Beyond Monoamine-Based Therapies:
Clues to New Approaches
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Advancesin antidepressant therapy have resulted in agents with fewer serious side effects than, for
xample, nonsel ective monoamine oxidase inhibitors and tricyclic antidepressants. Nonethel ess, these
ewer agents are far from theideal. Many of the drawbacks associated with these newer agents—slow

o low rate of response, and low rate of remission—are likely to be mechanism related. In order to

e these problems, researchers must either improve upon these traditional, biogenic amine—
b hanisms or explore nontraditional mechanisms. Strategies for improving biogenic amine—
b ressants include the so-called serotonin augmentation strategy and the broad spectrum
agent t yfu taneously blocks reuptake at the serotonin, norepinephrine, and dopamine transport-
ers. Two nontraditional approaches employ modulation of glutamate receptor function. At face value,
these glutam approaches (N-methyl-p-aspartate [NMDA] antagonists and a-amino-3-
hydroxy-5-methyl- xazole-propionic acid [AMPA] receptor potentiators) appear diametrically
opposed. However, t echanisms may ultimately impact similar cellular endpoints.

0 (J Clin Psychiatry 2002;63[suppl 2]:19-23)
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A dvancesin antidepressant treatmen r?ﬁ in generally termed serotonin augmentation. This strategy is
agents that are safer and easier to r-  based on the hypothesis that the delayed onset of seroto-

example, nonselective irreversible monoamine . hin-based agents (including selective serotonin reuptake
hibitors (MAOQIs) and tricyclics (TCAS). These@éw ./ ~inhibitors [SSRIs] and TCAs such as imipramine) is

agents are far from ideal. As with the first generation % duced by activation of 5-HT,, autoreceptors|ocated on
depressants, these newer agents have a delayed onset odies. Addition of a 5-HT,, antagonist to, for ex-
action, and most studies indicate that approximately 30% /)jﬁm SSRI would block this effect, thereby hastening
of patients do not respond to these agents.* Many of these %t jon.

drawbacks—including slow onset, low rate of response, and Qger the/past decades, it was generally thought that
low rate of remission—may be mechanism related. There serot fields were the principal sites of anti-
are 2 divergent approaches that may abrogate some or all depr Figure 1 shows SSRIs inhibiting the

of the limitations associated with today’s biogenic amine— serotonin traNs thereby increasing the synaptic
based antidepressants. The first is to utilize the biogenic availability of sgrotoni hich binds to multiple seroto-
amine synapse while attempting to overcome the limitations nin receptors.) Howev chers did not appreciate
of contemporaneous agents. The second is to explore and the effects of these agents atodendritic autorecep-
develop novel (or at least nontraditional) mechanisms. tors when SSRIs were under @.@pment. Several years

ago, it was demonstrated that nelirgicell bodies also con-

IMPROVING BIOGENIC AMINE-BASED APPROACHES tain high densities of serotonin ft rters as well as
5-HT,, receptors. SSRIs act on transportess located at

One biogenic amine-based mechanism that has been both the terminal fields and the cell bodies. \When SSRIs
extensively studied on the preclinical and clinical levelsis inhibit serotonin reuptake in the vicinity of%dl body,
5-HT,, autoreceptorson the cell body are activated, inhib-

iting the firing of these neurons. Over time, these 5-HT,,
autoreceptors adapt through a desensitization process.?
Because the operant phraseis “over time,” this adaptation
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Figure 1. Serotonin Neuron®
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, Ph.D., Lilly Neurosciences Research, Indianapolis,
Ind. Abbreviations: 5-HT = serotonin, | = selective serotonin reuptake inhibitor.

