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Dexmedetomidine-induced cerebral hypoperfusion exacerbates 
ischemic brain injury in rats
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Conclusion. Hypertension following the administration of 
high-dose dexmedetomidine is associated with cerebral hypo-
perfusion and the exacerbation of ischemic brain injury, pos-
sibly through alpha-2-induced cerebral vasoconstriction.
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Introduction

Dexmedetomidine, a specifi c but subtype-nonselective 
alpha-2 adrenoceptor agonist, has become widely used 
in the operating room and intensive care unit for anes-
thetic and sedative purposes. The majority of previous 
reports regarding the use of dexmedetomidine for 
sedation in pediatric patients limited the dose to 0.5–
1 μg·kg−1·h−1 [1–4]. However, dose escalation may be 
needed when long-term infusions result in tolerance or 
when routine doses fail to achieve sedation [1,2].

Dexmedetomidine activates all three subtypes of 
alpha-2 adrenoceptors, i.e., alpha-2A, alpha-2B, and 
alpha-2C [5]. Among these receptors, the activation of 
alpha-2A receptors by dexmedetomidine exerts a neu-
roprotective effect [6–9]. In contrast, the activation of 
alpha-2B receptors by high concentrations of dexme-
detomidine has been reported both to constrict cerebral 
vessels, thus decreasing cerebral blood fl ow (CBF) 
[10–12], and to constrict systemic vessels, resulting in 
increased systemic blood pressure [13]. However, the 
relationship between the vasoconstriction induced by 
high doses of dexmedetomidine and ischemic brain 
damage remains unclear. Therefore, in this study we 
examined the hypothesis that dexmedetomidine-
induced cerebral vasoconstriction exacerbates ischemic 
brain injury following middle cerebral artery occlusion 
(MCAO) in a rat model. We also assessed the changes 
in cerebral blood fl ow, cerebral vascular  resistance, and 
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Purpose. Dexmedetomidine has been used for purposes of 
anesthesia and sedation, and experimental studies have dem-
onstrated its neuroprotective effects. However, it has also 
been shown that the constriction of cerebral vessels in response 
to high doses of dexmedetomidine decreases cerebral blood 
fl ow. We tested the hypothesis that dexmedetomidine-induced 
cerebral hypoperfusion exacerbates ischemic cerebral injury.
Methods. The effects of dexmedetomidine on cerebral blood 
fl ow and mean arterial blood pressure were studied fi rst. Six 
rats received intravenous infusions of dexmedetomidine in 
doses ranging from 0.01 to 10 μg·kg−1·min−1. At the end of this 
phase of treatment, the alpha-2 adrenergic antagonist yohim-
bine was administered (3 mg·kg−1 ip). Cerebral blood fl ow and 
mean arterial blood pressure were recorded continuously. A 
second series of experiments was then performed using a rat 
model of transient middle cerebral artery occlusion. Forty-two 
rats received 1 μg·kg−1·min−1 or 10 μg·kg−1·min−1 dexmedeto-
midine with or without pretreatment with either of the 
alpha-2 adrenergic antagonists yohimbine or rauwolscine. 
Five days after middle cerebral artery occlusion and reperfu-
sion, the rat brains were removed and the infarct volumes 
were measured.
Results. In the fi rst protocol, increasing the dose of dexme-
detomidine signifi cantly decreased cerebral blood fl ow. Mean 
arterial blood pressure decreased to 79.9% relative to base-
line with a dose of 0.01 μg·kg−1·min−1 dexmedetomidine, and 
increased to 119.9% relative to baseline with a dose of 
10 μg·kg−1·min−1 dexmedetomidine. In the second protocol, 
the infarct volume in the control group was 9.5% of the total 
brain volume; the infarct volume increased to 11.3% in rats 
treated with 1 μg·kg−1·min−1 dexmedetomidine and the volume 
increased to 24.5% in rats treated with 10 μg·kg−1·min−1 
dexmedetomidine. Pretreatment with an alpha-2 adrenergic 
antagonist, either yohimbine or rauwolscine, reduced the 
size of these high-dose dexmedetomidine-induced infarct 
volumes.
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systemic blood pressure with various doses of 
dexmedetomidine.

