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ARTICLE INFO ABSTRACT

Keywords: Background: Stress responses are believed to involve corticotropin releasing factor (CRF), its two cognate receptors
Stress (CRF,; and CRF,), and the CRF-binding protein (CRFBP). Whereas decades of research has focused on CRF;, the
CRF,

role of CRF, in the central nervous system (CNS) has not been thoroughly investigated. We have previously

;11)\\1;/]131:’ reported that CRF,, interacting with a C terminal fragment of CRFBP, CRFBP(10kD), may have a role in the
HTS modulation of neuronal activity. However, the mechanism by which CRF interacts with CRFBP(10kD) and CRF,

AUD has not been fully elucidated due to the lack of useful chemical tools to probe CRFBP.
Methods: We miniaturized a cell-based assay, where CRFBP(10kD) is fused as a chimera with CRF,, and performed
a high-throughput screen (HTS) of 350,000 small molecules to find negative allosteric modulators (NAMs) of the
CRFBP(10kD)-CRF, complex. Hits were confirmed by evaluating activity toward parental HEK293 cells, toward
CRF, in the absence of CRFBP(10kD), and toward CRF; in vitro. Hits were further characterized in ex vivo elec-
trophysiology assays that target: 1) the CRF; ™ neurons in the central nucleus of the amygdala (CeA) of CRF1:GFP
mice that express GFP under the CRF,; promoter, and 2) the CRF-induced potentiation of N-methyl-D-aspartic acid
receptor (NMDAR)-mediated synaptic transmission in dopamine neurons in the ventral tegmental area (VTA).
Results: We found that CRFBP(10kD) potentiates CRF-intracellular Ca?* release specifically via CRF,, indicat-
ing that CRFBP may possess excitatory roles in addition to the inhibitory role established by the N-terminal
fragment of CRFBP, CRFBP(27kD). We identified novel small molecule CRFBP-CRF, NAMs that do not alter
the CRF,; -mediated effects of exogenous CRF but blunt CRF-induced potentiation of NMDAR-mediated synaptic
transmission in dopamine neurons in the VTA, an effect mediated by CRF, and CRFBP.
Conclusion: These results provide the first evidence of specific roles for CRF, and CRFBP(10kD) in the modulation
of neuronal activity and suggest that CRFBP(10kD)-CRF, NAMs can be further developed for the treatment of
stress-related disorders including alcohol and substance use disorders.
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Introduction

Stress plays a critical role in the development of many psychiatric
disorders including alcohol use disorder (AUD) and substance use disor-
der (SUD) [1]. Options for pharmacological intervention, whether FDA-
approved for AUD or SUD, are limited and have only modest effects in
a clinical setting [2]. The corticotropin releasing factor (CRF) system
includes the binding of CRF to two G protein-coupled receptor (GPCR)
subtypes, CRF; and CRF,, and to a secreted binding protein (CRFBP).
Dysregulation of CRF signaling in the central nervous system (CNS) has
been proposed to underlie AUD and SUD [3,4]. CRF binds to its recep-
tors in a two-step mechanism. First, the C-terminus of CRF binds to the
N-terminus of the receptor. Second, the N-terminus of CRF binds the
extracellular loops of the receptor and activates signaling [5-7]. While
the affinity of CRF for CRF; and CRF, is well established, the specific
details of the role of CRF, in the stress response are still unclear [8-11].
Furthermore, 20 years of dedicated research and development efforts to
advance pharmacological agents that are specific antagonists of CRF;
[12,13] have thus far not translated to humans, with CRF; antagonists
indicating a lack of efficacy in the treatment of AUD [14,15], major de-
pression [16], and anxiety [17]. At the cellular level, acute application
of CRF increases vesicular y-aminobutyric acid (GABA) release via acti-
vation of CRF; [18-20] in the central nucleus of the amygdala (CeA) of
rodents.

CRF binding protein (CRFBP) is a water-soluble, 37-kilodalton (kD)
glycoprotein secreted through exocytosis [3], whose mRNA expression
pattern in cortical and subcortical regions has suggested a role in stress
responses [21]. It was reported that CRF modulates synaptic input by
potentiating N-methyl-D-aspartate (NMDA)-mediated excitatory postsy-
naptic currents through CRFBP/CRF, interactions in the ventral tegmen-
tal area (VTA) [22]. Later studies reported that CRFBP was co-expressed
with CRF, in rat VTA glutamatergic synaptosomes that originate from
hypothalamic areas [23] and that CRFBP increases cell surface CRF,
expression [24].

In behavioral studies, CRFBP has been shown to play a key role
via CRF, in the modulation of cocaine seeking [25] and ethanol con-
sumption [26]. We have further reported that while global knockout
of the CRFBP gene CRHBP leads to increased ethanol consumption in
mice, a selective downregulation of CRFBP in the center nucleus of the
amygdala (CeA) by shRNA decreases ethanol consumption in ethanol-
dependent rats [27]. Recently, the role of CRFBP has been evaluated
in other psychiatric disorders and neurodegenerative diseases [28]. To-
gether, these results support the hypothesis that CRFBP possesses ad-
ditional functions beyond sequestering CRF and that modulation of its
interaction with CRF, may represent a novel pharmacological approach
for the treatment of AUD and SUD.

In comparison to the CRF receptors, CRFBP has been far less in-
vestigated. This is due largely to the spontaneous proteolytic cleav-
age of the full-length 37 kD CRFBP to an N-terminal 27 kD fragment
[CRFBP(27kD)] that can bind CRF and the C-terminal 10 kD fragment
[CRFBP(10kD)] that does not bind CRF [29], and which has no known
role. Recently, in a genetic study in individuals diagnosed with AUD,
we discovered that there are some genetic variants in the CRFBP(10
kD) fragment that were associated with a greater risk for AUD and
anxiety-related disorders, while other genetic variants were associated
with reduced risk [27]. To further elucidate the functional role of
these variants, we have developed novel chimeric cell-based assays sta-
bly expressing various CRFBP constructs tethered to both CRF; and
CRF, [27], yielding chimeric CRFBP assays. Using these novel tools,
we found that only the CRFBP(10kD) tethered to CRF, can potenti-
ate CRF-mediated Ca?* mobilization [27], suggesting a dual role for
CRFBP where CRFBP(27kD) acts to terminate CRF effects and where
CRFBP(10kD) has a potential excitatory function [30,27].

Currently, the only available pharmacological tool to probe the role
of CRFBP is a truncated CRF peptide, CRF¢ 35 that prevents full-length
CRF from binding to CRFBP [31]. Similarly, all available CRF, antago-
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nists [e.g., atressin 2B [32], antisauvagine 30 [33], and K 41498 [34] are
peptides, and have limited utility due to their poor pharmacological
properties. Furthermore, none of these reagents specifically target the
CRFBP(10kD)-CRF, interaction making it impossible to investigate this
important interrelationship directly. Given our hypothesis that the inter-
action of these two proteins has a potential excitatory function on neu-
rons [30,27] and the lack of chemical probes for CRF, and CRFBP, we
sought to identify novel small molecule chemical probes that modulate
CRF,-CRFBP utilizing our novel chimeric assay where CRF, is tethered
to the CRFBP(10kD) fragment and a fluorescent-based calcium sensor is
utilized as a readout of signaling from this complex [27].

