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Hypericum perforatum L (St John’s wort) preferentially increases
extracellular dopamine levels in the rat prefrontal cortex
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The effects of hydro-alcoholic extracts of Hypericum perforatum L on extracellular serotonin (5-HT),
noradrenaline (NA) and dopamine (DA) levels and the acidic metabolites (3,4-dihydroxyphenylacetic
acid (DOPAC), homovanillic acid (HVA) and 5-hydroxy-3-indoleacetic acid (5-HIAA)) were
examined by in vivo microdialysis in the prefrontal cortex of awake rats. Thus, a single dose
(60mgkg�1 i.p. or 300mg kg�1 p.o.) of H. perforatum increased DA concentrations to 165 and 140%
of control values, respectively, and increased locomotor activity in nonhabituated rats. DOPAC and
HVA levels were markedly reduced. 5-HT concentrations were elevated only moderately, while the
NA levels were not affected by any treatment. The whole-tissue analysis revealed that hypericum
increased, whereas the monoamine oxidase (MAO) A/B inhibitor phenelzine decreased DA and 5-HT
turnover. The present data indicate that the mechanism of action of hypericum extract in vivo is more
complex than the inhibition of monoamine reuptake or metabolism observed in vitro. The finding
of preferential enhancement of DA transmission is in agreement with human studies measuring
DA-mediated neuroendocrine responses.
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Introduction The extracts from Hypericum perforatum L (St

John’s wort) have been shown to possess clinical efficacy in the

therapy of mild to moderate depression (Lecrubier et al., 2002)

although some negative reports exist as well (Davidson et al.,

2002). Several in vitro studies have indicated that H.

perforatum and its phloroglucinol constituent hyperforin act

via a blockade of serotonin (5-HT), noradrenaline (NA) and

possibly dopamine (DA) reuptake in a manner similar to

most of the current antidepressants (Chatterjee et al., 1998;

Muller et al., 1998; Singer et al., 1999). However, the detailed

mechanism of action of St John’s wort is not elucidated yet,

in addition to the complex nature of the extract consisting

of multiple active components (for review, see Butterweck,

2003; Muller, 2003). Surprisingly, only limited and rather

sparse information is available on in vivo effects of H.

perforatum on neurotransmitter release and metabolism. Thus,

H. perforatum-CO2 extract given orally (p.o.) caused a modest

increase in DA outflow in the nucleus accumbens and rat

striatum measured by microdialysis, while it did not affect

extracellular 5-HT and metabolite levels in the ventral

hippocampus (Di Matteo et al., 2000). In another study,

methanolic, as well as, hyperforin-rich extracts of H.

perforatum given p.o. caused only a moderate increase in

extracellular 5-HT and DA levels in the nucleus accumbens

(Rommelspacher et al., 2001).

The purpose of the present study was to examine

whether hydro-alcoholic extracts of H. perforatum given

intraperitoneally (i.p.) or p.o. at pharmacologically relevant

doses would affect the extracellular 5-HT, NA and DA

levels and their acidic metabolites in the prefrontal cortex

(PFC) of awake rats. This region of the brain has been

implicated in the ethiology of depression and in the action

of antidepressant drugs. The technique of in vivo micro-

dialysis in combination with high-sensitive HPLC methods

was used.

Methods Male Sprague–Dawley rats (Charles River, Japan)

(250–350 g) were used in the experiments. The rats (three

animals per cage) were maintained on a 12-h light–dark cycle

(light at 0700), room temperature 23721C and humidity

55–65%. Under pentobarbital anesthesia, the guide cannulae

for microdialysis probes (Eicom Corp., Kyoto, Japan) were

implanted into the PFC (AP þ 3.3mm, L �2.8mm, V

�0.5mm, from bregma and the dural surface, according to

the stereotaxic atlas of Paxinos & Watson, 1997). The guide

cannula was fixed firmly to the skull surface using dental

cement. Following at least 5 days of recovery, a microdialysis

probe (0.22mm o.d., 3mm membrane length with 50,000Da

cutoff, Eicom A-I) was inserted into the guide cannula of the

awake rat and perfused with Ringer solution (NaCl, 147mM;

KCl, 4mM; CaCl2, 2.3mM) at a flow rate of 1ml min�1. After
the initial stabilization period of 2–3 h, the microdialysis

samples were collected in 20-min intervals. First 2–4 samples
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were used for estimation of basal 5-HT, NA and DA levels.

