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Fentanyl increases cate- 
cholamine oxidation 
current measured by 
in vivo voltammetry 
in the rat striatum 

A proposed mechanism forfentanyl-iaduced muscular rigidity 
is the effect of opioids on dopaminergic transmission in the 

striatum. The objective of this study was to observe the effect of 
fentanyl on the rat striatal catechol oxidation current (CA.OC) 
which reflects extracellular DOPAC (3~l,dihydroxyphenyl- 
acetic acid) concentration (a major metabolite of dopamine), 
as measured by in vivo voltummetry. Male Sprague-Dawley 
rats, anaesthetized with halothane, were stereotaxically im- 
planted with carbon fibre electrodes in the striatum and after an 
initial stabilization period of an hour were given a control saline 
IV injection followed 30 rain later by fentanyl lO tzg'kg -I IV 
over 10 rain and at 70 rain by the monoamine oxidase inhibitor 

pargyline 70 rag. kg-i IP. Fentanyl produced a significant (P < 
0.05 Anova) increase in CA.OC in all animals. This reached a 

plateau 15 rain following the administration of fentanyl and was 
at a maximum of 148 • 10.2 per cent of control 35 rain after the 
administration of fentanyl. Pargyline produced a rapid decline 
in CA.OC peak height which went from 143 • 11.6 to 39 +- 6.8 
per cent of control over 30 rain. There were no significant 
differences between the pH, PaOz and PaC02 during the saline 
and fentanyl injection periods and there was no significant 
variation of  blood pressure throughout the experiment. This 
stud)' shows that under stable physiological conditions, fentanyl 
produces a significant increase in CA .OC in the rat striatum. 
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Chest wall rigidity following administration of opiates 
such as fentanyl is a problem which may lead to 
ventilatory difficulty. 1-3 The cause of this opiate-induced 
muscle rigidity is not understood and includes hypotheses 
of spinal and supraspinal mechanisms. One proposed 
mechanism of fentanyl-produced muscular rigidity is the 
effect of opioids on dopaminergic transmission in the 
striatum. 4 This region contains the highest density of 
dopamine-containing neuronal terminals in the brain and 
is also the largest catecholamine-containing area in the 
brain with an almost exclusive dopaminergic innerva- 
tion. 5 There have been discrepant reports showing that 
striatal dopamine levels increase, decrease or remain 
constant following opiate administration. 6-~ This dis- 
crepancy may be due to differences between in vitro and 
in vivo experiments, the means of detecting and stimu- 
lating dopamine release, or species. Also, lack of physio- 
logical control in the in vivo experiments may cause 
hypo/hypertension, hypo/hypercapnia and hypoxia which 
may effect brain catecholamine metabolism, t2-~3 The 
objective of this study was to observe the effect of 
fentanyl on the rat striatal catechol oxidation current, 
which reflects dopamine metabolism, 14-t9 as measured 
by in vivo voltammetry during normotension, normocap- 
nia and with a PaO2 > 100 mmHg. 

Methods 
Male rats (Sprague-Dawley OFA strain, 500-600 g) were 
housed two per cage in the laboratory (light 7 AM-7  PM, 
temperature 22 ~ --- 1 ~ C) for at least three days before the 
experiment. Rat chow and tap water were given ad 
libitum. 

