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ABSTRACT: Synaptic dysfunction is a pathological feature in many neurodegenerative disorders, including Alzheimer’s
disease, and synaptic loss correlates closely with cognitive decline. Histone deacetylases (HDACs) are involved in chromatin
remodeling and gene expression and have been shown to regulate synaptogenesis and synaptic plasticity, thus providing an
attractive drug discovery target for promoting synaptic growth and function. To date, HDAC inhibitor compounds with
prosynaptic effects are plagued by known HDAC dose-limiting hematological toxicities, precluding their application to treating
chronic neurologic conditions. We have identified a series of novel HDAC inhibitor compounds that selectively inhibit the
HDAC−co-repressor of repressor element-1 silencing transcription factor (CoREST) complex while minimizing hematological
side effects. HDAC1 and HDAC2 associate with multiple co-repressor complexes including CoREST, which regulates neuronal
gene expression. We show that selectively targeting the CoREST co-repressor complex with the representative compound
Rodin-A results in increased spine density and synaptic proteins, and improved long-term potentiation in a mouse model at
doses that provide a substantial safety margin that would enable chronic treatment. The CoREST-selective HDAC inhibitor
Rodin-A thus represents a promising therapeutic strategy in targeting synaptic pathology involved in neurologic disorders.
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■ INTRODUCTION

Synaptic dysfunction, or synaptopathy, is a pathological feature
in many neurodegenerative disorders, including Alzheimer’s
disease, and synaptic loss correlates closely with cognitive
decline in both humans and animals.1−7 Emerging evidence
implicates epigenetic dysregulation in cognitive and neuro-
degenerative disorders.8−12 Post-translational epigenetic mod-
ifications of histone proteins, such as acetylation, play a central
role in regulating neuronal gene expression and brain function.
Many studies with HDAC inhibitors (HDACi) have shown
increases in histone acetylation and enhanced synaptic
plasticity, learning, and memory, providing promise for the
use of HDACi in treating synaptopathies.13−15 However, the
HDACi tested in these studies target multiple HDAC isoforms
and have displayed dose-limiting hematological toxicities
typically associated with HDACi.16,17 For conditions that are

likely to require chronic dosing, such as neurologic disorders,
these hematological toxicities are a significant safety concern
and have relegated the use of HDACi only to in vitro and
animal model studies rather than clinical treatment of patients
afflicted with these debilitating conditions. To harness the
potential of HDACi to treat neurologic disorders, much safer
compounds are required to enable long-term treatment of
patients. More selective inhibitors of HDACs have been
explored to test whether improved selectivity could maintain
efficacy and minimize the dose-limiting toxicities, but with
limited success. Strategies pursued toward this goal have
included isoform and kinetic selectivity.18,19
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The 18 human HDAC enzymes are divided into four classes
based on sequence homology and function. The class I
(HDAC1, HDAC2, HDAC3, and HDAC8), class II (HDAC4,
HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10), and
class IV (HDAC11) members are Zn+2 dependent, while the
class III sirtuins (SIRT1−7) are NAD+ dependent.8 Selective
targeting of the class I HDAC isoforms HDAC1, HDAC2, and
HDAC3 has been achieved using benzamide and other ortho-
aminoanilide inhibitors.15,18−20 These class I HDACs exist in
multiprotein co-repressor complexes, including the CoREST,
NuRD, Sin3, and SMRT/NCoR complexes, through which
they differentially engage chromatin and deacetylate specific
histone and non-histone sites.8 The pioneering work by
Bantscheff et al. demonstrated via chemoproteomics that the
benzamides CI-994 and BML-210 were selective for a subset of
HDAC co-repressor complexes, binding the CoREST, NuRD,
and NCoR complexes, but not the Sin3 complex.21 This was
the first demonstration that some measure of HDACi
selectivity beyond the isoform level was possible, achieving
limited selectivity between the HDAC−co-repressor com-
plexes. Despite this additional level of co-repressor complex
selectivity, CI-994 still displayed significant hematological
toxicity17 and maintained the prosynaptic effects at both the

