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ABSTRACT. Phenelzine (PLZ) is a non-selective monoamine oxidase (MAQ) inhibitor commonly used to
treat depression and panic disorder. Acute administration of PLZ produces several neurochemical changes,
including an increase in brain levels of the catecholamines norepinephrine (NE) and dopamine (DA), of
5-hydroxytryptamine (5-HT), and of the amino acids alanine and y-aminobutyric acid (GABA). The goal of the
present series of experiments was to characterize the time course of these PLZ-induced changes. Male
Sprague—Dawley rats were sacrificed 6, 24, 48, 96, 168, or 336 hr after acute PLZ administration (15 or 30 mg/kg,
i.p., based on free base weight). Whole brain levels of monoamines and amino acids were determined using
HPLC, and MAO A and B activities were determined using a radiochemical procedure. The results indicated
that PLZ changed amino acid levels 6 and 24 hr after injection, but not 48 hr later. In contrast, the effects of
PLZ on MAQO activity and monoamines were longer-lasting. For example, PLZ-induced increases in dopamine
and 5-HT were observed 1 week after injection, and PLZ-induced inhibition of MAQO activity persisted for 2
weeks. Thus, in addition to demonstrating that the effects of PLZ on MAQO activity and monoamines were
long-lasting, these results indicate that the effects of PLZ on MAQ activity and on brain levels of monoamines
and amino acids are temporally dissociated. These findings regarding the long-term effects of PLZ on
neurochemistry will have considerable critical implications for the design and interpretation of behavioral

studies of the acute effects of PLZ. BIOCHEM PHARMACOL 59;10:1253-1263, 2000. © 2000 Elsevier Science Inc.
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PLZ is a potent, long-term inhibitor of MAQO. In humans,
it is commonly used in the treatment of psychiatric disor-
ders, such as panic disorder and depression, particularly
depression associated with anxiety, panic, and phobia [1-3].
In rodents, PLZ has antipanic and anxiolytic effects in the
mouse defense test battery and the elevated plus maze [4, 5].
PLZ also affects memory storage in a task-dependent man-
ner. Specifically, PLZ enhances shock avoidance on a
memory test, but impairs spatial water maze retention
performance [6].

As expected based on its MAO-inhibiting properties,
PLZ increases brain levels of the monoamines DA, NE, and
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5-HT [7-11]. Interestingly, PLZ also produces large in-
creases in rat brain levels of the amino acids GABA and
alanine and decreases levels of the amino acid glutamine;
these changes have been reported in hypothalamus, frontal
cortex, and whole brain [10, 12—18]. The exact mechanisms
through which PLZ increases alanine and GABA levels are
not understood completely, although the effects appear to
involve, at least in part, inhibition of the enzymes that
break down GABA and alanine, GABA-T and ALA-T,
respectively [12-18]. PLZ is a remarkable drug in that in
addition to being an MAQO inhibitor, it is also a substrate
for MAO [19-22]. PLZ-induced increases in GABA, ala-
nine, and glutamine are blocked by prior treatment with
other MAQ inhibitors, a finding that suggests that a PLZ
metabolite produced by the action of MAO on PLZ
mediates the effect of PLZ on levels of these amino acids
[13, 17, 18].

PLZ is an irreversible MAQO inhibitor, inhibiting both
MAO-A and MAO-B as soon as 1 hr after administration
[4, 10, 15]. The degree of inhibition remains virtually
unchanged 24 hr later [15]; however, the extent to which
MAO remains inhibited by PLZ beyond 24 hr apparently
has not been established. Similarly, information indicating
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whether PLZ affects monoamines and amino acids beyond
24 hr after a single injection is also not available. Data
regarding the duration of the effects of PLZ on neurochem-
istry are crucial for experiments examining the effects of
acute administration of PLZ on behavior. For example, we
recently examined the effects of acute administration of
PLZ on learning and memory in rats [6]. In this study, shock
avoidance was assessed hours and days after PLZ adminis-
tration, and the effects of PLZ on water maze performance
were examined in the same rats 4-10 days later. Informa-
tion regarding the long-term effects of PLZ on neurochem-
istry would have allowed us to know if the neurochemical
effects of PLZ persisted when PLZ was re-administered and
when behavior was re-tested. Consequently, the goal of the
present experiment was to determine the duration of the
neurochemical changes produced by acute PLZ administra-
tion. The profile of PLZ-induced changes in brain MAO
inhibition and in brain levels of monoamines and amino
acids was examined in different rats 6 hr, 1 day, 2 days, 4
days, 1 week, and 2 weeks following administration of a
single dose of PLZ.