Materials and methods

General preparations

Forty-eight male Sprague-Dawley rats (weighing 350–
400 g) were used; the approval of the Institutional 
Animal Care and Use Committee (IACUC) was given 
for the study. After intraperitoneal (ip) injection of pen-
tobarbital sodium (50 mg·kg−1), a tracheal tube was 
inserted and the rats were mechanically ventilated with 
air. End-tidal CO2 was continuously measured and kept 
within the normal range (35–40 mmHg) throughout the 
experiment. Brain temperature was measured with a 
22-gauge stainless steel needle thermometer placed in 
the left temporal muscle, and normothermia was main-
tained by using an overhead heating lamp and a heating 
pad throughout the experiment. Dexmedetomidine is 
known to affect thermogenesis through several distinct 
mechanisms [14]. We therefore warmed the rats’ heads 
as well as their bodies continuously in order to maintain 
normothermia. Catheters were inserted into the femoral 
artery for monitoring blood pressure and into the 
femoral vein for administering drugs. Pancuronium 
was administered in a continuous infusion (0.01 mg·
kg−1·min−1) for paralysis. Pentobarbital sodium was 
administered as appropriate in order to maintain an 
adequate level of anesthesia. Blood glucose values 
ranged from 123 to 174 mg·dl−1 (with no signifi cant dif-
ferences between groups).

Cerebral blood fl ow (CBF) on the side ipsilateral to 
the occlusion in the parietal cortex was monitored using 
a laser-Doppler probe (Omegawave; Tokyo, Japan) 
placed 6 mm lateral and 2 mm posterior to the bregma.

Dexmedetomidine and CBF

After general preparations, six rats received intrave-
nous infusions of dexmedetomidine. The doses of 
dexmedetomidine were gradually increased from 
0.01 μg·kg−1·min−1 to 10 μg·kg−1·min−1. Each concentra-
tion of dexmedetomidine was kept at a constant infu-
sion rate over 45 min. Following dexmedetomidine 
administration, the rats received 3 mg·kg−1·(ip injection) 
of the alpha-2 adrenergic antagonist, yohimbine or the 
alpha-2 adrenergic antagonist rauwolscine. The dose of 
yohimbine was based on previous observations [15–17]. 
Based on the structural similarity of yohimbine and 
rauwolscine, the same dose of rauwolscine was applied. 
During dexmedetomidine administration, CBF and 
mean arterial blood pressure (MABP) were monitored 

continuously in order to calculate cerebral vascular 
resistance.

Dexmedetomidine and the volume of 
cerebral infarction

After the general preparations, the 42 rats were assigned 
to one of six treatment groups. Group 1 (n = 7) received 
intravenous infusion of saline vehicle as a control 
(control). Group 2 (n = 7) received intravenous infusion 
of 10 μg·kg−1·min−1 dexmedetomidine (Dex10). Group 3 
(n = 7) received intravenous infusion of 1 μg·kg−1·min−1 
dexmedetomidine (Dex1). Group 4 (n = 7) received 
intravenous infusion of 10 μg·kg−1·min−1 dexmedetomi-
dine and 3 mg·kg−1 yohimbine (ip injection 45 min before 
occlusion; Dex10 + Y). Group 5 (n = 7) received intrave-
nous infusion of 10 μg·kg−1·min−1 dexmedetomidine and 
3 mg·kg−1 of the alpha-2 adrenergic antagonist rauwols-
cine (ip injection 45 min before occlusion; Dex10 + R). 
Group 6 (n = 7) received intravenous infusion of 1 μg·
kg−1·min−1 dexmedetomidine and 3 mg·kg−1 yohimbine 
(Dex1 + Y). We administered yohimbine or rauwolscine 
30 min before dexmedetomidine, and MCAO was initi-
ated 15 min after dexmedetomidine administration.