Here, we report the optimization, miniaturization, and application
of this novel CRFBP-CRF, assay for use in a high-throughput screen
(HTS) to identify CRFBP-CRF, modulators. From this HTS campaign, we
identified two structurally distinct compounds that act as noncompeti-
tive disruptors of the CRFBP-CRF, complex, and have no effect on CRF,
function in the absence of CRFBP(10kD). These compounds will serve
as chemical probes to further investigate the role of CRFBP(10kD) and
CRF, in vitro, ex vivo and in vivo and as starting points to optimize orally
active CRFBP-CRF, modulators suitable for advanced in vivo proof-of-
concept studies for the treatment of AUD, SUD, and stress-related disor-
ders.

Materials and methods
Materials

Materials and methods for the CRFBP-CRF receptor chimeras are
extensively described in [27]. CRF, the CRF, specific inhibitor, an-
tisauvagine 30 (AS-30, # A4727) and the CRF; selective antago-
nist, R121919, were purchased from Sigma-Aldrich (St. Louis, MO,
US), FLIPR Calcium Assay Kits were purchased from Molecular De-
vices (Sunnyvale, CA, US), and 96-well plates (black wall, clear bot-
tom, BIOCOAT, # 08774256) were purchased from Thermo Fisher
Scientific (Waltham, MA, US). [3°S]-Guanosine 5‘-(y-thio)triphosphate
([35S]-GTPyS) (250uCi; 9.25MBq) was supplied from Perkin-Elmer®
(Boston, USA). Guanosine 5’-[y-thio]triphosphate tetralithium salt
(GTPyS), guanosine 5’-diphosphate sodium salt (GDP), 2-hydroxy-
ethylpiperazine-N-2-ethane sulphonic acid (HEPES), DL-dithiothreitol,
tricine, magnesium chloride (MgCl,) ethylenediaminetetraacetic acid
(EDTA) and saponin were purchased from Sigma-Aldrich® (St. Louis,
USA). Complete mini protease inhibitor cocktail tablets were purchased
from Roche (Indianapolis, USA). Wheatgerm agglutinin SPA Beads were
purchased from Amersham Biosciences (Little Chalfont, England). The
cell culture, generation of stably transfected fusion plasmids, trans-
fection and expression of human cells with the CRFBP-CRF receptor
chimeras, cell selection and flow cytometry, Western blots, immunoflu-
orescence, image analysis, quantification of receptor surface expres-
sion by ELISA and fluorescence-based calcium assay are extensively de-
scribed in [27].

[%°S]-GTPyS binding assay

HEK293 cells stably expressing the FLAG-CRFBP(10kD)-HA-CRF,
chimera and maintained at 37°C, 7% CO, were suspended in a homoge-
nization buffer (50 mM Tris-HCI, pH 7.4, 1 mM EDTA, 3 mM MgCl,; 1 g
brain tissue/20 mL buffer). Cell suspensions were centrifuged (14000
rpm, 15 min, 4°C), pellets were resuspended in the homogenization
buffer, sonicated on ice, recentrifuged, and resuspended in HME assay
buffer (100 mM HEPES pH 7.5, 10 mM NacCl, 5 mM MgCl,, 10 ug/mL
saponin and one mammalian protease inhibitor tablet/25 mL). Binding
assays were performed in 96-well plates in quadruplicate on ice with
each reaction containing [3°S]GTPyS (50 pM), cell membrane (10 ug
protein), GDP (30 M), and SPA beads (0.5 mg) with HME assay buffer
and the CRF ligands. Non-specific binding was determined in the pres-
ence of unlabeled GTPyS (10 uM). Single drug dose-response curves of
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[35S]GTPyS stimulated binding were performed with CRF (10 nM - 10
uM) and inhibition of CRF,-mediated [3®>S]GTPyS stimulation was per-
formed with CRF (1 uM; ECgy) and AS-30 (10 nM - 10 yM). Membranes
and GDP were incubated together for 20 min and then AS-30 was added
30 min prior to addition of CRF, before the [33S]-GTPyS and SPA beads
were added. Assay plates were shaken for 45 min at 25°C, and cen-
trifuged (1500 rpm, 5 min, 25°C) before [33S]GTPyS stimulated binding
was assessed using the NXT TOPCOUNTER™. [35S]GTPyS-stimulated
binding is expressed as a percentage increase in basal [3>S]GTPyS bind-
ing.

Calcium assay in 384-well plates

The calcium assay described previously [27] was miniaturized for
use in a 384-well plate format as follows: cells 15 uL, FLIPR dye 15
uL, AS-30 7.5 uL, CRF 7.5 uL, for a total of 45 uL as detailed below.
HEK293 cells stably expressing the chimeras (CRFBP-CRF,, or CRFBP-
CRF,) or individual receptors (CRF,, or CRF;) were rapidly thawed and
centrifuged at 800 rpm for 12 min. Three vials (6€e® cells/mL each) were
resuspended in 15 mL media containing 10% fetal bovine serum (FBS)
in Dulbecco’s Modified Eagle Medium (DMEM), placed into a T75 flask,
and incubated at 37°C, 5% CO,, for 3 days. When the cells reached ~70-
80% confluency, the media was removed, and the cells were washed
with 5 mL PBS without calcium or magnesium. After washing, an addi-
tional 5 mL PBS was added (no Ca®*, Mg?*), and the flask was allowed
to incubate for 5 min. Cells were detached from the surface of the flask
using repeated washing with a serological pipette, and upon complete
resuspension were transferred to a 15 mL falcon tube, centrifuged at 800
rpm for 12 min, and finally resuspended in 5 mL 10% FBS/DMEM. A fi-
nal cell concentration of 600,000 cells per mL was achieved by adding
additional volumes of 10% FBS/DMEM, and 50 uL was dispensed into
each individual well of 384-well plates (30,000 cells per well). The cells
were returned to the incubator for 2 days. On the day of testing, the
media was removed from each well and 50 uL PBS (no Ca2*, Mg%*) was
added per well to wash the cells. The PBS was removed and 15 uL of
1% FBS/DMEM per well was added. Fresh assay buffer was prepared as
follows for 100 mL buffer: 10X Hanks Balanced Salt Solution (HBSS),
10 mL; HEPES 1 M, 2 mL; distilled water, 87 mL; 100 X probenecid so-
lution (250 mM), 1 mL (prepared by dissolving 71 mg probenecid in 1
mL 1 N NaOH); Bovine Serum Albumin (for 0.1% final) 100 mg; pH to
7.4. One vial of FLIPR Calcium 4 Dye (Molecular Devices) was diluted
in 10 mL assay buffer and resuspended per assay plate. Next, 15 uL of
dye was added to each well and the plate returned to the incubator for
1 h. For stimulation assays, compound source plates were prepared at a
final concentration of 50 yM (5X for 7.5 uL injection onto 30 uL, i.e.,
37.5 uL total volume per well after injection) to give a final concentra-
tion of 10 uM per well in the assay plate. After addition to the assay
plate, the final concentration of DMSO was 1%. CRF (MW = 4757.45),
purchased in 0.5 mg vials, was prepared as a 1 mM stock solution by ad-
dition of 105 uL distilled water. For inhibition assays, a new compound
plate with agonist (CRF) was prepared at 6X. For the pre-determined
ICq, concentration to inhibit of 1 uM of CRF, a 6 uM solution with a 40
uL volume per well (16 mL of 6 uM solution of CRF per plate) was pre-
pared for a 7.5 uL injection onto 37.5 uL (45 uL total volume per well
after injection) to give a final concentration of 1 yuM CRF. Fluorescence
was measured using a FLEXSTATION at 21°C (50 min for 384-well plate
at 2 min for each column of 16 wells at a time).