Anaesthesia was induced and maintained with halo- 
thane and air/oxygen. A tracheostomy was done and 
the animals mechanically ventilated (Harvard 50-1718, 
rate = 48-min -1, oxygen concentration 40-50  per cent, 
inspired halothane 0.75-1.5 per cent) to maintain an 
end-tidal PCO2 (Engstrom Eliza Duo modified with a 
neonatology kit) at 40 -+ 3 mmHg. Rectal temperature 
was maintained at 38 -+ 0.5 ~ C with a Harvard warming 
blanket. As soon as possible after induction of anaesthe- 
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sin, a colloid (dextran 40,000 MW, in saline, Rheomac- 
rodex) Na bicarbonate (1 M, 1.5 ml per 20 ml of dextran 
preparation) and glucose (30 per cent with 1.0 ml 
per 20 ml of dextran preparation) solution was contin- 
uously (Harvard Electronic syringe 568 816) infused 
(7 ml- kg- 1. hr- ~) by a femoral venous catheter. Arterial 
pressure was continuously measured through a femoral 
arterial catheter with a Gould transducer and a Gould 
transducer amplifier 8800.06 recorder. Skeletal muscle 
relaxation was produced with metocurine 200 txg. kg l, 
vecuronium 50 i.zg- kg-  i, after ensuring an adequate level 
of anaesthesia upon nociceptive stimulation. Only ani- 
mals which had minimal blood loss < 1-2 ml during 
vascular catheterization and surgery were included in 
these experiments. Arterial blood samples (85 t~1) 
were analyzed for pH and blood gas estimation within 
2 min on an ABL 300, acid-base laboratory, Radiometer, 
Copenhagen. 

Rats were placed prone in a stereotaxic frame with the 
incisor bar 10 mm below the interaural line. The skull and 
dura were opened. The cortical surface was carefully 
cleaned with physiological saline. The pia was punctured 
by means of a used carbon fibre electrode. The treated 
carbon fibre electrode 14 was implanted through this hole 
into the striatum at the following coordinates (A - 1 mm, 
L - 2.3 mm and depth from the brain surface 4.3 mm). 
The electrode was composed of carbon fibre insulated by 
a glass micropipette with the active surface being an 
exposed pyrolytic carbon fibre, 8-12/~m in diameter and 
500 ~m in length. Auxilliary and reference electrodes 
were in contact with the skull by means of a semi-liquid 
junction. 

Differential normal pulse voltammetry was performed 
(Biopulse, Tacussel, Villeurbanne) as described ts every 
minute in vitro and in vivo. Carbon fibre electrodes MFC 1 
(Tacussel), were treated in vitro and tested in a test 
solution, PBS, (pH 7.4) ascorbic acid (AA, 200 • 
10 -6 M, Sigma), dihydroxyphenylacetic acid (DOPAC 
20 x 10 -6 M, Sigma). The catechol oxidation current 
(CA.OC) was identified as a peak appearing at +55 mV 
in vivo and in vitro. This technique allowed detection of 
DOPAC within the range of 0-60 gM (physiologic levels 
22 --- 4 IxM, mean - SD). 17 Electrodes in these experi- 
ments allowed stable recording of the CA.OC for periods 
in excess of the duration of the study. 

in preliminary experiments the effect of fentanyl 
(5-100 ~tg. kg- t IV) was studied. Doses > l 0 p~g. kg- ] 
produced significant hypotension and bradycardia and 
thus it was decided to use a dose of 10 ~g '  kg -t  in the 
definitive experiment, to maintain cardiovascular stabil- 
ity. In addition, continuous administration of halothane 
proved superior as an anaesthetic technique to intermittent 
IV boluses of chloralose following induction with chloral 
hydrate regarding maintenance of cardiovascular stabil- 
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FIGURE I Effect of fcntanyl and pargyline on the striatal cam- 
cholamine oxidation current. Results are expressed as percentage 
change from basellne recordings of peak height. Time is expressed 
in rain following saline, fenlanyl and pargyline injection respectively. 
Asterisks represent significant change (P < 0.05). 

ity. Atropine 0.01 mg-kg  -~ was administered IV prior to 
fentanyl to decrease the vagal effect of this drug. This 
dose was found to have no effect on the CA.OC in 
preliminary experiments. In seven rats, following initial 
instrumentation and implantation of the electrode, an 
initial stabilization period was allowed of one hour, until 
the peak CA.OC height varied less than ten per cent. 
Following this the control IV saline injection was admin- 
istered and the CA.OC recorded for 30 min. After this 
period fentany110 p,g' kg-  i was administered over l0  min 
and the CA.OC observed over 30 min. Subsequently the 
monoamine oxidase inhibitor pargyline, 7 0 m g . k g  - t ,  
was injected IP to observe the decay of the CA.OC. 
Following the experiment an electrolytic lesion (direct 
current/+5 volts for 5 sec) was made using the working 
electrode, then the brain was rapidly removed for histo- 
logical processing with cresyl violet staining. 

