue
re°ectance and so does the leakage of ions and water
movement between the intracellular and extra-
cellular spaces. The overall e®ects of all of these
changes yields unstable levels of tissue re°ectance
and also a®ect tissue °uorescence, thus inducing
artifacts in the monitoring of mitochondrial NADH
level. In addition, it could be that the impact
induced a slight movement of the monitoring probe
on the surface of the cerebral cortex in such a
manner that the contact between the MPA and the
tissue was a®ected. Since the °uorometric technique
demands good contact with the monitored tissue
such a movement automatically induce artifacts in
the monitoring of the °uorometric parameters,
namely the re°ectance, °uorescence and thus
corrected NADH.50

5.2. The involvement of Equithesin in
the °uid percussion injury model

Analgesia and sedation are an essential part of the
therapy in patients with severe head injury.16,19,51

Pentobarbital is a barbiturate that is commonly
used as an adjunct therapy in patients su®ering
from intracranial hypertension after severe TBI.13 It
is also used in experimental studies where it was
found to reduce infract size after cerebral ische-
mia,52,53 reduce CBF54 as well as stabilize its level.55

However, in the present study, pentobarbital alone
was not used since this anesthetic is known to
deeply a®ect cerebral metabolism56,57 and depress
cardiac and respiratory functions.58 These e®ects
would have forced the usage of arti¯cial ventilation,
complicating the experimental protocol, which was
already very complicated due to its real-time, long-
lasting monitoring format. Instead we used Equi-
thesin, which is a mixture of pentobarbital with
other anesthetics, which enables the use of lower
doses of pentobarbital hence decreases the risk for
complications rising from high doses of pento-
barbital. As for the e®ects of chloral hydrate, which
is also an anesthetic, here we had no problem of
negative e®ects of high doses since the toxicokinetic
model of chloral hydrate in rats is involved with oral
administration of 1�12 doses of 50�200mg/kg body
weight whereas, in our model the dosage of chloral
hydrate that the rats were injected to (within the
Equithesine mixture) was approximately 1.4mg/kg,
which is a very low dosage.59
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In the present study, the protective e®ect of
anesthesia on the parameters monitored by the
MPA was seen only at the mild and moderate TBI
groups where the impact caused a smaller increase
in ICP of the anesthetized rats as opposed to the
increase in ICP at the non-anesthetized rats.
Moreover, in the anesthetized rats, ICP remained
signi¯cantly low for the entire experimental period
while CBF remained signi¯cantly high as compared
to the non-anesthetized rats. However in the severe
group anesthesia did not improve CBF. As for the
extracellular level of Kþ, a trend of higher levels of
Kþ is seen in the non-anesthetized rats (during the
¯rst 15min post TBI). Although this level was not
signi¯cantly di®erent from the level monitored in
the anesthetized rats, one must take under account
that in the severe group the results presented are
the mean levels of only three rats that survived the
injury, thus the standard errors are huge, minimiz-
ing the di®erence between the two groups. To
summarize, anesthesia clearly improved ICP level
which decreased immediately after the impact and
stayed relatively low as compared to the non-anes-
thetized rats and tended to decrease the peak levels
of extracellular Kþ. In this view it seems that by
monitoring these two parameters good indication
for the tissue state can be achieved and that the
monitoring of only CBF by laser Doppler °owmetry
is not enough, as previously indicated. Moreover, if
the injury is extremely severe, yielding irreversible
ischemic depolarization, as seen in the extra-severe
TBI, anesthesia will have no protective e®ect even
though ICP may recover. Whereas, if TBI induces
reversible ischemic depolarization, which is charac-
terized by full recovery of extracellular level of Kþ
and DC-potential, than anesthesia can improve the
¯nal outcome, namely the survival rate.

A similar approach was also suggested in a new
clinical study in which TBI patient were infused
with pentobarbital. Their results showed an
increase in tissue oxygen concentration, following
pentobarbital infusion only in patients with mod-
erate levels of ICP and who do not su®er from
very low levels of CPP, whereas in patients with
more compromised brain physiology, pentobarbital
induced negative e®ect on brain tissue oxygen.60

In conclusion, our results demonstrate the
importance of monitoring not only CBF and ICP
but also extracellular Kþ level and DC-potential
for better evaluation of the cerebral function fol-
lowing TBI.

As for the protective e®ects of anesthesia on the
cerebral hemodynamic and metabolic parameters,
following TBI, our study showed that this e®ect
exists only under mild and moderate TBI, whereas
the e®ects of anesthesia on the ¯nal outcome seem
to depend on the reversibility of the ischemic
depolarization in the tissue, in such a manner that if
ischemic depolarization is irreversible, anesthesia
will not help and the rat will probably die.
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