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Chapter 5.  Evaluation of other tetrahydropyridinyl analogs for

                   potential neurotoxicity

The factors that influence and control the degree of observed

dopaminergic neurotoxicity displayed by MPTP and other MPTP-like

tetrahydropyridine MAO substrates78,80,94,149,152,198,253 are not fully

understood.  Being able to predict the type of compounds that display

dopaminergic neurotoxicity could prove useful especially since there is

speculation that PD may originate from exposure to exogenous compounds.

The pool of available tetrahydropyridinyl substrates for MAO has

increased,95,153 but very little has been done to explore the relationship

between in vitro substrate activity and observed dopaminergic neurotoxicity in

the C57Bl/6 mouse model.  Much of the work surrounding dopaminergic

neurotoxicity has been done with MPTP but, of the tetrahydropyridinyl analogs

tested, there are no observable trends concerning neurotoxicity.  For example,

in 1988 Youngster94 and his colleagues published a study evaluating the

neurotoxicity of MPTP and some of its analogs in C57Bl/6 mice.  It was reported

that the observed DA depletion, the measure of neurotoxicity, was 85.3% at a

total dosage of 452 µmoles/Kg.  The activity of the m-methoxy substituted MPTP

derivative [(43, Table 2, chapter 2) (Vmax /Km = 944 min-1mM-1)], which is a pure

MAO-B substrate and is approximately two times more active than MPTP (Vmax

/Km = 523 min-1mM-1) with pure MAO in vitro, is much less neurotoxic than

MPTP in vivo.  While MPTP at a dosage of 452 µmoles/Kg produced 85% DA

depletion in the C57Bl/6 mice, the 3-methoxy MPTP analog displayed only 26

% depletion at the same dosage.  The 3-chloro MPTP derivative [(41, Table 2,
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chapter 2) (Vmax /Km = 1,132 min-1mM-1)] and the 4-fluoro MPTP derivative [(46,

Table 2, chapter 2) (Vmax /Km = 423 min-1mM-1)] are as active or more active

than MPTP, respectively, but neither of these substrates display dopaminergic

neurotoxicity.  Thus, we have to conclude that, even though these compounds

are converted to the pyridinium metabolite in vitro, there are other factors that

influence the observed neurotoxicity in vivo.  Some of these possible influential

factors can be derived based on the proposed mechanism for MPTP

neurotoxicity [Figure 1, chapter 1 (section 1.2.2)].  As previously discussed, it is

known that MAO-B substrates must be oxidized to a pyridinium species in the

brain glial cells.  There is evidence that MPTP gets into the brain but one of the

limiting factors for analogs may be that not enough of the substrate reaches the

brain.  Another factor may be that for some unknown reason the compound is

not oxidized in vivo by MAO-B.  If the compound is oxidized to the pyridinium

neurotoxin, then the other factors that must be considered are the following:

• 1.  The pyridinium may not partition out of the glial cells.

• 2.  The pyridinium may not be a substrate for the DA transporter and thus

cannot reach the site of neurotoxicity in the neurons.

• 3.  If the pyridinium gets into the dopaminergic neurons, then it is possible

that the pyridinium species does not partition into the mitochondrial

membrane or does not inhibit mitochondrial respiration.

We have examined in vivo a series of MPTP hetero atom containing derivatives

that have good substrate properties for MAO in an attempt to characterize their

toxicity in the C57Bl/6 mice and to look for an observable relationship between

in vitro substrate activity and in vivo toxicity.
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5.1.  Compounds and rationale

The compounds that have been investigated, 1-methyl-4-(1-pyrrolyl)-

1,2,3,6-tetrahydropyridine (156), 1-methyl-4-(3-methylfuran-2-yl)-1,2,3,6-

tetrahydropyridine (159), 1-methyl-4-(3-indolyl)-1,2,3,6-tetrahydropyridine

(147), and 1-propargyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine

(162), are shown in Chart 5.

