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Abstract

In vivo microdialysis was used to assess the central serotonergic effects and extracellular brain levels of the 5-HT receptor1Br1D

agonists eletriptan, zolmitriptan and sumatriptan in rats after intravenous and intracerebral administration, while their binding affinities
and functional potencies were determined at 5-HT , 5-HT and 5-HT receptors. In vitro studies showed that all three triptans are high1B 1D 1A

affinity, full agonists at 5-HT receptors, but that sumatriptan is functionally less potent as a 5-HT agonist than zolmitriptan and1Br1D 1Br1D
Želetriptan. Local intracortical perfusion with the compounds via the dialysis probe decreased cortical 5-HT 5-hydroxytryptamine,

.serotonin release with ED values of approximately 0.1 mM for eletriptan and zolmitriptan and 0.5 mM for sumatriptan. At 3.2 mgrkg50

i.v., both eletriptan and zolmitriptan decreased 5-HT levels by about 35%, while sumatriptan had no effect, despite the fact that maximal
Ž . Ž .sumatriptan concentrations in cortical dialysates were higher 8.8 nM at 20 min than those of zolmitriptan 5.9 nM at 20 min and

Ž .eletriptan 2.6 nM at 40 min . The observation that eletriptan and zolmitriptan produce almost identical central serotonergic effects, after
intracerebral as well as after systemic administration, is in agreement with their comparable functional 5-HT receptor agonist1Br1D

potencies and their free levels in cortical dialysates after 3.2 mgrkg i.v. On the other hand, the lack of central serotonergic effects of 3.2
mgrkg i.v. sumatriptan is likely due to its weaker functional 5-HT receptor agonist potency than eletriptan and zolmitriptan, rather1Br1D

than lower brain levels, consistent with sumatriptan’s fivefold lower potency after intracerebral administration. q 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The development of the 5-HT receptor agonist1Br1D

sumatriptan represented a significant advance in the treat-
ment of migraine headaches. Its mechanism of action has
been ascribed to 5-HT receptor activation on the1Br1D

innervating terminals of the cerebral vasculature, which
results in vasoconstriction and a decreased release of neu-
ropeptides such as calcitonin gene related peptide. Second
generation compounds such as zolmitriptan, rizatriptan,
naratriptan and eletriptan, have an improved bioavailabil-
ity, are generally less hydrophilic than sumatriptan and are

Ž .expected to have a better central nervous system CNS
Žpenetration for reviews see Schoenen, 1997; Russel, 1999;

.Pauwels and John, 1999 . This could be of importance
since results of recent studies using several triptans, for
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Žexample zolmitriptan Goadsby and Hoskin, 1996; Goadsby
and Knight, 1997a; Martin, 1997; Cumberbatch et al.,

. Ž .1998a , rizatriptan Cumberbatch et al., 1997 , naratriptan
Ž .Goadsby and Knight, 1997b; Cumberbatch et al., 1998b

Žand eletriptan Goadsby and Hoskin 1999; Lambert et al.,
.2000 suggested a central component to their mechanism

of action by acting at the trigeminal nucleus and higher
pain centres of the brain. Sumatriptan, however, requires
blood–brain barrier disruption before showing efficacy in

Ž .this model Kaube et al., 1993 .
To examine the brain penetration of triptans in a func-

tional model, we compared the central serotonergic effects
of sumatriptan, zolmitriptan and eletriptan. Since it is
known that 5-HT receptors on serotonergic neurons1Br1D

in the CNS act as release modulating inhibitory autorecep-
Ž .tors Millan et al., 2000 , we applied in vivo microdialysis

to demonstrate that local perfusion of 5-HT agonists1Br1D

decreases cortical 5-HT levels in the rat prefrontal cortex.
This response was then used as an in vivo marker to
determine if systemic administration of eletriptan, zolmi-
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triptan or sumatriptan could produce a central effect. In
addition, cortical dialysate concentrations of the triptans
were determined following intravenous administration as
an estimate of the extracellular brain concentrations of the
compounds. Finally, binding affinities and functional ago-
nist potencies at 5-HT , 5-HT and 5-HT receptors1B 1D 1A

were determined to correlate the in vivo effects with in
vitro binding and functional profiles.

