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                    Abstract

l-Ephedrine is an active ingredient in several herbal formulations with a mechanism of action similar to amphetamine and methamphetamine. However, its potential to damage dopaminergic terminals in the caudate/putamen (CPu) has yet to be fully evaluated. The studies here used in vivo brain microdialysis experiments to determine the systemic doses and extracellular brain levels of l-ephedrine necessary to produce similar increases in CPu extracellular dopamine and marked hyperthermia that were previously shown necessary for amphetamine-induced neurotoxicity in male Sprague-Dawley rats. At an environmental temperature of 23°C, a single 40 mg/kg intraperitoneal (ip) dose of l-ephedrine produced marked hyperthermia (≥ 40°C), peak microdialysate ephedrine levels of 7.3 ± 1.2 μM, and a 20-fold increase in microdialysate dopamine levels. Twenty-five mg/kg produced a lesser degree of hyperthermia, peak microdialysate ephedrine levels of 2.6 ± 0.4 μM, and a 10-fold increase in dopamine levels. Three doses of 40 mg/kg given at 3-h intervals or 4 doses of 25 mg/kg l-ephedrine given at 2-h intervals were compared with 4 doses of 5 mg/kg d-amphetamine given at 2-h intervals. Multiple doses of either ephedrine or amphetamine caused severe hyperthermia (≥ 41.3°C) but striatal tissue levels of dopamine 7 days after dosing were reduced only 25% or less by ephedrine compared to the 75% reductions produced by amphetamine. The increases in CPu microdialysate levels of serotonin produced by either 4 × 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine did not significantly differ, but elevation of dopamine levels by d-amphetamine were over 2-fold times the level caused by l-ephedrine. Microdialysate glutamate levels were elevated to the same extent by either 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine. l-Ephedrine may not be as neurotoxic to dopaminergic terminals as d-amphetamine, because non-lethal doses of l-ephedrine do not sufficiently increase the CPu dopamine levels within nerve terminals or the extracellular space to those necessary for a more pronounced long-term dopamine depletion.
                    

neurotoxicity, microdialysis, ephedrine, striatum, dopamine, serotonin
The medicinal use of ephedrine obtained from plant extracts dates back thousands of years (Chen and Schmidt, 1930). Herbal formulations containing ephedrine, such as ma-huang, have been advertised for relief from symptoms of asthma as well as for weight loss, energy, sexual enhancement, and euphoria. Ephedrine is currently under investigation for its ability to enhance the physical work capacity of military personnel (Bell et al., 1998). After a number of reported adverse events, including several deaths (Bruno et al., 1993; Chase, 1996; Josefson, 1996; White et al., 1997), the Food and Drug Administration issued a public health warning to consumers (JAMA, p. 1534, 1996). However, there is increasing evidence that dietary supplements containing ephedrine are used as drugs of abuse (James et al., 1998; Tinsley and Watkins, 1998).
The mechanism(s) behind the lethality of preparations containing ephedrine appear similar to those involved in the toxicity/lethality of amphetamine and methamphetamine (Kalant and Kalant 1975; Keplinger et al., 1959; Parmley 1963; Sellers et al. 1979). In addition to their lethal effects, amphetamine and methamphetamine can produce neurotoxic effects in laboratory animals. Multiple doses of amphetamine and methamphetamine produce long-term neurotoxicity involving damage to dopaminergic terminals and long-term tissue-dopamine depletions in the CPu after administration of only twice the dose (3 to 5 mg/kg) necessary to induce stereotypy (Bowyer and Holson, 1995; Seiden and Sabol, 1995). Somatic degeneration of parietal cortex neurons can also occur at the same doses of amphetamine and methamphetamine (Commins and Seiden, 1986; Eisch and Marshall, 1998). At higher doses (10 to 15 mg/kg) of amphetamine and methamphetamine, specific thalamic nuclei and areas of the limbic system (Bowyer et al., 1998; Schmued and Bowyer, 1997) become targets for amphetamine-induced neurodegeneration. The brain levels of methamphetamine and amphetamine necessary to produce neurotoxicity in laboratory animals (Clausing et al., 1995; Melega et al., 1995) are less than or equal to that seen in postmortem brain from chronic methamphetamine abusers (Wilson et al., 1996). However, the degree of neurotoxicity seen in human methamphetamine abusers has yet to be resolved (McCann et al., 1998; Wilson et al., 1996). In the rat, and to a lesser extent the mouse, the neurotoxicity produced by amphetamine and methamphetamine is dependent on the generation of hyperthermia during drug exposure (Bowyer et al., 1992, 1993, 1994, 1998; Bowyer and Holson, 1995; Eisch and Marshall, 1998; Miller and O'Callaghan, 1994; Schmued and Bowyer, 1997). However, little is known about whether ephedrine produces neurotoxicity similar to that produced by amphetamine and methamphetamine.
The current study was designed to determine the systemic doses of l-ephedrine necessary to produce hyperthermia in the rat, and the extracellular concentrations of ephedrine in the CPu after systemic doses of l-ephedrine which produce hyperthermia. In addition, increases in CPu extracellular levels of dopamine, 5-HT, and metabolites, as well as glutamate, after either l-ephedrine or d-amphetamine doses that cause hyperthermia, were determined. Finally, the potential for neurotoxicity to dopaminergic terminals was determined by measuring striatal tissue dopamine content 7 days after multiple doses of either l-ephedrine or d-amphetamine were administered. In vivo brain microdialysis was used to monitor changes in CPu extracellular levels of ephedrine and norephedrine, as well as changes in dopamine, serotonin, and glutamate levels. The effects of multiple doses of l-ephedrine that produced acute hyperthermia, and increases in CPu extracellular dopamine levels on striatal tissue dopamine levels 7 days after dosing were compared to the effects of neurotoxic doses of 4 × 5 mg/kg d-amphetamine. In addition, the effects of doses 4 × 25 mg/kg of l-ephedrine on CPu microdialysate levels of dopamine, serotonin (5-HT), and glutamate were compared to 4 × 5 mg/kg d-amphetamine. Comparing the effects of ephedrine with amphetamine should aid in evaluating the neurotoxic potential of ephedrine in humans. The more active (l) isomer of ephedrine was selected, rather than the (d) isomer (Chen and Schmidt, 1930), and was compared with the more active (d) isomer of amphetamine.
                    MATERIALS AND METHODS

                    Animals.

Male Sprague-Dawley rats (Crl:COBS CD [SD] BR), 4–6-months-old, were obtained from the breeding colony of the National Center for Toxicological Research (NCTR). In experiments not involving microdialysis, rats were pair-housed in acrylic cages (45 × 22 × 20 cm) on wood shavings bedding until the day before treatment, at which time each was individually housed until sacrifice 7 days later. Rats used for microdialysis were individually housed starting on the day of guide-cannula implantation and until sacrifice at 7 days post l-ephedrine treatment. To collect brain microdialysates, each rat was transferred into a microdialysis bowl 3 h before either l-ephedrine or d-amphetamine administration. Experiments were carried out at room temperatures of 22–23°C. Rectal temperatures (core body temperatures) were recorded hourly in animals not undergoing microdialysis, as previously described by Bowyer et al. (1994). In rats undergoing microdialysis, to avoid damaging the microdialysis equipment and implanted probe, rectal temperatures were only taken when rats became sluggish or collapsed from hyperthermia. To prevent the lethal effects of severe hyperthermia, rats in which temperatures exceeded 41.3°C were placed unrestrained on crushed ice for 15 to 25 min either in the microdialysis bowl (for subjects in the microdialysis experiments) or in the home cage.
The Institutional Animal Care and Use Committee of the NCTR approved all the procedures involving animals. Studies were carried out in accordance with the declaration of Helsinki and the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health.
                    Drugs.

For these experiments, l-ephedrine HCl, l-norephedrine HCl, and d-amphetamine sulfate were purchased from Sigma Chemical Co. (St. Louis, MO). Amphetamines were dissolved in normal saline and injected ip. Concentrations of dosing solutions of l-ephedrine were verified using HPLC techniques described later.
                    Single doses of l-ephedrine.

The dose of l-ephedrine necessary to produce hyperthermia (core body temperatures of greater than 39.5°C) and pronounced hyperactivity in a 22–23°C environment was determined. Rats were treated with 0, 20, or 40 mg/kg ip l-ephedrine, and rectal temperatures were recorded hourly. Activity levels were monitored after 20 and 40 mg/kg doses using 6 drug-naïve animals at each dose. The apparatus used to determine activity was a Plexiglas cube (46.5 × 46.5 × 46.5 cm) bisected with photo beams and interfaced with a computer (Ferguson et al., 1996). Each rat was weighed and placed into the cube for 60 min to determine the pre-drug (baseline activity), then injected with either 20 or 40 mg/kg l-ephedrine and observed for 2 h to determine post-drug activity. The activity was recorded as the number of beam breaks per h. Subsequently, a 40 mg/kg single dose of l-ephedrine was selected to be administered to rats implanted for the first microdialysis experiment (see below for details of microdialysis procedures), and levels of ephedrine and its metabolite norephedrine (phenylpropanolamine) were measured, as well as of dopamine, 5-HT, and their metabolites.
                    Multiple doses of either l-ephedrine or d-amphetamine.