symptom of depression. It is hy-
pothesized that an increase in syn-
aptic concentrations of dopamine,
when combined with conventional
antidepressants, will produce a
rapid reduction in anhedonia, in
effect jump-starting the onset of
antidepressant action. Consistent
with this hypothesis, preclinical
studies demonstrate that chronic
treatment with antidepressants
(e.g., imipramine)® sensitizes do-
pamine receptors, indicating that
this may be important for an anti-
depressant action. Further, increas-
ing synaptic dopamine levels (or
introducing a dopamine antago-
nist) may also increase the efficacy
of conventional antidepressants.
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than when an SSRI is given alone.>* e@?t clinical
data are not as definitive. There have bi [ con-

trolled trials to date. The trials, which u ind 8’ﬁan

augmenting agent, reported some benefit in
cacy (30% of the trials) and a more rapid on:
(60% of the trials).>® There were significant dif é@ﬁc@
in both the protocol and design among these studies,%

for patients, and endpoint criteria. However, far more
problematic is that pindolol, the only available 5-HT,, an-
tagonist that can be used clinically, is not a selective and
specific 5-HT,, antagonist. The 3-adrenoceptor antagonist
properties of pindolol have long been recognized. Pindolol
has also been reported to act as a 5-HT,, partia antag-
onist.” Further, a recent positron emission tomography
study® showed that, in healthy volunteers, the doses of
pindolol used in most augmentation strategies were not
sufficient to occupy a significant proportion of 5-HT,, re-
ceptorsin vivo. On the basis of these findings, the hypoth-
esis that a 5-HT,, receptor blockade combined with an
SSRI will be more effective (i.e., more efficacious and/or
rapid acting) has not yet been adequately tested in the
clinic. The ability to more appropriately test the serotonin
augmentation strategy must await a clinically acceptable
5-HT,, receptor antagonist, for example, or a molecule
that hasthe properties of both a5-HT,, receptor antagonist
and, for example, an SSRI.

Another biogenic amine-based approach is a broad
spectrum antidepressant capable of inhibiting amine reup-
take of the serotonin, norepinephrine, and dopamine trans-
porters. Both preclinical and clinical studies indicate that
dopaminergic pathways are integral to reward, or hedonic,
processes. Anhedonia has long been recognized as a core
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Thus, adjunctive use of pergolide
(a mixed D,/D, receptor agonist)
with conventional antidepressants
appears to improve the Clinical Global Impressions scale
ratings in approximately 40% of patients refractory to
these conventional agents.™ Increasing synaptic dopamine
concentrations could be accomplished by combining a

. dopamine reuptake blocker with a dual uptake inhibitor,
or example. However, treatment with multiple drugs may
oduce pharmacokinetic confounds. The ideal drug

-/
cluding dose and type of antidepressant, selection criter@

d be a single molecule that inhibits the reuptake of
o@, norepinephrine, and dopamine. While the clini-
c@/effi of such a broad spectrum antidepressant has
not @ b lemonstrated, we have recently completed a
first | ety study with a molecule that inhibits
thereu transmitters (B. Beer, Ph.D.; A. Lippa,
Ph.D.; PS,; lished data, July 2001).

BEYOND THE M
IDENTIFYIN

Over the past decade, new %r antidepressant

INERGIC SYNAPSE:
TARGETS

treatment have been identified h an increased
understanding of the signal transduction pathways im-
pacted by monoamine-based therapies. Fo ple, most
monoamine-based antidepressants sti mulat?%tvylyl cy-
clase through G protein (Gy—coupled receptors, such as
p-adrenergic and 5-HT,¢-. Elevated levels of cyclic ad-
enosine monophosphate (CAMP) are known to activate a
CcAMP-dependent protein kinase A, which regulates the
phosphorylation of specific proteins like the transcription
factor cAMP response element binding protein (CREB)."
Duman et a.** hypothesized that activated CREB resulting
from chronic antidepressant treatments in turn increases
levels of MRNA encoding brain-derived neurotrophic fac-
tor (BDNF) in the hippocampus. BDNF isamember of the

