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Learning ODbjectives

1. List how glutamatergic dysregulation may be involved In
various psychiatric conditions

2. Implement appropriate glutamate-targeting

osychopharmacological agents in the treatment of
psychiatric disorders




Overview of Pathways and
Receptors



Key Glutamate Pathways
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AMPA & Kainate Receptors
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mGlu Presynaptic Autoreceptors
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Glutamate Synapses Play a Key Role in Regulating
Normal Development
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The Role of Glutamate In
Depression



The Role of the Glutamatergic System in Depression

Glutamate is a major excitatory neurotransmitter that plays an important role in maintaining synaptic connections'-*

NMDAR

AMPAR, GABA
a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor; BDNF, brain-derived R
neurotrophic factor; Inhibitory
GABA, gamma-aminobutyric acid; Glu, neuron
glutamate; MDD, major depressive disorder; Glu
NMDAR, N-methyl-D-aspartate receptor;

TrkB, tropomyosin-related kinase B. BDNF
release

Excitatory
neuron

1. Murrough JW et al. Nat Rev Drug Discov 2017;16:472-86.
2. Sanacora G et al. Neuropharmacology 2012;62:63-77. Y . ®
3. Duman RS. Dialogues Clin Neurosci 2014;16:11-27. BDNF ® {:;w‘:ﬁ; ;
4. Duman RS et al. Nat Med 2016;22:238-49. T T TI’kB
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The Role of the Glutamatergic System in Depression

NMDAR
GABA Excitatory
neuron
: AMPAR, : Inhibitory
a-amino-3-hydroxy-5-methyl-4-isoxazole neuron
propionic acid receptor; BDNF, brain-derived Glu
neurotrophic factor;
GABA, gamma-aminobutyric acid; Glu,
glutamate; MDD, major depressive disorder;
NMDAR, N-methyl-D-aspartate receptor; BDNF - BDNF
TrkB, tropomyosin-related kinase B. signalling
1. Murrough JW et al. Nat Rev Drug Discov 2017;16:472-86. TrkB
2.S Getal. N h I 2012;62:63-77.
e A el AMPAR

4. Duman RS et al. Nat Med 2016;22:238-49.

Synaptic number,
function and strength

[ Normal ] [ Dysfunctional in depression ]

P Synaptic density



Nondepressed brain Depressed brain

Regulated NMDAR signaling Dysregulated NMDAR signaling




Glutamate
neuron

Direct acting NMDA
antagonists

ketamine?!
esketamine?3
dextromethorphan
-bupropion45
dextromethorphan
-quinidine®
es-methadone’

AMPA
receptor


https://clinicaltrials.gov/ct2/show/NCT04019704.%20Accessed%20May%202022
https://clinicaltrials.gov/ct2/show/NCT04019704.%20Accessed%20May%202022
https://pubchem.ncbi.nlm.nih.gov/compound/Dextromethorphan
https://pubchem.ncbi.nlm.nih.gov/compound/Dextromethorphan

PCP, phencyclidine



Glutamate “Burst” Hypothesis
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Glutamate “Burst” Hypothesis
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Glutamate “Burst” Hypothesis

ERK, AKT

MTOR

NMDA
receptor
block

by'

ketamine

AKT, protein kinase B;
AMPA, a-amino-3-
hydroxy-5-methyl-4-

isoxazolepropionic acid,;
ERK, extracellular

signal-regulated kinase;
glu, glutamate; mTOR,
mechanistic target of

rapamycin; NMDA, N-
methyl-D-aspartate



NMDA receptor blockade,
esketamine* produces a surge
in glutamate release3-6 Excitatory

neuron

Evidence suggests that through Esketamine in depression
A

Inhibitory
neuron

This surge in glutamate
transmission leads to increased
AMPA receptor stimulation356

AMPA receptor stimulation leads to
a release of BDNF, activating
. . . Synaptic
downstream neurotrophic signalling proteins
to increase synaptic protein