H. perforatum ethanolic extract (PSc 502 Ch. 039; WS 5572;

Willmar-Schwabe, Germany) consisted of the following major

constituents: hypericin 0.3%; hyperforin 4.1%; rutin 3.3%;

hyperosid 1.8%; isoquercitrin 1.0%; quercetin 0.3% and

biapigenin 0.3%. The dry extract was suspended in 0.3%

wv�1 carboxymethylcellulose and injected at a dose of

60mgkg�1 i.p. In separate groups of animals, H. perforatum

suspension was given at a dose of 300mgkg�1 p.o. using a

gastro-esophageal gavage, or phenelzine sulfate (Sigma-

Aldrich, St Louis, MO, U.S.A.) was given at a dose of

5mgkg�1 i.p. All experiments were performed in accordance

with the general recommendations of Japanese or Swedish

animal protection legislation.

The chemicals and standards were purchased from Sigma-

Aldrich, Wako Pure Chemical Co. (Osaka, Japan) or from

Kisida Chemical Co. (Tokyo, Japan). Benzylamine hydro-

chloride was obtained from Tokyo Kasei Kogyo Co.

(Tokyo, Japan) and was used after purification by recrys-

tallization in absolute ethanol. Liquid chromatographic

determination with fluorescence detection was based on

precolumn derivatization of 5-HT, NA and 5-hydroxy-3-

indoleacetic acid (5-HIAA) with benzylamine, as detailed

elsewhere (Yoshitake et al., 2003). Determination of DA,

3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic

acid (HVA) in the dialysates was carried out by HPLC with

electrochemical detection (ECD-300, Eicom, Japan). Briefly,

a glassy carbon working electrode (WE-3G) operated at

þ 450mV vs Ag/AgCl reference electrode, and DA and

metabolites were separated on an ODS column

(150� 2.1mm i.d., Eicom). The mobile phase consisted of

a mixture of methanol and 0.1M phosphate buffer (pH 3.3)

(1 : 9, v v�1) containing 1.1mM octanesulfonic acid sodium

salt and 0.013mM disodium EDTA salt. The flow rate was

0.2mlmin�1. The limits of detection (signal-to-noise

ratio¼ 3) for 5-HT, NA, DA, 5-HIAA, DOPAC and HVA

were 0.05, 0.035, 0.91, 0.055, 0.88 and 1.3 fmol, respectively,

in 20 ml injected onto the column. HPLC determination of

DA, 5-HT and their metabolites in acidic tissue extracts was

carried out by use of the ESA Coulochem II HPLC

equipment, on a 3mm i.d.� 100mm column, packed with

C18 silica of particle size 5mm. The elution buffer contained

10.25 g NaH2PO4, 185mg EDTA, 100mg octanesulfonic acid

and 9% methanol, pH 3.7, in 1000ml deionized water,

pumped at a flow rate of 0.75mlmin�1. The activities of

monoamine oxidase (MAO) A and MAO B in the

homogenates from the rat cortex were measured as described

elsewhere (Muller et al., 1997). Briefly, the resuspended

pellets were incubated for 6min with 14C-5-hydroxytrypta-

mine (MAO A assay) or 14C-b-penylethylamine (MAO B)

used as substrates. A computerized multicage motion

detection system Scanet MV-10 (Toyo Sangyo, Toyama,

Japan) was used to detect the horizontal activity (locomotion

and motility) and vertical activity (rearing) in 10min

intervals. Locomotor activity was recorded during a period

of 120min, during which the rats habituated to the new

environment. The microdialysis data are expressed as

percentage of mean concentration values for each respective

monoamine and the metabolites, taken as 100% at time

0min. The data were examined using a repeated-measures

analysis of variance (ANOVA), followed by Student–New-

man–Keuls for post hoc comparison of different time

intervals or Fisher’s protected least significant difference test

for comparison between the groups. A level of Po0.05 was

accepted as evidence for a statistically significant effect.