As determined above, in the first set of neurotoxicity experiments a dose of 40 mg/kg l-ephedrine was chosen for repeated administration with dosing intervals of 3 h, because it produced a hyperthermia above 39.5°C or greater in all the animals tested. The controls were given 3 doses of 1 ml/kg saline. Although dosing intervals of 2 h were used for previous methamphetamine and amphetamine studies, an interval of 3 h was selected, since the half-life of ephedrine in the microdialysate appeared to be about 50% longer than that previously observed with amphetamine (Clausing et al., 1995). Initially, 3 instead of 4 doses of 40 mg/kg (3 × 40) l-ephedrine were given to rats not implanted for microdialysis, so that the total time of ephedrine exposure would be as long as with amphetamine. Body temperature was measured hourly for 9 h from the start of the l-ephedrine dosing. Rats were monitored for behavioral activity every 30 min, and for signs of behaviors commonly elicited by 5-HT receptor stimulation (e.g., head weaving, forepaw treading, retrograde propulsion; Jacobs et al., 1976) as well as other stereotypic behavior. Seven days later, rats were sacrificed for measurement of striatal aromatic monoamine levels (described below). Later, 3 groups of non-implanted animals were administered 4 doses, each dose given 2 h apart, of either 1 ml/kg saline, 25 mg/kg (4 × 25) l-ephedrine, or 5 mg/kg (4 × 5) d-amphetamine. These animals were also sacrificed 7 days post-dosing for striatal aromatic monoamine levels.
Early extreme hyperthermia and extensive cooling intervention was necessary with the 3 × 40 mg/kg l-ephedrine dosing paradigm. Because the cooling procedures used to prevent lethal hyperthermia can drastically interfere with in vivo microdialysis, a second dosing regimen of 4 × 25 mg/kg l-ephedrine was selected for the second microdialysis experiment to determine ephedrine, norephedrine and dopamine, 5-HT, and metabolite levels in CPu microdialysate. Also, this dosing paradigm produced temperature changes more commonly seen with 4 × 5 mg/kg d-amphetamine in a 22–23°C environment. The third microdialysis experiment directly compared the effects of either 4 × 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine on CPu microdialysate levels of dopamine, 5-HT, and glutamate. Seven pairs of rats were run, with one of the pair receiving 4 × 25 mg/kg l-ephedrine, while the other was given 4 × 5 mg/kg d-amphetamine.
                    Brain microdialysis.

CPu microdialysis was carried out in the manner as previously described (Clausing et al., 1995). CMA microdialysis equipment (Carnegie Medicine, Stockholm, Sweden) was used and CMA/12 guide cannulae were implanted into the CPu using the coordinates AP 0.2 mm, LAT 3.0 mm, DV 5.5 mm relative to bregma (Paxinos and Watson, 1995). The artificial cerebrospinal fluid (ACSF) was composed of: 145 mM NaCl, 1.5 mM KCl, 1.5 mM MgCl2*6H2O, 1.25 mM CaCl2*2H2O, 1 mM glucose, 1.5 mM K2HPO4, adjusted to pH 7.0 with HCl. After surgery, each rat was allowed a recovery period of 7 days.
On the morning of the experiment, each rat was hand-held as the CMA/12 dialysis probe (2-mm probe tip) was carefully inserted through the guide cannula into the right CPu. Microdialysate flow rate was held at 1.0 μl/min throughout, and fractions were collected every 20 min. In order that the aromatic monoamine levels in the microdialysate reached a relatively stable baseline, dosing did not begin until 2 h or more after probe insertion. Tubes that collected the fractions each contained 2 μl of 0.25 M phosphoric acid to acidify and stabilize the aromatic monoamines in the microdialysate as the fraction was collected. Each 20-min aliquot was immediately halved into 11-μl aliquots and frozen on dry ice. The frozen aliquots were then transferred to a –150°C freezer until analysis.
After microdialysis, each rat was sacrificed and the brain removed and fixed in 4% formalin for later verification of microdialysis probe location. In vitro probe recovery was performed to assess the functionality of the individual probes and to exclude non-functional probes from the experiment after each probe, was used in vivo. Percent in vitro probe recovery for ephedrine and norephedrine was determined as [concentration in collected sample × 100/concentration in standard solution] at 23°C and 1 ml/min flow rate. The estimated average in vitro probe recoveries for ephedrine and norephedrine for the probes used in these experiments ranged from 15 to 22%.
                    HPLC-quantitation of ephedrine and norephedrine.

Analyses of ephedrine and norephedrine were performed using modified high performance liquid chromatography (HPLC) methods previously developed to detect fenfluramine and norfenfluramine levels in plasma, brain, and microdialysate. Details of this HPLC method have been by described (Clausing et al., 1997). The only alteration necessary was a change in the HPLC elution gradient, which is shown in Table 1.
Ephedrine and norephedrine levels were determined by fluorescent detection after derivatization with dansyl chloride; excess dansyl chloride was removed with a strong anion-exchange resin. A Supelcosil LC 18-mm column, running a step gradient with 50% KH2PO4 (0.05 M, pH 5.5) + 50% acetonitrile (mobile phase A) versus 25% KH2PO4 (0.05 M, pH 5.5) + 75% acetonitrile (mobile phase B) was used for HPLC isolation. Eleven μl of the microdialysate plus phosphoric acid was derivatized directly, and the quantitation limits of this method were 1 pmol in microdialysate. Because this method does not distinguish between d- and l-enantiomers, ephedrine and norephedrine levels are described without designating the enantoimers as (l) although it is reasonable to assume these enantiomers do not rapidly racemize after l-ephedrine administration. The separation and detection of ephedrine and norephedrine by this method is shown in Figure 1. A pharmacokinetic modeling analysis was performed on the CPu microdialysate ephedrine levels using the WinNonlin® (Scientific Consulting, Inc., Apex, NC) pharmacokinetic software package. The results indicated that a single compartmental analysis was an appropriate model for the CPu ephedrine levels (see Results for specifics).
                    HPLC-quantitation of glutamate and amphetamine levels in CPu microdialysate.

In the final microdialysate experiment, glutamate and amphetamine levels were determined along with dopamine, 5-HT, and metabolites in 11-μl aliquots of the CPu microdialysate. Methods adapted by Bowyer et al. (1995b), which were originally developed as methods for detecting amino acids (Godel et al., 1984), were used for detecting both glutamate and amphetamine. Unfortunately, this method cannot be used to detect ephedrine. The only changes necessary to detect glutamate, as well as amphetamine, were an alteration of the elution gradient and a shift to a more basic pH. In brief, AMPH levels were determined by fluorescent detection after o-phthaldialdehyde/3-mercaptopropionic acid derivatization and separation on a Supelcosil7 LC 18 column (4.6 mm × 15 cm), running a gradient with 95% KH2PO4 (0.05 M, pH 7.4) + 5% methanol (mobile phase A) versus 35% KH2PO4 (0.05 M, pH 7.4) + 65% methanol (mobile phase B). Flow rate was 1.5 ml/min, and the fluorescent detector was set at λex= 340 nm and λem = 440 nm. Microdialysis samples were derivatized and injected directly using a CMA/200 autosampler. The HPLC gradient consisted of the multiple timed segments, as shown in Table 2.
This gradient was capable of separating the first 10 most hydrophilic amino acids (aspartate through alanine) as well as glutamate and amphetamine, but only the glutamate and amphetamine levels are reported in this paper.
                    HPLC-quantitation of aromatic monoamine levels in microdialysate and striatum.

Striatal tissue levels of dopamine, dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5-hydroxytryptamine (5-HT), and 5-hydroxy-indole acetic acid (5-HIAA) were analyzed by electrochemical detection. For tissue striatal levels, each striatum was weighed and diluted with a measured volume (20% w/v) of 0.2-M perchloric acid containing 100 ng/ml 3,4-dihydroxybenzylamine (Sigma) as internal standard. After sonication and centrifugation, the supernatant was removed and injected directly onto the HPLC/EC system.
Samples were analyzed under the conditions previously described (Bowyer et al., 1995a) using reverse-phase HPLC. The isocratic mobile phase consisted of 92% KH2PO4-buffer (0.07 M, pH 3.0) and 8% methanol, containing 1 mM Na-1-heptanesulfonic acid and 0.2 mM Na2-EDTA per liter, and its flow rate was 1.0 ml/min. A Supelcosil LC18 3 μm analytical column (7.5 cm × 4.6 mm, Supelco, Bellefonte, PA) was used for separation, and a BAS-LC4B amperometric detector with a BAS-LC-17 oxidative flow cell was used for detection. For tissue samples, the detector was set at a sensitivity range of 5 nanoamperes while a 0.5- or 1-nanoampere range was used for microdialysate.
Microdialysate levels of dopamine, DOPAC, HVA, 3-methoxytryamine, 5-HT, and 5-HIAA were determined using reverse-phase HPLC by methods similar to Stephans et al. (1998). Dopamine, DOPAC, and 5-HIAA could be quantitated at 0.5 pg/10 μl microdialysate while 5-HT and HVA were measurable at the 1 pg/10 μl levels and 3-methoxytyramine at the 2 pg/10 μl level. For the 10-μl microdialysate plus 1 μl of 0.25 M phosphoric acid aliquots, 15 μl of HPLC mobile phase was added to adjust the pH, and the sample immediately injected onto the HPLC for analysis.
                    Statistics.