Results of the CA.OC were expressed as a percentage 
of the mean control value calculated by averaging the five 
absolute values of CA.OC peak height obtained during 
the last l0 min prior to injection. Results were expressed 
as mean -+ standard error. Statistical analysis of the 
CA.OC and blood pressure data was performed using 
repeated measures analysis of variance followed by the 
Newman-Keuls test for significant F-ratio. Arterial blood 
gas data were analyzed using the paired Student's t test. 
Significance was assessed at the P < 0.05 level. 

Results 
Fentanyl produced a significant increase in the CA.OC in 
all animals (Figure 1). This reached a plateau 15 rain after 
the administration of fentanyl and was at a maximum of 
148 -+ 10.2 per cent of control, 35 min after injection. 
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FIGURE 2 A photogr=ph of the right cerebral hernisphcrr obtaincd 

from a histological section. The carbon fibre was dcstroycd in situ 

by application of EXTJ+SV potcmial and dcrnonstralcs a lesion in the 

striatum mound the tip of  the electrode as well as the track of the 

fibre through the brain. 

Administration of pargylinr produced a rapid decline in 
CA.OC peak height which decreased from 143 -+ l 1.6 per 
cent to 39 - 6.8 per cent of baseline over 30 rain with a 
half life of 12.6 rain. There was no significant change in 
systolic blood pressure throughout the experiment al- 
though blood pressure was decreased after pargyline. In 
addition there were no significant differences in pH and 
blood gases during the saline and fentanyl study periods: 
pH - 7.36 + 0.01, POx - 254 -+ 16.0, PCO 2 - 37.7 -+ 0.7 
mmHG (saline), pH - 7.36 +- 0.01, PO2 - 258 + 13.0, 
PCO2 - 37.1 +- 0.6 mmHg (fentanyl). Histology (Figure 
2) confirmed that the site of the electrode tip was within 
the striatum. 

Discussion 
The development of in vivo electrochemistry in the study 
of brain neurochemistry has allowed the investigation of 

16 ~8 the nigrostriatal dopamine system. - In in vivo voltam- 
merry, an applied potential is used to cause oxidation of 
chemical species. The resulting current is then measured 
and related to the molecular species of interest in the 
extracellular fluid of the brain. Using a microelectrode 
implanted in the rat brain, this technique measures 
continuously the current generated by the loss of electrons 
of various biological molecules such as the catechola- 

mines or their metabolites. As catecholamines an: easily 
oxidizable, they have been extensively studied with the 
use of treated carbon Fibre electrodes and differential 
normal pulse voltammetry. Following relea~, dopamine 
is metabolized to DOPAC by the enzyme monoamine 
oxidase. The main catechol present in the extracellular 
space in the vicinity of the dopaminergic terminals is 
DOPAC. In fact, DOPAC concentrations there am 
200-1000 times higher than that of dopaminc. Unfortu- 
nately, treating the carbon fibre electrode does not 
distinguish between DOPAC and dopamine since both 
catecholamincs oxidize at almost the same potential. 
Electrical stimulation of dopaminergic pathways induces 
an increase in dopamine release followed by an increase in 
r DOPAC levels, t9 It is accepted that it is not 
dopaminr the ncurotr, msmitttr released from the nerve 
terminals, but its major breakdown product DOPAC, 
which contributes to the CA.OC peak. 17 Thus voltammet- 
ry is a technique which has an advantage compared with 
classical biochemical methods of enabling a continuous 
analysis of DOPAC, the main dvpamine metabolite in 
vivo. 5 This study demonstrates that fentanyl causes a 
significant increase in the CA.OC which reflects an 
increase in the extracellular concentration of DOPAC 
resulting from an increased dopamine turnover in the 
striatum. 