2. Materials and methods

2.1. Receptor binding and effects on receptor-mediated
cyclase actiÕity

2.1.1. Receptor binding studies
Binding assays on membranes from rat and bovine

brains were performed according to standard procedures
Ž .Seeger et al., 1995 . Briefly, tissues were homogenised in

Ž .50 mM Tris–HCl buffer pH 7.4 and resuspended in 50
mM Tris–HCl, 0.1% ascorbate 4 mM CaCl , 10 mM2

Ž .pargyline pH 7.7 . Incubations were initiated by the addi-
tion of tissue to tubes or 96-well plates containing test
drugs and the appropriate tritiated ligand and masking

Ž w3 x Žreagents 1.5 nM H 8-OH-DPAT 8-hydroxy-N, N-dipro-
.pylaminotetraline for 5-HT in rat hippocampus, 1 nM1A

w3 x Ž .H CT 5-carboxytryptamine q3000 nM mianserinq100
nM 8-OH-DPAT for 5-HT in rat caudate and 2 nM1B
w3 xH 5-HTq100 nM mesulergineq100 nM 8-OH-DPAT

.for 5-HT in bovine caudate . Nonspecific binding was1D

determined by radioligand binding in the presence of a
Ž .saturating excess of 5-HT 10 mM . After equilibration at

room temperature, incubations were terminated by rapid
filtration through Whatman GFrB filters, the membranes
were washed with ice-cold 50 mM Tris buffer and mem-
brane-bound ligand was determined by liquid scintillation
counting of the filters in Ready-Safe scintillation cocktail

Žor Betascint. The IC value concentration at which 50%50
.inhibition of specific binding occurs was calculated by

linear regression of the concentration–response data. K i

values were calculated according to the Cheng and Prusoff
Ž . Ž Ž ..1973 equation K s IC r 1q LrK , where L is thei 50 d

concentration of the radioligand used in the experiment
and the K value is the dissociation constant for thed

Ž .radioligand determined previously by saturation analysis .

2.1.2. 5-HT , 5-HT and 5-HT receptor modulation of1 A 1B 1D

adenylate cyclase actiÕity
Effects on adenylate cyclase activity were determined

Ž .as described previously Seeger et al., 1995 . Briefly,
membranes were prepared from freshly dissected rat sub-

Ž . Žstantia nigra 5-HT receptors , rat hippocampus 5-HT1B 1A
. Žreceptors or guinea pig substantia nigra 5-HT recep-1D

.tors and incubated at 37 8C in a reaction medium contain-
Ž .ing 100 mM Hepes pH 7.4 , 3 mM forskolin, 2.0 mM

MgCl , 0.5 mM ATP, 1.0 mM cAMP, 0.5 mM 3-isobutyl-2

1-methylxanthine, 10 mM phosphocreatine, 0.31 mgrml
w32 xcreatine phosphokinase, 100 mM GTP, 1 mCi a- P ATP

per tube. Incubations were terminated after 15 min by
adding 2% sodium dodecyl sulfate. After separation of
w32 x w32 x w32 xP cAMP from P ATP, the amount of P cAMP
formed was determined by liquid scintillation counting,
with results expressed as picomoles per minute per mil-

Žligram of protein. EC values the concentration at which50

the drug inhibits 50% of forskolin stimulated adenylyl
.cyclase activity and efficacies relative to the full agonist

Žligand 5-HT for 5-HT , 5-CT for 5-HT and 8-OH-1D 1B
.DPAT for 5-HT were calculated by linear regression1A

analysis of the concentration–response curves.

2.2. Microdialysis

2.2.1. Surgery
In vivo microdialysis in prefrontal cortex was per-

Ž .formed as previously described Rollema et al., 2000 in
Žawake, freely moving male Sprague–Dawley rats 280–320

.g , which had free access to food and water and were
maintained on a 12:12 h lightrdark cycle. CMAr11 mi-

Žcrodialysis probes CMA Microdialysis, N. Chelmsford,
. Ž .MA with a 4-mm cuprophane membrane 6 kDa cutoff

Žwere stereotaxically implanted in the prefrontal cortex AP
q3.2 mm from bregma, y0.7 mm ML, DV y6.0 mm

.from dura; Paxinos and Watson, 1997 under ketaminer
xylazine anaesthesia and fixed to the skull using bone
screws and dental acrylic. Animals were allowed to re-
cover for 24–48 h before experiments were started. The
inlet and outlet of the probe were connected with flexible

Ž Y .PEEK tubing inside diameter 0.005 , Upchurch Scientific
and the probe was perfused at 1.5 mlrmin with artificial

Žcerebral spinal fluid aCSF; NaCl 147 mM; CaCl 1.32
.mM; KCl 2.7 mM; MgCl 1.0 mM with a CMAr1022

microperfusion pump.