Primary high-throughput and confirmation screening calcium assay in
1535-well plates

Additional assay optimization was performed to miniaturize the 384-
well assay to 1536-well format as follows: cells 6 uL, FLIPR dye 2
uL, test compound via pin-tool 53 nL, 1 uL CRF, for a total of ~9 uL
as detailed below. CRFBP-CRF, HEK293 cells (1,000 cells / 6 pL per
well) were plated in 1536-well black walled clear-bottom Poly-D-Lysine
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coated plates (Corning) in assay media (DMEM (1X), phenol red free,
1% defined FBS (Hyclone), 1X Penicillin/Streptomycin (P/S), and 1X L-
Glutamine using a Multidrop Combi (Thermo). Assay plates containing
cells were centrifuged at 500 rpm for 1 min, covered with Kalypsys lids,
and incubated overnight at 37°C in the presence of 5% CO,. The follow-
ing day, 2 pL per well of FLIPR Calcium 4 Dye (Molecular Devices), pre-
pared in assay Buffer (1X Hanks’ balanced salt solution, 20 mM HEPES,
0.1% Bovine Serum Albumin (Sigma), and 2.5 mM probenecid (Sigma),
pH 7.4) was added to each well of the assay plate at 0.5X according
to the Manufacturer’s Instructions using the Multidrop Combi (Thermo)
dispenser and the cells were incubated with dye for 1 h at 37°C, 5% CO,.
Reagents are from Invitrogen unless otherwise stated.

Calcium flux and the resulting fluorescence was measured using
a Functional Drug Screening System 7000 (FDSS7000; Hamamatsu,
Tokyo, Japan). Baseline readings were taken (9 images at 1 Hz; ex-
citation, 470 + 20 nm; emission, 540 + 30 nm), and then test com-
pounds (approximately 53 nL) were added at the 10 s time-point us-
ing the FDSS’s integrated 1536 well pin-tool from source library plates
(Corning) containing 2 mM test compound stocks in 100% DMSO. At
the 243 s time-point, 1 uL per well of either an EC,,, CRF response (4.5
uM Final, prepared as a 9X stock in Assay Buffer), ECgy CRF (1 puM Fi-
nal, prepared as a 9X stock in Assay Buffer), or vehicle response (Assay
Buffer) was added to appropriate. Agonist hits were selected by compar-
ing the amplitude of the responses at the time of test compound addition
to the CRF maximal response on each plate. Compounds were tested at
13.25 pM for agonist responses and those with responses > 50% of the
CRF EC;( response were selected as hits for further study. Antagonist
Hits were selected by comparing the amplitude of the responses at the
time of ECg, CRF addition + test compounds. Compounds were tested at
11.78 pM for antagonist responses and those compounds that inhibited
> 50% of the CRF ECg, response were selected as hits for further study.

For confirmation screening, the CRFBP-CRF, Ca®* assay was per-
formed in the identical manner as the primary screen with the follow-
ing exceptions. For each test compound, eight assay plates were pre-
pared, each of which received a different concentration of test com-
pound by pin-tool in the FDSS7000 Ca®* assay. For the agonist confir-
mation screening, compounds were tested at 53.0 uM, 26.5 uM, 13.3 uM,
6.63 uM, 3.31 puM, 1.66 puM, 0.828 uM, and 0.414 uM. For the antagonist
confirmation screening, compounds were tested at 47.1 uM, 23.6 uM,
11.8 uM, 5.89 uM, 2.94 uM, 1.47 pM, 0.736 uM, and 0.368 pM. Agonist
EC;5, values were determined in the absence of CRF and antagonist ICs,
values were determined in the presence of an ECg, concentration of CRF
from each set of eight plates.

Z’ score calculation for quality control

The Z-factor is established from four parameters: the means (x) and
standard deviations (¢) of both the positive (p) and negative (n) controls
(ks op, and uy,, 6,). Z-factor is computed as:

ZAfactor =1 -3(op, + o) / |y — py|

A Z‘ factor between 0.5 and 1.0 has been shown to represent a robust
and reliable assay [35].

Evaluation of the competitive or noncompetitive mechanism of action of
novel CRFBP(10kD)-CRF, modulators

A Schild analysis [36] was performed to determine whether the an-
tagonist lead molecules act at the CRFBP-CRF, complex by a compet-
itive or noncompetitive mechanism relative to CRF. Dose-responses of
CRF-induced increases in the Ca2* assays were performed in the absence
or presence of increasing concentrations (1.11 xM, 3.33 uM, 10 uM) of
selected compounds in our primary CRFBP-CRF, Ca?* assay.
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In vivo pharmacokinetic studies

Male C57BL/6J mice (n = 9 for each compound), weighing ~20 g,
were purchased from The Jackson Laboratory (Bar Harbor, ME) and
were acclimated to their surroundings for 1 week before the study.
Mice were provided food and water ad libitum. To measure systemic
plasma and brain exposure, MLS-0046818 was administered intraperi-
toneally (i.p.) in 5% DMSO, 10% Tween 80 in water, pH 7.0 and MLS-
0219419 was administered i.p. in 5% DMSO, 10% Tween 80, 20% (2-
hydroxypropyl)-beta-cyclodextrin (HPBCD) in water, pH 7.0. Both com-
pounds were administered at 10 mg/kg. Blood samples were collected
via the retro-orbital plexus at 0.25, 0.5, 1, 2, 4, 6, and 24 h. Whole
blood was collected into EDTA tubes, centrifuged for 10 min at 14000
rpm, and the resulting plasma was collected and stored at —80°C un-
til LC/MS/MS analysis. Whole brains were collected at 4, 6, and 26 h.
Brain samples were rinsed in phosphate-buffered saline, snap-frozen,
and stored at —80°C. Prior to LC/MS/MS analysis, brain samples were
thawed to room temperature and subjected to mechanical homogeniza-
tion using a Fisher PowerGen 125 (Fisher Scientific) on ice. Pharma-
cokinetic parameters were obtained from non-compartmental analysis
(PkSolver [37]) of concentration-time profiles after compound adminis-
tration.