There is controversy concerning the effects of opiates on 
striatal dopamine release. Various reports that striatal 
dopamine levels increase, decrease, remain constant or 
have a biphasic response following opiate administration 
are available. 6- i i Concerning in vivo studies, the effect of 
opiates on arterial blood pressure, oxygenation, and 
carbon dioxide ratention may possibly affect catechola- 
mine metabolism. For example, recording of catechol 
oxidation current in the substantia nigm, a dopaminergic 
group which is not involved in cardiovascular regulation, 
during hypotension produced a delayed increase in the 
CA.OC to 125 -+ 5 per cent of baseline. I3 With the 
ultimate physiological derangement, lack of cerebral 
perfusion, immediately following overdose, there is a 
massive increase in CA.OC measured in the rat striatum. 
Thus, because opiates were reported to both increase and 
decrease dopamine release from the tat stratum, these 
experiments were done to detect in vivo, on line CA.OC, 
in the rat striatum under stable physiological conditions 
following fentanyl administration. 

These results show that fentanyl causes an increased 
CA.OC in the rat strialum. This is caused by an increase in 
extra-cellular DOPAC, the main dopamine metabolite, 
which reflects increased dopamine turnover. Subsequent 
administration of the monoamine oxidase inhibitor pargy- 
line, which inhibits DOPAC synthesis induced a rapid 
decline in the CA.OC identifying its catechol nature with 
a similar DOPAC half life to that previously reported, t7 
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Previous studies have found varying effects of fentanyl 
on striatal dopamine+ In halothane anaesthetized cats with 
cannulae in the caudate nucleii and substantia nigrae, 
fentanyl produced a biphasic increase followed by a 
delayed inhibition of tritiated dopamine release 2~ al- 
though there was no recording of arterial pressures during 
these experiments. Our study may have missed a biphasic 
response as experimental time was minimized in order to 
decrease the effect of time on electrode deterioration. In 

vitro studies of pooled tat striata showed that fentanyl in 
low doses (0.02-0.05 m g ' k g  -I) had no significant effect 
on dopamine turnover 20 min after IP injection and raised 
the homovanilic acid (an o-methylated metabolite of 
dopamine) concentration in the rat striatum with a 
maximum at 60 min after IP injection. Higher doses 
(0.1-0.2 mg- kg-l)  reduced the homovanilic acid content 
after 90 mln and raised it after 60 rain. 21 Fentanyl was, in 
addition, found to be without effect on spontaneous 
release of H3 dopamine continuously formed from H3 
tyrosine studied in rat striatal slices. 22 

Dopamine is an important neurotransmitter involved 
in the control of movement. Patients with Parkinson's 
disease have a dopamine deficiency in the caudate and 
putamen of the striatum and have characteristic muscular 
rigidity. 23 Similarily, it has been hypothesized that 
fentanyl-induced rigidity may be the result of its effect on 
striatal dopaminergic transmission.4 The effect of fentan- 
yl on increasing the CA.OC, which reflects dopamine 
release in the rat striatum demonstrated in this study may 
be the result of a variety of potential manipulations of the 
dopaminergic striatal circuitry. Opiates may act at pre- 
synaptic opiate receptors in the striatum which contain 
dopamine autoreceptors that prevent dopamine release 
when activated, or may produce different indirect effects 
at dopamine receptors depending on opiate ligand types. 
The IX receptor agonist opiates may act at presynaptic sites 
on nigrostriatal dopamine neurons activating dopamine 
autoreceptors to prevent dopamine release whereas delta 
ligands may act on dopamine nerve terminals in the 
striatum to stimulate dopamine release.L~ If the rigidity 
caused by fentanyl is proposed to be due to a decreased 
release of striatal dopamine as in a Parkinson-like 
syndrome, then one could expect a decrease in CA.OC in 
the striatum. The results of this study are at variance with 
this and in fact show an increase in CA.OC following 
fentanyl. On the other hand, in vivo, impaired dopaminer- 
gic transmission is accompanied by an increased synthesis 
and turnover of dopamine such as is postulated to occur 
after blockade of dopamine receptors by neuroleptics of 
the phenothiazine or butyrophenone type. That opiates 
such as fentanyl cause a blockade of dopamine receptors 
similar to the phenothiazines is unlikely ]~ and perhaps the 
opiate-induced rigidity caused by fentanyl may be due to 