MATERIALS AND METHODS

All animal procedures were approved by the University of
Alberta Health Sciences Animal Welfare Committee and
conducted in accordance with the guidelines of the Cana-
dian Council on Animal Care.

Subjects

Male Sprague—Dawley rats (250-300 g; Ellerslie) were used.
The rats were housed two per cage in a temperature-
controlled (19-21°) animal room with a 12-hr light/dark
cycle. The rats were given free access to food (Purina Rat
Chow) and tap water and were kept in the animal room
under these conditions for at least 4 days prior to the
injections. Also, the rats were handled for 3 min 1-3 days
prior to the injections.

Drug Administration and Procedure

PLZ sulfate (Sigma) was dissolved in distilled water and
injected i.p. The doses of PLZ (15 or 30 mg/kg) are
expressed as their free bases and were selected based on
their demonstrated efficacy in increasing GABA and ala-
nine and inhibiting MAQO activities in the brain [14, 15,
17]. Rats were injected randomly with either PLZ or vehicle
and decapitated either 6 hr, 24 hr (1 day), 48 hr (2 days),
96 hr (4 days), 168 hr (1 week), or 336 hr (2 weeks) after
injection. Their brains were removed, cut in half, frozen
solid immediately in isopentane on solid carbon dioxide,
transferred to plastic vials, and stored at —80° until the
biochemical analyses were performed. The 6-hr period was
selected because previous results have shown that PLZ-
induced increases in NE, DA, 5-HT, GABA, and alanine
would be pronounced at this time [10, 14, 15, 23].
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Biochemical Analyses

For the biochemical analyses, frozen brain halves were
allowed to thaw partially and were randomly assigned to be
homogenized in 5 vol. of ice-cold isotonic potassium
chloride; aliquots were used for MAQO assays. The other half
of each brain was homogenized in 5 vol. of ice-cold 0.1 N
perchloric acid containing 10 mg EDTA/100 mL and 0.05
mM ascorbic acid. The homogenates were centrifuged at
12,000 g for 15 min at 4°, and aliquots were used for analysis
of monoamines, acid metabolites, and amino acids.

Brain MAQ activity was analyzed ex vivo by a modifica-
tion of the radiochemical method of Lyles and Callingham
[24]. Briefly, the homogenates were incubated with either
[**C]5-HT or ['*C]B-phenylethylamine (DuPont NEN Re-
search Products) as the substrates for MAO-A and MAO-B,
respectively. The corresponding radioactive aldehyde and
acid products were extracted with a mixture of ethyl acetate
and toluene. The radioactivities (dpm) were measured in a
Beckman LS 6000SC scintillation counter after the addi-
tion of scintillation fluid (Ready Safe; Beckman Instru-
ments, Inc.).

HPLC-EC was used to determine brain levels of NE, DA,
5-HT, DOPAC, and 5-HIAA. The HPLC-EC method and
apparatus used are described in detail in Ref. 25.

Amino acid levels (alanine, asparagine, GABA, gluta-
mate, glutamine, serine, and taurine) were determined
using HPLC with fluorescence detection following deriva-
tization with o-phthaldialdehyde. For more details see Ref.
26.

Statistical Analysis

The monoamine and amino acid data were analyzed with a
two-way ANOVA with drug treatment (0, 15, or 30 mg/kg
of PLZ) and drug-sacrifice interval (6 hr, 1 day, 2 days, 4
days, 1 week, or 2 weeks) as the two factors, followed by post
hoc comparisons where appropriate. For significant interac-
tions, post hoc comparisons were made between drugged rats
and rats injected with vehicle and sacrificed at the same
time. This resulted in 12 comparisons, and the « level (P <
0.05) was reduced accordingly (P < 0.004). The MAO data
were also analyzed by two-way ANOVA with two levels of
the drug treatment factor (15 and 30 mg/kg of PLZ).
Independent t-tests were used to compare MAQO activities
in drug- and vehicle-injected rats 2 weeks after injection. A
portion of the GABA, NE, DA, and 5-HT data for rats in
the 6- and 48-hr groups has been reported previously in Ref.
6.