Electrophysiology

In the central nucleus of the amygdala (CeA): Adult (minimum age
of 10 weeks) male CRF;:GFP mice (n = 6) were bred in-house [38-41].
Mice were group-housed in a temperature and humidity-controlled vi-
varium on a 12-h reversed light/dark cycle (lights turn off at 8 AM) with
food and water available ad libitum. All procedures involving the use of
experimental animals in this study were approved by The Scripps Re-
search Institute Institutional Animal Care and Use Committee and were
consistent with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Mice were anesthetized with 3-5% isoflu-
rane, decapitated, and the brains were quickly removed and placed in
ice-cold oxygenated (95% O, and 5% CO,) high-sucrose cutting solu-
tion containing: 5 mM HEPES pH 7.3, 206 mM sucrose, 2.5 mM KCl,
2.5 mM CaCl,, 7 mM MgCl,, 1.2 mM NaH,PO,, 26 mM NaHCO3, 5 mM
glucose. Coronal slices (300 M) containing the CeA were sliced using a
12008 vibratome (Leica Microsystems, Buffalo Grove, IL) and incubated
in artificial cerebrospinal fluid (ACSF) containing: 1.25 mM NaH,PO,
pH 7.3,130 mM NacCl, 3.5 mM KCl, 1.5 mM MgSO,, 2 mM CaCl,, 24
mM NaHCO3, 10 mM glucose; at 32°C for 30 min and then at room
temperature for at least 30 min before use.

Whole-cell electrophysiological recordings were obtained from neu-
rons in the medial subdivision of the CeA visualized with infrared
differential interference contrast (IR-DIC) optics, and fluorescently la-
beled neurons were identified using Prior LED optics (Prior Scien-
tific, Rockland, MA). Recordings were obtained using Multiclamp 700B
amplifier, Digidata 1440A and pClamp 10 software (Molecular De-
vices, Sunnyvale, CA). Glass pipettes were pulled to a resistance of 3-
6 MQ and filled with an internal solution containing: 10 mM HEPES
pH 7.2-7.3, 135 mM KCl, 5 mM EGTA, 2 mM MgCl,, 2 mM Mg-
ATP, 0.2 mM Na-GTP; 290-300 mOsms; for whole-cell experiments.
GABA,-mediated miniature inhibitory postsynaptic currents (mIPSCs)
were pharmacologically isolated with glutamatergic transmission block-
ers [20 uM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 30 uM DL-2-
amino-5-phosphonovalerate (AP-5); Tocris Bioscience (Ellisville, MI)]
and a GABAg receptor blocker (1 pM CGP55845A; Tocris Bioscience),
in the presence of tetrodotoxin (TTX). CeA cells were voltage-clamped
at -60 mV. Series resistance was not compensated, and cells with a series
resistance > 20 MQ or with a > 20% change during the recording, as
monitored by 10 mV pulses, or with a holding current > 100 pA were
excluded. Drugs were freshly dissolved in ACSF by adding a known con-
centration of the stock solutions and were bath, gravity perfused.
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In the Ventral Tegmental Area (VTA), male and female mice (n = 44;
6-10 weeks) were anesthetized with Euthasol (Butler-Schein). Brains
were rapidly removed and placed in ice-cold NMDG-based artificial
Cerebrospinal Fluid (aCSF) cutting solution containing 20 mM HEPES,
92 mM NMDG, 25 mM glucose, 30 mM NaHCO;, 2.5 mM KCl, mM
1.2 NaPO, saturated with 95% O,/5% CO, with an osmolarity of 305-
308 mOsm (Advanced Cell Diagnostics). The brains were cut in ice-cold
NMDG solution to obtain horizontal VTA slices, 230 um thick, using
a Leica vibratome (Leica VT1200) and slices were incubated in warm
NMDG solution (34°C) for <5 min before being placed in a modified
aCSF holding solution: 20 mM HEPES, 92 mM NacCl, 25 mM glucose, 30
mM NaHCOg, 2.5 mM KCl, 1.2 mM NaPO, (305-308 mOsm). Slices were
incubated at room temperature for at least 1 hour before recording.

Whole-cell patch clamp of the lateral VTA was performed under the
guidance of IR-DIC optics on an Olympus BX51WI microscope. Cells
were patched with 1.8-3 MQ resistance glass microelectrodes containing
the following internal solution: 20 mM HEPES,117 mM cesium methane-
sulfonate, 0.4 mM EGTA, 2.8 mM NacCl, 5 mM TEA-Cl, 4 mM Mg-ATP,
0.4 mM Na-GTP, and 5 mM QX-314 (280 mOsm). Dopamine cells were
identified by the following criteria: 1) large multipolar soma, 30-40 pm
in diameter, 2) tonic firing of <4Hz when the cell is attached, 3) large I,
current with a negative voltage step (identified immediately following
break in). Slices were perfused at a rate of 2 mL per min with aCSF con-
taining: 1.4 mM NaH,PO, 126 mM NaCl, 2.5 mM KCl, 1.2 mM MgCl,,
2.4 mM CaCl,, 25 mM NaHCOs;, and 11 mM glucose (305-308 mOsm)
in the presence of picrotoxin (100 pM) to block GABA, receptors and
DNQX (10 uM) to block AMPA receptors. NMDA receptor currents were
evoked with a bipolar stimulating electrode (150-400 pA; FHC) held at
+40 mV, filtered at 1 kHz with a Bessel filter, and were allowed to sta-
bilize for 5-10 min before recording began. Drugs were washed on for
15-25 min prior to CRF application and for 2 min following application.
CRF was washed on for 7 min. Series resistance was monitored online.
If series changed more than 20%, the recording was discarded.

Data analysis

For the calcium assay, the data output contains a pre-assay scan
of the plate and the maximum fluorescence observed over the 2-min
read per well. The data are presented as the Relative Fluorescence Units
(RFU) calculated as: fluorescence value/pre-assay value x 1,000,000.
The Z-factor was determined from each plate using the mean + SD RFU
values of CRF (1 M) alone and CRF (1 uM) with AS-30 (10 xM) (i.e.,
in presence of the CRF receptor inhibitor), as described. The stimulation
assay was analyzed as a percentage of the mean RFU value of CRF (1 xM)
alone (i.e., CRF = 100% stimulation). The inhibition assay was analyzed
as the difference between the mean RFU value for CRF (1 M) alone and
the RFU of CRF (1 uM) in the presence of the inhibitor compound (AS-30
at 1 uM provides 100% inhibition). For inhibitor hits, >70% inhibition
of CRF (from the second assay run) was sought, but without any stimula-
tion on its own (from the first assay run). Comparisons between groups
were performed using an unpaired students t-test. Data are presented as
mean (M) + standard error (SEM). The [3°S]-GTPyS bound (fmol/mg)
was calculated based on the [3°S]-GTPyS radioactivity, B .ax and counts
per minute (CPM) of CRF treatment relative to untreated samples and
presented as a percentage increase in basal activity. For this, the % in-
crease over basal [3°S]GTPyS activity was determined as follows:

[(stimulated signal - basal signal)/(basal signal - non-specific binding
signal)] x 100

For this, the stimulated signal is represented by the CPM from CRF
treatments, the basal signal is determined from the vehicle treated
CPMs, and non-specific binding is determined from wells containing un-
labeled 10 uM GTPyS. [35S]-GTPyS stimulated binding by AS-30 either
alone or in combination with CRF agonists, was assessed using each of
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Fig. 1. Optimization of cell-based assay expressing FLAG-CRFBP(10kD)-HA-CRF,,
using the [*°S]GTPyS binding assay. (A) CRF produced a dose dependent stimula-
tion of [**S]GTPyS-binding FLAG-CRF-BP(10kD)-HA-CRF,,. (B) AS-30 inhibits
CRF-stimulated (1 pM) [3°S]GTPyS FLAG-CRF-BP(10kD)-HA-CRF,, binding.
The values are expressed as M + SEM percentage increase in basal [3°S]IGTPyS
binding.

CRF, and CRF;-containing membranes. Differences are considered sig-
nificant at *p < 0.05.

For electrophysiology measures of spontaneous inhibitory postsy-
naptic currents (sIPSCs), data were analyzed using Mini Analysis (Synap-
tosoft Inc., Fort Lee, NJ) and Clampfit 10.7 (Molecular Devices), and all
events were visually confirmed. To obtain average baseline s/mEPSC,
characteristics, events were binned into 3 min bins. Measurements for
the effects of acute CRF (Tocris) application were made after 9 mins of
CRF application and normalized to a pre-CRF application baseline.

Excitatory post-synaptic currents (EPSCs) were normalized to 7 min
of averaged baseline responses, prior to CRF application. All points are
averaged per minute. The M + SEM analyses in bar graphs compare
drug to vehicle and utilize a one-way ANOVA and post-hoc comparisons
corrected using a Bonferroni multiple comparisons (**p < 0.01). For
single comparisons across sex, two-tailed t-tests were used. All statistical
tests were two-sided, and statistical significance was accepted if a *p-
value < 0.05 unless noted by Bonferroni correction. Statistical Package
for the Social Sciences (SPSS, v.22) (Armonk, NY, USA) was used to
conduct the analysis and GraphPad Prism (v.7) was used to generate
figures (La Jolla, CA, USA).
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Fig. 2. Miniaturization of the calcium assay in 384-well format. (A) Dose response
curves for CRF-induced (1 pM-10 uM) intracellular calcium release in HEK293
cells expressing the FLAG-CRFBP(10kD)-HA-CRF,, (EC5, = 451 + 1 nM). (B)
Inhibition of CRF-induced (1 M) intracellular calcium release in HEK293 cells
expressing CRFBP(10kD)-CRF,, by CRF, antagonist, AS-30 (2.2 nM - 0.54 uM)
(IC5o = 27 + 1 nM). Results are expressed as the M + SEM relative fluorescence
units (RFU), using 384-well assay format, calculated as agonist-induced maxi-
mum calcium peak/cell number x 1000.

Results

Optimization and miniaturization of the CRFBP-CRF, calcium assay in
384-well plate format

We previously reported that a CRFBP-CRF, chimeric complex po-
tentiates CRF-induced release of intracellular Ca2* [27]. In order to
further validate signaling from the CRFBP-CRF, chimeric complex, we
measured CRF-mediated coupling of the chimera in [35S]GTPyS bind-
ing assays to provide a convenient measure of CRF, activity proximal
to the receptor (Fig. 1). CRF produced a dose-dependent stimulation
of [3>S]GTPyS-binding in cell membranes expressing the CRFBP-CRF,,
chimera (ECsy = 283 + 35 nM) (Fig. 1A). Furthermore, when CRF-
stimulated (1 puM) [3°S]GTPyS-binding was performed in the presence
of AS-30 (10 nM - 10 pM), the binding was inhibited (IC5, = 298 + 37
nM) (Fig. 1B), also indicating in this system that AS-30 may behave as
an inverse agonist.
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Fig. 3. Quality control of cell-based assay expressing FLAG-CRFBP(10kD)-HA-
CRF,. Assay quality control analysis from: (A) 96-well format (Z’= 0.62) and (B)
384-well format (Z’= 0.54) in HEK293 cells stably expressing the CRFBP(10kD)-
CRF,. CRF (1 yM)-induced intracellular calcium (maximum RFU, ECg, concen-
tration) was consistently inhibited by AS-30 (1 yM) (minimum RFU), n = 35.
Results are expressed as the M + SEM relative fluorescence units (RFU), calcu-
lated as agonist-induced maximum calcium peak/cell number x 1000.
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Fig. 5. MLS-0046818 and MLS-0219419 selectively antagonize CRFBP-CRF, re-
sponses. (A) MLS-0046818 and (B) MLS-0219419 dose-responses were per-
formed in the presence of an ECg, concentration of CRF in CRF,; (Red), CRF,
(Green), and CRFBP-CRF, (Blue) Ca?* assays. MLS-0046818 and MLS-0219419
only inhibit the CRFBP-CRF, response. Results are expressed as the M + SEM of
the % of the ECg, CRF response.

Fig. 4. CRFBP(10kD)-CRF, antagonist hits.
Compounds fell into two series: (A) repre-
sented by the tetrazole-thiomethyl-oxadiazole
like MLS-0046818, and (B) represented by the
quinazolinone like MLS-0219419.

MLS-0046818 MLS-0219419
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Table 1
ADME parameters for CRFBP-CRF, NAMs.

SLAS Discovery 27 (2022) 448-459

Parameter

MLS-0046818

MLS-0219419

Plasma Stability at 1 h (rat) 98.6%
Microsomal Stability at 1 h
Plasma Protein Binding (rat)
Brain Homogenate Binding (rat)
CYP3A4 Inhibition at 10 pM
CYP2C9 Inhibition at 10 uM
CYP1A2 Inhibition at 10 pM
CYP2D6 Inhibition at 10 pM
hERG Binding Inhibition at 10 uM

91%
86%
46%
-21%
48%

0.5% (rat), 6.6% (human)
4.6% free
2.3% free

71.5%

0.1% (rat), 0.1% (human)
0.1% free

0.0% free

76%

102%

65%

-128%

86%

Table 2
Pharmacokinetic parameters for CRFBP-CRF, NAMs.