We induced transient focal cerebral ischemia by 
MCAO, using an intraluminal technique as previously 
described [18]. Vascular occlusion was maintained for 
1 h. The occluding fi lament was then withdrawn and the 
brain was reperfused. CBF and MABP were monitored 
continuously from the beginning of the infusion until 
20 min after reperfusion. Dexmedetomidine was dis-
continued at 20 min after reperfusion. Several hours 
after each experiment, the tracheal catheter was 
removed and the rats were fed for 5 days. We continued 
to feed the rats for 5 days because of the clinical impor-
tance of cerebral edema, a delayed neurological effect 
that occurs secondary to altered apoptosis several days 
after focal ischemia [19].

Five days after reperfusion, the brains were collected, 
immediately sectioned (seven 2-mm-thick coronal sec-
tions per brain), and stained with 2, 3, 5-triphenyltetra-
zolium chloride (TTC). This method is commonly used 
and is highly reproducible for determining infarct 
volume in the brain [20–23]. Hemotoxylin-and-eosin (H 
& E) staining was also performed to confi rm the infarc-
tion. We analyzed the infarct area of all slices and evalu-
ated the infarct volume as a percentage of the total 
brain volume (Scion image; Frederick, MD, USA).

Statistical analysis

All data are expressed as means ± SEM. Treatment 
groups were compared by repeated or nonrepeated 
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analysis of variance (ANOVA) and post-hoc with the 
Student-Newman-Keuls test for multiple comparisons. 
Differences were considered statistically signifi cant with 
P < 0.05.

Results

In the fi rst protocol, at a dose of 0.01 μg·kg−1·min−1 dex-
medetomidine, MABP decreased to 79.9% in compari-
son with baseline values. With increasing doses of 
dexmedetomidine, the MABP increased, increasing to 
119.9% relative to baseline at 10 μg·kg−1·min−1 dexme-
detomidine. At doses of 0.01 μg·kg−1·min−1, 0.1 μg·
kg−1·min−1, and 1 μg·kg−1·min−1 of dexmedetomidine, 
CBF was signifi cantly decreased (to 66%, 76%, and 
74% of baseline, respectively). At a dose of 10 μg·
kg−1·min−1 dexmedetomidine, CBF decreased rapidly 
and cerebral vascular resistance increased dramatically, 
to 268% of baseline (Fig. 1). With the administration of 
yohimbine, cerebral vascular resistance was restored 
to 121% of baseline. Based on these fi ndings, we chose 
two doses of dexmedetomidine, 1 μg·kg−1·min−1 and 
10 μg·kg−1·min−1, for the second series of experiments.

Figure 2 shows the changes in CBF during MCAO 
and reperfusion. In the Dex1 group, CBF decreased to 
52% of baseline (range, 48%–55%) during occlusion. 
After reperfusion, CBF increased to 125% of baseline. 
In the Dex10 group, CBF decreased to 49% of baseline 
(range, 44%–53%), but after reperfusion the trend was 
not the same as in the other groups; CBF remained at 
approximately 50% of baseline, signifi cantly lower than 
that in the other groups. In the Dex1 + Y group, CBF 
decreased to 55% of baseline (range, 52%–57%) during 
occlusion and increased to 101% of baseline after reper-
fusion. In rats with an infusion of 10 μg·kg−1·min−1 dex-
medetomidine plus yohimbine (Dex10 + Y), CBF 
decreased to 50% of baseline (range, 46%–60%) during 
occlusion and increased to 103% of baseline after reper-
fusion. In rats with an infusion of 10 μg·kg−1·min−1 dex-
medetomidine plus rauwolscine (Dex10 + R), CBF 
decreased to 50% of baseline (range, 45%–54%) during 
occlusion and increased to 135% of baseline after 
reperfusion.

With regard to the MABP data for each of the groups 
that received dexmedetomidine, the rats in the Dex10 
group exhibited a signifi cant increase in MABP as com-
pared to the control group. On the other hand, the 
group that received yohimbine displayed a signifi cant 
decrease in MABP in the fi rst several minutes (Fig. 3).