actions at other brain structures such as those surrounding 
the nucleus raphe pontis. 24 

In summary, since fentanyl-induced muscular rigidity 
has been postulated to result from changes in striatal 
dopaminergic transmission and there are discrepant ob- 
servations on the effects of opiates on the rat striatum, we 
studied by in vivo voltammetry the effects of fentanyl on 
the CA.OC in the rat striatum under optimized physiolog- 
ical conditions. Fentanyl produced a significant increase 
in the CA.OC which measures extracellular DOPAC, a 
metabolite of dopamine, which was abolished by the 
MAO inhibitor pargyline. Experiments were performed 
while maintaining normal arterial blood pressure and 
PaCO2, and with a PaO2 > 100 mmHg. The significance of 
this study is that fentanyl was shown to affect catechola- 
mine metabolism in the striatum which may relate to 
rigidity caused by this opiate. Further studies are neces- 
sary with voltammetry in the striatum of ct~ronically 
implanted freely moving rats 16 to show the effect of 
fcntanyl on dopamine metabolism as well as on motor 
tone. 
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R~sum6 
Le m~canisme propos~ pour e.rpliquer la rigidit~ muscuiaire 

induite par le fentanyl est celui de l'effet des opiacds sur la 
transmission dopaminergique duns le corps stri~. Le but de cette 
~tude est d'observer les offers du fentanyl sur le couraat 
d'oxydation des cat~cholamines dans le corps strid des rats 

(CA.OC) mesur~ par voltam~trie in vivo qui r~flkte la 
concentration extraceUulaire DOPAC (3-4, acide dihydroxy- 

phenylaetique). Des rals indies Sprague-Dawley furent anes- 

thdsi~s avec de l'halothane et des Olectrodes en fibre de carbone 

ont ~t~ implant,s darts le corps stri~. Apr~s une p~riode de 
stabilisation initiale d'ane heure, los rats ont refu une injection 
intraveineuse de salin suivie 30 minutes plus lard par dit fentanyl 
10 Ixg " kg-; pour dLr minutes et d la soixante-dixi~me minute ils 

ont re~'u un inhibiteur de la monoamine oxidase, la pargyline 
70 mg " kg - t . Le fentanyl a prodait une augmentation significa- 
tire (P < 0.05 Anova) du CA .OC chez tousles animau,,:. Ceci a 
atteint un plateau 15 minutes aprds l'administration de fentanyl 
pour atteindre un maximum de 148 +-- 10.2 pour cent du eontr61e 

35 minutes aprds l' administration du fentanyl. La pargyline a 
produit une chute rapide du CA.OC qui baissa de 143 • 11.6 
39 • 6.8 pour cent du contr61e pour 30 minutes. II n'y avait 

aucune diffdrence significative entre le pH, Pa02 et PaC02 lors 
de l'administration de physiologique et du fentanyl ainsi qu'il 

n'y avait aucune variation sign~cative de la pression art~rielle 
~t travers l'expdrience. Cette dtude montre que lors des conditions 

physiologiques stables, le fentanyl produit une augmentatioa 
significative du CA.OC duns le corps strid des rats. 