structural and functional levels.22 Of the different co-repressor
complexes, the CoREST complex preferentially associates with
HDAC2 in the brain and has been shown to have a key
function in repressing neuronal gene expression.8,9,23,24 We
hypothesized that selectively targeting HDACs associated with
the CoREST complex could limit peripheral toxicity while
maintaining beneficial neuronal effects.
Here we describe our design of a series of molecules that

specifically targets the HDACs in the CoREST co-repressor
complex and maintains prosynaptic effects while minimizing
deleterious hematopoietic toxicity.

■ RESULTS

Rodin Compounds Selectively Inhibit HDAC1 and
HDAC2. To test the hypothesis that a selective HDAC−
CoREST co-repressor complex inhibitor would maintain
prosynaptic effects and improve the safety profile, we
embarked on a medicinal chemistry campaign to identify
molecules with these properties. We separated our chemistry
efforts into two design stages. In the first stage, we designed
new HDACi core scaffolds that maintained the inhibitory
activity toward HDAC1 and HDAC2, similar to the classic
benzamide scaffolds. In the second design stage, we

Figure 1. Structures of HDACi and crystal structure of Rodin-A with HDAC2. (A) Structures of four Rodin 3-amino-pyridine-2-urea HDACi and
three published HDACi. (B) X-ray crystal structure of HDAC2 in complex with Rodin-A. Overall structure of HDAC2 containing the ligand
Rodin-A shown as a ribbon diagram. One monomer of HDAC2 is shown as a ribbon representation. The ligand Rodin-A is shown as a stick model,
colored according to the chemical atom type (CRodin‑A in cyan, N in blue, O in red, and S in yellow). (C) Binding pocket of HDAC2 containing the
ligand Rodin-A. The ligand and neighboring protein side chains are shown as a stick model, colored according to the chemical atom type (CRodin‑A
in cyan, CHDAC2 in gray, N in blue, O in red, and S in yellow). The ligand molecule is superimposed with the refined 2Fo − Fc electron density map
contoured at 1.0σ. Hydrogen bonds are indicated as green dotted lines. For details of data collection, see SI (Tables S2 and S3).
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implemented an in vitro predictive safety assay in human bone
marrow cells to optimize the structure−activity relationship
(SAR) for human hematological safety in this series of
compounds while maintaining selective HDAC inhibitory
activity.
Encouraged by multiple reports of isoform selectivity toward

HDAC1 and HDAC2 achieved with benzamides and other
ortho-aminoanilide containing appendages, which occupy the
hydrophobic internal cavity “foot pocket” in the HDAC active
site,18−20,25−28 we devised a strategy to modify the aniline core
and Zn+2-chelating pharmacophore of class I selective
compounds such as CI-994 and Cpd-60 (Figure 1A) as a
means of honing the selectivity profile. By replacing the core
diamino-aniline with other diamino-heterocycles, we tuned
down the Zn+2 chelating ability while simultaneously
occupying the “foot pocket”, with the aim of achieving the
right balance of electrostatic properties. To test this hypothesis,
a range of different heterocyclic replacements for the diamino-
aniline core were explored, and most modifications resulted in
a decrease in HDAC inhibitory activity (data not shown), but
the 3-amino-pyridine-2-urea chemotype emerged with the best
balance of HDAC potency and drug-like properties. Iterative
design, synthesis, and compound optimization efforts resulted
in a series of compounds represented by Rodin-A, Rodin-B,
Rodin-C, and Rodin-D, which are all novel class I HDACi
featuring the 3-amino-pyridine-2-urea core structure (Figure
1A). Key structural features include the central diaminopyr-
idine ring, fused bicyclic pyrrolidine ureas, and the lipophilic
“foot pocket” appendage. The four compounds feature four