2.2.2. Assays
For the 5-HT assay, microdialysate was collected at

18-min intervals directly into a 30-ml sample loop and
analysed by on-line high performance liquid chromatogra-

Ž .phy with electrochemical detection HPLC-EC . Analytes
were separated at 30 8C over a 150=3-mm C 3 m18

ŽHypersil BDS column Keystone Scientific, Bellefonte,
.PA with a 20=3-mm Javelin guard column. The mobile

phase consisted of 75 mM sodium acetate, 1.1 mM 1-
heptanesulfonic acid, 0.1 mM EDTA, 9% methanol, pH
4.4 and was delivered at a flow rate of 0.5 mlrmin
Ž .Shimadzu LC-10AD, Shimadzu Columbia, MD . Dialysate
concentrations of 5-HT were measured amperometrically
Ž .ANTEC DECADE, Antec Leyden, The Netherlands , us-
ing a glassy carbon electrode set at 550 mV vs. AgrAgCl.

Concentrations of the triptans in cortical dialysates were
measured by a modification of an HPLC-EC assay for

Ž .sumatriptan Andrew et al., 1993 . Dialysate was continu-
ously collected on-line at 20-min intervals and the triptans
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Table 1
Ž .Binding affinities pK in M of the triptans at native 5-HT , 5-HTi 1A 1B

and 5-HT receptors1D

Ž .Binding affinities pK "S.E.M. ni

r 5-HT bv 5-HT r 5-HT1B 1D 1A

Ž . Ž . Ž .Eletriptan 7.01"0.10 3 8.28"0.04 4 7.87"0.08 3
Ž . Ž . Ž .Zolmitriptan 7.43"0.08 3 7.92"0.07 2 7.33"0.10 3
Ž . Ž . Ž .Sumatriptan 7.05"0.09 3 7.36"0.18 7 6.64"0.19 3

rs rat, bvsbovine, gpsguinea pig.

were separated over a 150=3-mm C 3 m Hypersil BDS18

column at 35 8C with a mobile phase consisting of 24 mM
ŽNa HPO , 16 mM KH PO , 18% methanol for sumatrip-2 4 2 4

. Ž .tan and zolmitriptan or 45% methanol for eletriptan , pH
7.1, at 0.25 mlrmin and detected amperometrically at 850

Ž .mV vs. AgAgCl ANTEC DECADE .

2.2.3. Drug treatments
To study the effects on in vivo 5-HT release, drugs

were locally perfused or administered i.v. after basal
dialysate levels of 5-HT had stabilised. Eletriptan,
zolmitriptan or sumatriptan were dissolved and diluted to
the test concentration in aCSF and perfused through the
dialysis probe at 0.1, 1 or 10 mM. For systemic administra-
tion, the drugs were dissolved in 0.9% NaCl and injected
as an i.v. bolus at 0.1, 1.0 or 3.2 mgrkg via a jugular vein
catheter.

To measure concentrations of eletriptan, sumatriptan or
zolmitriptan in cortical dialysates, the compounds were

Ž .dissolved in saline 1 mlrkg and injected as a 3.2 mgrkg
Ž; 11 mmolrkg zolmitriptan and sumatriptan, ; 9

.mmolrkg eletriptan i.v. bolus via the jugular vein can-
nula, after obtaining a stable baseline. Dialysate levels of
the triptans were measured for at least 3 h and were
expressed as nM"S.E.M.

2.2.4. Probe recoÕeriesrdeliÕeries
The probe in vitro recovery for each triptan was deter-

mined by perfusing aCSF at 1.5 mlrmin through a probe
placed in a continuously stirred 20–100 nM triptan solu-
tion prepared in aCSF and measuring the concentration
recovered in the perfusate. The recovery is calculated as
Ž .C rC =100%. The in vitro and in vivoperfusate vial solution

deliveries of each triptan were determined via retrodialysis,
by perfusing a 20–50 nM triptan solution in aCSF through
the probe placed in a stirred aCSF solution, or through a

Žprobe implanted in rat cortex at the end of an i.v. experi-
.ment , and measuring the remaining concentration in the

Žperfusate. The delivery is calculated as C yperfusing solution
. .C rC =100%.perfusate perfusing solution

2.3. Drugs and chemicals

Eletriptan hydrobromide, sumatriptan succinate, zolmi-
w Žtriptan mesylate and CP-94,253 5-propoxy-3- 1,2,3,

. w x .x6-tetrahydro-4-pyridinyl -1 H-pyrrolo 3,2-b pyridine
Ž .were synthesised by Pfizer Sandwich, UK; Groton, USA .