RESULTS
MAO Activity

Both doses of PLZ inhibited MAO-A and MAO-B activity
(MAO-A: F ¢, = 23.23, P < 0.001; MAO-B: F, ¢, =
36.17, P < 0.001; see Fig. 1). Six hours after PLZ was
injected, MAO-A activity was inhibited 95 and 97% by
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FIG. 1. Effect of acute phenelzine (15 or 30 mg/kg, i.p., based on free base weight) on brain (A) MAO-A and (B) MAO-B activities
6 hr, 24 hr (1 day), 48 hr (2 days), 96 hr (4 days), 168 hr (1 week), or 336 hr (2 weeks) after injection. Results are expressed as
percent inhibition compared with vehicle controls injected and sacrificed at the same time (N = 4-11 per group). Key: (*) P < 0.05

vs same dose — 6 hr and vehicle — 2 weeks). Combined control (vehicle) values (pmol - min™

1 - mg~" tissue) across different time

points and runs were 73 %= 3 and 53 * 2 for MAO-A and -B, respectively (means + SEM, N = 55).

PLZ at the 15 and 30 mg/kg doses, and MAO-B activity was
inhibited 73 and 84%. Averaged across all time points, the
30 mg/kg dose of PLZ produced greater inhibition of
MAO-A and -B than did the 15 mg/kg dose (P < 0.001).
PLZ-induced inhibition of MAO-A and MAO-B activity

decreased as the interval between the drug injection and
time of sacrifice increased (MAO-A: Fs; = 206.7, P <
0.001; MAO-B: F54;, = 103.84, P < 0.001). However,
MAO-A and MAO-B activity remained significantly in-
hibited 2 weeks after administration of either dose of PLZ
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(MAO-A: vehicle vs 15 mg/kg, t; = 7.71, P < 0.001;
vehicle vs 30 mg/kg, tg = 7.56, P < 0.01; MAO-B: vehicle
vs 15 mg/kg, tg = 3.18, P < 0.05; vehicle vs 30 mg/kg, t5 =
5.87, P < 0.001).

Monoamines

PLZ increased NE, DA, and 5-HT levels (NE: F,,;; =
81223, P < 0.001; DA: F, ;,; = 56.07, P < 0.001; 5-HT:
F, 117 = 120.01, P < 0.001; see Fig. 2). Compared with
control levels, NE, DA, and 5-HT levels were higher in rats
given either dose of PLZ (P < 0.001). The effects of PLZ
were dose dependent. NE, DA, and 5-HT levels were
higher in rats given 30 mg/kg of PLZ than in rats given 15
mg/kg of PLZ (P < 0.05). The effects of PLZ were also time
dependent (NE: Fy,; = 3.72, P < 0.001; DA: Fjp 7, =
3.73, P < 0.001; 5-HT: Fygpy; = 11.006, P < 0.001).
Compared with rats injected with vehicle and sacrificed at
the same time, NE levels were elevated significantly in rats
sacrificed 6 hr, 1 day, or 2 days after either dose of PLZ was
administered (P < 0.001). NE levels were also increased
significantly 4 days after the 30 mg/kg dose of PLZ was
injected (P < 0.001), but were not significantly different
from control levels 1 or 2 weeks after injection of either
dose. DA levels were increased significantly 6 hr and 1 day
after the lower 15 mg/kg dose of PLZ was administered (P <
0.001), but were not significantly different from control
levels at any subsequent time point. Following administra-
tion of the higher dose of PLZ (30 mg/kg), DA levels were
elevated significantly 6 hr, 1 day, 4 days, and 1 week later
(P < 0.01), but were not elevated significantly 2 days or 2
weeks after injection. The 15 mg/kg dose of PLZ signifi-
cantly increased 5-HT levels 6 hr and 1 day after
injection (P < 0.001), but did not produce any signifi-
cant increases at subsequent time points. The higher
dose of PLZ significantly increased 5-HT levels 6 hr, 1
day, 2 days, 4 days, and 1 week after injection (P <
0.01), but not 2 weeks later.