Chart 5.  MPTP Analogs Investigated for the Ability to Produce Selective

Dopaminergic Neurotoxicity in Mice.
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Each of these compounds was chosen for its good activity in vitro with

MAO (Table 13).  Compounds 147, 156, and 159 are MAO-B selective or

exclusive while compound 162 is a pure MAO-A substrate and an MAO-B

inact ivator .2 5 4   Compound 1 5 6  has relatively the same electronic

characteristics and activity as MPTP and therefore should exhibit similar

neurotoxic properties as it is converted by MAO-B to the pyridinium species

158 (Scheme 15).  Compound 147 has been investigated because of its

exclusive MAO-B substrate activity.  The MPTP derivative 159 is oxidized by
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MAO to a potentially neurotoxic species (Scheme 16) and has been

investigated because of its excellent MAO-B activity (Table 13).  Compound

159 is fourteen times more active for MAO-B than MPTP and we would expect

to see enhanced neurotoxicity in vivo.  Compound 162 has been investigated

due to the fact that it is a selective MAO-A substrate but inhibits MAO-B.254  This

compound provides another opportunity to examine MAO-A mediated

neurotoxicity.

Table 13.  Vmax /Km Values for the MAO-A and MAO-B Catalyzed Oxidation of

Various 4-Substituted-1-methyl-1,2,3,6-tetrahydropyridine Derivatives

MAO-A MAO-B

Cmpd. Vmax/Km Vmax/Km SCB/A b

3 143 523 3.66

8 8 2359 4151 1.76

1 4 7 a NSD 397 --

1 5 6 140 362 2.59

1 5 9 1216 7414 6.10

1 6 2 81 -- --

a NSD = No substrate properties detected.  b SC = Selectivity coefficient.
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Scheme 15.  Metabolic Fate of 156 when Incubated with MAO-B
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Scheme 16.  Metabolic Fate of 159 when Incubated with MAO-B

O

N

CH3

159

H3C
O

N

CH3

161

H3C
O

N

CH3

160

H3C

MAO

5.2.  In vivo experiments and results

We have investigated 1-methyl-4-(1-pyrrolyl)-1,2,3,6-tetrahydropyridine

(156) for the potential to produce neurotoxicity in the C57Bl/6 mouse model.

The first set of experiments was designed to establish an injection protocol.

These samples were processed and evaluated for DA content by HPLC as

previously described in Chapter 4 (section 4.1).  Because analog 156 is similar
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in activity to MPTP we decided upon an initial i.p. dosage of 50 mg/Kg (198.2

µmoles/Kg).  Group 1 (six controls) received saline, while group 2 (six treated

animals) received a single i.p. injection of 156 at a dosage of 50 mg/Kg.  Group

2 appeared to be sick initially (not eating, drinking, or moving) but began to

recover after approximately 3 hours.  Seventy-two hours after dosing the

C57Bl/6 mice, all the animals in group 2 were dead.  This delayed toxicity was

also observed when we reduced the dosage of 156 to 40 mg/Kg (158.6

µmoles/Kg) as summarized in Table 14.  The 40 mg/Kg was 100% lethal after

72 hrs.  We lowered the dosage of 156 to 30 mg/Kg (118.92 µmoles/Kg).  As

summarized in Table 15, group 1 received saline while group 2 received a

single i.p. injection of 156.  We observed 33% lethality at the 30 mg/Kg dosage.

The remaining animals were sacrificed, dissected, and analyzed for DA content.

The controls contained 11.2 ng/mg of striata while the treated animals

contained an average of 10.1 ng/mg of striata, resulting in a DA depletion of

9%.  In an attempt to overcome the general toxicity, we reduced the dosage of

156 to 20 mg/Kg (79.28 µmoles/Kg) and gave the compound for two days.  As

summarized in Table 14, the reduction in dosage removed the lethal toxicity but

the neurotoxicity did not increase (12.6% DA depletion, Table 15).
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Table 14.  Dosing Protocols for 1-Methyl-4-(1-pyrrolyl)-1,2,3,6-

tetrahydropyridine (156)