Ketaminerxylazine, 5-HT and agents used to define non-
Ž .specific binding mianserin, mesulergine, 8-OH-DPAT

were purchased from Research Biochemicals International
Ž . Ž .Natick, MA or Sigma St. Louis, MO . Radioligands

Ž .were purchased from New England Nuclear Boston, MA
Ž .or Amersham Arlington Heights, IL . HPLC grade

Ž .methanol was obtained from JT Baker Philipsburg, NJ ,
all other analytical grade chemicals were purchased from

Ž .Fluka-BioChemika Ronkonkoma, NY .

2.4. Data analysis

All chromatographic data were acquired and analysed
Žusing EZChrom software Scientific Software, San Ramon,

.CA that quantified dialysate concentrations by comparing
peak heights with those of standard solutions of 5-HT
Ž . Ž .0.2–2.0 nM or the triptans 0.2–50 nM . Effects on
extracellular 5-HT levels were monitored for at least 2 h
and were expressed, for time–response curves, as the

Žfraction of basal levels i.e. mean of the last six samples
.before drug administration "S.E.M. or, for dose–re-

Ž .sponse curves, as the area under the curve AUC , calcu-
lated over a 2-h period after drug administration
Ž .AUC "S.E.M. Statistical analyses were performed0y2h

by two-way analysis of variance for repeated measures and
Dunnett’s post hoc multiple comparisons between baseline
and post-treatment levels.

3. Results

3.1. Receptor binding and functional profiles

The in vitro binding affinities of eletriptan, zolmitriptan
and eletriptan for rat 5-HT , rat 5-HT and bovine1B 1A

5-HT receptors are given in Table 1, and their in vitro1D

Table 2
Functional potencies and efficacies of the triptans to decrease 5-HT ,1B

5-HT and 5-HT receptor mediated forskolin-stimulated adenylate1D 1A

cyclase activity

Ž .Adenylate cyclase activities pEC "S.E.M. n50

( )RelatiÕe efficacies Õs. full agonist ligand %"S.E.M.

r 5HT gp 5HT r 5HT1B 1D 1A

Ž . Ž . Ž .Eletriptan 6.95"0.12 3 8.03"0.25 3 6.85"0.19 3
efficacy 105"4% 104"3% 100"9%

Ž . Ž . Ž .Zolmitriptan 7.11"0.12 3 7.55"0.12 3 6.20"0.09 4
efficacy 106"6% 104"6% 104"6%

Ž . Ž . Ž .Sumatriptan 6.59"0.05 3 7.03"0.05 8 5.66"0.19 3
efficacy 103"5% 97"2% 96"7%

Ž .Potencies are given as pEC "S.E.M. in M .50
ŽEfficacies relative to the full agonist ligand 5-CT for 5-HT , 5-HT for1B

.5-HT and 8-OH-DPAT for 5-HT are given as % of maximal1D 1A
Ž .response"S.E.M., in italics rs rat, gpsguinea pig .
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Ž . Ž . Ž . Ž .Fig. 1. Left panel: time courses for the effects of local intracortical perfusions bar with 1 mM eletriptan B , zolmitriptan I and sumatriptan ^ on
Ž .cortical 5-HT release. Data are expressed as average fraction of basal 5-HT levels"S.E.M. ns3–7 . Right panel: dose–response curves for the effects

Ž . Ž .of locally perfused eletriptan, zolmitriptan, sumatriptan 0.1–10 mM and 8-OH-DPAT `, 0.1 mM on cortical 5-HT release. Effects on 5-HT release
Ž .were calculated as the average effect from 144 to 180 min after starting the perfusion and expressed as fraction of basal 5-HT levels"S.E.M. ns3–7 .