Data are presented as arithmetic mean ± standard error of the mean (SEM) unless otherwise indicated. Multiple groups were analyzed by either a one- or two-way analysis of variance (ANOVA) or a repeated measures two-way ANOVA. A post hoc Tukey's least-significant-difference test was applied if significant main effects were observed.
                    RESULTS

                    Single Doses of l-Ephedrine

A single dose of 20 mg/kg l-ephedrine produced hyperactivity relative to control (Table 3) along with some stereotypic behavior and a maximal elevation in body temperature from control levels of 37.8 ± 0.4 to 39.4 ± 0.4°C (n = 6). However, the 40 mg/kg l-ephedrine produced a more pronounced and prolonged hyperactivity (Table 3) and stereotypy along a maximal elevation in body temperature from control levels of 38.0 ± 0.5 to 40.3 ± 0.6°C (n = 6).
Subsequently, rats in the first microdialysis experiment were administered a single dose of 40 mg/kg l-ephedrine. Peak microdialysate ephedrine concentrations (7.3 ± 1.2 μM, n = 8) were reached at 1 to 1.33 h after administration (Fig. 2, top). The half-life of ephedrine in the microdialysate ranged from 0.55 to 1.59 h with a mean half life of 1.1 ± 0.1 h (n = 8). Mean area under the curve was 15.3 ± 3.2 μM*h. Norephedrine levels were more than an order of magnitude less (0.3 ± 0.1 μM) than ephedrine levels, and peak concentrations were not reached until 2 to 3 h after dosing (Fig. 2, top). Peak dopamine levels (151 ± 52 nM) were reached 1 h after dosing, a time that coincided with peak ephedrine levels (Fig. 2). DOPAC levels rapidly declined from pre-dosing levels (1338 ± 202 nM) but did not plateau until over 2 h after dosing (405 ± 79 nM; Fig. 2, bottom). 5-HT levels increased only slightly to peak levels of 164 ± 50% of control approximately 1 h after dosing, while 5-HIAA levels were not significantly changed (data not shown).
                    Multiple Doses of l-Ephedrine

After each of the 3 doses of 40 mg/kg, extensive hyperactivity and stereotypic behavior such as grooming, licking, chewing, head nodding, and vertical exploration were observed. Serotonergic-type stereotypy (head-weaving) was seen only in 1 of 8 rats. Five of the 8 rats dosed became severely hyperthermic (above 41.5°C) and required cooling on crushed ice by the second dose of l-ephedrine. The cooling procedure, coupled with an extra hour (3 rather than 2 h) between l-ephedrine injections relative to previous experiments resulted in wide individual swings in body temperature after the second and third doses. Nonetheless, the extent of the hyperthermia produced by the 3 × 40 mg/kg l-ephedrine was substantial (Fig. 3, top).
The hyperthermia produced by the 4 × 25 mg/kg l-ephedrine dosing regimen in rats not implanted for microdialysis was almost identical to that produced by 4 × 5 mg/kg d-amphetamine in non-implanted rats (Fig. 3, bottom). Behavioral changes resulting from 4 × 25 mg/kg l-ephedrine were very similar to those exhibited after 3 × 40 mg/kg l-ephedrine with only 2/8 rats showing the 5-HT behavior of forepaw treading. Despite the extensive increase in CPu dopamine levels and severe hyperthermia after multiple doses of l-ephedrine (3 × 40 mg/kg and 4 × 25 mg/kg), total striatal dopamine content decreased only 19 and 26% 7 days post-dosing (Table 4). This was significantly less than the greater than 72% decrease seen after 4 doses of 5 mg/kg d-amphetamine (Table 4). A 2-way ANOVA, with experiment and drug as factors, showed no significant differences between experiments. However, there was a significant drug effect, indicating that the 4 × 25 mg/kg and 3 × 40 mg/kg l-ephedrine treatments significantly reduced dopamine levels (p = 0.005, Tukey's test). The depletions produced by 4 × 5 mg/kg d-amphetamine were much more pronounced and were significantly greater (p = 0.001, Tukey's test) than the depletions produced by either l-ephedrine dosing paradigm. Also, all 8 rats in the d-amphetamine group displayed forepaw treading and head weaving, and 6 of the 8 exhibited retrograde propulsion.
In the second microdialysis experiment, 4 × 25 mg/kg l-ephedrine was administered, and the CPu microdialysate levels of ephedrine and norephedrine as well as dopamine, 5-HT, and metabolites were determined over the 4 doses (Figs. 4 and 5). Ephedrine levels ranged from 2.6 ± 0.4 μM (n = 8) after the first dose to 12.1 ± 2.0 μM after the fourth dose. Dopamine levels in the microdialysate increased after the first and second l-ephedrine dose with an apparent plateau reached after the third dose (Fig. 5). DOPAC levels in the microdialysate continued to drop steadily throughout the time course until 2 h after the last dose of l-ephedrine while 5-HIAA levels at this time point were not different from initial levels. In the 2 rats (8 in the group) that showed serotonergic behavior, 5-HT levels increased to almost 200% of baseline (data not shown). The remainder of the rats showed less than 50% increase in 5-HT.
A third (final) microdialysis experiment compared the changes in CPu microdialysate levels of dopamine, 5-HT, and metabolites as well as glutamate during exposure to either 4 × 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine. All of the 7 rats in the d-amphetamine group displayed prominent serotonergic behavior, and all but 1 rat showed signs of hyperthermia. Four of these rats required cooling to prevent lethal hyperthermia. Only 2 of the 7 rats in the l-ephedrine group displayed some serotonergic behavior but all showed signs of hyperthermia. Six of these rats required cooling to prevent lethal hyperthermia.
The results of this experiment showed that the increases in CPu microdialysate levels of dopamine in the 4 × 25 mg/kg l-ephedrine group were less than one-half of the 4 × 5 mg/kg d-amphetamine group over the first 3 doses (Fig. 6, top). This difference was significant for the first 3 doses because there was a significant drug × time interaction (the F test yielded a value of F[19, 209] = 10.5). The post-hoc tests showed there was a significant difference in the dopamine levels at 20, 40, and 60 min after both the first and second doses, as well as at 40 min after the third dose. The increases in CPu microdialysate levels of 5-HT and glutamate were not significantly less in the 4 × 25 mg/kg l-ephedrine group compared to the 4 × 5 mg/kg d-amphetamine group (Fig. 6, bottom; Fig. 7, top). However, there were indications that, regardless of treatment, the animals with the greatest responses to hyperthermia and dopamine increases showed the greatest increases in 5-HT and glutamate (comparing individual levels with group levels). Changes in CPU microdialysate levels of DOPAC, HVA and 5-HIAA did not differ between the 2 groups (data not shown).
A more rapid rate of rise and decline of these neurotransmitters is seen in the CPu microdialysate of the 4 × 5 mg/kg d-amphetamine rats than in the 4 × 25 mg/kg l-ephedrine group (Fig. 6). This is most likely due to the more rapid changes in brain extracellular levels of amphetamine, which are reflected in the amphetamine level changes in CPu microdialysate levels (Fig. 7, bottom), compared to ephedrine (Fig. 4). A marked suppression of CPu microdialysate levels of dopamine and 5-HT occurred in either 4 × 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine animals during the cooling used to reduce the hyperthermia (Fig. 6). In the rat with the greatest increases in microdialysate dopamine and 5-HT levels and hyperthermia during 4 × 5 mg/kg d-amphetamine exposure, the cooling procedure suppressed dopamine and 5-HT levels over 1 h. A similar suppression of microdialysate levels of dopamine and 5-HT after cooling can also be seen in the rat with the greatest responses to 4 × 25 mg/kg l-ephedrine. Cooling may have also had an inhibitory effect on the glutamate levels (Fig. 7, top). However, cooling did not appear to suppress increases in microdialysate levels of either amphetamine (Fig. 7, bottom) or 5-HIAA levels (data not shown).
                    DISCUSSION