J Clin Psychiatry 2002;63 (suppl 2)



nerve growth factor family that, when applied to neurons,
has been shown to protect serotonin and dopamine
neurons against insult (reviewed in Altar* and Skolnick
et al.”). This protective quality may mean that BDNF in-
duction dampens the ability of chronic stressors to dam-
age valuable neurons.™ The transcriptional control of
BDNF mRNA in the mammalian central nervous system
is complex (e.g., Timmusk et al.”®). However, a-amino-
3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA)
receptor activation has been known for more than a
decade to an effective means of increasing BDNF
MRNA.* @

Recently, my,
AMPA recepto
the expression of
AMPA or LY 3920
and concentration-depen

eagues and 1% tested whether a novel
tiator, LY 392098, would increase
F. We found that adding either
tical neurons elicited a time-
increasein mRNA encoding
BDNF. Further, the co-addifi subeffective concentra-
tionsof AMPA (e.g., 1 uM) 2098 (1 uM) resulted
ina25-fold increasein BDNF mRNA levelsand in an ap-
proximately 7-fold increase in protél gls. The results
of this research show that this druglike @ le can dra-
matically increase BDNF mRNA ex i OF itro. It is
not known if increasing BDNF expressi 'se'nb
sary or sufficient for an antidepressant
tional agents. However, we now know that
receptor potentiators produce antidepressant-li

*

t .
in models of behavioral despair such astheforce@a(/int}

and tail suspension tests.'®* Thistype of mechanism
circumvent some of the limitations inherent in biogeni
amine-based agents.*

One potential mechanism that would explain the anti-
depressant-like effects of AMPA receptor potentiators in
behavioral despair modelsisthat such compoundsrelease
biogenic amines (e.g., norepinephrine). My colleagues and
I” have begun studies to explore this possibility. Initially,
we compared the effects of fluoxetine and LY 392098 on
norepinephrine, dopamine, and serotonin release (using
microdialysis) in prefrontal cortex. Fluoxetine adminis-
tered at 3 mg/kg, 10 mg/kg, and 20 mg/kg significantly
increased dialysate concentrations of serotonin (and at the
highest dose norepinephrine and dopamine). In some
behavioral despair models, these doses of fluoxetine are
pharmacol ogically active. A dose of LY 392098 (1 mg/kg)
that was active in behavioral despair models did not pro-
duce changes or increases in dialysate concentrations
of these biogenic amines.” These data indicate, but by no
means prove, that the effects of LY 392098 in behavioral
despair models are independent of any effects on biogenic
amines.

Another potential target for new antidepressants is
a glutamate-based mechanism, which is, from a cellular
standpoint, diametrically opposed to the actions of
AMPA receptor potentiators. Thus, N-methyl-p-aspartate
(NMDA) receptor antagonists will hyperpolarize the cell
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membrane while AMPA receptor potentiators in the
presence of glutamate will depolarize it. Over a decade
ago, Ramon Trullas and 1*® examined functional NMDA
antagonists in animal behavioral despair models. We
found that a competitive NMDA antagonist (2-amino-
7-phosphonoheptanoic acid [AP-7]), a noncompetitive
NMDA antagonist (dizolcipine [MK-801]), and a partial
agonist at strychnine-insensitive glycine receptors (1-
aminocylopropanecarboxylic acid [ACPC]) mimicked
the effects of clinically effective antidepressants in these
models. On the basis of these findings, we proposed that
compounds capable of reducing neurotransmission at the
NMDA receptor complex may represent a new class of
antidepressants. Since that time, a number of studies have
confirmed and extended the observation that functional
NMDA antagonists are active in behavioral despair mod-
els. The NMDA receptor has many different loci at which
transmission can be reduced, and structurally diverse
compounds with NMDA antagonist properties produce
antidepressant actions in these models.