Results The basal levels of DA, 5-HT and NA concentrations

in the dialysates from the PFC of awake rats were 9.270.41,

6.870.28 and 7.370.33 fmol in 20ml (mean7s.e.m., n¼ 10),

respectively. The corresponding levels of acidic metabolites

were 943.1762.5 (DOPAC), 1645.9793.9 (HVA) and

724.5743.5 (5-HIAA), with all concentrations expressed in

fmol 20 ml�1 (n¼ 10). A single dose of suspended H. perforatum

L extract (60mgkg�1 i.p.) caused a gradual increase in the

extracellular levels of DA within 20–60min (Po0.005),

reaching a maximal increase of 165% within 60–80min after

administration. This increase lasted at least for an additional

100min (Figure 1). Extracellular 5-HT concentrations in-

creased only moderately to about 135% of the control values

(Po0.005), whereas NA levels remained unchanged. The most

profound effect of H. perforatum was observed on the decrease

of the DA metabolites HVA to 56–60% (Po0.005) and

DOPAC to 16–20% (Po0.005) of the control (predrug levels

at the end of the sampling period, 180min), whereas the values

of 5-HIAA were unaltered. H. perforatum given orally

(300mg kg�1 p.o.) caused also a significant increase in

extracellular DA levels already at 40min with a maximal

elevation at 120–180min after administration to about 140%

(Po0.005) of the control values (Figure 2). The values of 5-HT

were only marginally elevated to 110% at 120 and 140min and

the values of NA and 5-HIAA were not affected. However, the

concentrations of metabolites HVA and DOPAC were

strongly reduced to 53 and 15% of control levels (Po0.005),

respectively, in a similar manner as seen after i.p. injection of

hypericum.

Studies of motor activity in nonhabituated rats revealed that

H. perforatum at a high dose (60mg kg�1 i.p.) caused a marked

increase in locomotor activity during the initial 60min

compared to saline-injected rats, as shown in Figure 3 for

individual 10-min measurement intervals and the total area-

Figure 1 Effect of H. perforatum extract (60mgkg�1 i.p.) given at
time 0min (arrow) on extracellular concentrations of DA, NA, 5-
HT and metabolites DOPAC, HVA and 5-HIAA in the PFC of the
awake rat. The data are expressed as percentage of control levels
at 0min; the values at individual time points were compared to the
basal levels at �20min; (%) Po0.05; (%%) Po0.01; (%%%)
Po0.001, one-way ANOVA, Student–Newman–Keuls test,
mean7s.e.m., n¼ 5 rats.
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under-the-curve (AUC(0–60min)) value (Po0.001, and ANOVA

and Fisher’s PLSD test). The peroral dose of H. perforatum

caused a significant increase in locomotor activity only for the

AUC(0–60min) value (Po0.05). The effects of H. perforatum

(300mg kg�1 p.o.) and phenelzine (5mgkg�1 i.p.) on tissue

concentrations of DA, DOPAC, HVA, 5-HT and 5-HIAA,

and on DA and 5-HT turnover are summarized in Table 1. As

seen, neither hypericum nor phenelzine caused significant

changes in tissue levels of monoamines and their metabolites

compared to saline-treated rats. Hypericum caused significant

increases in DA turnover in the PFC and 5-HT turnover in the

striatum, whereas phenelzine caused a robust decrease of DA

turnover in the striatum and 5-HT turnover in both striatum

and PFC. Determination of MAO A and MAO B activities

in vitro in cortical homogenates revealed that of hypericum

concentrations (1, 10 and 100mgml�1) tested, only the highest
concentration of the extract significantly inhibited MAO A

and MAO B activities to 41714 and 5175% (Po0.05;

mean7s.d., n¼ 4), respectively.