Dosage

µmoles/Kg

Dosing Protocol General Toxicity % DA Depletion

198.2 one i.p. injection 100% lethal after

72 hrs

NAa

158.6 one i.p. injection 100% lethal after

72 hrs

NAa

118.92 one i.p. injection 33% lethal after

72 hrs

0

79.28 i.p. twice a day for

2 consecutive

days

animals sick after

first day only

12.6

aNot applicable

Table 15.  Dopamine Depletion Studied Using 1-Methyl-4-(1-pyrrolyl)-1,2,3,6-

tetrahydropyridine (156) at a Dosage of 118.92 µmoles/Kg

Group

(n=# of mice)

Pk ht ratio DA/IS

(CV)

ng DA / mg striata % of control

1 -control (6) 1.003 ± 0.27

(26.6%)

11.2 100

2 -156 treated (6) 0.909 ± 0.09

(25.3%)

10.1 91
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Table 16.  Dopamine Depletion Studied Using 1-Methyl-4-(1-pyrrolyl)-1,2,3,6-

tetrahydropyridine (156) at a Dosage of 79.28 µmoles/Kg

Group

(n=# of mice)

Pk ht ratio DA/IS

(CV)

ng DA / mg striata % of control

 1 -control (6) 1.342 ± 0.062

(4.6 %)

18.9 100

2 -156 treated

(12)

1.173 ± 0.061

(5.2 %)

16.8 87.4

The MPTP analog 1-methyl-4-(3-methylfuran-2-yl)-1,2,3,6-

tetrahydropyridine (159) has excellent MAO-B substrate properties.  The first

set of experiments was designed to establish an in vivo injection protocol for

159 (Table 17).  Because of the high activity of analog 159, we decided upon

an initial i.p. dosage of 25 mg/Kg (93.54 µmoles/Kg) which would be given for

three days.  As summarized in Table 18, group 1 received saline, while group 2

received a single i.p. injection of 159 for three days (total dosage of 280

µmoles/Kg).  Like MPTP, at this lower dosage of 159 there was no observable

sign of abnormal activity in the mice.  Surprisingly, upon examination of DA

levels in the striata of the C57Bl/6 mice, we observed that there was no

experimentally significant difference between the controls and the treated

animals.  We decided to increase the dosage of 159 to 40 mg/Kg (149.66

µmoles/Kg).  Group 1 received saline while group 2 received a single i.p.

injection of 159 for 3 days (total dosage of 448.97 µmoles/Kg), as summarized



101

in Table 19.  For approximately the first 5 hours after treatment with 159 on day

one the animals in group 2 appeared to be sick and had trouble moving about

the cage.  By day three, the animals treated with 159 had built up a tolerance to

the test compound and did not appear to be very sick after injections.  At a total

dosage of 448.97 µmoles/Kg, we observed a DA depletion of 41%.  This finding

is surprising in that with MPTP, which is a much poorer MAO-B substrate, we

observe a 75% depletion at a total dosage of 238 µmoles/Kg.  One of the

possible explanations for these findings may be that 159 is such a good

substrate that it is metabolized peripherally by the liver, resulting in lower

concentrations of 159 in the brain.  Another possibility is that the pyridinium

metabolite of 159 is not as neurotoxic or is not a good substrate for the DA

transporter.

Table 17.  Dosing Protocols for 1-Methyl-4-(3-methylfuran-2-yl)-1,2,3,6-

tetrahydropyridine (159)

Dosage

µmoles/Kg

Dosing Protocol General Toxicity % DA Depletion

93.54 i.p. injection 3

consecutive days

normal activity 0

149.66 i.p. injection 3

consecutive days

animals are

visibly sick

41

aNot applicable
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Table 18.  Dopamine Depletion Studied Using 1-Methyl-4-(3-methylfuran-2-

yl)-1,2,3,6-tetrahydropyridine (159) at a Dosage of 93.54 µmoles/Kg

Group

(n=# of mice)

Pk ht ratio DA/IS

(CV)

ng DA / mg striata % of control

1 -control (6) 1.033 ± 0.13

(12.8%)

11.7 100

2 -159 treated (6) 1.064 ± 0.21

(19.7%)