. 26 o
synthesis synaptogenesis Synaptic ’I‘ Y

proteins
Restoring synaptic function3-6 _
Synaptic

density

Synaptic number,
function and
strength



https://www.jnj.com/janssen-announces-u-s-fda-approval-of-spravatotm-esketamine-ciii-nasal-spray-for-adults-with-treatment-resistant-depression-trd-who-have-cycled-through-multiple-treatments-without-relief
https://www.jnj.com/janssen-announces-u-s-fda-approval-of-spravatotm-esketamine-ciii-nasal-spray-for-adults-with-treatment-resistant-depression-trd-who-have-cycled-through-multiple-treatments-without-relief
https://www.jnj.com/janssen-announces-u-s-fda-approval-of-spravatotm-esketamine-ciii-nasal-spray-for-adults-with-treatment-resistant-depression-trd-who-have-cycled-through-multiple-treatments-without-relief

Ketamine Rapidly Increases the Density and Function of the Dendritic
Spines of Layer V Pyramidal Neurons in the Prefrontal Cortex

Bottom slide shows regeneration of synaptic connections
In group receiving ketamine compared to control group
(Courtesy of Yale University)




receptor antagonist, rapid onset MDD?3,
agitation in Alzheimer’s disease*

Esmethadone

NMDA antagonist, weak mu opioid agonist,
rapid onset MDD®”




Dextromethorphan-Bupropion

NMDA

alD

o1
dextromethorphan
oxm =)

==
NDV

DAT

%6 | bupropion

NET

« Dextromethorphan (DXM) is a moderate

NMDA antagonist, a strong sigma-1
agonist, and has at least moderate binding
to SERT (SRI activity)

* The metabolite dextrorphan is a strong
NDMA receptor antagonist

It is rapidly metabolized by CYP450 2D6,
making it difficult to achieve therapeutic
blood levels without concomitant
administration of a CYP2D6 inhibitor (e.qg.,
bupropion)

The FDA approved dextromethorphan-
bupropion sustained-release tablets for
treatment of MDD in adults in 2022

Stahl SM. Stahl's Essential Psychopharmacology, 5th ed; 2021.
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verall (6-week average)
p<0.001

Baseline 1




A. MADRS Total Scores Over Time?

o nggzg‘f;h::‘;g?"'b“"“°'°‘°“ (N=156) Treatment with DXM-
bupropion resulted in
rapid and statistically

significant improvements
in depressive symptoms
and function and quality
of life across multiple
efficacy endpoints,
compared to placebo
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Dextromethadone/S-methadone

NMDA

* Dextromethadone (REL-1017) Is

® the (S)-enantiomer of methadone
o * The dextro-enantiomer is a
) moderate NMDA receptor

antagonist and has much less
potent mu-opioid agonism

* In clinical development as an oral
. rapid-onset treatment

o5 NMDA O SERT O
++
+| + + |+ | +

Stahl SM. Stahl's Essential Psychopharmacology, 5th ed; 2021.



A. Montgomery-Asberg Depression Rating Scale

—o— Placebo
—— REL-1017 25 mg
—— REL-1017 50 mg

N=0.909 2 d=0.0
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N=62; effect sizes (Cohen’s d) range from 0.7 to 1.0 after Day 4
Day2 Day4 Day 7/ Day 14



Glutamate as a Target for
Depression & PTSD



Cortico-limbic system

' Biological processes
¢ Neuronal growth
Axon guidance
Synaptic plasticity
Cellular excitability

. Brain functions
¢ Fear responses
¢ Anxiety




SCREENING & CCK-4

SENSITIVITY ASSESSMENT

Day -28

Day 1

Bl 1358894 100 mg QD

PLACEBO

TREATMENT &
CCK-4 CHALLENGE*
PERIOD 1

WASHOUT
(217 DAYS)

Day 2 Day 19

PLACEBO

Bl 1358894 100 mg QD

TREATMENT &
CCK-4 CHALLENGE~
PERIOD 2

FOLLOW-UP
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TRPC 4/5 Inhibitor Bl 1358894 Decreases Cortico-
Striatal Loop Activity in Response to Negative Stimuli

Grimm S et al. Eur Neuropsychopharmacol 2022;65:44-51.



