


Monoamine Hypothesis of Depression
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5HT, 5-hydroxytryptamine (serotonin); DA, dopamine; NE, norepinephrine
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Monoamine Signaling Increases BDNF Release Which Modifies Monoamine Innervation
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BDNF, brain-derived neurotrophic factor; CaMK, Ca?*/calmodulin-dependent protein kinase;
cAMP, cyclic adenosine monophosphate, CREB, cAMP response element binding protein; PKA, protein kinase A
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Downstream Improvement in Neuroplasticity with Novel Drugs for Depression
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5HT, 5-hydroxytryptamine (serotonin); AMPA, a-amino-3-
Increased DOWn-re Ulaﬁon Increa_SEd hydroxy-5-methyl-4-isoxazolepropionic acid; BDNF, brain-
i g roteins derived neurotrophic factor; CaMK, Ca2*/calmodulin-
expression O p
Of NM DA B A dependent protein kinase; cAMP, cyclic adenosine
AM pA receptor receptors |nVOIV8d in monophosphate; CREB, cAMP response element binding
. Telt protein; DA, dopamine; GABA, gamma-aminobutyric acid;
SUbunlts ] I neuropIaStICIty GSK3, glycogen synthase kinase 3; MAPK, mitogen-
V activated protein kinase; NMDA, N-methyl-D-aspartate;

NE, norepinephrine; PKC, protein kinase C; RSK,
ribosomal S6 kinase; Wnt/Frz, Wnt/Frizzled

(lncreased neuroplasticity and restored neurotransmissioD

6-37

What is Neuroplasticity?

synaptogenesis

Stahl's Essential Psychopharmacology, 3¢ edition, 2008, copyright NEI. Al rights reserved.




What Triggers Neuroplasticity?

Developmental Course of Brain Maturation
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ADHD, attention-deficit/hyperactivity disorder
Meyer HC, Lee FS. Am J Psychiatry 2019;176:179-85.

What Else Triggers Neuroplasticity?

« Epigenomics'?
* Healthy neurodevelopment
» Exercise
* Learning
« Responding to antidepressants3#
» Responding to psychotherapy®-’
» Therapeutic persuasion or therapeutic brainwashing?
» Psychedelic assisted psychotherapy (there are no skills in pills)
« emotional sympathy
* mystical and spiritual experiences

* vs dysphoria and anxiety

1. Albert PR. J Psychiatry Neurosci 2019;44:147-50; 2. Voss P, et al. Front Psychol 2017;8:1657;
3. Murrough JW, et al. Nat Rev Drug Discov 2017;16:472-86; 4. Duman RS. F1000Res 2018;7:pii:F1000;
5. Lepow L, et al. Front Neurosci 2021;15:710004; 6. Forster K, Kanske P. Curr Opin Behav Sci 2021;39:64—71; 7. Dupuis D. Front Psychol 2021;12:730031.




Response and
remission
to initial treatment

49%

Step 1
(n=3671)

Even in remission, patients with MDD receiving antidepressants can still experience residual symptoms, such as
anhedonia, emotional blunting, and lack of motivation, which can negatively impact patient outcomes®-5




Check the diagnosis

(bipolar disorder?)

Physical comorbidities? Psychiatric comorbidities?
Hypothyroidism Substance misuse, dependency
Cushing's syndrome Anxiety disorders
Parkinsonism Eating disorders
Malignancy Personality disorders

Anemia Post-traumatic disorders
Viral infections

Vitamin deficiencies
Dietary deficiencies

No. Of Incident

Variables TRD-cases aHR (95% CI)

Sex
Fernale vs. make 19.797 1.13(1.10, 1,16}

Age

25-44vs. <24 1.31(1.25,1.38}
A45-64 vs <24 1.58 (1.50, 1.68)
6584 s <24 1.56 (1.83, 2,10}
85+vs, <24 1.45(1.34,1.58)

Cohabitation status

Continuously cohabiting vs. continuously living single 1.27(1.23,1.30}
Becoming single living vs. continuously living single i 1.07(1.03,1.12)
Becoming cohabitant vs. continuously living single H 1.07(1.02, 112}

Employment status

Becoming employed vs. continuously employed 0.90 (0.85, 0.95)
Continuously unemployed vs. continuously employed 0.92 (0.28, 0,98}
Becoming unemployed vs. continucusty employed 1.12 (1.08, 1.16)
Continuously retired vs. continuously employed H 0.86 (0.82, 0.90}
Becoming retired vs. continuously employed 0.97(0.91,1.03)
Other* vs, continuously employed ) 0.86 (0.79, 0.91)
Becoming other* vs. continuously employed 0.87 (0.80, 0.94)

Year of diagnosis
2002-2007 s, 1996-2001 1.36 (1.31, 1,40}
2008-2014 vs. 1996-2001 1.41(1.36,1.46)