12.1 103

Table 19.  Dopamine Depletion Studied Using 1-Methyl-4-(3-methylfuran-2-

yl)-1,2,3,6-tetrahydropyridine (159) at a Dosage of 149.66 µmoles/Kg

Group

(n=# of mice)

Pk ht ratio DA/IS

(CV)

ng DA / mg striata % of control

 1 -control (6) 1.003 ± 0.27

(26.9%)

11.2 100

2 -159 treated (6) 0.597 ± 0.15

(25.1%)

7.18 59

The MAO-B substrate 1-methyl-4-(3-indolyl)-1,2,3,6-tetrahydropyridine

(147), like the pyrrolyl analog 156, has electronic and steric properties similar

to that of MPTP.  We would expect 147 to behave like MPTP in vivo.  The MPTP

analog 147 was examined for its potential to elicit neurotoxicity in vivo.  The

protocol followed is summarized in Table 20.  We used an initial dosage of 40
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mg/Kg (132.3 µmoles/Kg) since the MAO-B substrate properties of 147 are

similar to those MPTP.  This compound caused dramatic behavioral effects in

the C57Bl/6 mice.  The animals were shaking and burying themselves in the

cage bedding as though they were cold, later they stopped moving about.  They

did not eat or drink.  They appeared extremely cold to the touch so we

determined the body temperature of several of the mice using a rectal

thermometer.  On the average the body temperature of the mice was 8 degrees

below their normal body temperature (37 - 39 °C).  This dosage resulted in

100% lethality (Table 20).  We lowered the dosage of 147 to 20 mg/Kg (66.15

µmoles/Kg) and gave the compound for four alternating days (total dosage of

264.62 µmoles/Kg).  Although the animals displayed the same symptoms as

with the 40 mg/Kg dosage of 147, they were not as severe.  As summarized in

Table 21, group 1 received saline while group 2 received 147 on days 1,3,5,

and 7.  At the 20 mg/Kg dosage of 147, we obtained a reduced DA level of 6.91

ng/mg striata relative to the control group with 9.58 ng/mg of striata (Table 21).

Table 20.  Dosing Protocols for 1-Methyl-4-(3-indolyl)-1,2,3,6-

tetrahydropyridine (147)

Dosage

µmoles/Kg

Dosing Protocol General Toxicity % DA Depletion

132.3 one i.p. injection 100% lethal NAa

66.15 i.p. injection

4 alternating days

mice are cold,

slow movement

24.4

aNot applicable
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Table 21.  Dopamine Depletion Studied Using 1-Methyl-4-(3-indolyl)-1,2,3,6-

tetrahydropyridine (147) at a Dosage of 66.15 µmoles/Kg

Group

(n=# of mice)

Pk ht ratio DA/IS

(CV)

ng DA / mg striata % of control

 1 -control (6) 0.398 ± 0.056

(14.1%)

9.58 100

2 -147 treated (6) 0.301 ± 0.082

(27.2%)

6.91 75.6

The preliminary investigation of 1-propargyl-4-(1-methylpyrrol-2-yl)-

1,2,3,6-tetrahydropyridine (162) was not very successful.  Because compound

162 has general toxicity it was difficult to establish a protocol. The preliminary

protocol is summarized in Table 22.  We used an initial dosage of 40 mg/Kg

dosage (137.8 µmoles/Kg).  We observed 58% lethality at this dosage.  The

remaining animals were sacrificed after 2 weeks but there was no observable

DA depletion.  However, we did observe a slight increase in DA levels in the

brain.  This DA increase may indicate that 162 is acting preferentially as an

MAO-B inhibitor (kinact/KI = 1.34 mM-1 min-1)254 and can not be converted by

MAO-A to a neurotoxic species.  Reducing the dosage of 162 to 20 mg/Kg

(68.65 µmoles/Kg) i.p. and dosing twice a day at 8 hour intervals for two days

did not result in observable neurotoxicity (Table 24).  These results are

preliminary and 162 is being explored further in our lab to try to establish a

better dosing protocol.
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Table 22.  Dosing Protocols for 1-Propargyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-

tetrahydropyridine (162)