different cap groups (highlighted as the yellow region of
Rodin-A in Figure 1A) and three different foot pockets (purple
region), while all utilize the same Zn+2 chelating group (blue
region).
In profiling against isolated recombinant HDAC isoforms for

inhibition of enzymatic activity, these compounds selectively
inhibited the HDAC1 and HDAC2 isoforms (Table 1).
Modest inhibitory activity toward HDAC11 was exhibited by
Rodin-C and Rodin-D. The well-studied HDACi CI-99422,29

and Cpd-6020,25 were also profiled as key comparators. The
benzamide CI-994 inhibited HDAC1, HDAC2, and HDAC3,
with modest inhibition of HDAC10. The more elaborated
Cpd-60, containing the 2-thiophenyl substituent on the CI-994
benzamide core, potently inhibited HDAC1 and HDAC2 and
showed modest inhibition of HDAC3 and HDAC11.

Binding Pose of Rodin-A Confirmed by X-ray
Cocrystal Structure with HDAC2. An X-ray cocrystal
structure of Rodin-A with HDAC2 at a resolution of 2.25 Å
confirmed the predicted binding pose in the active site, with
the 3-amino-pyridine-2-urea pharmacophore chelating the
Zn+2 and the 2-thiophenyl group occupying the 14 Å
hydrophobic “foot pocket”, a feature that has previously been
described to result in selective inhibition of HDAC1/2 over
HDAC319,20,25−28 (Figure 1B,C). The bicyclic urea cap group
of Rodin-A participates in π-stacking interactions with Phe210
and Phe155 of HDAC2. The urea NH participates in a
backbone interaction with Gly154, and the NH2 participates in
a hydrogen bond network with His145 and His146, in addition

Table 1. In Vitro Inhibitory Profile of Rodin Compounds, CI-994, and Cpd-60a

IC50 (μM)

target Rodin-A Rodin-B Rodin-C Rodin-D CI-994 Cpd-60

HDAC1 0.15 0.27 0.059 0.12 0.62 0.008
HDAC2 0.43 0.28 0.18 0.28 0.54 0.031
HDAC3 >30 27.6 20.2 >30 0.28 2.59
HDAC4 >30 >30 >30 >30 >30 >30
HDAC5 >30 >30 >30 >30 >30 >30
HDAC6 >30 >30 >30 >30 >30 >30
HDAC7 >30 >30 >30 >30 >30 >30
HDAC8 >30 >30 >30 >30 >30 >30
HDAC9 >30 >30 >30 >30 >30 >30
HDAC10 >30 >30 >30 >30 8.95 >30
HDAC11 >30 >30 5.39 11.8 >30 5.79

aInhibitory activity of Rodin-A, Rodin-B, Rodin-C, Rodin-D, CI-994, and Cpd-60 toward deacetylase activity of HDAC isoforms 1−11 (N ≥ 3).

Table 2. HDAC Co-repressor Complex Deacetylase Activity Inhibition Profile of Rodin Compounds and of CI-994, Cpd-60,
and SAHAa

IC50 (μM)

target Rodin-A Rodin-B Rodin-C Rodin-D CI-994 Cpd-60 SAHA

CoREST 1.80 0.50 0.38 0.49 1.82 0.16 0.10
Sin3 >250 >250 >250 >250 >250 191 0.11
NuRD 222 >250 202 >250 8.43 107 0.076
NCoR 160 88 52 209 0.86 4.03 0.14
Fold CoREST selectivity
vs Sin3 >138 >499 >649 >510 >137 1224 1.1
vs NuRD 123 >499 524 >510 4.6 686 0.8
vs NCoR 88 175 135 426 0.5 26 1.3

aInhibitory activity of Rodin-A, Rodin-B, Rodin-C, Rodin-D, CI-994, Cpd-60, and SAHA toward deacetylase activity of co-immunoprecipitated co-
repressor complexes CoREST, Sin3A, NuRD, and NCoR. IC50 values for co-repressor complex co-immunoprecipitation activity assays are reported
as the average of two experimental replicates. Each experiment includes technical replicates. See Methods for details.
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to binding the Zn+2. This binding mode is consistent with the
observed binding mode of Cpd-60 with HDAC2.27