Varlables

Type of depression
Recurrent vs, single-episode

Severity of depression
Moderate vs. mild
Severe vs. mild

Type of admission
Ingeatient vs, aut-patient

Type of contact
Samatic vs. psychiatric

Other diagnoses
Aleohal or drug abuse
Anxiety
Cancer
Cardiovascular disease
Chronic lower respiratary disease
Dementia
Diabetes
Epilepsy

erision
Infectious disease
Inflammatory disease
Insominia
Migraine
Qeesity
PTSD
Previous suicide attempt
Thyroid disease

Drug usage
Benzodiazepines
Carbamarepine
Valpreate

Beta blockers.
Statine
Acetyisabcylic acid
NSAID
Paracetamal

82.30%

aMR (35% C1)
1174114, 1.20]

1.43(1,39, 1.47)
2014195, 2.08)

1114108, 1.14)

2034196, 2.10)

0.74 (0,59, 0.80)
118(110,1.27)
0.98{0.91, 1.05)
0.87 {0.81,0.92)
0.97 (0,89, 1.06)
0.95{0.85, 1.05)
.96 (0,87, 1.05]

0.91 (0,85, 0.95)
1.02{0.90, 1.16]
1.27 (106, 1.51)
142 {116, 1.73)
1.11{093, 1.33)
0.95 (0.81, 1.11)
0.94 {088, 1.01)
1.03 (090, 1.18)

179175, 1.84)
119104, 1.37)
1.14(097,133)
1.05 {101, 1.09)
1.06 1,02, 1.12)
0,96 {092, 1.00)
117(114,1.2)

07 {1.03, 1.11)

84.10%

15.90%




Temperament Character
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Mean Difference (95% CI)

Compared with placebo
Antipsychotic 0.23 (0.12, 0.35)
Mood stabilizers 0.22 (-0.048, 0.50)

NMDA-targeting drugs 0.88 (0.56, 1.2)
Other 0.30 (-0.040, 0.64)

Short-term 0.058 (-0.34, 0.46)

intervention
2

—+— CBT =-=-- ADM

Improvement in overall severity

1st quartile 2nd quartile 3rd quartile 4th quartile

DLO . Qepre JsS O gu U PSY A A OITld

symptoms”) showed larger improvements in the medication compared to the CBT condition (effect sizes ranging from .13 to
.16), whereas no differences were found for the twelve other symptoms.




06 AgREEE Yemid by Tra et Mixed Symptoms Score 13-25

06
=— Switch to bupropion-SR

0.5~ ====- Combination with bupropion-SR
= = = Augmentation with aripiprazole

—— Switch to bupropion-SR
0.5 ===== Combination with bupropion-SR

0.4 = = = Augmentation with aripiprazole

04

03 03

0.2 0.2

Cumulative Probability
Cumulative Probability

01 o 01

14 21 28 35 42 49 56 63 70 O'GO 7 14 21 28 35 42 49 56 63

Time to Remission (days) Time to Remission (days)
84 77 121 108 97

83 77 n7 102 93
80 69 126 114 100

—— ADT + placebo (n=381)
—O— ADT + brexpiprazole (n=599)

LS mean (SE) change from baseline
in MADRS, score

1




A. MADRS Total Score (primary endpoint)

0
© Placebo + antidepressant

" - Cariprazine 1-2 mg/d + antidepressant
-2 —&- Cariprazine 2-4.5 mg/d + antidepressant

_4 -

(1]
£
o

wi

0
[aa]

£

[}

g
[F

@

o

c

]
L
(W]

c

1]

U
=
wvi
-




The Role of the Glutamatergic System in Normal Synaptogenesis

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

NMDAR

GABA

Inhibitory
neuron

AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptor; BDNF, brain-derived neurotrophic factor;
GABA, gamma-aminobutyric acid; Glu, glutamate; NMDAR, N-methyl-
D-aspartate receptor;
TrkB, tropomyosin-related kinase B.

1. Murrough JW, et al. Nat Rev Drug Discov 2017;16:472-86;
2. Sanacora G, et al. Neuropharmacology 2012;62:63-77;
3. Duman RS. Dialogues Clin Neurosci 2014;16:11-27;

4. Duman RS, et al. Nat Med 2016;22:238—49.
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» Hyperactive NMDARs play an important role in the pathophysiology of MDD

Nondepressed brain Depressed brain

Regulated NMDAR signaling

Dysregulated NMDAR signaling

Constant synaptic remodeling

Synaptic impairment

Constant neural plasticity

Neural plasticity impairment

Normal synaptic protein and BDNF
transcription and production

Decreased synaptic protein and
BDNF transcription and production

» Targeting hyperactive NMDAR dysfunction in MDD offers a novel therapeutic approach that

differs from existing treatments

BDNF, brain-derived neurotrophic factor; MDD, major depressive disorder; NMDAR, N-methyl-D-aspartate receptor
Murrough JW, et al. Nat Rev Drug Discov 2017;16:472—86.