Dosage

µmoles/Kg

Dosing Protocol General Toxicity % DA Depletion

137.8 one i.p. injection 58% lethality 0

68.65 2 consecutive

days

slowed activity 0

aNot applicable

Table 23.  Dopamine Depletion Studied Using 1-Propargyl-4-(1-methylpyrrol-

2-yl)-1,2,3,6-tetrahydropyridine (162) at a Dosage of 137.8 µmoles/Kg

Group

(n=# of mice)

Pk ht ratio DA/IS

(CV)

% Dopamine remaining

1 - Controls (4) 1.872 ± 0.21

(11.19%)

100

2 - treated with 162 (12) 1.972 ± 0.19

(9.65%)

105
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Table 24.  Dopamine Depletion Studied Using 1-Propargyl-4-(1-methylpyrrol-

2-yl)-1,2,3,6-tetrahydropyridine (162) at a Dosage of 68.65 µmoles/Kg

Group

(n=# of mice)

Pk ht ratio DA/IS

(CV)

% Dopamine remaining

1 - Controls (4) 1.426 ± 0.20

(13.7%)

100

2 - treated with 162 (12) 1.407 ± 0.31

(22.0%)

98.7

5.3.  Discussion

The first main conclusion we must draw from these results is that there is

no observable correlation between in vitro substrate activity with MAO and in

vivo expression of neurotoxicity.  There are several factors that may influence

the observed biological results, some of which are outlined at the beginning of

this chapter.  One of the unknowns is how much of the parent compound

reaches the brain.  We also do not know the relative pyridinium levels in the

brain of the C57Bl/6 mouse.  A key step in the expression of MAO-B mediated

neurotoxicity is that the pyridinium must be a substrate for the DA reuptake

transporter (Figure 3, section 1.2.2) in order to reach the site of neurotoxicity.

The affinity for the DA transporter may vary.  Some of these issues are currently

being explored in our lab.  The levels of the pyridinium species in the brain

could be addressed by monitoring the mouse brain levels of the pyridinium

metabolite by HPLC with a diode array detector (LC-DA) or by LC with
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fluorecence detection.

The main problem with all of the analogs studied (147, 156, 159, 162)

is the general toxicity observed which prevents dosing at high levels.  The

limited dosing regimens make it difficult to determine the neurotoxic potential of

these compounds.  It is not surprising that we observe the adverse biological

effects displayed by the mice with the 3-indolyl derivative 147.  It has been

reported that these compounds are very likely to interact with serotonergic

receptors,250 which play a role in body temperature regulation.  Some other

MPTP analogs have been reported to interact in mice to produce hypothermic

effects.255  The drop in the body temperature of the C57Bl/6 mice treated with

147  could be interpreted as an interaction with serotonergic and not

dopaminergic receptors.  The lack of activity of the 3-methylfuranyl derivative

159 relative to MPTP may be due to the fact that it is such a good MAO

substrate that it is metabolized peripherally by the liver enzymes before it

reaches the brain.

The factors that affect the expressed neurotoxicity of tetrahydropyridinyl

analogs in vivo are not fully characterized.  One of the contributing factors in the

expression of neurotoxicity in vivo may be the stability of the dihydropyridinium

species, i.e. how readily does the neurotoxic pyridinium species form.  In an

effort to explore the possible role dihydropyridinium stability plays in

determining expressed neurotoxicity in vivo, we have employed molecular

modeling.  With Macspartan, a molecular modeling program, we have

determined the minimum energies of several MPTP analogs (Table 25) which

have been examined for their neurotoxic properties in vivo.  Using AM1, we

were able to obtain the energies of the corresponding dihydropyridinium (DP+),
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dihydropyridine (DHP), and the neurotoxic pyridinium (P+) metabolites for each

MPTP analog (Table 25).  It is known that the neurotoxic pathway of MPTP

involves first the enzymatic conversion of the tetrahydropyridine to the

dihydropyridinium.  The oxidation from the dihydropyridinium to the pyridinium

must proceed through the dihydropyridine intermediate 166 (Scheme 17).  The

formation of the dihydropyridine species 166 from the dihydropyridinium

species 4 is energetically up hill due to the fact that enhanced resonance

stability makes the completely conjugated dihydropyridinium species 4 more

stable than 166 which is cross conjugated.  In general, the lower the pKa of the

C3 protons of the dihydropyridinium intermediate, the more rapidly the

dihydropyridine forms, the higher pyridinium levels should be, and presumably,

the more neurotoxicity the MPTP analog should display.