PLZ decreased DOPAC and 5-HIAA levels (DOPAC:
F, 11y = 172.754, P < 0.001; 5-HIAA: F, |, = 42.885, P <
0.001; see Fig. 3). Compared with levels observed in rats
injected with vehicle, both doses of PLZ significantly
decreased DOPAC and 5-HIAA levels (P < 0.001). How-
ever, the effects of PLZ on DOPAC and 5-HIAA levels did
not differ as a function of dose (P > 0.05). The PLZ-
induced decreases in DOPAC and 5-HIAA levels were
time dependent (DOPAC: Fj,,; = 7.384, P < 0.001;
5-HIAA: Fjy 17 = 4.38, P < 0.001). DOPAC levels were
decreased significantly 6 hr, 1 day, 2 days, 4 days, and 1
week following injection of either dose of PLZ (P < 0.001),
but were not different from control levels 2 weeks later.
5-HIAA levels were decreased 6 hr, 1 day, and 2 days after
injection of either dose of PLZ (P < 0.01), but were not
significantly different from control levels at subsequent
time points.
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Amino Acids

PLZ significantly elevated alanine, asparagine, and GABA
levels in a time-dependent manner (alanine: Fy5,; =
35.448, P < 0.001; asparagine: Fjq 1, = 3.169, P < 0.01;
GABA: Fyy 16 = 38.22, P < 0.001; see Fig. 4). Alanine
and GABA levels were increased significantly 6 hr after
injection of either dose of PLZ (P < 0.001) and remained
significantly increased 24 hr after injection of the 30 mg/kg
dose (P < 0.001). Asparagine levels were increased 6 hr
after injection of either dose of PLZ (P < 0.001), but were
not elevated significantly at any subsequent time point.

PLZ administration also decreased glutamine, glycine,
and serine levels significantly in a time-dependent manner
(glutamine: Fo,,7; = 5.546, P < 0.001; glycine: Fo,,; =
2.548, P < 0.01; serine: Fyo ;4 = 2.882, P < 0.01; see Fig.
5). Both doses of PLZ decreased glutamine levels signifi-
cantly 6 hr after injection (P < 0.01); however, there was
no significant effect of PLZ on glutamine at the later time
points. Glycine levels were depressed significantly 6 hr after
the higher dose of PLZ (30 mg/kg) was administered (P <
0.001) and 24 hr after injection of either dose of PLZ (P <
0.001). Glycine levels were not different from control levels
at subsequent time points. Both doses of PLZ decreased
serine levels 6 hr and 1 day after injection (P < 0.01);
however, there was no significant effect of PLZ on serine at
any other time.

PLZ did not affect glutamate (dose: F, ;,; = 2.165, P >
0.05; time: Fs ;1; = 1.452, P > 0.05; dose x time: Fy ;7 =
0.788, P > 0.05) or taurine levels (dose: F, ,, = 1.192, P >
0.05; time: Fs ;;; = 1.094, P > 0.05; dose x time: Fjy ;7 =
1.062, P > 0.05; data not shown).

DISCUSSION

In agreement with previous results, the present findings
indicate that acute administration of the antidepressant/
antipanic drug PLZ affects brain MAQO activity and brain
levels of monoamines, their acid metabolites, and amino
acids. To our knowledge, the present report is the first to
assess these multiple effects of PLZ simultaneously and over
such a lengthy (2-week) period. Such a period was chosen
for the present study, not only because it covers the period
of time in which we have conducted behavioral studies [6],
but also because it represents the minimum period generally
required for clinical improvement to become apparent with
many antidepressants. In addition, it corresponds to the
period of time required in patients for full recovery of MAO
activity after withdrawal from PLZ. The results demonstrate
that a single dose of PLZ significantly inhibited brain
MAO-A and -B activity, increased brain levels of alanine,
asparagine, GABA, NE, DA, and 5-HT, and decreased
brain levels of glutamine, glycine, serine, and the amine
metabolites DOPAC and 5-HIAA.