Figure 4A,B shows photographs representative of 
TTC-stained coronal slices. In comparison to the vehicle 
controls (Fig. 4A), the infarct volume was larger in the 
Dex10 group (Fig. 4B). Cerebral infarction was con-
fi rmed in all rats that received 10 μg·kg−1·min−1 or 

1 μg·kg−1·min−1 of dexmedetomidine following TTC 
staining, but clear infarctions following TTC were not 
seen in six of the seven rats in the Dex1 + Y group. In 
the Dex10 + Y group, clear infarctions were not seen in 
two of the seven rats. Additionally, in the Dex10 + R 
group, infarctions were not seen in four of the seven 
rats. In these rats that did not have clear infarctions, we 
defi ned the infarct areas under a microscope with H & 
E staining. One rat in the Dex10 group died from a 
subarachnoid hemorrhage.

Figure 5 shows a comparison of the infarct volumes 
in the different groups. The infarct volume in the vehicle 

Fig. 1. Cerebral vascular resistance in rats that received dex-
medetomidine in doses ranging from 0.01 μg·kg−1·min−1 to 
10 μg·kg−1·min−1 (DEX 0.01, DEX 0.1, DEX 1, DEX 10). With 
the administration of 10 μg·kg−1·min−1 dexmedetomidine, cere-
bral vascular resistance increased to 268% of baseline. Data 
are presented as means ± SEM. *P < 0.05 vs baseline value. 
MABP, mean arterial blood pressure; CBF, cerebral blood 
fl ow; %CVR, cerebral vascular resistance. DEX 10 + Y, dex-
medetomidine 10 μg·kg−1·min−1 plus yohimbine 3 mg·kg−1
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Fig. 2. Cerebral blood fl ow following 
middle cerebral artery occlusion (MCAO). 
During focal cerebral ischemia, CBF 
decreased to a similar degree (reaching 
approximately 50% of baseline) in each 
group. After reperfusion, CBF showed 
hyperemia in all groups except for the 
DEX10 group. In the DEX10 group, 
CBF did not recover. Data are 
presented as means ± SEM. *P < 0.05 
vs Vehicle-treated group. DEX 10 + R, 
Dexmedetomidine 10 μg·kg−1·min−1 plus 
rauwolscine 3 mg·kg−1; DEX 1 + Y, dex-
medetomidine 1 μg·kg−1·min−1 plus yohim-
bine 3 mg·kg−1

Fig. 3. Mean arterial blood pressure 
(MABP) following middle cerebral artery 
occlusion. During focal cerebral ischemia, 
MABP increased in the DEX10 group for 
the fi rst 50 min after occlusion. In the 
DEX1 + Y group, MABP decreased for 
the fi rst 30 min after occlusion. Data are 
presented as means ± SEM. *P < 0.05 vs 
Vehicle-treated group

control group was 9.5% of the total brain volume; this 
infarct volume increased to 11.3% in the Dex1 group 
and 24.5% in the Dex10 group (P < 0.05 vs vehicle 
control). In DEX1 + Y rats, the infarct volume was 
0.5% (P < 0.05 vs Dex1). In Dex10 + Y rats, the infarct 
volume was 8.0% (P < 0.05 vs Dex10). The infarct 
volume in both groups that underwent pretreatment 
with an alpha-2 receptor antagonist was signifi cantly 
smaller than that in the rats treated with dexmedetomi-
dine alone. In Dex10 + R rats, the infarct volume was 
1.9%, signifi cantly smaller than the infarct volume in 
the Dex10 rats (P < 0.05).

There was no signifi cant difference between groups 
with regard to the background data, or brain and body 
temperature. In addition, there was no difference 

between the groups of rats with regard to the dose of 
pentobarbital used as basal anesthesia (5 mg·kg−1·h−1).

Discussion

Dexmedetomidine continues to gain popularity as a 
sedative agent; it is also used in patients with traumatic 
brain injury because of its benefi cial effects on intracra-
nial pressure (ICP) and CBF [24–27]. Dexmedetomi-
dine has the potential to decrease blood pressure (BP) 
in a dose-dependent manner due to its alpha-2 agonist 
activity on the sympathetic ganglia and the resulting 
sympatholytic effects [10,28]. Recently, however, there 
have been reported incidents of hypertension following 
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Fig. 4A,B. Photographs of infarct areas 
on 2, 3, 5-triphenyltetrazolium chloride 
(TTC)-stained brain slices. The effect of 
dexmedetomidine on infarct volume was 
measured 5 days after reperfusion follow-
ing MCAO. Representative photomicro-
graphs of TTC-stained coronal slices are 
shown for the vehicle control group (A) 
and the DEX10 group (B). Infarct size 
was signifi cantly increased in the DEX10 
group