PK Parameter MLS-0046818 MLS-0219419

0.49h

0.25h

2.633 UM

1.580 ymol/L*h

6.17 h

0.25h

0.797 uM

5.798 ymol/L*h

G2
T,

Cinax

AUC,,

max

To improve the throughput and to increase HTS readiness for imple-
mentation, we rescaled the assay from the original 96-well to a 384-well
format (Fig. 2). Starting from the optimized 96-well conditions that we
previously described [27], we developed a total assay volume of 25-40
uL with 30,000 cells per well. The dye loading and pre-incubation times
of antagonists and instrument settings for the FlexStation3 were iden-
tical to those for 96-well format. CRF-induced dose-dependent release
of intracellular calcium (ECsy = 451 + 3 nM, ECgy = 1 M), as shown
in Fig. 2A, and AS-30 dose-dependently inhibited CRF- (3 yM) induced
intracellular Ca2* release (IC5¢ = 27 + 1 nM) as shown in Fig. 2B.

To assess the quality of the screening data in the 96-well and 384-
well formats, the Z’ factors were calculated for each plate and for the
entire experiment as previously reported [35] (Fig. 3). Under the de-
scribed 96-well experimental conditions (50,000 cell per well, 3 M CRF
+ 1 uM AS-30), the Z’ factor for the quality control assay in 96-well for-
mat was 0.62 (Fig. 3A). A value of Z’ = 0.54 (Fig. 3B) was achieved
using the experimental conditions described above (30,000 cells and 1
uM CRF = 1 uM AS-30 per well) in 384-well format, showing that the
assay performance did not significantly degrade during the miniaturiza-
tion process, and that the assay was amenable to HTS.

We next configured a pilot screen of the Library of Pharmacolog-
ically Active Compounds (LOPAC, SIGMA) to test the performance of
the HTS in 384-well format. LOPAC consists of 1280 small molecules of
known structure and generally assigned function, but of unknown activ-
ity with respect to CRFBP-CRF,. Compounds that inhibited the assay by
> 50% were considered “hits” (data not shown). For > 70% inhibition,
the hit rate for 1280 compounds was 28%. The maximum signal for the
assay was 5,921 + 158 RFU while the minimum signal for the assay was
-250 + 28 RFU. As a control experiment, the inhibition of CRF (1 uM)
was tested again prior to the library screening. Since one of our goals
was to develop probes to investigate the interaction of CRFBP(10kD)
with CRF, to understand the physiological role of CRFBP in the cen-
tral nervous system (CNS), we tested compounds in a primary screen
for stimulation prior to the CRF inhibition assay. Compounds that pro-
duced > 10% stimulation compared to the RFU of CRF (1 yM) in the
same assay plate in the primary screen were excluded. This was nec-
essary to remove false positive compounds that produced interference
with intracellular calcium homeostasis. The average Z’ factor across all
the plates was determined to be 0.52 for the antagonist assay and 0.66
for the agonist assay.

Identification of CRFBP(10kD)-CRF, modulators using a novel HTS of the
Molecular Libraries Small Molecule Repository (MLSMR)

This assay was transferred to a Hamamatsu FDSS 7000 multimodal
(fluorescence and luminescence) kinetic imaging system capable of mea-
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Fig. 6. MLS-0046818 and MLS-0219419 noncompetitively antagonize CRF re-
sponses in CRFBP-CRF, Ca®* assays. CRF responses were performed for (A) +
MLS-0046818 or (B) + MLS-0219419 as indicated. CRF maximal responses
are decreased with increasing concentrations of either MLS-0046818 or MLS-
0219419. Results are expressed as the M + SEM of the % of the vehicle treated
maximal CRF response.

v

suring intracellular calcium flux in both 384 and 1534-well formats at
the drug discovery facility at the Sanford Burnham Prebys Medical Dis-
covery Institute (SBP). The photonic sensitivity of the FDSS is superior to
the FlexStation; thus the assay quality control analysis for the 384-well
format using the Hamamatsu FDSS 7000 calculated an improved Z’ both
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Fig.7. Invivo PK properties in mouse plasma. Mice were dosed 10 mg/kg i.p. with
either (A) MLS-0046818 or (B) MLS-0219419 and drug levels were monitored
over 24h in the mouse plasma. Data represented as M + SEM of the blood plasma
levels from three independent mice with AUC shown in light blue.

for the CRF activation (Z’ = 0.89) and inhibition (Z’ = 0.71). We further
optimized the assay for a 1536-well format for screen implementation,
resulting in an average plate Z’ of 0.60 and 0.59 for the agonist and
antagonist screens, respectively. Given the robustness of the 1536-well
assay, we then screened the National Institute of Health’s (NIH) Molec-
ular Libraries Probes Center Network (MLPCN) collection of approxi-
mately 350,000 compounds to find modulators of the CRFBP(10kD)-
CRF,, receptor complex. This library was screened simultaneously for
agonist and antagonist hits. During the performance of the screening
campaigns, 1,568 hits with activity >50% of the CRF maximal response
at a single concentration of 13.25 yM were identified in the agonist as-
say and 2,056 hits were identified in the antagonist assay with >50%
inhibition of the CRF ECgy at 11.78 puM. After cheminformatic filter-
ing to remove pan-assay interference compounds (PAINS) and promis-
cuous compounds, as well as those no longer available from vendors,
708 agonist and 1728 antagonist liquid samples were re-ordered from
the repository. The liquid samples were assayed in full dose-response
curves (DRCs) in the respective primary assays to obtain ECs, (agonist)
and ICs, (antagonist) potency values.

Chemistry and cheminformatics resources were further employed in
the selection of both novel and chemically tractable molecules from the
list of reconfirmed compounds. In total, 62 reconfirmed agonists and
37 reconfirmed antagonist structures were pursued through commer-
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cial vendors with additional related compounds acquired via analogue-
by-catalogue. To eliminate compounds that may activate or inhibit the
Ca?* mobilization responses by a mechanism that is not specific to
CRFBP(10kD)-CRF, activation, hit compounds were screened against
HEK293 cells not expressing the CRFBP(10kD)-CRF,, receptor complex.
This secondary screen had a high attrition rate eliminating all of the
reconfirmed agonist hits and all but four antagonist hits. These com-
pounds fell into two distinct structural series (Fig. 4), those represented
by the tetrazole-thiomethyl-oxadiazole, MLS-0046818 and those repre-
sented by the quinazolinone, MLS-0219419. These compounds were also
evaluated for activity toward CRF, in the absence of CRFBP(10kD) and
for CRF; activity and were found to be inactive in both secondary assays
(Fig. 5).

Evaluation of the competitive or noncompetitive mechanism of action of
novel CRFBP(10kD)-CRF, modulators

The maximum response to CRF was significantly decreased by in-
creasing concentrations of both lead compounds (1.11 uM, 3.33 uM, 10
uM) with little to no change in the CRF ECs, (Fig. 6). These data are
consistent with a noncompetitive interaction of MLS-0046181 and MLS-
0219419 with the orthosteric (endogenous) CRF site. Together with the
lack of antagonist activity of these compounds toward CRF, in the ab-
sence of CRFBP (see Fig. 5), these compounds appear to act as negative
allosteric modulators (NAMs) of the CRFBP-CRF, complex.