)P-0.05, ))P-0.01.

potencies and efficacies to decrease 5-HT , 5-HT and1A 1B

5-HT receptor-mediated forskolin-stimulated adenyl cy-1D

clase activity in rat and guinea pig membranes, are listed
in Table 2. The triptans bind with 10–100 nM affinities to
the 5-HT receptors tested, with the exception of eletrip-1

Ž .tan’s higher 5-HT receptor affinity 5 nM and sumatrip-1D
Ž .tan’s lower 5-HT receptor affinity 250 nM . The func-1A

tional cyclase activity data demonstrated that the triptans
are full agonists with 10–500 nM potencies at the three
receptors, except for sumatriptan, which is a much less

Ž .potent EC s2 mM , full 5-HT receptor agonist.50 1A

3.2. Effects on 5-HT release

3.2.1. Intracortical perfusions
Determination of the in vitro and in vivo recovery and

delivery for each triptan showed that the triptans diffuse

with comparable efficiencies through the dialysis mem-
Žbrane of the CMA11r4 probe. In vitro recoveries 21.6–

. Ž .22.5% were similar to in vitro deliveries 22.3–23.5%
and about four to five times more efficient than in vivo

Ž .deliveries, measured by retrodialysis 5.4–7.5% .
Eletriptan, zolmitriptan and sumatriptan markedly de-

creased 5-HT release in rat prefrontal cortex during local
perfusion of the compounds through the microdialysis
probe into the cortex. The decrease in 5-HT release was
sustained and dose-dependent with a maximal reduction of

Ž .70–80% after 10-mM perfusions. Fig. 1 left panel shows
the time courses of the 5-HT response to inclusion of 1
mM of the 5-HT receptor agonists in the perfusate.1Br1D

At this concentration, eletriptan and zolmitriptan produced
near maximal inhibitions of 75% and 80%, respectively,
while sumatriptan gave only a 45% decrease in 5-HT

Žrelease. From the concentration–response curves Fig. 1,

Ž . Ž .Fig. 2. Left panel: time courses for the effects of 3.2 mgrkg i.v. eletriptan B and 1.0 mgrkg i.v. CP-94,253 ' on cortical 5-HT release. Arrow
Ž .indicates injection at ts0. Data are expressed as average fraction of basal 5-HT levels"S.E.M. ns3–7 . Right panel: dose–response curves for the

Ž . Ž . Ž . Ž .effects of i.v. injection with saline l , 0.1–3.2 mgrkg eletriptan B , 0.1–3.2 mgrkg zolmitriptan I , 3.2 mgrkg sumatriptan ^ and 1 mgrkg
Ž .CP-94,253 ' on cortical 5-HT release. Effects on 5-HT release were calculated as the AUC over 0–2 h after drug injection and expressed as the

Ž . ) ))decrease from baseline"S.E.M. ns3–7 . P-0.05, P-0.01.
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Ž . Ž .Fig. 3. Typical i.v. curves at pH 7.1 for eletriptan B , zolmitriptan I

Ž .and sumatriptan ^ , determined by measuring the peak height of a 500
nM solution at increasing oxidation potentials. The response at each
potential is expressed as the percentage of the maximal response at 1000

Ž .mV. Insert: calibration curves for the triptans 0.2–25 nM determined at
850 mV. The amperometric response is given as percent of the maximal
peak height at 1 nArV. For chromatographic conditions, see Section 2.

. Žright panel , EC values the concentration that decreases50
.5-HT release to 50% of the maximal decrease were

estimated to be approximately 0.1 mM for eletriptan and
zolmitriptan and 0.5 mM for sumatriptan, indicating that
sumatriptan is approximately five times less potent than
eletriptan or zolmitriptan when locally perfused. To exam-
ine the serotonergic effect of locally administered 5-HT1A

receptor agonists, 0.1 mM 8-OH-DPAT, a selective and
potent 5-HT agonist, was perfused through the dialysis1A

probe. This treatment had no significant effect on cortical
5-HT release.

3.2.2. IntraÕenous administration of 5-HT receptor1Br1D

agonists
Ž .Fig. 2 left panel shows the time courses for the effects

of i.v. administration of 3.2 mgrkg eletriptan and 1 mgrkg
CP-94,253, and the dose–response curves for eletriptan

Ž .and zolmitriptan right panel . The centrally acting, potent
Žand selective 5-HT receptor agonist, CP-94,253, Koe et1B

.al., 1992 decreased extracellular cortical 5-HT levels by
more than 60% at 1 mgrkg i.v., whereas 3.2 mgrkg i.v.
eletriptan produced a much smaller, but still significant
35% decrease between 1 and 3 h after injection. Dose–re-
sponse curves, constructed from the areas under the curve
calculated over the 2-h period after drug administration
Ž .Fig. 2, right panel , show that at 3.2 mgrkg i.v., both
eletriptan and zolmitriptan produced small but significant
decreases in cortical 5-HT release of approximately 40%,
while 3.2 mgrkg i.v. sumatriptan did not significantly

Ž .inhibit 5-HT release. The vehicle i.v. saline produced a
modest transient decrease in 5-HT release of about 18%.