The factors that are important in the generation of the long-term depletion of striatal dopamine and other neurotoxicities that occur after exposure to either amphetamine or methamphetamine should also be important with respect to l-ephedrine neurotoxicity. Extensive increases in CPu extracellular dopamine, supported by continued synthesis of dopamine within nerve terminals during methamphetamine exposure, have been implicated as necessary for long-term dopamine depletions (Gibb and Kogan, 1979; O'Dell et al., 1991; Schmidt et al., 1985; Weihmuller et al., 1992). Subsequent, (within 24 h) to this tremendous increase in intracellular and extracellular dopamine, there is evidence of decreased striatal tyrosine hydroxylase activity and immunoreactivity, dopamine depletion, and reactive gliosis (Bowyer and Holson, 1995; Hotchkiss and Gibb, 1980; Seiden and Sabol, 1995). Prominent increases in CPu extracellular glutamate levels have also been suggested to play a critical role in the long-term dopamine depletions produced by amphetamine and methamphetamine (Nash and Yamamoto, 1992; Sonsalla et al., 1989; Stephans and Yamamoto, 1994; Weihmuller et al., 1992). However, body temperature during exposure to amphetamine or methamphetamine can greatly modulate both the long-term dopamine depletions and reactive gliosis (Bowyer et al., 1992, 1994; Clausing et al., 1995; Miller and O'Callaghan, 1994). As well, the dopamine, glutamate and nitric oxide releases that occur during exposure can be influenced by body temperature (Figs. 6 and 7) (Bowyer et al., 1993, 1995a, unpublished data).
Since l-ephedrine produced significantly less long-term reduction in striatal tissue dopamine when compared to either d-amphetamine (Table 4) or that previously seen with d-methamphetamine (Bowyer et al., 1992, 1994), differences between ephedrine and amphetamine with respect to the factors contributing to long-term depletions should also exist. The hyperthermia produced by either 3 × 40 mg/kg or 4 × 25 mg/kg l-ephedrine was equal to or greater than that produced by neurotoxic doses of either amphetamine or methamphetamine. Thus, the extent of hyperthermia is not a factor in the degree of long-term dopamine depletion differences seen with l-ephedrine and to d-amphetamine.
From the initial phases of the studies, the minimal serotonergic behavior (such as head weaving, forepaw treading, and retrograde propulsion; Jacobs, 1976) produced by l-ephedrine indicated that less 5-HT release might occur during l-ephedrine, compared to d-amphetamine, treatment. Although dopamine release has been implicated in the long-term depletions in 5-HT produced by methylenedioxyamphetamine (Schmidt et al., 1992), the role of 5-HT release or receptor stimulation on long-term dopamine depletions produced by methamphetamine and amphetamine is unclear. It has been postulated that fluoxetine enhances methamphetamine neurotoxicity by elevating brain levels of methamphetamine (Ricaurte et al., 1983) but the effects of fluoxetine on extracellular 5-HT levels also might be a factor.
However, the increases in 5-HT levels seen in CPu microdialysate after 4 × 25 mg/kg l-ephedrine treatment were not significantly less than those produced by 4 × 5 mg/kg d-amphetamine despite the fact that serotonergic behaviors were rarely observed in the ephedrine group. Thus, we could find no direct evidence that a decrease in the extracellular CPu 5-HT levels during l-ephedrine exposure was a factor in the reduced long-term dopamine depletions produced by l-ephedrine compared to d-amphetamine. Nonetheless, increases in extracellular 5-HT levels may play a role in the long-term dopamine depletions, since they were significantly greater in animals that had the greatest increases in microdialysate dopamine and body temperature during exposure to either amphetamine or ephedrine. In contrast, 4 × 5 mg/kg d-amphetamine produced more than 2-fold greater increases in dopamine levels in the CPu microdialysate than 4 × 25 mg/kg l-ephedrine in the side-by-side comparison. Also, the rate of increase in CPu microdialysate dopamine was faster after amphetamine than after ephedrine, due to the more rapid rate of rise of amphetamine compared to ephedrine in the brain.
Although the 3 × 40 mg/kg dose of l-ephedrine should produce CPu extracellular dopamine levels more comparable to the 4 × 5 mg/kg d-amphetamine dose, the excessive cooling necessary to prevent lethality would obtund dopamine and 5-HT levels. The reduction in dopamine and 5-HT levels is not the only mechanism by which cooling would reduce long-term dopamine depletions. We have previously observed that animals dosed with 4 × 10 mg/kg d-amphetamine in a cold environment have higher CPu microdialysate dopamine levels than animals dosed with 4 × 5 mg/kg d-amphetamine at 23°C temperature but no significant long-term dopamine depletions (Bowyer et al., 1993). The cooling should also reduce oxidative stress, since indices of oxidative stress produced by quinones of dopamine are decreased when hyperthermia does not occur during methamphetamine exposure (LaVoie and Hastings, 1999). Increased oxidative stress and reactive oxidative species of dopamine, such as 6-hydroxy-dopamine and quinones of dopamine, have been postulated to be mediators of dopamine neurotoxicity in the CPu (Graham, 1978; O'Dell et al., 1991; Seiden and Sabol, 1995; Stokes et al., 1999; Yamamoto and Zhu, 1998). Thus, from these previous studies, it seems likely that the greater the dopamine release and hyperthermia the greater the generation of reactive dopamine-like species. However, it is possible that the increase of dopamine within the dopaminergic terminals of the CPu is primarily mediating long-term neurotoxicity (LaVoie and Hastings, 1999).
CPu microdialysate levels of glutamate in the 4 × 5 mg/kg d-amphetamine group compared to the 4 × 25 mg/kg l-ephedrine group were not statistically different. Thus, differences in glutamate release and extracellular levels may not explain why ephedrine produces less dopamine depletion than amphetamine. Nonetheless, the data indicates that increased extracellular glutamate levels could play an important role in the long-term dopamine depletions since, like 5-HT levels, they were significantly greater in animals with the greatest increases in microdialysate dopamine and body temperature during exposure to either amphetamine or ephedrine.
The more than 4-fold increase in peak ephedrine levels in the microdialysate that occurred between the first and fourth doses of 25 mg/kg l-ephedrine cannot be explained by the t1/2 of 1.1 h obtained from a single dose of 40 mg/kg l-ephedrine. A 4-fold increase would be expected if the t1/2 was more than 3 h. It is possible that the prolonged hyperthermia produced by multiple doses has more of an effect on the pharmacokinetics than the shorter hyperthermia produced by a single dose. Hyperthermia has been shown to increase bioavailability and plasma levels of ephedrine in humans (Vanakoski et al., 1993). Also, amphetamine treatment increases lactic acid levels in the brain (Nahorski, 1980; Zalis et al., 1967) and microdialysate (Stephans et al., 1998). It is possible that lactic acid accumulation in brain during amphetamine exposure leads to an increased t1/2 of amphetamine in microdialysate, particularly after the third and fourth doses (Fig. 7, bottom; Clausing and Bowyer, unpublished data). A similar phenomenon may produce the elevation of l-ephedrine after multiple doses. Further studies examining the time course of plasma and brain tissue, as well as microdialysate levels of ephedrine and norephedrine, will be necessary to determine the potential alteration in ephedrine t1/2 that occurs during multiple dosing.
In summary, the doses of l-ephedrine tested produced parent-compound levels in the CPu microdialysate of 2 to 10 μM with the metabolite levels of norephedrine being less than 10% ephedrine. The peak levels of CPu microdialysate ephedrine were reached 40 to 80 min after dosing, which was 20 to 40 min after peak levels of amphetamine levels were attained; however, the pharmacokinetic mechanisms behind this difference were not determined. The increases in CPu microdialysate 5-HT levels as well as the hyperthermia induced after multiple doses of l-ephedrine did not significantly differ from that seen during amphetamine exposure. Also, microdialysate glutamate levels were not statistically different. However, the increase in microdialysate dopamine levels was significantly less in the 4 × 25 mg/kg l-ephedrine-treated rats compared to the 4 × 5 mg/kg d-amphetamine-treated rats. From the research of other investigators, it is possible that a reduced increase of dopamine within nerve terminals, which would also result in reduced extracellular levels, could be the prime factor in the lesser long-term striatal dopamine depletions produced by l-ephedrine. The enhancement of CPu dopamine levels produced by higher doses of l-ephedrine (3 × 40 mg/kg) may not increase dopamine depletions because of the early and extensive cooling necessary to prevent lethal hyperthermia.