Discussion The present study demonstrates that a single dose

of hydro-alcoholic extract of H. perforatum preferentially

increased extracellular DA, stimulated locomotor activity and

profoundly reduced acidic metabolites DOPAC and HVA in

the PFC of awake rats. This is consistent with the observation

that hypericum extracts can produce signs of DA-mediated

stereotypies (Misane & Ögren, 2001). These results are also in

line with clinical observations in healthy volunteers receiving

a single dose of H. perforatum extract (300mg containing 0.3%

hypericin) and showing changes in neuroendocrine responses

mediated by DA (Franklin et al., 1999). The moderate

elevation of DA and the concomitant reduction of its

metabolites would suggest an inhibitory effect of H. perfor-

atum on MAO activity. Some early studies on the effects of H.

perforatum have suggested that the extracts and hypericin may

act via inhibition of metabolizing enzymes MAO A and MAO

B and catechol-o-methyltranserase (COMT) (Suzuki et al.,

1984; Bladt & Wagner, 1994). However, these findings were

not confirmed in the later studies (Chatterjee et al., 1998) and

currently, it is thought that only some flavonoids present in the

extract may exert MAO inhibitory activity (for review, see

Butterweck, 2003). In order to evaluate the MAO hypothesis,

the same hypericum extract was tested under in vitro and in

vivo conditions. Thus, in vitro test showed that hypericum

could, in fact, inhibit MAO A and B activity in the rat cortical

homogenates to about 40 and 50%, respectively, of the control

values but only at the highest dose (100mgml�1). In a recent

microdialysis study in awake rats (Yoshitake et al., 2004), we have

shown that the MAO A/B inhibitor phenelzine (5mgkg�1 i.p.)

Figure 3 Effect of H. perforatum extract (60mgkg�1 i.p. and
300mgkg�1 p.o.) given at time 0min on locomotor activity in the
nonhabituated rats. (%) Po0.05; (%%) Po0.01; (%%%)
Po0.001, ANOVA, Fisher’s PLSD test). Inset: The AUCs
(0–60min) for hypericum- and saline-treated groups. All data
are expressed as mean7s.e.m., n¼ 5 rats.

Figure 2 Effect of H. perforatum extract (300mgkg�1 p.o.) given at
time 0min (arrow) on extracellular concentrations of DA, NA, 5-
HT and metabolites DOPAC, HVA and 5-HIAA in the PFC of the
awake rat. Statistical analysis was carried out as described in
Figure 1.

Table 1 Effect of H. perforatum (300mg kg�1 p.o.) and phenelzine (5mg kg�1 i.p.) on tissue concentrations of DA,
DOPAC, HVA, 5-HT and 5-HIAA, and on DA and 5-HT turnover in the PFC and striatum of the awake rat, 180min
after the drug administration

DA DOPAC HVA 5-HT 5-HIAA DA turnover 5-HT turnover

PFC
Vehicle 6279 2773 6674 1641778 1429790 1.58570.164 0.8747.051
Hypericum 36722 2475 8179 15077105 1521775 6.61471.586** 1.02670.051
Phenelzine 5874 1172 5274 20347194 8317129 1.12470.158 0.42770.080***

Striatum
Vehicle 1783872316 16347214 13957247 7187116 22477306 0.16870.007 3.17770.104
Hypericum 161687599 1817793 13907171 603725 24557128 0.19970.015 4.09870.246*
Phenelzine 190067591 6267219 5827136 879757 16257154 0.06670.022*** 1.94770.322**