Clinical evidence for the antidepressant action of
NMDA antagonists can be found in a study by Berman et
al.*® that examined the antidepressant effects of ketamine,
an NMDA antagonist. Seven patients who met DSM-IV
criteria for major depression underwent 2 treatment days
separated by at least 1 week in randomized, double-
blinded conditions. Patients were randomly assigned to
receive either a saline solution or a saline solution with

amine (atotal dose of 0.5 mg/kg). The solutions were
over a 40-minute period. The 4 patients who re-

e intravenous ketamine treatment had significant
ro t in their depressive symptoms, which was
evidenc reduced Hamilton Rating Scale for Depres-
sion &b fects were rapid and maintained for at
least 7 S etamine infusion. These results indi-
catethepr ic concerning NMDA antagonists as
antidepressants are and predictive.

Convergent evidenc NMDA receptors are valid

targets for developing no ts comes from reports
indicating that chronic antid%nt treatment affects
NMDA receptors. In one such % citalopram and
imipramine were given chronically ice. Using in situ
hybridization, the researchers obser Ar?ion-specific
effects on mRNA levels encoding NMD tor sub-
units. The antidepressants modestly reduca%‘unit ex-
pression mRNASs in the cortex, cerebellum, th us, and
striatum, but the drugs did not produce any substantial
effects in the hippocampus. In contrast, citalopram and
imipramine produced distinct, region-specific effects on
mRNA levels encoding the ¢ family of subunits. For
example, citalopram reduced €1 subunit MRNA levels
in CA2 of hippocampus by approximately 40%, while
imipramine produced widespread reductions in €2 sub-

unit MRNA levels in CA1-4 of hippocampus. In this
study, the changesin mRNA levelswere not bidirectional:
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Figure 2. Linking Conventional Antidepressant Treatment to
the Down-Regulation of NMDA Receptor Function®
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MRNA levels either were unchanged or reduced (|n

eral instances rather dramatically) by chronic antldepreso
sant treatment. This research® supports the notion that
chronic antidepressant treatment with conventional bio-
genic amine-based antidepressants can reduce NMDA
receptor function. It may be hypothesized that chronic
treatment with conventional antidepressants results in the
same functional endpoint as administration of NMDA
antagonists.*

CONCLUSIONS

The hypothesis that biogenic amine—based antidepres-
sants, AMPA receptor potentiators, and NMDA antago-
nists converge on common cellular and molecular targets
isillustrated in Figure 2. The ability of chronic antidepres-
sant treatment to increase MRNA levels encoding BDNF
in hippocampus has been described.?* Evidence is mount-
ing that this effect is produced via a CREB-dependent
mechanism.??? |n this figure, BDNF is shown as dampen-
ing NMDA receptor function. Although this has not been
directly demonstrated in vivo, Brandoli et al.* have re-
ported that incubation of primary neuron cell cultures with
BDNF produces arobust reductionin mRNA levels encod-
ing ¢ subunits (in some cases, similar to those produced in
vivo following chronic antidepressant treatment) and a
dampening of NMDA receptor function. Since NMDA

22

antagonists produce this same dampening, it is hypoth-
esized that a reduction in NMDA receptor function may
represent a common mechanism through which structur-
ally diverse compounds produce an antidepressant action.
Whether more efficacious or rapid antidepressants will
emerge from any of these strategies is unknown at this
time. However, given the need to improve on our current
armamentarium of drugs to treat depression, these strate-
gies are worth pursuing in the clinic.