                    
TABLE 1 HPLC Gradient for Quantitation of Ephedrine and Norephedrine

 
	Time (min)
            . 	Gradient slope
            . 	Buffer A (%)
            . 	Buffer B (%) 
            . 
	0–5	Isocratic	100	0 
	5–7	Step	60	40 
	7–12	Linear	45	55 
	12–14.5	Linear	35	65 
	15	Step	0	100 
	22	Step	100	0 
	30	End run	100	0
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TABLE 2 Chromatographic Gradient Conditions for HPLC Determination of Glutamate and Amphetamine OPA/3-Mercaptopropionic Derivatives

 
	Time (min)
            . 	Gradient slope
            . 	Buffer A (%)
            . 	Buffer B (%) 
            . 
	0–3	Isocratic	90	10 
	5	Linear	70	30 
	9	Linear	60	40 
	9.1	Step	0	100 
	22	Isocratic	0	100 
	22.1	Step	90	10 
	30	End run	90	10
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TABLE 3 The Effects of a Single Dose of l-Ephedrine on Motor Activity

 
	Dose of l-ephedrine
            . 	Total beam breaks 1 h prior to l-ephedrine
            . 	Total beam breaks in the first h after l-ephedrine
            . 	Total beam breaks in the second h after l-ephedrine
            . 	Number tested 
            . 
	20 mg/kg	364 ± 88	874 ± 225	1139 ± 261	12 
	40 mg/kg	152 ± 30	1237 ± 184	779 ± 172	8
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TABLE 4 The Long-term Effects of Multiple Doses of l-Ephedrine or d-Amphetamine on Striatal Tissue Dopamine Content

 
	Dosing paradigm and compound
            . 	Striatal dopamine levels (ng/mg tissue)
            . 	Number tested 
            . 
	aSignificantly less than control (p < 0.05).
	bSignificantly less than control and ephedrine groups (p < 0.05).
	3 × 1 ml/kg saline	1119 ± 72	5 
	3 × 40 mg/kg l-ephedrine	907 ± 81	6 
	4 × 1 ml/kg saline	1260 ± 50	6 
	4 × 25 mg/kg l-ephedrine	926 ± 61a	6 
	4 × 5 mg/kg d-amphetamine	324 ± 110b	7
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FIG. 1.
[image: HPLC separation and fluorescent detection of ephedrine and norephedrine in CPu microdialysate. (A) A chromatogram of a dansyl chloride derivative of 11 μl of microdialysate (plus phosphoric acid) collected just prior to 40 mg/kg l-ephedrine administration. The derivatized microdialysate was resin cleaned before separation on HPLC. The chromatogram shows the changes in the fluorescence of the HPLC eluate (see Materials and Methods for further details). (B) A chromatogram of a dansyl chloride derivative of 11 μl of microdialysate containing (spiked with) l-ephedrine and l-norephedrine (10 μM was the final concentration for both). The derivatized microdialysate was resin-cleaned before separation on HPLC. (C) A chromatogram of derivatized microdialysate collected 1.67 hrs after a single dose of 40 mg/kg i.p. l-ephedrine. The labeled peaks indicate the 7.9 μM ephedrine and 0.2 μM norephedrine calculated to be present in microdialysate. (D) A chromatogram of derivatized microdialysate collected 2 h after the fourth dose of 4 × 25 mg/kg ip l-ephedrine. The labeled peaks indicate the 8.4 μM ephedrine and 0.9 μM norephedrine calculated to be present in microdialysate.]Open in new tabDownload slide

HPLC separation and fluorescent detection of ephedrine and norephedrine in CPu microdialysate. (A) A chromatogram of a dansyl chloride derivative of 11 μl of microdialysate (plus phosphoric acid) collected just prior to 40 mg/kg l-ephedrine administration. The derivatized microdialysate was resin cleaned before separation on HPLC. The chromatogram shows the changes in the fluorescence of the HPLC eluate (see Materials and Methods for further details). (B) A chromatogram of a dansyl chloride derivative of 11 μl of microdialysate containing (spiked with) l-ephedrine and l-norephedrine (10 μM was the final concentration for both). The derivatized microdialysate was resin-cleaned before separation on HPLC. (C) A chromatogram of derivatized microdialysate collected 1.67 hrs after a single dose of 40 mg/kg i.p. l-ephedrine. The labeled peaks indicate the 7.9 μM ephedrine and 0.2 μM norephedrine calculated to be present in microdialysate. (D) A chromatogram of derivatized microdialysate collected 2 h after the fourth dose of 4 × 25 mg/kg ip l-ephedrine. The labeled peaks indicate the 8.4 μM ephedrine and 0.9 μM norephedrine calculated to be present in microdialysate.


                    
FIG. 2.
[image: Time course of the microdialysate levels of ephedrine, norephedrine, dopamine, DOPAC, and 5-HIAA after a single dose of 40 mg/kg ip l-ephedrine. (Top) Levels of ephedrine and norephedrine in the microdialysate are plotted on a logarithmic scale vs. time of microdialysate fraction collection on a linear scale. Note that the levels of norephedrine are less than 1/20th that of ephedrine. (Bottom) Levels of dopamine, DOPAC and 5-HIAA in the microdialysate are plotted on a logarithmic scale versus the time of microdialysate fraction collection on a linear scale. Levels of 5-HIAA did not significantly differ over the entire time course. Dopamine levels peaked 40–60 min after dosing, while DOPAC levels decreased steadily until reaching a plateau 2.3–3 h after dosing.]Open in new tabDownload slide

Time course of the microdialysate levels of ephedrine, norephedrine, dopamine, DOPAC, and 5-HIAA after a single dose of 40 mg/kg ip l-ephedrine. (Top) Levels of ephedrine and norephedrine in the microdialysate are plotted on a logarithmic scale vs. time of microdialysate fraction collection on a linear scale. Note that the levels of norephedrine are less than 1/20th that of ephedrine. (Bottom) Levels of dopamine, DOPAC and 5-HIAA in the microdialysate are plotted on a logarithmic scale versus the time of microdialysate fraction collection on a linear scale. Levels of 5-HIAA did not significantly differ over the entire time course. Dopamine levels peaked 40–60 min after dosing, while DOPAC levels decreased steadily until reaching a plateau 2.3–3 h after dosing.


                    
FIG. 3.
[image: Effects of multiple doses of either l-ephedrine or d-amphetamine on core body temperature. (Top) Core body temperature after 3 doses, given at 3-h intervals, of either 1 ml/kg ip saline or 40 mg/kg l-ephedrine at an environmental temperature of 22–23°C. The increased variability in the 3 × 40 mg/kg l-ephedrine group 2 h after the initial dose are due to the intervention of cooling the rats on crushed ice when body temperatures rose to 41.5°C or above after the first or second dose. There was a significant interaction of drug and time (the F test yielded a value of F9, 80 = 4.288 p < 0.001), and post hoc analysis indicated that, at all time points after the initial dosing, temperatures of the l-ephedrine group were significantly higher than saline-treated controls (p < 0. 01, Tukey's test). (Bottom) Temperature changes after 4 consecutive doses, given at 2-h intervals, of 1 ml/kg ip saline, 25 mg/kg l-ephedrine, or 5 mg/kg d-amphetamine at an environmental temperature of 22–23°C. Variations in core body temperature were not as great in the 4 × 25 mg/kg l-ephedrine and 4 × 5 mg/kg d-amphetamine groups as the 3 × 40 mg/kg l-ephedrine group (shown in top graph). This was because most rats given either 4 × 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine did not need to be cooled with ice (body temperatures remained lower than 41.5°C) until after the third or fourth dose. A 2-way ANOVA showed that both the drug treatment and time-after-initial-dose factors affected body temperatures (F2,70 = 15.56, p < 0.001). Both drug-treated groups (amphetamine and l-ephedrine) had body temperatures that were significantly greater than the saline group at all time points after dosing (p < 0.001, Tukey's test). However, body temperatures of the ephedrine and amphetamine groups did not differ from one another at any time point (F1, 70 = 2.768, p < 0.101).]Open in new tabDownload slide

Effects of multiple doses of either l-ephedrine or d-amphetamine on core body temperature. (Top) Core body temperature after 3 doses, given at 3-h intervals, of either 1 ml/kg ip saline or 40 mg/kg l-ephedrine at an environmental temperature of 22–23°C. The increased variability in the 3 × 40 mg/kg l-ephedrine group 2 h after the initial dose are due to the intervention of cooling the rats on crushed ice when body temperatures rose to 41.5°C or above after the first or second dose. There was a significant interaction of drug and time (the F test yielded a value of F9, 80 = 4.288 p < 0.001), and post hoc analysis indicated that, at all time points after the initial dosing, temperatures of the l-ephedrine group were significantly higher than saline-treated controls (p < 0. 01, Tukey's test). (Bottom) Temperature changes after 4 consecutive doses, given at 2-h intervals, of 1 ml/kg ip saline, 25 mg/kg l-ephedrine, or 5 mg/kg d-amphetamine at an environmental temperature of 22–23°C. Variations in core body temperature were not as great in the 4 × 25 mg/kg l-ephedrine and 4 × 5 mg/kg d-amphetamine groups as the 3 × 40 mg/kg l-ephedrine group (shown in top graph). This was because most rats given either 4 × 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine did not need to be cooled with ice (body temperatures remained lower than 41.5°C) until after the third or fourth dose. A 2-way ANOVA showed that both the drug treatment and time-after-initial-dose factors affected body temperatures (F2,70 = 15.56, p < 0.001). Both drug-treated groups (amphetamine and l-ephedrine) had body temperatures that were significantly greater than the saline group at all time points after dosing (p < 0.001, Tukey's test). However, body temperatures of the ephedrine and amphetamine groups did not differ from one another at any time point (F1, 70 = 2.768, p < 0.101).