3.2.3. Triptan leÕels in cortical microdialysate
Triptan microdialysate concentrations were determined

by amperometric detection with a modified HPLC suma-
Ž .triptan assay Andrew et al., 1993 . Based on current–volt-

Ž .age curves for the triptans at pH 7.1 Fig. 3 , we choose
q850 mV vs. AgrAgCl as the optimal oxidation poten-
tial. Under these assay conditions the limit of detection
was about 0.2 nM for each triptan, while the amperometric
response of all three triptans was at least linear between

Ž .0.2 and 125 nM Fig. 3, insert showing 0.2–25 nM .
Time courses of triptan concentrations in rat cortical

Ž .microdialysates in nM, not corrected for recovery after
i.v. injection with 3.2 mgrkg of each of the triptans, are
given in Fig. 4. Peak dialysate concentrations were reached

Žin the first 0–20 min sample for sumatriptan 8.82"1.15
. Ž .nM and zolmitriptan 5.86"0.92 nM and in the second

Ž .20–40 min sample for eletriptan 2.58"0.23 nM .

4. Discussion

In the present study, we evaluated the in vivo central
serotonergic effects and the brain dialysate levels of three
antimigraine 5-HT receptor agonists, eletriptan,1Br1D

zolmitriptan and sumatriptan. The results demonstrate that
eletriptan and zolmitriptan produce comparable central
serotonergic effects, while sumatriptan, despite reaching

Ž . Ž . Ž .Fig. 4. Time courses of eletriptan B , zolmitriptan I and sumatriptan ^ concentrations in microdialysates from rat prefrontal cortex following 3.2
Ž . Ž .mgrkg i.v. Data are dialysate concentrations not corrected for recovery in nM"S.E.M. ns8–17 . Arrows at ts0 min indicate i.v. injection with 3.2

mgrkg of the triptan.



( )D.E. Johnson et al.rEuropean Journal of Pharmacology 425 2001 203–210208

comparable dialysate concentrations, lacks central seroton-
ergic activity, presumably because it is functionally less
potent as a 5-HT receptor agonist than eletriptan and1Br1D

zolmitriptan.

4.1. In Õitro binding affinities and functional actiÕities

In agreement with literature data, we found that eletrip-
tan, zolmitriptan and sumatriptan bind with high affinity to
native rat 5-HT and bovine 5-HT receptors, and that1B 1D

all three compounds act as full agonists at these receptors,
but that the individual profiles differ substantially. Al-
though the 5-HT affinities of the three triptans vary1Br1D

among species, the present in vitro binding data are gener-
ally in good agreement with their binding profiles at

Žhuman recombinant 5-HT and 5-HT receptors Napier1B 1D
.et al., 1999 , both with regard to their relative rank order

and their higher affinity for 5-HT than for 5-HT1D 1B

receptors. The functional cyclase data show that eletriptan
and zolmitriptan are approximately 2.3–3.2-fold more po-
tent as agonists at the 5-HT receptor than sumatriptan,1B

despite its comparable 5-HT binding affinity. Eletriptan1B

is the most potent 5-HT receptor agonist, consistent with1D

its high 5-HT binding affinity and is 10-fold and 3-fold1D

more potent than sumatriptan and zolmitriptan, respec-
tively. The functional differences between zolmitriptan and
sumatriptan are in line with reported data on the 5-HT1Br1D

activities of these compounds in cyclase and GTPgS as-
Ž .says Pauwels et al., 1997 . The 5-HT receptor agonist1A

potencies of the triptans are an order of magnitude lower
than their 5-HT binding affinities, but show the same1A

relative activities, eletriptan being about fourfold more
potent than zolmitriptan and 16-fold more potent than
sumatriptan.