The Role of the Glutamatergic System in Depression

AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptor; BDNF, brain-derived neurotrophic factor;
GABA, gamma-aminobutyric acid; Glu, glutamate; MDD, major
depressive disorder; NMDAR, N-methyl-D-aspartate receptor;
TrkB, tropomyosin-related kinase B.

1. Murrough JW, et al. Nat Rev Drug Discov 2017;16:472-86;
2. Sanacora G, et al. Neuropharmacology 2012;62:63-77;
3. Duman RS. Dialogues Clin Neurosci 2014;16:11-27;

4. Duman RS, et al. Nat Med 2016;22:238—49.
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Ketamine/Esketamine

« Itis proposed that esketamine modulates glutamate neurotransmission, restoring synaptic function?

[ Evidence suggests that through h
NMDA receptor blockade,
esketamine produces a surge
\_ in glutamate release3-% )

¥

This surge in glutamate
transmission leads to increased
\_ AMPA receptor stimulation356 D,

¥

( AMPA receptor stimulation leads to
a release of BDNF, activating
downstream neurotrophic signalling
to increase synaptic protein
| synthesis synaptogenesis3-° )

¥

Restoring synaptic function3-6

( )

N

*First approved by US FDA, March 2019
AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AMPAR, a-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor; BDNF, brain-derived neurotrophic factor; GABA, gamma-aminobutyric acid;

Glu, glutamate; NMDA, N-methyl-D-aspartate; NMDAR, N-methyl-D-aspartate receptor;
TrkB, tropomyosin receptor kinase B.

1. Janssen Press Release, March 2019: 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. Accessed May 2022.
2. Duman RS et al. Mol Psychiatry 2019;24:1816-32; 3. Murrough JW, et al. Nat Rev Drug Discov 2017;16:472-86; 4. Sanacora G, et al.
Neuropharmacology 2012;62:63-77; 5. Duman RS, et al. Nat Med 2016;22:238-49; 6. Dale E, et al. Biochem Pharmacol 2015;95:81-97.




Glutamate “Burst” Hypothesis




Ketamine/Esketamine

- Itis proposed that esketamine modulates glutamate neurotransmission, restoring synaptic function?

(" Evidence suggests that through h
NMDA receptor blockade,

esketamine produces a surge

\ in glutamate release3-% )

¥

( This surge in glutamate h
transmission leads to increased
\_ AMPA receptor stimulation356 P,

¥

AMPA receptor stimulation leads to h
a release of BDNF, activating

downstream neurotrophic signalling
to increase synaptic protein

| synthesis synaptogenesis3-° )

¥

[ Restoring synaptic function3-6 ]

-

*First approved by US FDA, March 2019
AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AMPAR, a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor; BDNF, brain-derived neurotrophic factor; GABA, gamma-aminobutyric acid;
Glu, glutamate; NMDA, N-methyl-D-aspartate; NMDAR, N-methyl-D-aspartate receptor;
TrkB, tropomyosin receptor kinase B.

[ Esketamine in depression ]
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1. Janssen Press Release, March 2019: 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. Accessed May 2022.
2. Duman RS et al. Mol Psychiatry 2019;24:1816-32; 3. Murrough JW, et al. Nat Rev Drug Discov 2017;16:472—-86; 4. Sanacora G, et al.
Neuropharmacology 2012;62:63-77; 5. Duman RS, et al. Nat Med 2016;22:238-49; 6. Dale E, et al. Biochem Pharmacol 2015;95:81-97.

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

Cortex

Control

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




=8—=AXS-05 (45 mg dextromethorphan / 105 mg bupropion BID)
~uo—Placebo

MADRS Total Score
Change from Baseline

-20
Baseline

AXS-05 Placebo D

(n=156) (n=162) ifference  P-Value .

'Primary Endpoint
Change in MADRS Total Score at Week 6 -16.6 -11.9 -4.7 0.002

Key Secondary Endpoint

Change in MADRS Total Score at Week 1 -7.3 -4.9 -2.4 0.007

Notes: P-values calculated from LSMean. Abbreviations: BID = twice daily; MADRS = Montgomery-Asberg Depression Rating Scale

Treatment with AXS-
05 resulted in rapid
and statistically
significant
improvements in
depressive
symptoms and
function and QoL
across multiple
efficacy endpoints
compared to
placebo




Response Remission

C. Clinical Response (MADRS > 50% Improvement From Baseline)® B. Remission (MADRS Total Score < 10)P

60% - 45% 7

. P <001
u Dextromethorphan-bupropion (N = 156) P <001 | = Dextromethorphan-bupropion (N = 156)