                    
FIG. 4.
[image: Time course of the microdialysate levels of ephedrine and norephedrine after multiple doses of 25 mg/kg l-ephedrine. Levels of ephedrine and norephedrine in microdialysate are plotted on a logarithmic scale versus time of microdialysate fraction collection on a linear scale during the administration of 4 consecutive doses, given at 2-h intervals, of 25 mg/kg ip of l-ephedrine. Peak norephedrine levels are less than 1/10th of the ephedrine levels. Microdialysate levels of ephedrine and norephedrine levels did not peak until after the third and fourth doses.]Open in new tabDownload slide

Time course of the microdialysate levels of ephedrine and norephedrine after multiple doses of 25 mg/kg l-ephedrine. Levels of ephedrine and norephedrine in microdialysate are plotted on a logarithmic scale versus time of microdialysate fraction collection on a linear scale during the administration of 4 consecutive doses, given at 2-h intervals, of 25 mg/kg ip of l-ephedrine. Peak norephedrine levels are less than 1/10th of the ephedrine levels. Microdialysate levels of ephedrine and norephedrine levels did not peak until after the third and fourth doses.


                    
FIG. 5.
[image: Time course of the microdialysate levels of dopamine, DOPAC, and 5-HIAA after multiple doses of 25 mg/kg l-ephedrine. Levels of dopamine, DOPAC and 5-HIAA in microdialysate are plotted on a logarithmic scale versus time of microdialysate fraction collection on a linear scale during administration of 4 consecutive doses, given at 2 h intervals, of 25 mg/kg ip of l-ephedrine. Peak dopamine levels are less than 1/30th the initial DOPAC levels. Microdialysate levels of dopamine peaked after the second dose while DOPAC levels continued to decline until the fourth dose. 5-HIAA levels remained relatively constant.]Open in new tabDownload slide
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[image: Comparison of the increases in CPu microdialysate glutamate levels produced by 4 × 25 mg/kg l-ephedrine and 4 × 5 mg/kg d-amphetamine. The same rats (n = 7) used to generate the data in Figure 6 were used for both the group and individual data in Figure 7. The means ± SEM for the groups (large open symbols) are shown, while individual data is shown with solid symbols and no SEM. The time points where the individual rats were cooled on crushed iced are indicated by arrows (see Materials and Methods for details). (Top) Group and individual CPu microdialysate glutamate levels are shown over the course of 4 doses of either 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine. (Bottom) Group and individual CPu microdialysate amphetamine levels are shown. The levels of ephedrine are not shown, since the derivatization process used to detect amino acids will only work with primary amines like amphetamine.]Open in new tabDownload slide

Comparison of the increases in CPu microdialysate glutamate levels produced by 4 × 25 mg/kg l-ephedrine and 4 × 5 mg/kg d-amphetamine. The same rats (n = 7) used to generate the data in Figure 6 were used for both the group and individual data in Figure 7. The means ± SEM for the groups (large open symbols) are shown, while individual data is shown with solid symbols and no SEM. The time points where the individual rats were cooled on crushed iced are indicated by arrows (see Materials and Methods for details). (Top) Group and individual CPu microdialysate glutamate levels are shown over the course of 4 doses of either 25 mg/kg l-ephedrine or 4 × 5 mg/kg d-amphetamine. (Bottom) Group and individual CPu microdialysate amphetamine levels are shown. The levels of ephedrine are not shown, since the derivatization process used to detect amino acids will only work with primary amines like amphetamine.


1 To whom correspondence should be addressed at NCTR, HFT-132, Jefferson, AR 72079-9502. Fax: (870) 543-7745. E-mail: jbowyer@nctr.fda.gov.


                    REFERENCES

[bookmark: jumplink-BELL-ETAL-1999]
Bell, D. G., Jacobs I., McLellan, T. M., Miyazaki, M. and Sabiston, C. M. (
1999
). Thermal regulation in the heat during exercise after caffeine and ephedrine ingestion. Aviat. Space Environ. Med.
 70
, 583
–588.



[bookmark: jumplink-BELL-ETAL-1998]
Bell, D. G., Jacobs, I., and Zamecnik, J. (
1998
). Effects of caffeine, ephedrine, and their combination on time to exhaustion during high-intensity exercise. Eur. J. Appl. Physiol.
 77
, 427
–433.



[bookmark: jumplink-BOWYER-ETAL-1995A]
Bowyer, J. F., Clausing, P., Gough, B., Slikker, W., Jr., and Holson, R. R. (
1995
). Nitric oxide regulation of methamphetamine-induced dopamine release in caudate/putamen. Brain Res.
 699
, 62
–70.



[bookmark: jumplink-BOWYER-ETAL-1995B]
Bowyer, J. F., Clausing, P., and Newport, G. D. (
1995
). Determination of d-amphetamine in biological samples using high performance liquid chromatography after pre-column derivatization with o-phthaldialdehyde and 3-mercaptopropionic acid. J. Chromatogr. B. Biomed. Appl.
 666
, 241
–250.



[bookmark: jumplink-BOWYER-ETAL-1994]
Bowyer, J. F., Davies, D. L., Schmued, L., Broening, H. W., Newport, G. D., Slikker, W., Jr., and Holson, R. R. (
1994
). Further studies of the role of hyperthermia in methamphetamine neurotoxicity. J. Pharmacol. Exp. Ther.
 268
, 1571
–1580.



[bookmark: jumplink-BOWYER-ETAL-1993]
Bowyer, J. F., Gough, B., Slikker, W., Jr., Lipe, G. W., Newport, G. D., and Holson, R. R. (
1993
). Effects of a cold environment or age on methamphetamine-induced dopamine release in the caudate putamen of female rats. Pharmacol. Biochem. Behav.
 44
, 87
–98.



[bookmark: jumplink-BOWYER-AND-HOLSON-1995]
Bowyer, J. F., and Holson, R. R. (1995). Methamphetamine and amphetamine neurotoxicity. In Handbook of Neurotoxicology (L. W. Chang and R. S. Dyer, Eds.), pp. 845–870. Marcel Dekker, New York.




[bookmark: jumplink-BOWYER-ETAL-1998]
Bowyer, J. F., Peterson, S. L., Rountree, R. L., Tor-Agbidye, J., and Wang, G. J. (
1998
). Neuronal degeneration in rat forebrain resulting from D-amphetamine-induced convulsions is dependent on seizure severity and age. Brain Res.
 809
, 77
–90.



[bookmark: jumplink-BOWYER-ETAL-1992]
Bowyer, J. F., Tank, A. W., Newport, G. D., Slikker, W., Jr., Ali, S. F. and Holson, R. R. (
1992
). The influence of environmental temperature on the transient effects of methamphetamine on dopamine levels and dopamine release in rat striatum. J. Pharmacol. Exp. Ther.
 260
, 817
–824.



[bookmark: jumplink-BRUNO-ETAL-1993]
Bruno, A., Nolte, K. B., and Chapin, J. (
1993
). Stroke associated with ephedrine use. Neurology.
 43
, 1313
–1316.



[bookmark: jumplink-CHASE-1996]
Chase, S. L. (
1996
). The FDA warns of the dangers of ephedrine. RN
 59
, 67
.



[bookmark: jumplink-CHEN-AND-SCHMIDT-1930]
Chen, K. K., and Schmidt, C. F. (
1930
). Ephedrine and related substances. Medicine, Baltimore
 9
, 1
–117.



[bookmark: jumplink-CLAUSING-ETAL-1995]
Clausing, P., Gough, B., Holson, R. R., Slikker, W., Jr., and Bowyer, J. F. (
1995
). Amphetamine levels in brain microdialysate, caudate/putamen, substantia nigra, and plasma after dosage that produces either behavioral or neurotoxic effects. J. Pharmacol. Exp. Ther.
 274
, 614
–621.



[bookmark: jumplink-CLAUSING-ETAL-1997]
Clausing, P., Rushing, L. G., Newport, G. D., and Bowyer, J. F. (
1997
). Determination of D-fenfluramine, D-norfenfluramine, and fluoxetine in plasma, brain tissue, and brain microdialysate using high-performance liquid chromatography after pre-column derivatization with dansyl-chloride. J. Chromatogr. B. Biomed. Sci. App.
 692
, 419
–426.



[bookmark: jumplink-COMMINS-AND-SEIDEN-1986]
Commins, D. L., and Seiden, L. S. (
1986
). Alpha-methyltyrosine blocks methylamphetamine-induced degeneration in the rat somatosensory cortex. Brain Res.
 365
, 15
–20.



[bookmark: jumplink-EISCH-AND-MARSHALL-1998]
Eisch, A. J., and Marshall, J. F. (
1998
). Methamphetamine neurotoxicity: Dissociation of striatal dopamine terminal damage from parietal cortical cell body injury. Synapse
 30
, 433
–445.



[bookmark: jumplink-FERGUSON-ETAL-1996]
Ferguson, S. A., Paule, M. G., and Holson, R. R. (
1996
). Functional effects of methylazoxymethanol-induced cerebellar hypoplasia in rats. Neurotoxicol. Teratol.
 18
, 529
–537.