Drug names: citalopram (Celexa), fluoxetine (Prozac and others).
REFERENCES

1. Skolnick P. Antidepressants for the new millennium. Eur J Pharmacol
1999;375:31-40
2. Berman RM, Darnell AM, Miller HL, et a. Effect of pindolol in hastening
response to fluoxetine in the treatment of major depression: a double-
blind, placebo-controlled trial. Am J Psychiatry 1997;154:37-43
3. Hjorth S. Serotonin 5-HT,, autoreceptor blockade potentiates the ability
of the 5-HT reuptake inhibitor citalopram to increase nerve termina
output of 5-HT in vivo: a microdialysis study. J Neurochem 1993;60:
776-779
4. Rasmussen K, Cdligaro DO, Czachura JF. The novel 5-hydroxy-
tryptaming(1A) antagonist LY426965: effects on nicotine withdrawal
and interactions with fluoxetine. J Pharmacol Exp Ther 2000;294:
688-700
5. Shiah I-S, Yatham LN, Srisurapanont M, et a. Does the addition of
pindolol accelerate the response to electroconvulsive therapy in patients
with major depression? a double-blind, placebo-controlled pilot study.
J Clin Psychopharmacol 2000;20:373-378
6. Martinez D, Broft A, Laruelle M. Pindolol augmentation of antidepressant
treatment: recent contributions from brain imaging studies. Biol Psychi-
atry 2000;48:844-853
olnlck P, Legutko B, Xial, et a. Current perspectives on the develop-
f non-b| ogenic amine-based antidepressants. Pharmacol Res 2001;

Rab| , Gunn RN, Castro ME, et a. p-Blocker binding to human
rs in vivo and in vitro: implications for antidepressant
c_hopharmacology 2000;23:285-293

jak M. Repeated imipramine treatment increases
e ra hippocampus to dopamine: an in vitro study.
96

10. lzumi T, In
and hetero

11. Duman RS, Heninger GR, Nes!
depression. Arch Gen Psychiat

12. Altar CA. Neurotrophins and depr
59-61

13. Timmusk T, Palm K, Metsis M, et al. romoters direct tissue-
specific expression of the rat BDNF gene. N 993;10:475-489

14. Zafra F, Hengerer B, Leibrock J, et al. Activity=Bependent regulation of
BDNF and NGF mRNAs in the rat hippocampus fl iated by non-
NMDA glutamate receptors. J Neurosci 1990;9:354!

15. Legutko B, Li X, Skolnick P. Regulation of BDNF exprés§on'in primary
neuron culture by LY 392098, anovel AMPA receptor potentietor. Neuro-
pharmacology 2001;40:1019-1027

16. Li X, Tizzano JP, Griffey K, et a. Antidepressant-like actions of an
AMPA receptor potentiator (LY 392098). Neuropharmacology 2001;40:
1028-1033

17. Ba F, Li X, Clay M, et d. Intra- and interstrain differences in models of
“behavioral despair.” Pharmacol Biochem Behav. In press

18. Trullas R, Skolnick P. Functional antagonists at the NMDA receptor
complex exhibit antidepressant actions. Eur J Pharmacol 1990;185:1-10

19. Berman RM, Cappiello A, Anand A, et a. Antidepressant effects of
ketamine in depressed patients. Biol Psychiatry 2000;47:351-354

20. Boyer PA, Skalnick P, Fossom LH. Chronic administration of imipramine
and citalopram alters the expression of NMDA receptor subunit mRNAS

ex EJ. A molecular and cellular theory of
997/54;597-606
] ends Pharmacol Sci 1999;20:

J Clin Psychiatry 2002;63 (suppl 2)



Beyond Monoamine-Based Therapies: New Approaches

in mouse brain: a quantitative in situ hybridization study. J Mol Neurosci (CREB) inrat hippocampus. J Neurosci 1996;16:2365-2372

1998;10:219-233 23. Thome J, Sakai N, Shin K-H, et a. cAMP response element-mediated
21. NibuyaM, Morinobu S, Duman RS. Regulation of BDNF and trkB mRNA gene transcription is upregulated by chronic antidepressant treatment.

following chronic electroconvulsive seizure and antidepressant drug JNeurosci 2000;20:4030-4036

treatments. J Neurosci 1995;15:7539-7547 24. Brandoli C, Sanna A, De Bernardi MA, et al. Brain-derived neurotrophic
22. Nibuya M, Nestler EJ, Duman RS. Chronic antidepressant administration factor and basic fibroblast growth downregulate NMDA receptor function

increases the expression of cAMP response element binding protein in cerebellar granule cells. J Neurosci 1998;18:7953-7961

J Clin Psychiatry 2002;63 (suppl 2) 23



	Table of Contents