Importantly, the findings show that the effects of PLZ on
MAO activity, monoamines, and amino acids were tempo-
rally dissociated. PLZ-induced changes in MAO activity
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FIG. 2. Effect of acute phenelzine (15 or 30 mg/kg, i.p., based on free base weight) on whole brain levels of (A) NE, (B) DA, and (C)
5-HT (serotonin) 6 hr, 24 hr (1 day), 48 hr (2 days), 96 hr (4 days), 168 hr (1 week), or 336 hr (2 weeks) after injection. Results
are expressed as percent of vehicle controls injected and sacrificed at the same time (N = 5-11 per group). Key: (*) P < 0.01 vs
vehicle — same time. Combined control (vehicle) values across different time points and runs were 273 * 9 ng/g for NE, 618 = 20

ng/g for DA, and 318 % 13 ng/g for 5-HT (means = SEM, N = 55). The 48-hr data and a portion of the 6-hr data were reported
previously in Ref. 6.
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FIG. 3. Effect of acute phenelzine (15 or 30 mg/kg, i.p., based on free base weight) on whole brain levels of (A) DOPAC and (B)
5-HIAA 6 hr, 24 hr (1 day), 48 hr (2 days), 96 hr (4 days), 168 hr (1 week), or 336 hr (2 weeks) after injection. Results are expressed
as percent of vehicle controls injected and sacrificed at the same time (N = 5-11 per group). Key: (¥) P < 0.01 vs vehicle — same
time. Combined control (vehicle) values across different time points and runs were 119 = 7 ng/g for DOPAC and 317 %= 16 ng/g for

5-HIAA (means = SEM, N = 55).

and in monoamine levels were more prolonged than the
effects of PLZ on amino acids. Specifically, the changes in
the amino acids asparagine, alanine, GABA, and glutamine
that were observed 6 hr and 1 day after one injection of PLZ
were no longer evident 48 hr later. In contrast, MAO-A and

-B activities remained significantly inhibited 2 weeks after
PLZ was injected, and DA and 5-HT levels were elevated for
at least 1 week. Also, NE levels were elevated significantly for
at least 4 days. This temporal dissociation between the effects
of PLZ on amino acids and monoamines is likely related to
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were reported previously in Ref. 6.
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differences in the degree to which PLZ administration inhibits
the enzymes that degrade monoamines and amino acids. PLZ
inhibits MAQO activity to a greater extent than it does
GABA-T and ALA-T activity [10, 13, 16].

The present findings add to the growing body of evidence
indicating that PLZ produces dramatic increases in whole
brain levels of GABA [5, 10, 15, 17, 18]. Combined with
previous findings [15], the present findings indicate that
PLZ elevates whole brain levels of GABA for at least 24 hr,
but less than 48 hr after injection. These PLZ-induced
increases in GABA may play an important role in the
therapeutic effects of PLZ in panic disorder [27]. In rodents,
the anxiolytic effects of PLZ in the plus maze are not
mimicked by the N-acetylated metabolite of PLZ, N*-
acetylphenelzine [5]. These findings implicate PLZ-induced
increases in GABA in the anxiolytic effects of PLZ because
N?-acetylphenelzine inhibits MAO and increases brain
levels of biogenic amines, but does not increase brain
GABA levels [10, 28].

The present findings also corroborate previous results
indicating that PLZ produces large increases in whole brain
levels of alanine [10, 14]. The implications of these PLZ-
induced increases in alanine are unclear because there is
limited information available on the role of alanine in the
central nervous system. Alanine is related metabolically to
lactate, a substance that can produce panic attacks [28]. If
PLZ-induced increases in alanine result in decreases in
levels of lactate, then alanine may participate in the
antipanic effects of PLZ [14]. Alanine levels are increased
by the convulsant pentamethylenetetrazole [29], hypocap-
nia [30], hypoxia [31], seizures [32], and ischemia [33].
Evidence suggests that alanine may serve as a source of
glutamate during recovery from ischemia and hypoxia [34].
Alanine can activate NMDA receptors in a manner anal-
ogous to glycine, although it is less potent than glycine [35].
Also, alanine may contribute to the decreases in glutamine
that are observed following PLZ administration ( [17] and
present findings), because alanine can inhibit glutamine
synthetase [36]. This decrease in glutamine could, in turn,
be related to the increases in GABA or asparagine that are
observed following PLZ administration. Glutamine is an
important GABA precursor [37, 38], and glutamine also
contributes to the biosynthesis of asparagine [39].