Initial in vitro absorption, distribution, metabolism, and excretion (ADME)
and in vivo pharmacokinetic (PK) characterization of analogues

MLS-0046818 and MLS-0219419 were profiled in vitro to assess their
drug-like properties and potential for systemic activity in rodent models
of AUD (Table 1). Our initial plasma and microsomal stability data in-
dicate that while MLS-0046818 and MLS-0219419 are stable in plasma
(98.6 % and 71.5 % remaining at 1 h respectively), they are rapidly me-
tabolized in both rat (0.5 % and 0.1 % remaining at 1 h respectively)
or human (6.6 % and 0.1 % remaining at 1 h respectively) liver mi-
crosomes; these experiments were performed as we have previously de-
scribed [42]. We then profiled both compounds for their plasma pro-
tein binding (PPB) and brain homogenate binding (BHB) to predict
the unbound drug fraction in the plasma and brain respectively. Both
PPB and BHB were measured by equilibrium dialysis by methods simi-
lar to those previously described utilizing rat plasma and rat brain ho-
mogenate [43]. While MLS-0219419 was highly bound to both plasma
(0.1% free) and brain (0.0 % free), MLS-0046818 displayed a higher un-
bound drug fraction in both plasma (4.6% free) and brain (2.3% free),
indicating that this series may be more favorable for achieving target
exposure. Compounds were also evaluated for inhibition of cytochrome
P450 (CYP450) enzymes using a fluorescence-based approach in in-
sect microsomes to evaluate potential drug—drug interaction liabilities.
When tested at 10 pM, MLS-0046818 and MLS-0219419 each displayed
significant inhibition of CYP3A4 (91% and 76% inhibition respectively),
CYP2C9 (86% and 102% inhibition respectively), and moderate inhibi-
tion of CYP1A2 (46% and 65% inhibition respectively). Alternatively,
while MLS-0219419 showed no significant CYP2D6 inhibition (-21%),
MLS-0046818 has the potential for CYP2D6 induction (-128% inhibi-
tion), which we will explore in more detail in future experiments. MLS-
0219419 and MLS-0046818 were also tested for inhibition of the human
Ether-a-go-go-Related Gene (hERG) potassium channel binding using a
competition binding assay with a tracer at Reaction Biology (Malvern,
PA). Both compounds also exhibited low to moderate hERG channel
binding inhibition when tested at 10 uM (48% for MLS-0046818 and
86% for MLS-0219419).

Finally, MLS-0046818 and MLS-0219419 were profiled in
binding assays against a comprehensive panel of CNS recep-
tors through the NIMH Psychoactive Drug Screening Program
(PDSP; for experimental details please refer to the PDSP web site
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Fig. 8. CRFBP-CRF, modulators do not affect CRF; activity on action potential dependent GABA transmission in the CeA. A) Electrophysiological recordings were performed
from CRF; * labeled neurons in CeA slices. B) Representative traces of mIPSCs at baseline, in the presence of R121219 (1 uM) and MLS-0046818 (30 uM), and R121219
(1 pM) + MLS-0046818 (30 uM) + CRF (200 nM). C) Application of R121219 (1 pM) and MLS-0046818 (30 uM) for 15 min does not induce significant changes: one
sample t-test, p = 0.5575 (frequency), p = 0.0908 (amplitude), p = 0.2017 (rise time) and p = 0.4208 (decay) in mIPSC properties relative to baseline (one-sample
t-test; n = 9 neurons/6 mice). D) Application of CRF (200 nM) following pre-treatment of brain slices with R121219 (1 uM) and MLS-0046818 (30 uM) for 15 min
do not produce significant changes: one sample t-test, p = 0.8948 (frequency), p = 0.3619 (amplitude), p = 0.7754 (rise time) and p = 0.1513 (decay) in mIPSC

properties relative to baseline (one-sample t-test, n = 8 neurons/4 mice).

https://pdspdb.unc.edu/pdspWeb/). As shown in Supplemental Table
1, at a concentration of 10 pM, overall neither MLS-0046818 nor
MLS-0219419 exhibited significant activity (>50% binding inhibition)
against the majority of the targets. MLS-0046818 exhibited > 50%
activity at 5SHT,g (67%) and KOR (85%) receptors, which corresponded
to inhibitory constant (K;) values of 1496 nM and 2053 nM respectively.

Next, to evaluate plasma and brain exposure of MLS-0046818 and
MLS-0219419, we determined plasma drug levels after intraperitoneal
(i.p.) administration in mice (Fig. 7). Both compounds exhibit high
nanomolar to low micromolar plasma levels and are nearly completely
eliminated after 24 h (Table 2). Comparing the plasma C,,, expo-
sure values to the in vitro ICs, values, MLS-0046818 achieved 4.8-fold
above its in vitro CRFBP-CRF, ICs, while MLS-0219419 achieved 1.7-
fold above its in vitro CRFBP-CRF, IC5,. Samples from brains at 4 h, 6 h,
and 24 h post-dose were also analyzed to provide an initial estimate of
brain levels. MLS-0046818 exhibited a brain exposure of 56 nM (0.10 X
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ICs5) at 4 h post-dose, 78 nM (0.14 X ICsq) at 6 h post-dose, and 40 nM
(0.07 X ICsq) at 24 h post-dose. Alternatively, MLS-0219419 exhibited a
brain exposure of 245 nM (0.52 X ICs;) at 4 h post-dose, 764 nM (1.63
X ICsq) at 6 h post-dose, and 78 nM (0.17 X ICs,) at 24 h post-dose.

Evaluation of the effects of CRFBP-CRF, modulators on CRF;* neurons in
the central nucleus of the amygdala (CeA)

The central nucleus of the amygdala (CeA) is comprised of GABAer-
gic projection neurons and interneurons. Neurons that express CRF and
CRF; form a subset of a heterogenous neuronal population in the CeA
[44]. It has been previously reported that CRF enhances GABAergic
synaptic transmission in the CeA through CRF,-mediated increases in
GABA release in both mice and rats [18-20]. Hence, to assess whether
the identified NAMs are selective for CRF,, we utilized male CRF;-GFP
reporter mice and recorded miniature inhibitory postsynaptic currents
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Fig. 9. NMDAR potentiation by CRF and blockade by CRFBP-CRF, NAMs. (A) CRF potentiated NMDA receptor EPSCs recorded from VTA-DA neurons (n =8, 11). 30 uM
of (B) MLS-0046818 (n = 4, 9) and (C) MLS-0219419 (n = 4, 8) block CRF potentiation of NMDAR EPSCs. (D) Summary of the M EPSC + SEM. The asterisk indicates
significant differences between treatment and vehicle samples (**p < 0.01), (n = mice, cells). Traces: Black, pre-CRF; Red, Post-CRF; Scale bar 25pA/ 25msec.