The concentrations are expressed in ng g�1 wet weight, DA and 5-HT turnover as the ratio of (DOPAC+HVA)/DA and 5-HIAA/5-HT,
respectively, mean7s.e.m., n¼ 6 rats; *Po0.05, **Po0.01, ***Po0.001, ANOVA, Fisher’s PLSD test.
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caused a gradual increase (during 120min) in extracellular

concentrations of DA up to 171%, 5-HT to 140% and NA to

121%, whereas 5-HIAA and DOPAC decreased to 83 and

41% of the basal levels, respectively. These data are similar to

those reported here for the hypericum extract and would

support a notion on MAO inhibitory effects. However, the

ex vivo experiments, where the monoamines and their major

metabolites were determined in striatal and PFC tissue extracts

following single p.o. administration of hypericum or i.p.

phenelzine, do not confirm this conclusion. Thus, hypericum

increased DA turnover in the PFC and 5-HT turnover in the

striatum, whereas phenelzine markedly reduced turnover of

both monoamines. The content of DA, 5-HT and metabolites

did not differ in saline- and drug-treated rats, which is in good

agreement with previous data by Gobbi et al. (1999). The levels

of 5-HT were only modestly elevated following an i.p. dose of

hypericum, while the NA levels were not affected by either i.p.

or p.o. dose. In conclusion, these findings do not support the

initial view that H. perforatum extracts act via the inhibition

of MAO or via the inhibition of 5-HT reuptake as it was

suggested in some more recent in vitro studies (Chatterjee et al.,

1998; Singer et al., 1999). Moreover, behavioral tests with the

same extract as in this study showed that hypericum only

weakly blocked the action of the 5-HT releasing compound p-

chloramphetamine mediated via the 5-HT transporter (Misane

& Ögren, 2001).

A possible explanation for the marked dopaminergic effect

of hypericum could be an inhibitory effect of H. perforatum

extract and, particularly, of its constituent hyperforin on

synaptosomal uptake of DA measured in vitro (Muller et al.,

1998; Gobbi et al., 1999; Singer et al., 1999). In fact, for the

methanolic extract of hypericum, the IC50 value for DA

(0.85 mgml�1) is three times lower than for 5-HT and more

than five times lower than for NA (Muller et al., 1997;

Chatterjee et al., 1998), and even pure hyperforin is almost

twice more potent to inhibit DA than 5-HT reuptake (Muller,

2003). However, the selective DAT inhibitor GBR12909 failed

to alter extracellular DA levels in the PFC of awake rats

although it increased DA levels in the striatum (Mazei et al.,

2002). H. perforatum did not elevate extracellular NA, while it

still increased the DA levels in the PFC, suggesting that

hypericum does not act via a blockade of the NA transporter,

which itself is capable of reuptaking DA (Carboni et al., 1990).

Rather a ‘reserpine-like mechanism’ implicating a depletion of

storage vesicles (Gobbi et al., 1999) or a blockade of vesicular

uptake mediated via Hþ -ATPase (Roz & Rehavi, 2003) could

explain the accumulation of extracellular DA as a result of

reduced demand of DA as the NA precursor for vesicular

storage. Further in vivo studies are needed to elucidate the

mechanisms behind hypericum-induced reduction of extra-

cellular DOPAC and HVA values and a moderate increase in

extracellular DA outflow in the PFC and other neuroanato-

mical areas with relevance to depression and mood control.

In conclusion, the present microdialysis data in the PFC of

awake rats suggest that the mechanism of action of H.

perforatum extract does not primarily involve the inhibition of

5-HT or NA reuptake but rather hypericum exerts its action

via a moderate stimulation of DA function. The activation

of DA system can underlie the mechanisms of proposed

antidepressant activity of H. perforatum extracts, implement-

ing the role of DA in diminishing anhedonia associated with

depression, stimulating vigilance and reward seeking behavior.
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