[bookmark: jumplink-GIBB-AND-KOGAN-1979]
Gibb, J. W., and Kogan, F. J. (
1979
). Influence of dopamine synthesis on methamphetamine-induced changes in striatal and adrenal tyrosine hydroxylase activity. Naunyn Schmiedebergs Arch. Pharmacol.
 310
, 185
–187.



[bookmark: jumplink-GODEL-ETAL-1984]
Godel, H., Graser, T., Foldi, P., Pfaender, P., and Furst, P. (
1984
). Measurement of free amino acids in human biological fluids by high-performance liquid chromotography. J. Chromatog.
 297
, 49
–61.



[bookmark: jumplink-GRAHAM-1978]
Graham, D. G. (
1978
). Oxidative pathways for catecholamines in the genesis of neuromelanin and cytotoxic quinones. Mol. Pharmacol.
 14
, 633
–643.



[bookmark: jumplink-HOTCHKISS-AND-GIBB-1980]
Hotchkiss, A. J., and Gibb, J. W. (
1980
). Long-term effects of multiple doses of methamphetamine on tryptophan hydroxylase and tyrosine hydroxylase activity in rat brain. J. Pharmacol. Exp. Ther.
 214
, 257
–262.



[bookmark: jumplink-JACOBS-1976]
Jacobs, B. L. (
1976
). An animal behavior model for studying central serotonergic synapses. Life Sci.
 19
, 777
–785.



[bookmark: jumplink-JAMES-ETAL-1998]
James, L. P., Farrar, H. C., Komoroski, E. M., Wood, W. R., Graham, C. J., Bornemeier, R. A., and Valentine, J. L. (
1998
). Sympathomimetic drug use in adolescents presenting to a pediatric emergency department with chest pain. J. Toxicol. Clin. Toxicol.
 36
, 321
–328.



[bookmark: jumplink-JOSEFSON-1996]
Josefson, D. (
1996
). Herbal stimulant causes U.S. deaths. Brit. Med. J.
 312
, 1378
–1379.



[bookmark: jumplink-KALANT-AND-KALANT-1975]
Kalant, H., and Kalant, O. J. (
1975
). Death in amphetamine users: Causes and rates. Can. Med. Assoc. J.
 112
, 299
–304.



[bookmark: jumplink-KEPLINGER-ETAL-1959]
Keplinger, M. L., Lanier, G. E., and Deichmann, W. B. (
1959
). Effects of environmental temperature on the acute toxicity of a number of compounds in rats. Toxicol. Appl. Pharmacol.
 1
, 156
–161.



[bookmark: jumplink-LAVOIE-AND-HASTINGS-1999]
LaVoie, M. J., and Hastings, T. G. (
1999
). Dopamine quinone formation and protein modification associated with the striatal neurotoxicity of methamphetamine: Evidence against a role for extracellular dopamine. J. Neurosci.
 19
, 1484
–1491.



[bookmark: jumplink-MCCANN-ETAL-1998]
McCann, U. D., Wong, D. F., Yokoi, F., Villemange, V., Dannals, R. F., and Ricaurte, G. A. (
1998
). Reduced striatal dopamine transporter density in abstinent methamphetamine and methcathione users: Evidence from positron emission tomography studies with [11C]WIN-35,428. J. Neurosci.
 18
, 8417
–8422.



[bookmark: jumplink-MELEGA-ETAL-1995]
Melega, W. P., Williams, A. E., Schmitz, D. A., DiStefano, E. W., and Cho, A. K. (
1995
). Pharmacokinetic and pharmacodynamic analysis of the actions of D-amphetamine and D-methamphetamine on the dopamine terminal. J. Pharmacol. Exp. Ther.
 274
, 90
–96.



[bookmark: jumplink-MILLER-AND-OCALLAGHAN-1994]
Miller, D. B. and O'Callaghan, J. P. (
1994
). Environment-, drug-, and stress-induced alterations in body temperature affect the neurotoxicity of substituted amphetamines in the C57BL/6J mouse. J. Pharmacol. Exp. Ther
. 270
, 752
–760.



[bookmark: jumplink-NAHORSKI-1980]
Nahorski, S. R. (1980). Acute and chronic effects of amphetamine on cerebral energy metabolism and cyclic nucleotides. In Amphetamines and Related Stimulants: Chemical, Biological, Clinical, and Social Aspects (J. Caldwell, Ed.), pp. 85–96. CRC Press, Boca Raton, FL.




[bookmark: jumplink-NASH-AND-YAMAMOTO-1992]
Nash, J. F., and Yamamoto, B. K. (
1992
). Methamphetamine neurotoxicity and striatal glutamate release: Comparison to 3,4-methylenedioxymethamphetamine. Brain Res.
 581
, 237
–243.



[bookmark: jumplink-ODELL-ETAL-1991]
O'Dell, S. J., Weihmuller, F. B., and Marshall, J. F. (
1991
). Multiple methamphetamine injections induce marked increases in extracellular striatal dopamine, which correlate with subsequent neurotoxicity. Brain Res.
 564
, 256
–260.



[bookmark: jumplink-PAXINOS-AND-WATSON-1995]
Paxinos, G., and Watson, C (1995). The Rat Brain in Stereotaxic Coordinates, Vol.2. Academic Press, San Diego.




[bookmark: jumplink-RICAURTE-ETAL-1983]
Ricaurte, G. A., Fuller, R. W., Perry, K. W., Seiden, L. S., and Schuster, C. R. (
1983
). Fluoxetine increases long-lasting neostriatal dopamine depletion after administration of d-methamphetamine and d-amphetamine. Neuropharmacol.
 10
, 1165
–1169.



[bookmark: jumplink-SCHMIDT-ETAL-1992]
Schmidt, C. J., Black, C. K., Taylor, V. L., Fadayel, G. M., Humphreys, T. M., Nieduzak, T. R., and Sorenson, S. M. (
1992
). The 5-HT2 receptor antagonist, MDL 28,133A, disrupts the serotonergic-dopaminergic interaction mediating the neurochemical effects of 3,4-methylenedioxymethamphetamine. Eur. J. Pharm
. 220
, 151
–159.



[bookmark: jumplink-SCHMIDT-ETAL-1985]
Schmidt, C. J., Ritter, J. K., Sonsalla, P. K., Hanson, G. R., Gibb, J. W. (
1985
). Role of dopamine in the neurotoxic effects of methamphetamine. J. Pharmacol. Exp. Ther.
 233
, 539
–544.



[bookmark: jumplink-SCHMUED-AND-BOWYER-1997]
Schmued, L. C., and Bowyer, J. F. (
1997
). Methamphetamine exposure can produce neuronal degeneration in mouse hippocampal remnants. Brain Res.
 759
, 135
–140.



[bookmark: jumplink-SEIDEN-AND-SABOL-1995]
Seiden, L. S., and Sabol, K. E. (1995). Neurotoxicity of methamphetamine-related drugs and cocaine. In Handbook of Neurotoxicology (L. W. Chang and R. S. Dyer, Eds.), Vol. 2, pp. 824–844. Marcel Dekker, New York.




[bookmark: jumplink-SELLERS-ETAL-1979]
Sellers, E. M., Martin, P. R., Roy, M. L., and Sellers, E. A. (1979). Amphetamines. In Body Temperature: Regulation, Drug Effects, and Therapeutic Implications (P. Lomax and E. Schonbaum, Eds.), pp. 461–499. Marcel Dekker, New York.




[bookmark: jumplink-SONSALLA-ETAL-1989]
Sonsalla, P. K., Nicklas, W. J. and Heikkila, R. E. (
1989
). Role for excitatory amino acids in methamphetamine-inducd nigrostriatal dopaminergic toxicity. Science
 243
, 398
–400.



[bookmark: jumplink-STEPHANS-ETAL-1998]
Stephans, S. E., Whittingham, T. S., Douglas, A. J., Lust, W. D., and Yamamoto, B. K. (
1998
). Substrates of energy metabolism attenuate methamphetamine-induced neurotoxicity in striatum. J. Neurochem.
 71
, 613
–621.



[bookmark: jumplink-STEPHANS-AND-YAMAMOTO-1994]
Stephans, S. E., and Yamamoto, B. K. (
1994
). Methamphetamine-induced neurotoxicity: Roles for glutamate and dopamine efflux. Synapse
 17
, 203
–209.



[bookmark: jumplink-STOKES-ETAL-1999]
Stokes, A. H., Hastings, T. G., and Vrana, K. E. (
1999
). Cytotoxic and genotoxic potential of dopamine. J. Neurosic. Res.
 55
, 659
–665.



[bookmark: jumplink-TINSLEY-AND-WATKINS-1998]
Tinsley, J. A., and Watkins, D. D. (
1998
). Over-the-counter stimulants: Abuse and addiction. Mayo Clin. Proc.
 73
, 977
–982.



[bookmark: jumplink-VANAKOSKI-ETAL-1993]
Vanakoski, J., Stromberg, C., and Seppala, T. (
1993
). Effects of a sauna on the pharmacokinetics and pharmacodynamics of midazolam and ephedrine in healthy young women. Euro. J. Clin. Pharmacol.
 45
, 337
–381.