treatment with high doses of dexmedetomidine during 
sedation [29,30]. Mason et al. [30] used a loading dose 
of 2 μg·kg−1 over 10 min followed by an infusion of 
1 μg·kg−1·h−1; 30 of 250 patients (12%) had a BP above 
the normal range during loading, and 17 of the 250 
patients (6.8%) had a BP above the normal range during 
the infusion. These authors did caution against the use 
of this agent in patients who may not tolerate these 

fl uctuations [30]. In this line of thought, our study is 
important because it examines the effects of relatively 
high doses of dexmedetomidine on increasing BP and 
decreasing CBF.

In the present study, the systemic BP decreased to 
79.9% of baseline with a dose of 0.01 μg·kg−1·min−1 dex-
medetomidine. With increasing doses of dexmedetomi-
dine, the MABP increased, increasing to 119.9% relative 
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to baseline at 10 μg·kg−1·min−1 dexmedetomidine. This 
increase in BP with a high dose of dexmedetomidine is 
the opposite of the sympatholytic effect observed at 
lower doses. The hypertensive effects of high doses of 
dexmedetomidine have been reported previously in 
wild-type mice as well as in alpha-2A and -2C adreno-
ceptor knockout mice. In these same reports, this 
high-dose dexmedetomidine-induced hypertension was 
blunted in alpha-2B adrenoceptor knockout mice 
[13,31]; based on these studies, we suggest that the dex-
medetomidine-induced hypertension seen in our study 
was mediated by alpha-2B adrenoceptors. The dose-
related affi nity of dexmedetomidine (high dose, alpha-
2B; low dose, alpha-2A) for the alpha-2 adrenoceptor 
subtypes remains uncertain. However, Erkonen et al. 
[29] and Mason et al. [30] recently reported that dex-
medetomidine tended to increase BP, particularly in 
children,. Furthermore, Kurnik et al. [32] reported sub-
stantial individual variability in the response to dexme-
detomidine. These variations may be due to differences 
in the expression and/or sensitivity of the alpha-2B 
receptor subtype.

In our study, CBF decreased signifi cantly at doses of 
0.01 μg·kg−1·min−1, 0.1 μg·kg−1·min−1, and 1 μg·kg−1·min−1 
of dexmedetomidine, possibly due to the sympatholytic 
effect of alpha-2A adrenoceptor stimulation caused 
by the concomitant decrease in MABP. At the 10 μg·
kg−1·min−1 dose of dexmedetomidine, CBF rapidly 
decreased with increasing MABP, and cerebral vascular 
resistance thus signifi cantly increased. One explanation 
for this fi nding is that stimulation of alpha-2B adreno-

ceptors by high doses of dexmedetomidine overcomes 
the effect of dexmedetomidine on alpha-2A adrenocep-
tors and interferes with CBF autoregulation, resulting 
in the constriction of cerebral vessels.

In previous studies, low doses of dexmedetomidine 
(0.05 μg·kg−1·min−1) have exhibited neuroprotective 
effects, preventing focal cerebral ischemia [8]. These 
neuroprotective effects have also been shown to be 
completely abolished in alpha-2A knockout mice, indi-
cating that the effects are mediated by the alpha-2A 
adrenoceptor subtype [9,13]. Stimulation of alpha-2A 
adrenoceptors has been shown to decrease plasma cat-
echolamine levels and cause vasodilation, the combina-
tion of which may lead to neuroprotection [33].

In the present study, high doses of dexmedetomidine 
increased infarct volumes, and this effect was decreased 
by pretreatment with yohimbine or rauwolscine. 
Because it has been previously reported that yohimbine 
itself does not affect neurological outcomes after fore-
brain ischemia and reperfusion [34], these fi ndings 
suggest that the observed anti-neuroprotective effects 
of the higher doses of dexmedetomidine are mediated 
by alpha-2 adrenoceptors, possibly via alpha-2B adre-
noceptor-induced cerebral vasoconstriction.