4.2. Effects on 5-HT release

It has been well-documented that 5-HT receptor1Br1D

agonists decrease terminal 5-HT release by activating
presynaptic release regulating 5-HT autoreceptors, which

Žare in serotonergic nerve terminals for review see Millan
.et al., 2000 . Several microdialysis studies have demon-

strated a reduction in extracellular 5-HT levels in various
species in vivo following systemic or intracerebral admin-
istration of 5-HT receptor agonists, including suma-1Br1D

Žtriptan Sleight et al., 1990; Trillat et al., 1997; Roberts et
. Žal., 1997; Cremers et al., 2000 , naratriptan Moret and

.Briley, 1997 , or selective 5-HT receptor agonists such1B
Žas CP-93,123 Hjorth and Tao, 1991; Trillat et al., 1997;

. ŽHertel et al., 1999 , and CP-94,325 Tingley et al., 1992;
.Knobelman et al., 2000 . The concentration-dependent de-

crease in extracellular 5-HT levels following local perfu-
sions of eletriptan, zolmitriptan and sumatriptan confirms
the 5-HT reducing effect of 5-HT receptor agonists1Br1D

and demonstrates their ability to modulate terminal 5-HT
release when present in the CNS. Since the amount of drug

delivered through the dialysis probe during the local perfu-
sions is practically identical for each triptan, the present
data allow the first direct comparison of in vivo serotoner-
gic effects of the three drugs at similar extracellular brain
concentrations. Actual extracellular levels reached after a
continuous local perfusion are not known, but can be
roughly calculated with in vivo delivery efficiency by
assuming that the compounds diffuse 1 mm from the probe
Ž .De Lange et al., 1997 . After a 2-h perfusion at 1.5
mlrmin with the triptans at their respective EC concen-50

trations, the extracellular levels are then estimated to be 80
nM for eletriptan and zolmitriptan and 315 nM for suma-
triptan. It is clear from these data that when locally
perfused, sumatriptan is about four to fivefold less potent
than eletriptan and zolmitriptan in decreasing cortical 5-HT
release. The equal potency of eletriptan and zolmitriptan in
this in vivo model, as well as the lower potency of
sumatriptan, are consistent with their relative agonist po-
tencies at the rat 5-HT receptor as measured in the1B

functional cyclase assay.
Intravenous dose–response studies showed that suma-

triptan did not affect cortical 5-HT release at 3.2 mgrkg
i.v., while at that dose both eletriptan and zolmitriptan
produced a significant decrease in cortical 5-HT release.
The 5-HT decrease following i.v. injection of eletriptan
and zolmitriptan is most likely mediated via stimulation of
inhibitory terminal 5-HT autoreceptors, but systemically1B

administered 5-HT receptor agonists may in addition1Br1D

interact with somatodendritic 5-HT autoreceptors. Acti-1D

vation of 5-HT receptors could contribute to the de-1D
Ž .crease in terminal 5-HT release Stamford et al., 2000 ,

especially since eletriptan and zolmitriptan are more potent
5-HT than 5-HT receptor agonists. However, terminal1D 1B

5-HT receptor activation seems to be the more predomi-1B

nant mechanism, given the fact that a low dose of a
centrally acting, selective 5-HT receptor agonist, CP-1B

Ž94,253 K s2 nM, EC s10 nM; Tingleyi 5-HT1B rat 50 cyclase
.et al., 1992 , markedly decreased cortical 5-HT release by

more than 70%, in good agreement with the decrease in
5-HT release found in mouse striatum after 3.2 mgrkg i.p.

Ž .CP-94,253 Knobelman et al., 2000 . Sumatriptan’s lack of
effect is again most likely due to its weaker 5-HT1Br1D

functional potency, since it reaches somewhat higher
Ždialysate levels than zolmitriptan and eletriptan see be-

.low . Taken together, these data demonstrate that the
triptans can reduce central 5-HT neurotransmission if their
extracellular brain levels are sufficiently high, either fol-
lowing intracerebral local perfusions or after i.v. adminis-
tration of relatively high doses.

The view that eletriptan decreases 5-HT release via
5-HT receptors in rat frontal cortex is consistent with a1B

w3 xrecent in vitro autoradiography study on H -eletriptan
Ž .binding in the rat brain Clarke et al., 1999 . It was

w3 xreported that in vitro H -eletriptan binding occurs pre-
dominantly via 5-HT and 5-HT receptors in the1Br1D 1F

substantia nigra, striatumrglobus pallidus, cortex and hip-
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pocampus. In addition, a large component of the binding in
the cortex and hippocampus was found to be via 5-HT1A

receptors, consistent with the in vitro affinity of eletriptan
for 5-HT receptors. In view of these data it is conceiv-1A

able that the reduction in extracellular 5-HT levels after
the local perfusion with eletriptan and zolmitriptan, both
moderately potent 5-HT receptor agonists, is mediated1A

via postsynaptic 5-HT receptor-mediated feedback con-1A
Žtrol, which may be operational in the cortex Ceci et al.,