The Role of Glutamate In
Schizophrenia and
Cognitive Impairment



The Role of Glutamate in Schizophrenia

hypofunctional NMDA

glutamate synapse
in schizophrenia
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interneuron

DA neuron
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The Role of Glutamate in Schizophrenia

hypofunctional NMDA
glutamate synapse
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Enhance NMDA/Glutamatergic Signaling?
What About Excitotoxicity?

 The NMDA receptor has three distinct subunit types

* NR1

« Glycine binding site

» |ess associated with excitotoxicity
* NR2

« Glutamate binding site
« Associated with excitotoxicity

* NR3
« Glycine binding site
 Less known and less common

 Most NMDA receptors consist of two NR1 and
two NR2 subunits

Gly

|

NR1

VTN

Glu
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e

Fj Ulbrich MH, Isacoff EY. Proc Natl Acad Sci U S A 2008;105(37):14163-8;
P Coyle JT, Puttfarcken P. Science 1993;262(5134):689-95.

6\*




NMDA NR1 Glycine Agonists

« Serine, D-serine, and glycine—agonists
» D-cycloserine and sarcosine—jpartial agonists
» Relatively higher doses needed (gram quantities)

» Greater potential for side effects?

Kalia LV et al. Lancet Neurol 2008;7(8):742-55.



4 o h s o
AT/ A

Sarcosine and
sarcosine-based
GlyT1 inhibitors

Currently undergoing
clinical trials

Compound

- Non-sarcosine-based

Sarcosine GlyT1 inhibitors

NFPS/ALX5407
Org 25935
AM747

Org 24461

Org 24598

Compound

Iclepertin (Bl 425809)
Bitopertin
SSR504734
SSR103800
GSK1018921
ACPPB

DCCCyB

PF-03463275




Sarcosine Placebo
Mean SD Total Mean SD Total
1.1.1 Early effect
Lane et al. 2005
Lane et al. 2006

69 116 68.6 12.7 23 3L.7%
76 5.9 758 13 10 14.4%
Lane et al. 2010 77.2 129 88.1 21.1 20 27.4%
Tsai et al. 2004 77.3 20.2 838 9.2 21 26.5%
Subtotal (95% CI) 74 100.0%
Heterogeneity: Tau® = 0.00; Chi* = 2.73, df = 3 (P = 0.43); ¥ = 0%

Test for overall effect: Z = 1.57 (P = 0.12)

1.1.2 Acute effect
Lane et al. 2005
Lane et al. 2006

65.7 124 65.2 . 23.4%
763 6.4 73.8 2 12.7%
Lane et al. 2010 73.1 15.2 B4.6 v 21.2%
Linetal, 2017 84.7 10.8 B4.5 5 22.7%
Tsai et al. 2004 736 21 B4.4 A 20.1%
Subtotal (95% CI) 100.0%
Heterogeneity: Tau® = 0.04; Chi® = 5.42, df = 4 (P = 0.25); I = 26%
Test for overall effect: Z = 1.24 (P = 0.22)

1.1.3 Mid term effect
Lane et al. 2005
Lane et al. 2006
Lane et al. 2010

65.1 144
745 6.6
709 14.6

64.1 11.2 22.8%
715 144 13.8%
B85.2 236 20.9%
Linetal, 2017 82 89 B2.4 114 22.3%
Tsai et al. 2004 71.4 205 B82.8 10.7 20.2%
Subtotal (95% CI) 100.0%
Heterogeneity: Tau® = 0.08; Chi* = 6.75, df = 4 (P = 0,15); ¥ = 41%
Test for overall effect: Z = 1.26 (P = 0.21)

1.1.4 Long term effect

Lin et al. 2017 80.5 10.1
Strzelecki et al. 2015 577 1§ 25 715 13 25 50.3%
Subtotal (95% CI) 46 46 100.0%
Heterogeneity: Tau® = 0.41; Chi* = 5.44, df = 1 (P = 0.02); I* = 82%
Test for overall effect: Z = 0.93 (P = 0.35)

21 B80.1 111 21 49.7%

Test for subgroup differences: Chi* = 0.23, df = 3 (P = 0.97), I’ = 0%

Std. Mean Difference
IV, Random, 95% CI

0.03 [-0.56, 0.62]
0.02 [-0.86, 0.90]
-0.61[-1.25, 0.02]
-0.42 [-1.07, 0.23]
-0.27 [-0.60, 0.07]