Halonen et al. [35] and Kuhmonen et al. [36] also 
reported the dose-related neuroprotective characteris-
tics of dexmedetomidine in experimental models. Based 
on our work, in combination with these studies, it is 
possible that alpha-2A and alpha-2B adrenoceptors 
exhibit opposite functions with regard to their neuro-
protective properties.

Our study did have some limitations. First, there may 
have been an interaction between pentobarbital (the 
basal anesthesia) and dexmedetomidine. Second, the 
high doses of dexmedetomidine studied here exceed 
those doses recommended for clinical use. Third, recep-
tor expression varies signifi cantly between species. 
Recently, Drummond et al. [37] showed that the CBF/
cerebral metabolic ratio (CMR) was maintained con-
stant in normal humans during infusion of dexmedeto-
midine. Thus, the effects observed in our study may not 
exist in humans or may be less pronounced. Due to a 
lack of data regarding the vascular effects of dexme-
detomidine in patients with neurovascular disease, 
further study will be needed. Lastly, the effects of dex-
medetomidine, yohimbine, and rauwolscine on each 
alpha-2 adrenoceptor subtype, which may have had a 
substantial impact on our results, are still unclear. 
Further studies using knockout mice for each alpha-2 
adrenoceptor subtype are needed.

In conclusion, hypertension following the administra-
tion of high-dose dexmedetomidine is associated with 
cerebral hypoperfusion and the exacerbation of isch-
emic brain injury, possibly through alpha-2-induced 
cerebral vasoconstriction.

Fig. 5. Infarct volumes. The infarct volume in the vehicle 
control group was 9.5% of the total brain volume; the infarct 
volume was 11.3% in the DEX1 group, and 24.5% in the 
DEX10 group. In the DEX1 + Y group, the infarct volume 
had decreased to 0.5% and in the DEX10 + Y group, infarct 
volume had decreased to 8.0% compared to the group without 
yohimbine. In the DEX10 + R group, the infarct volume was 
1.9% (P < 0.05 vs DEX10). Data are presented as means ± 
SEM. *P < 0.05 compared to the DEX1 group; **P < 0.05 
compared to the DEX10 group; #P < 0.05 compared to the 
control group



384 T. Nakano and H. Okamoto: Dexmedetomidine exacerbates ischemic damage

References

 1. Tobias JD. Dexmedetomidine to treat opioid withdrawal in 
infants following prolonged sedation in the pediatric ICU. J 
Opioid Manag. 2006;2:201–5.

 2. Hammer GB, Philip BM, Schroeder AR, Rosen FS, Koltai PJ. 
Prolonged infusion of dexmedetomidine for sedation following 
tracheal resection. Paediatr Anaesth. 2005;15:616–20.

 3. Chrysostomou C, Zeballos T. Use of dexmedetomidine in a pedi-
atric heart transplant patient. Pediatr Cardiol. 2005;26:651–4.

 4. Chrysostomou C, Di Filippo S, Manrique AM, et al. Use of dex-
medetomidine in children after cardiac and thoracic surgery. 
Pediatr Crit Care Med. 2006;7:126–31.

 5. Civantors Calazda B, Aleixandre de Artinano A. Alpha adreno-
ceptor subtypes. Pharmacol Res. 2001;44:195–208.

 6. Hoffman WE, Kochs E, Werner C, Thomas C, Albrecht RF: 
Dexmedetomidine improves neurologic outcome from incom-
plete ischemia in the rat. Anesthesiology. 1991;75:328–32.

 7. Ma D, Hossain M, Rajakumaraswamy N, Arshad M, Sanders RD, 
Franks NP, Maze M. Dexmedetomidine produces its neuropro-
tective effect via the alpha 2A-adrenoceptor subtype. Eur J Phar-
macol. 2004;502:87–97.

 8. Jolkkonen J, Puurunen K, Koistinaho J, Kauppinen R, 
Haapalinna A, Nieminen L, Sivenius J. Neuroprotection by the 
alpha2-adrenoceptor agonist, dexmedetomidine, in rat focal cere-
bral ischemia. Eur J Pharmacol. 1999;372:31–6.