.1994; Casanovas et al., 1999 . This seems unlikely, how-
ever, since intracortical perfusion with 0.1 mM of the
potent 5-HT receptor agonist, 8-OH-DPAT, did not1A

change cortical 5-HT release. On the other hand, systemi-
cally administered 5-HT receptor agonists are well known1A

to produce decreases in cortical 5-HT release and it is thus
possible that a small part of the 5-HT decrease after i.v.
eletriptan and zolmitriptan is mediated via activation of
presynaptic somatodendritic 5-HT receptors in the raphe1A

nuclei. We did not further investigate the relative contribu-
tions of 5-HT and 5-HT receptor activation in1Br1D 1A

terminal or cell body areas, which are all central mecha-
nisms and obviously require brain penetration of the trip-
tans.

4.3. Extracellular brain triptan leÕels

The fact that the triptans were detected in cortical
dialysates after an i.v. bolus injection of 3.2. mgrkg,
confirms that these drugs can cross the blood–brain barrier
into the CNS after systemic administration. Maximal extra-
cellular levels of the triptans were reached very fast, within
20–40 min, indicating that the equilibrium between blood
and brain concentrations is very rapid, consistent with the

Žbrain penetration of other hydrophilic compounds De
.Lange et al., 1997 . Dialysate levels declined to nonde-

tectable levels after 3–4 h with T ’s ranging from 31 to1r2

45 min. Sumatriptan reached the highest dialysate concen-
trations with a C of 8.8 nM, while the C formax max

zolmitriptan and eletriptan was 5.9 and 2.6 nM, respec-
tively.

It is not possible to accurately calculate extracellular
brain levels from the measured dialysate concentrations
with in vivo recoveries determined by steady-state retro-
dialysis. However, since the in vitro and in vivo diffusion
properties of the triptans through the membrane do not
differ significantly, relative differences between extracellu-
lar levels of the triptan are reflected by the ratios of the
areas under the curve over the 2-h period after drug
administration. From these data it is estimated that free
extracellular levels of sumatriptan are 2.2- and 2.5-fold
higher than those of zolmitriptan and eletriptan, respec-
tively.

The finding that peak extracellular levels of sumatriptan
are actually higher than those of eletriptan and zolmitriptan
after 3.2 mgrkg i.v., is consistent with reports presented in
abstract form, that whole rat brain tissue levels after

Ž .sumatriptan 13 nM are comparable or higher than those
Ž . Ž .of zolmitriptan 11 nM and eletriptan 3 nM after 3

Ž .mgrkg p.o. O’Connor et al., 1997, 1999 .

4.4. Conclusions and clinical significance

If inhibition of trigeminal neuronal firing is indeed an
additional mechanism for antimigraine activity of second

Ž .generation triptans see Section 1 , brain penetration of
antimigraine drugs becomes an important issue. Very few
studies, however, have measured actual brain levels or
even more relevant for the drug action, have estimated free
extracellular concentrations of the currently available trip-
tans. Moreover, differences between functional agonist
potencies of the novel triptans and sumatriptan are usually
not discussed as a potential explanation for sumatriptan’s
lack of central activity. The results of the present study led
us to conclude that sumatriptan lacks central serotonergic
activity after systemic administration because of its weaker
5-HT receptor agonist potency and not because of1Br1D

lower extracellular brain levels compared with eletriptan
and zolmitriptan. Keeping in mind that the present studies
used a rodent model, it appears that the assumption that the
novel triptans have an additional central effect because of
better brain penetration than sumatriptan could be incor-
rect. In view of the evidence presented in this paper, the
purported central effects of novel triptans, such as eletrip-
tan and zolmitriptan, might be adequately explained by
their greater functional 5-HT agonist efficacy than1Br1D

that of sumatriptan.
Finally, since eletriptan is equipotent to zolmitriptan as

a 5-HT receptor agonist and shows comparable brain1D

penetration, its potential central serotonergic activity in
man will be similar to that of zolmitriptan. Although it is
still controversial whether central effects play an important
role in the antimigraine efficacy of 5-HT receptor1Br1D

agonists, these findings suggest that activation of central
5-HT receptors may contribute to eletriptan’s potent1Br1D

Ž .antimigraine activity Goadsby et al., 2000 .
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