In addition to the previously reported changes in GABA,
glutamine, and alanine, the present findings are also the
first to show that acute administration of PLZ elevates
whole brain levels of asparagine, although the implications
of these increases for physiological function are unclear.
Asparagine apparently does not act as a neurotransmitter,
but it can contribute to the biosynthesis of the excitatory
neurotransmitter aspartate [39]. Asparagine is also critically
involved in protein synthesis. Decreases in brain tempera-
ture lead to decreases in asparagine levels, possibly reflect-
ing a decrease in protein synthesis [40]. Asparagine plays a
critical role in post-translational modification of proteins to
form glycoproteins, and it is through this N-glycosylation
that asparagine residues are involved in functional control
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of neural cell adhesion molecules [41, 42]. Finally, aspara-
gine residues are also presumed to be involved in control-
ling calcium permeation and magnesium channel blockade
in NMDA receptors [43].

The findings are also the first, to our knowledge, to show
that PLZ decreases whole brain levels of the amino acid
serine. The consequences of these decreases are not appar-
ent, although serine is metabolized in the body to glycine
[44, 45]. High levels of serine are associated with seizures
[46] and Huntington’s disease [47]. The brain contains
surprisingly high concentrations of D-serine, which is de-
rived from glial cells and may serve as an intrinsic modu-
lator of the NMDA receptor glycine site [48—51]. Through
the supply of L-serine, astroglial cells contribute to cerebral
development and neuronal survival [52, 53]. Given that the
HPLC assay used in the present experiment does not
separate the D and L enantiomers of the amino acids, it is
not clear whether the observed decrease reflects a decrease
in L-serine, D-serine, or both.

The findings confirm previous results indicating that a
threshold value of MAO inhibition (>85%) appears to be
required to produce changes in brain levels of cat-
echolamines [54], whereas 5-HT concentrations can be
elevated at levels of inhibition of MAQ as low as 65% [55].
We observed that NE, 5-HT, 5-HIAA, and DOPAC
returned to baseline levels at the later time points, even
though MAQO activity remained significantly inhibited at
these times. Our findings are also in agreement with
previous results indicating that PLZ is a potent nonspecific
inhibitor of both forms of MAQO, that PLZ is slightly
more potent at inhibiting MAO-A than MAO-B, and
that PLZ inhibits MAQ activity in a dose-dependent
manner [4, 5, 7,9, 10, 15, 56]. The present results extend
these previous findings by demonstrating that PLZ-
induced inhibition of MAQO is long-lasting. Although
MAOQOs remained inhibited 2 weeks after a single injec-
tion of PLZ, the degree of inhibition was lower than that
observed at earlier time points.

The present findings support the contention that the
MAO-inhibiting effects of PLZ are independent of its
effects on amino acids, such as GABA [13, 18]. Although
MAO levels were inhibited by greater than 80% 2 days
following administration of the higher dose of PLZ, GABA
and alanine levels were at baseline at this point. This
interpretation is compatible with previous results indicating
that the dose-dependent effects of PLZ on MAO and
GABA are dissociated. Specifically, low doses of PLZ (2.5
mg/kg) that inhibit MAO activity (MAO-A, ~83%;
MAO-B, ~58%) do not affect GABA levels [15].

In conclusion, the results demonstrated, for the first time
to our knowledge, that acute administration of the anti-
panic/antidepressant drug PLZ produces changes in MAO
activity and monoamines that persist for as long as 2 weeks.
In contrast, the effects of PLZ on brain levels of amino
acids, including GABA and alanine, were relatively short-
lived (less than 48 hr). These findings regarding the
long-term effects of PLZ on neurochemistry will have
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considerable critical implications for the design and
interpretation of behavioral studies of the acute effects of
PLZ.
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