 9. Paris A, Mantz J, Tonner PH, Hein L, Brede M, Gressens P. The 
effects of dexmedetomidine on perinatal excitotoxic brain injury 
are mediated by the alpha2A-adrenoceptor subtype. Anesth 
Analg. 2006;102:456–61.

10. Talke P, Lobo E, Brown R. Systemically administered alpha2-
agonist-induced peripheral vasoconstriction in humans. Anesthe-
siology. 2003;99:65–70.

11. Prielipp RC, Wall MH, Tobin JR, Groban L, Cannon MA, Fahey 
FH, Gage HD, Stump DA, James RL, Bennett J, Butterworth J. 
Dexmedetomidine-induced sedation in volunteers decreases 
regional and global cerebral blood fl ow. Anesth Analg. 2002;
95:1052–9.

12. Ebert TJ, Hall JE, Barney JA, Uhrich TD, Colinco MD. The 
effects of increasing plasma concentrations of dexmedetomidine 
in humans. Anesthesiology. 2000;93:382–94.

13. Link RE, Desai K, Hein L, Stevens ME, Chruscinski A, Bernstein 
D, Barsh GS, Kobilka BK. Cardiovascular regulation in mice 
lacking alpha2-adrenergic receptor subtypes b and c. Science. 
1996;273:803–5.

14. Quan N, Xin L, Ungar AL, Blatteis CM. Preoptic norepineph-
rine-induced hypothermia is mediated by alpha 2-adrenoceptors. 
Am J Physiol. 1992;262 (3 Pt 2):R407–11.

15. Haapalinna A, Leino T, Heinonen E. The alpha 2-adrenoceptor 
antagonist atipamezole potentiates anti-Parkinsonian effects and 
can reduce the adverse cardiovascular effects of dopaminergic 
drugs in rats. Naunyn Schmiedebergs Arch Pharmacol. 
2003;368:342–51. Epub 2003 Oct 18.

16. Viitamaa T, Haapalinna A, Agmo A. The adrenergic alpha2 
receptor and sexual incentive motivation in male rats. Pharmacol 
Biochem Behav. 2006;83:360–9. Epub 2006 Mar 6.

17. Billings FT 4th, Chen SW, Kim M, Park SW, Song JH, Wang S, 
Herman J, D’Agati V, Lee HT. Alpha2-adrenergic agonists 
protect against radiocontrast-induced nephropathy in mice. 
Am J Physiol Renal Physiol. 2008;295:F741–8. Epub 2008 Jun 
25.

18. Rusa R, Alkayed NJ, Crain BJ, Traystman RJ, Kimes AS, 
London ED, Klaus JA, Hurn PD. 17Beta-estradiol reduces stroke 
injury in estrogen-defi cient female animals. Stroke. 1999;30:
1665–70.

19. Engelhard K, Werner C, Eberspächer E, Bachl M, Blobner M, 
Hildt E, Hutzler P, Kochs E. The effect of the alpha 2-agonist 
dexmedetomidine and the N-methyl-D-aspartate antagonist S(+)-
ketamine on the expression of apoptosis-regulating proteins after 

incomplete cerebral ischemia and reperfusion in rats. Anesth 
Analg. 2003;96:524–31.

20. Dettmers C, Hartmann A, Rommel T, Krämer S, Pappata S, 
Young A, Hartmann S, Ziert S, MacKenzie ET, Baron JC. 
Immersion and perfusion staining with 2, 3, 5-triphenyltetrazo-
lium chloride (TTC) compared to mitochondrial enzymes 6 hours 
after MCA-occlusion in primates. Neurol Res. 1994;16:205–8.

21. Hatfi eld RH, Mendelow AD, Perry RH, Alvarez LM, Modha P. 
Triphenyltetrazolium chloride (TTC) as a marker for ischaemic 
changes in rat brain following permanent middle cerebral artery 
occlusion. Neuropathol Appl Neurobiol. 1991;17:61–7.