The ability to form the pyridinium species in vivo may depend on the

stability of the dihydropyridinium, thus we looked at the energy difference

between the DP+ and the DHP of some neurotoxic species (Table 25).  There

appears to be no observable trend between the degree of DA depletion and the

stability of the dihydropyridinium with respect to the analogs examined.  We

also looked at the overall energy for the two step conversion of the DP+ to the

P+, but could not find any observable trend.  From this we must conclude that

the neurotoxicity observed with tetrahydropyridines may not be dependent

exclusively on how fast the pyridinium forms.

The relative lipophilicites of MPTP and its analogs may also be one of

the contributing factors in the expression of neurotoxicity in vivo since these

analogs must cross cell membranes.  In an effort to determine if there is any

correlation between lipophilicity and expressed neurotoxicity, the log P values
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of the neurotoxic compounds were calculated using the program ACD log P

from ACD labs (Table 26).  Log P, which is a measure of the partitioning

between octanol and water, is a relative evaluation of the lipophilicity of a

compound.  In general, the more lipophilic a compound is the better able it is to

pass through the blood brain barrier to get to the brain.  Although no

quantitative relationship can be observed, we can make some associations.  As

we go from MPTP (3) (2.74, Table 26) to the 2-methyl-MPTP analog 31 (3.20,

Table 26), there is an increase in log P as well as an increase in relative

neurotoxicity observed with these MAO-B selective analogs.  Although we see

an increase in the log P of the 2-ethylMPTP analog 32 (3.73, Table 26) relative

to 3 and 31, unlike MPTP and the 2-methylMPTP analog, 32 is a selective

MAO-A substrate.  Enzyme selectivity may play a role in the observed decrease

in neurotoxicity of 32, because there is 2 times more MAO-B in the mouse brain

than MAO-A.114  The cyclohexyl MPTP derivative 165 (3.75, Table 26) has a

log P value similar to 32  and approximately the same expression of

neurotoxicity (Table 26).  The indole derivative 147 which has a log P of 2.66

(Table 26) should in principal, reach the brain as well as MPTP, but this type of

compound is known to interact with serotonergic receptors, which may

contribute to its lack of observable neurotoxicity.
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Table 25.  The Energy Differences in Kcal/mol Between the DP+ and the DHP

Species of Several Neurotoxic Tetrahydropyridine Analogs.

N

CH3

R

N
O

H3C

H
N N CH3

CH3 CH2CH3

OCH3

Ph

R =

R =

% DA Depletion

3 156 159 147 163

165 13331 43
32

H

164

∆∆E
(DP+ - DHP)

40      85         

8.82     9.45∆∆E

Kcal/mol

Kcal/mol
(DP+ - P+)

% DA Depletion

∆∆E
(DP+ - DHP)

∆∆E

Kcal/mol

Kcal/mol

(DP+ - P+)

142.62 137.39

12.6    

136.21

11.872

   41    

135.152

10.603

24.4   

129.698

10.296

86    

132.642

11.872

55    

138.239

8.780

   93

137.715

9.027

   26    

135.109

11.293

  62   

138.001

8.958

  27   

136.388

8.679

Compound references: 164 ( ref. 85); 165 (ref. 88); 3,31, 43 (ref. 245)
 32 (ref. 199);163 (ref. 254)
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Table 26.  Log P Values for Various Neurotoxic Analogs

Compound Number % Dopamine Depletion Log P value

3 85 2.74

3 1 93 3.20

3 2 62 3.73

1 6 5 55 3.75

1 3 3 27 4.49

1 5 6 12 2.17

1 6 3 86 1.73

1 4 7 24.4 2.66

1 5 9 41 2.36