[bookmark: jumplink-WEIHMULLER-ETAL-1992]
Weihmuller, F. B., O'Dell, S. J., and Marshall, J. F. (
1992
). MK-801 protection against methamphetamine-induced striatal dopamine terminal injury is associated with attenuated dopamine overflow. Synapse
 11
, 155
–163.



[bookmark: jumplink-WHITE-ETAL-1997]
White, L. M., Gardner, S. F., Gurley, B. J., Marx, M. A., Wang, P. L., and Estes, M. (
1997
). Pharmacokinetics and cardiovascular effects of ma-haung (Ephedra sinica) in normotensive adults. J. Clin. Pharmacol.
 37
, 116
–122.



[bookmark: jumplink-WILSON-ETAL-1996]
Wilson, J. M., Kalasinsky, K. S., Levey, A. I., Bergeron, C., Reiber, G., Anthony, R. M., Schmunk, G. A., Shannak, K., Haycock, J. W. and Kish, S. J. (
1996
). Striatal dopamine nerve terminal markers in human, chronic methamphetamine users. Nat. Med.
 2
, 699
–703.



[bookmark: jumplink-YAMAMOTO-AND-ZHU-1998]
Yamamoto, B. K., and Zhu, W. (
1998
). The effects of methamphetamine on the production of free radicals and oxidative stress. J. Pharmacol. Exp. Ther.
 287
, 107
–114.



[bookmark: jumplink-ZALIS-ETAL-1963]
Zalis E. G., and Parmley, L. F., Jr. (
1963
). Fatal amphetamine poisoning. Arch. Int. Med.
 112
, 822
–826.



[bookmark: jumplink-ZALIS-ETAL-1967]
Zalis, E. G., Lundberg, G. D., and Knutson, R. A. (
1967
). The pathophysiology of acute amphetamine poisoning with pathologic correlation. J. Pharmacol. Exp. Ther.
 158
, 115
–127.




    
    
         
    




        


        
© 2000 Society of Toxicology


        

    








 
    

    
        
    
                
                

                
                    Issue Section:

                        NEUROTOXICOLOGY
                


    



 
    

    
        
 
    


                

                
                    Download all slides
                

                    
         
    


                
    
        

    
        
            Comments

        

        
            0 Comments
        

        

        
        
            Comments (0)
        

    

 
    

    
            Add comment
    

        
            Close comment form modal
        

        
            
                

            

        


        


            
                
                I agree to the terms and conditions.
                
                    You must accept the terms and conditions.
                
            


        
            Add comment
            Cancel
        



        

            Submit a comment




                
                    Name

                    
                



                
                    Affiliations
                    
                




            
                Comment title
                
            


            
                Comment
                

                



                
                    You have entered an invalid code
                


                
                    Submit
                    Cancel
                


            


            
                
                
                    
                        Thank you for submitting a comment on this article. Your comment will be reviewed and published at the journal's discretion. Please check for further notifications by email.
                    

                

                
                            
                

            


        

                        
 
    


                

            

        


    




    
        
    
        
            
        

            Advertisement

            


 
    

 

    

 

    

    
        



        


    
            
                Citations

                    
    
        

 
    


                    

                            

                    
                Views

                
                    3,297

                

            

                    
                    Altmetric

                    
    
            
    

         
 
    


                    



            

                    
                
                    [image: Information]
                    More metrics information
                
            

    




                
                    




    
            Metrics


            
                
                    
                        Total Views
                        3,297
                    

                    
                        
                            3,020
                            Pageviews
                        

                        
                            277
                            PDF Downloads
                        

                                            

                

                Since 12/1/2016

            


            
            
                


                
                    	Month:	Total Views:
	December 2016	4
	January 2017	1
	February 2017	8
	March 2017	7
	April 2017	4
	May 2017	3
	June 2017	2
	August 2017	3
	September 2017	3
	October 2017	3
	November 2017	1
	December 2017	29
	January 2018	32
	February 2018	39
	March 2018	39
	April 2018	74
	May 2018	44
	June 2018	50
	July 2018	50
	August 2018	27
	September 2018	48
	October 2018	32
	November 2018	64
	December 2018	39
	January 2019	50
	February 2019	52
	March 2019	65
	April 2019	65
	May 2019	74
	June 2019	35
	July 2019	45
	August 2019	39
	September 2019	44
	October 2019	51
	November 2019	33
	December 2019	27
	January 2020	40
	February 2020	32
	March 2020	27
	April 2020	47
	May 2020	27
	June 2020	48
	July 2020	63
	August 2020	44
	September 2020	44
	October 2020	48
	November 2020	63
	December 2020	44
	January 2021	63
	February 2021	42
	March 2021	43
	April 2021	57
	May 2021	41
	June 2021	49
	July 2021	33
	August 2021	25
	September 2021	39
	October 2021	41
	November 2021	36
	December 2021	30
	January 2022	33
	February 2022	30
	March 2022	26
	April 2022	43
	May 2022	38
	June 2022	42
	July 2022	34
	August 2022	55
	September 2022	38
	October 2022	64
	November 2022	42
	December 2022	38
	January 2023	42
	February 2023	43
	March 2023	42
	April 2023	47
	May 2023	50
	June 2023	29
	July 2023	47
	August 2023	49
	September 2023	41
	October 2023	30
	November 2023	34
	December 2023	39
	January 2024	46
	February 2024	32
	March 2024	31


                

            



        
            Citations

                
    
        

 
    


                    Powered by Dimensions
                

                                
                        
                                24
                        
                        Web of Science
                    

        



        
            Altmetrics

            

    
            
    

         
 
    

            

        






    

                        ×
                    

                

        


 
    

    
        
 
    

    
            


 
    

    
        
    Citing articles via

    
            
                Web of Science (24)
            

                    
                Google Scholar
            

            


 
    

    
            	
                
                    Latest
                

            
	
                
                    Most Read
                

            
	
                
                    Most Cited
                

            


        






    




            
                    


    


    



        
Carbamazepine transmits immune effect by activation of gut-liver axis and TLR signaling pathway from parental zebrafish to offspring    



 






        
            
        







    


    



        
Prenatal prednisone exposure impacts liver development and function in fetal mice and its characteristics    



 






        
            
        







    


    



        
Towards a more effective REACH legislation in protecting human health    



 






        
            
        







    


    



        
2022–2023 Toxicological Sciences: Paper of the Year    



 






        
            
        







    


    



        
Chronic exposure to BDE-47 aggravates acute pancreatitis and chronic pancreatitis by promoting acinar cell apoptosis and inflammation    



 






        
            
        






                    

            





        
        
        
        
        
 
    

    
            
        More from Oxford Academic

            
                Biochemistry
            

            
                Biological Sciences
            

            
                Clinical Medicine
            

            
                Medical Toxicology
            

            
                Medicine and Health
            

            
                Science and Mathematics
            

            
                Toxicology (Non-medical)
            


            
                Books
            

            
                Journals
            

    

 
    


    




    



    
        
    
        
            
        

            Advertisement

            


 
    













                

            
    


        
        


        
            


    
    
        
    
        
            
        

            Advertisement

                    
                close advertisement
            
    


 
    


    


    
            
    
        
    
        
            
        

            Advertisement

            


 
    


    



    



    	
    About Toxicological Sciences

	
    Editorial Board

	
    Policies

	
    Author Guidelines

	
    Facebook


	
    Twitter

	
    Purchase

	
    Recommend to your Library

	
    Advertising and Corporate Services

	
    Journals Career Network







        
            

    [image: Toxicological Sciences]
                        


        
            	Online ISSN 1096-0929
	Print ISSN 1096-6080
	Copyright © 2024 Society of Toxicology


        



    


 
    


    
        
    
        



    
    



	About Oxford Academic
	Publish journals with us
	University press partners
	What we publish
	New features 





	Authoring
	Open access
	Purchasing
	Institutional account management
	Rights and permissions





	Get help with access
	Accessibility
	Contact us
	Advertising
	Media enquiries





	Oxford University Press
	News
	Oxford Languages
	University of Oxford





Oxford University Press is a department of the University of Oxford. It furthers the University's objective of excellence in research, scholarship, and education by publishing worldwide

[image: Oxford University Press]






	Copyright © 2024 Oxford University Press
	Cookie settings
	Cookie policy
	Privacy policy
	Legal notice










 
    


        

    

    

    


        








    



    
        
    

    Close




    
        

    

    Close






    
        This Feature Is Available To Subscribers Only

        Sign In or Create an Account

    

    Close




    This PDF is available to Subscribers Only

    View Article Abstract & Purchase Options
    
        For full access to this pdf, sign in to an existing account, or purchase an annual subscription.

    

    Close


 
    


    







    
    














    
    
    
        
            [image: Scholarly IQ]
        











    


    
    
    
    

    



    

    
    




    

    
            

 
    


    




        
    