0.04 [-0.55, 0.63)
0.23 [-0.65, 1.11]
-0.60 [-1.24, 0.03]
0.02 [-0.59, 0.62]
-0.66 [-1.31, 0.00]
-0.22 [-0.56, 0.13)

0.08 [-0.52, 0.67]
0.26 [-0.62, 1.14]
-0.71 [-1.36, -0.07]
~0.04 [-0.64, 0.57]
-0.71[-1.37, -0.04]
-0.25 [-0.63, 0.14])

0.04 [-0.57, 0.64)
~0.97 [-1.56, -0.38]
-0.47 [-1.45, 0.52)

Figure 2. Schizophrenic symptoms’ global severity scores across all time points.
Std. Mean Difference: Standardized Mean Difference; 95% C1: 95% Confidence Intervals; SD: Standard Deviation.

Std. Mean Difference
1V, Random, 95% CI

-2 -1 0

1
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Adjusted mean change from baseline in

MCCB overall composite T-score (95% (1)

S
=
=
k:
E
£
£
£
<<

=1
=2
[ V)
Sa
Z
—_
1
=
S
g
=
4
=
=
=

—a@— Placebo

—&— Bl 425809 2 mg
—m— Bl 425809 5 mg
—a— Bl 425809 10 mg
—a— Bl 425809 25 mg

Baseline week 6

point of assessment



gewm —/ CONNEX-1 (NCT04846868) | pras

once caly
e CONNEX-2 (NCTD4846881)
iclepertin 10 mg
- mm ~— CONNEX-3 (NCT04860830) once daily

Treatment Follow-up | Extension (CONNEX-X)

Day Day Week Day1  +#28
Multinational Multicentre -35 1 26 Ext  days

Each tnal aims to recruit 586 patients across 41 countries
»
@ Patients will be randomised 1:1 to receive oral iclepertin 10 mg (n=293) or placebo (n=293)

Randomised Double-blind

Patients who complete any CONNEX study will be eligible to enter an open-label extension
@ trial (CONNEX-X) to assass safety and tolerability*

Placebo-controlled Primary Key &
VBT OOy 008 Endpoint 0 Secondary e e % ;.:?e?ytearnr:
Endpoints N tolerability




Summary

» Glutamatergic synapses play a key role in regulating aspects of
synaptic plasticity that contribute to psychiatric disorders like
depression, anxiety, and cognitive impairment

* New drugs like ketamine and TRPC 4/5 inhibitors can modulate
synaptic activity associated with glutamate to help treat
psychiatric conditions

» Glutamatergic signaling can be modulated by glycine, which
provides an important regulatory site that can be exploited for
therapeutic gain as is the case for GLYT1 inhibitors






Posttest Question 1 of 3

Which of the following is true regarding the role of AMPA
and NMDA receptors in long-term potentiation?

1. AMPA receptor depolarization displaces Mg2+ ion on
NMDA receptors, resulting in LTP

2. NMDA receptor depolarization displaces Mg2+ ion on
AMPA receptor, resulting in LTP

3. AMPA receptor depolarization allows for the influx of
Mg2+ ions through the NMDA receptor, resulting in LTP

4. NMDA receptor depolarization allows for the efflux of
Mg2+ ions through the AMPA receptor, resulting in LTP



Posttest Question 2 of 3

What is the result of the glutamate burst hypothesis
associated with the therapeutic effects of ketamine?

Neurogenesis

Synaptogenesis

Increased NMDA receptor expression
Increased AMPA receptor expression

> w N



Posttest Question 3 of 3

From a neural circuitry perspective, which of the following
accurately describes the mechanism of anxiety reduction
by TRPC 4/5 inhibitors?

1. TRPC 4/5 inhibitors work in a similar way to ketamine to
block NMDA receptor signaling

2. TRPC 4/5 inhibitors disinhibit amygdala pyramidal
neurons

3. TRPC 4/5 inhibitors reduce cortico-striatal loop activity
4. TRPC 4/5 inhibitors prevent AMPA receptor signaling
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