22. Okuno S, Nakase H, Sakaki T. Comparative study of 2, 3, 5-
triphenyltetrazolium chloride (TTC) and hematoxylin-eosin 
staining for quantifi cation of early brain ischemic injury in cats. 
Neurol Res. 2001;23:657–61.

23. Tureyen K, Vemuganti R, Sailor KA, Dempsey RJ. Infarct 
volume quantifi cation in mouse focal cerebral ischemia: a com-
parison of triphenyltetrazolium chloride and cresyl violet staining 
techniques. J Neurosci Methods. 2004;139:203–7.

24. Zornow MH, Scheller MS, Sheehan PB, Strant MAP, Matsumoto 
M. Intracranial pressure effects of dexmedetomidine in rabbits. 
Anesth Analg. 1992;75:232–7.

25. Karlsson BR, Forsman M, Roald OK, Heier MS, Steen PA. Effect 
of dexmedetomidine, a selective and potent ά2-agonist, on cere-
bral blood fl ow and oxygen consumption during halothane anes-
thesia in dogs. Anesth Analg. 1990;71:125–9.

26. Prielipp RC, Wall MH, Tobin JR, Groban L, Cannon MA, Fahey 
FH, Gage HD, Stump DA, James RL, Bennett J, Butterworth J. 
Dexmedetomidine induced sedation in volunteers decreases 
regional and global cerebral blood fl ow. Anesth Analg. 2002;
95:1052–9.

27. Aryan HE, Box KW, Ibrahim D, Desiraju U, Ames CP. Safety 
and effi cacy of dexmedetomidine in neurosurgical patients. Brain 
Inj. 2006;20:791–8.

28. Talke P, Richardson CA, Scheinin M, Fisher DM. Postoperative 
pharmacokinetics and sympatholytic effects of dexmedetomidine. 
Anesth Analg. 1997;85:1136–42.

29. Erkonen G, Lamb F, Tobias JD. High-dose dexmedetomidine-
induced hypertension in a child with traumatic brain injury. Neu-
rocrit Care. 2008;9:366–9.

30. Mason KP, Zgleszewski SE, Prescilla R, Fontaine PJ, Zurakowski 
D. Hemodynamic effects of dexmedetomidine sedation for CT 
imaging studies. Paediatr Anaesth. 2008;18:393–402. Epub 2008 
Mar 18.

31. MacMillan LB, Hein L, Smith MS, Piascik MT, Limbird LE. 
Central hypotensive effects of the alpha2a-adrenergic receptor 
subtype. Science. 1996;273:801–3.

32. Kurnik D, Muszkat M, Sofowora GG, Friedman EA, Dupont 
WD, Scheinin M, Wood AJ, Stein CM. Ethnic and genetic deter-
minants of cardiovascular response to the selective alpha 2-
adrenoceptor agonist dexmedetomidine. Hypertension. 2008;51:
406–11. Epub 2007 Dec 10.

33. Kanagy NL. Alpha (2)-adrenergic receptor signalling in hyperten-
sion. Clin Sci (Lond). 2005;109:431–7.

34. Zhang Y. Clonidine preconditioning decreases infarct size and 
improves neurological outcome from transient forebrain ischemia 
in the rat. Neuroscience. 2004;125:625–31.

35. Halonen T, Kotti T, Tuunanen J, Toppinen A, Miettinen R, 
Riekkinen PJ. Alpha 2-adrenoceptor agonist, dexmedetomidine, 
protects against kainic acid-induced convulsions and neuronal 
damage. Brain Res. 1995;693:217–24.

36. Kuhmonen J, Pokorný J, Miettinen R, Haapalinna A, Jolkkonen 
J, Riekkinen P Sr, Sivenius J. Neuroprotective effects of dexme-
detomidine in the gerbil hippocampus after transient global isch-
emia. Anesthesiology. 1997;87:371–7.

37. Drummond JC, Dao AV, Roth DM, Cheng CR, Atwater BI, 
Minokadeh A, Pasco LC, Patel PM. Effect of dexmedetomidine 
on cerebral blood fl ow velocity, cerebral metabolic rate, and 
carbon dioxide response in normal humans. Anesthesiology. 
2008;108:225–32.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