5095 4 B Placebo (N =162) 404 m Placebo (N = 162)

;

40% -

(MADRS = 50%)
BB
2 =

Percent of responders
v
&

Patients achieving remission
(MADRS < 10)

:

Week 3 Week 4

Rationale: Bupropion (2D6 inhibitor) boosts Dextromethorphan levels

Remission (MADRS Total Score <10) Over Time

p=0.004

50 W Dextromethorphan-bupropion
45 — M Bupropion

40
35
30
25
20

Remission (MADRS Total Score <10)

Overall (6-week average)
p<0.001

MADRS Total Score Change From Baseline

Baseline 1







A. Montgomery-Asberg Depression Rating Scale

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

o
o
c
©
=
(]
=
©
]
=
o
S
©
S
o
0
-
wn
I
]
-

GABA
neuron

Phasic inhibition Tonic inhibition




dextrin allopregnanolone




Change from baseline in mean HAM-D total score (%)

=—e— BRX90 (n=102)
—e— Placebo (n=107)

i End of infusion (60 h)

0

I I 1 I I 1 1
3 6 9 1z 4R A8 21

Time (days)

A Change in HAM-D Scare
a




Clinical Global Impression-Severity of Illness (CGI-S) - First Key Secondary endpoint

CGl - Severity
l
‘ I CGI-S Scale
\t‘ * LS mean (SE) in CFB in CGI-S on Day 15: Normial, not at all
1]

LS Mean -1.8 (0.08) in zuranolone group and -1.6 (0.08) in placebo group; ill
Change I treatment difference of -0.2 points; 95% ClI (-0.40, 0.05), Borderline ill
From Yy ¥ p=0.1193

Baseline

L]
J .
CGl-Severity -1 s |
i\ ¥y Wb Moderately il
\ \

L End of Treatment Markedly il

Y I,
N

Wildly il

T I Placebo Severely il
anunn® "l-._..

nas
— f— —
— — Among the most
} —_— extremely ill

Zuranolone

|
Day 0 3 8 12 15 21 42

Placebo (n) 268 284 262 248 251 239
Zuranolone (n) 266 2863 255 250 248 237 240

Sage Therapeutics. Inc, Deta on f@e. 217-MDD-3018 1opfine memo.

WATERFALL Study

CGI-Improvement Response CGI — Improvement Response
(‘Much’ or "Very Much’ Improved)

100
- Placebo

00 _|
Il zuranolione
i End of Treatment

70

50

% Subjects

40 -

8 12 15 21

Placebo (n) 264 262 248 251 238
Zuranolone (n) 263 254 250 248 237

* <p <005 for odds ratio. Sage Therapedtics. Inc. Data on file. 217-MD0-301 B topline memn




Classm_ Dissociative Empathogens/
Psychedelics Entactogens

Serotonin 5HT-2A Glutamatergic NMDA Les s_erotonln e
. . dopamine reuptake
receptor agonism receptor antagonists A
inhibitors and releasers

Psilocybin Ketamine MDMA

Mescaline (Peyote)
Lysergic acid diethylamide (LSD)
N,N-Dimethyltryptamine (DMT)

Methoxetamine (MXE)
Phencyclidine (PCP)
(Dextromethorphan (DXM))
Nitrous oxide

Mephedrone




Hallucinogen

psilocybin

4-diphosphoryloxy-N N-dimethyltryptamine & @
Mechanism of Hallucinogens

at SHT2A Receptors

SHT neuron

SHT2A
dephosphorylation

psilocin @ @

N, N-dimethyltryptamine DMT

g C? ) .\psilocybin
Lsp @

N .
mescaline

BHT7  5HT2B 5

HT2A sHT
_ SHTID “jp SHT2C 5HT6 SHTS SHT1BSHT1A

5HT, 5-hydroxytryptamine (serotonin); DMT, dimethyltryptamine; LSD, lysergic acid diethylamide

Stahl's Essential Psychopharmacology, 51" edition, 2021, copyright NEI. All rights reserved.




Figure 1. Trajectory of Mean Patient Health Questionnaire (PHQ-9) Scores, by Outcome Group, in
Community ECT Clinic
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—+—Total

~— Responders®
—a— Remitters”®
== Nonmmitters’
—=— Nonresponders®
—&— Dropouts®

28

ECT Treatment Visit (1-12

Sample Size (35-13)

1Defined as 2509 decrease in PHQ-9 score.
“Defined as final PHQ-9 scare <5.

“Defined as completing 12 treatments without 250% decrease in PHQ-9 score.
Defined as completing 12 treatments with final PHQ-9 scare 25.

“Defined as completing <12 treatments without 250% decrease in PHQ-9 score.