(mIPSCs) from CeA CRF;* neurons (Fig. 8A). Acute application of MLS-
0046818 (30 uM) in the presence of R121919 (1 uM), a CRF; recep-
tor antagonist, for 15 min showed no significant changes in mIPSC fre-
quency, amplitude, rise time, or decay (Representative traces in Fig. 8B,
data summary in Fig. 8C, n=9) suggesting that this CRFBP-CRF, NAM
does not alter CRF; activity. As CRF acts on presynaptic CRF; receptors
to increase GABA release [18-20], we then applied acute CRF (200 nM)
for 9-12 minutes in 8 out of these 9 neurons treated with R121219 and
MLS-0046818. CRF did not induce changes in mIPSC properties (Rep-
resentative traces in Fig. 8B, data summary in Fig. 8D, n=8) in these
recordings, indicating that CRF; receptors mediate the effect of CRF on
action potential dependent GABA release in the CeA, which is blocked
here with R121919.

Evaluation of the effects of CRFBP-CRF, modulators on CRF-mediated
NMDAR potentiation in ventral tegmental area (VTA)-dopamine (DA)
neurons

We recorded NMDAR excitatory postsynaptic currents (EPSCs) from
VTA dopamine (DA) neurons in acute brain slices from male and fe-

457

male mice. A CRF dose (1 pM) known to maximally potentiate NMDAR
responses [26,22] was washed onto the slices. As we have observed pre-
viously [26,22], CRF potentiated NMDA receptor EPSCs recorded from
VTA-DA neurons (Fig.s 9A) and there was no difference in NMDAR EP-
SCs between male and female mice (Supplemental Fig. 1S). We next
evaluated the ability of each of the two CFRBP-CRF,, NAMs to block this
CRF potentiation of NMIDAR EPSCs. We found that at a concentration of
30 uM, MLS-0046818 or MLS-0219419 blocked the CRF effect (Fig. 9B
and 9C), again with no difference in response between male and female
mice (Supplemental Fig. 1S). The summary of these data are shown in
Fig. 9D.

Discussion

We have identified and validated the first small molecule chemical
probes for use as research tools to evaluate the roles of CRFBP in the CNS
with the potential to pharmacologically treat AUD and other psychiatric
disorders [28].

We previously investigated the role of the full length CRFBP(37kD)
and its two cleavage fragments CRFBP(27kD) and CRFBP(10kD) on the
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signal transduction of CRF; and CRF, receptors in vitro by establish-
ing cell lines in which these various CRFBP constructs are tethered to
either CRF; or CRF, [27]. In these studies, we established that the
CRFBP(10kD) fragment tethered to CRF, results in increased Ca* sig-
naling from the CRF, receptor relative to the non-tethered CRF,. How-
ever, the equivalent CRFBP(10kD)-CRF; receptor complex and CRF;
or CRF, complexes with either the full length CRFBP(37kD) or the
CRFBP(27kD) fragment do not show increases in Ca?* signaling rela-
tive to their non-tethered counterparts [27].

While the CRFBP(10kD)-CRF, chimera did not represent the natural
biological action in vivo, it provided the first in vitro step to investigate
the association of CRF with the complex, CRFBP(10kD)/CRF,, and its
role in modulating endocrine activation [30,45]. We previously reported
that the entire construct, FLAG-CRFBP(10kD)-HA-CRF,, was capable of
internalization after CRF stimulation [27,46], thus, this in vitro chimeric
tool appears to behave in a similar manner to the non-chimeric CRF,.
To further characterize the chimeric receptor complex, we showed that
CRF produced a dose-dependent stimulation of [3S]GTPyS-binding in
cell membranes expressing the FLAG-CRFBP(10kD)-HA-CRF, chimera
and this stimulation was inhibited by a CRF, antagonist. We miniatur-
ized the cell-based assay to a 384-well format, validated the assay utiliz-
ing the LOPAC1280 library in a pilot screen, and transferred the assay
to a Hamamatsu FDSS 7000 system at the SBP drug discovery facility
where we found an improved signal response. Together, these studies
support the robustness of the assay and its suitability for screening the
MLPCN library to identify small molecule modulators. Importantly, this
system removed the need to make and purify CRFBP and facilitated the
development of a simple fluorescence calcium assay amenable to HTS.

Cell-based HTS assays have been primarily based on ligand-receptor
interactions [47]. This design has been successful in the drug discov-
ery process due to the specificity and high affinity of natural ligands
to their corresponding receptor in the same system. However, the in
vivo biological system interactions at the receptor level are not limited
to a one-to-one interaction (ligand-receptor), but often are the conse-
quence of multiple component interactions including those with soluble
binding proteins [47]. Most proteins function in a physiological envi-
ronment under crowded conditions. Our approach allowed us to create
a more realistic in vitro environment in which proteins are expressed in
a cell-like, dense state [48]. This innovation forms the basis of the de-
velopment of the HTS assay that we employed to identify novel small
molecule allosteric modulators of the CRFBP-CRF, receptor complex.

Finally, the effect of our novel small molecule allosteric modulators
on electrophysiological recordings in brain slices provides validation of
their neuroactive properties in a physiologically relevant system. Pre-
vious studies indicate that VTA NMDAR EPSCs are potentiated by CRF
through an interaction with CRFBP and CRF, [22]. The current study
demonstrates that this effect of CRF on NMDAR-mediated EPSCs in the
VTA can be blocked through allosteric inhibition of the CRFBP complex
with CRF,. This is supported by the observation that a selective con-
centration of each of two NAMs (30 uM) inhibited the strong response
to CRF (1 mM) in the VTA. In addition, CRF-CRF; induced increases in
GABA release in the CeA are not affected by a CRFBP-CRF, NAM. Fur-
ther investigation will be required to elucidate the mechanism through
which the binding between CRF and CRFBP facilitates the actions of
CRF at CRF,. Our results, however, support a permissive role for CRFBP
where it facilitates the binding of CRF to the CRF,. When CRF binds
to CRFBP, it forms a stable dimer, and undergoes conformational mod-
ifications [45]. It is possible that our compounds may interfere with
conformational changes that allow CRF to signal when bound to CRF,.

It is often desirable for pharmacotherapies to modulate CNS receptor
signaling rather than completely inhibiting it, as this more closely mir-
rors native temporal neuronal signaling [49]. As a therapeutic approach
for the treatment of AUD and SUD, our aim in this study was to discover
and develop allosteric modulators that act specifically on the stress sys-
tem which may reduce craving [50]. Altogether, the efforts of this study
have resulted in validated chemical probes for use as research tools to
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delineate the roles of CRFBP in the CNS. However, suboptimal in vitro
potencies, in vitro ADME/T, and in vivo PK properties such as poor sys-
temic exposure of current CRFBP-CRF, probes would impede our efforts
to obtain proof-of-concept in vivo efficacy data in rodent models of AUD
and SUD. Towards a therapeutic objective, we have initiated lead opti-
mization efforts to further develop these scaffolds with regard to their
potency, ADME/T and PK properties. We aim to identify candidates with
the requisite properties, including brain penetration, suitable for com-
prehensive in vivo evaluation. These next generation probes will allow
us to better investigate the role of CRFBP in the consumption of addic-
tive substances and facilitate the development of effective treatments
targeting CRFBP for AUD and SUD.
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