Rodin Compounds Selectively Inhibit the Deacety-
lase Activity of the HDAC−CoREST Complex. Since
HDAC1, HDAC2, and HDAC3 are components of multi-
protein co-repressor complexes, inhibition of the deacetylase
activity of the enzymes as members of complexes would be a
more physiologically relevant measure of the HDAC activity of
the compounds.21,30,31 To explore the ability of the 3-amino-
pyridine-2-urea compound series to inhibit specific HDAC co-
repressor complexes, we implemented co-immunoprecipitation
(co-IP) activity assays to measure the ability of the Rodin
compounds, CI-994, Cpd-60, and SAHA to inhibit the HDAC
activity within CoREST, Sin3, NuRD, and NCoR co-repressor
complexes when purified and isolated from a cell lysate. Of the
complexes investigated, Rodin-A, Rodin-B, Rodin-C, and
Rodin-D primarily inhibit only the HDAC−CoREST complex
activity (Table 2, Figure 2). The co-IP assay confirmed the

earlier published findings that CI-994 inhibits the HDAC
activity of CoREST, NuRD, and NCoR but not Sin3, while
SAHA inhibits all the isolated HDAC complexes.21,30 Our
studies also demonstrate that Cpd-60, which adds the 2-
thiophenyl group to the CI-994 scaffold to extend into the
“foot pocket” cavity, inhibits the CoREST and NCoR
complexes.
The HDAC−CoREST co-repressor complex also contains

the lysine-specific histone demethylase 1 (LSD1). While
strategies for targeting the LSD1−CoREST complex32 or the
LSD1−HDAC−CoREST complex have been reported via dual
LSD1/HDACi,33,34 these make no mention of selectivity over
other HDAC complexes. Rodin compounds were screened
against LSD1 and LSD1−CoREST and showed no inhibition
of the LSD1 activity, confirming that they target the HDACs in

the CoREST complex and do not have an effect on LSD1 (SI;
Table S4).

Rodin Compounds Show Less Hematological Toxicity
in Vitro than CI-994 and Cpd-60. To explore the impact of
complex selectivity on hematological toxicity, in vitro assays
were run in human bone marrow cells to predict hematological
effects in humans. The potential effects on human erythroid
and myeloid progenitors of the CoREST selective inhibitors
(Rodin-A, Rodin-B, Rodin-C, and Rodin-D), CI-994, and Cpd-
60 were assessed in a colony forming unit (CFU) cell assay
system, which has been shown to be predictive for clinical
neutropenia and anemia.35 Compound treated cells were
cultured for 14 days, whereupon the relative safety of
compounds was assessed by counting cell colonies and
comparing between control and compound treated plates.
After 14 days at 10 μM compound treatment, the in vitro
hematological effects of the CoREST selective inhibitors
Rodin-A, Rodin-B, and Rodin-D were mild, with all having
greater than 59% of control remaining in the myeloid
progenitors (Table 3). Rodin-C showed more toxicity, with

30% of control remaining in the myeloid progenitors. The
erythroid progenitors were more sensitive to compound
treatment in all cases. The class I selective HDACi CI-994
(HDAC1, 2, 3) and Cpd-60 (HDAC1, 2) had severe toxic
effects on both the myeloid and erythroid progenitor cells, with
0% control remaining after 10 μM compound treatment.
Because Rodin-A demonstrated a similar CoREST complex

IC50 to CI-994 and a clean isoform inhibition profile (HDAC1
and HDAC2 at similar IC50 to CI-994), it represented the best
comparator compound to CI-994 to explore the effects of
selective CoREST inhibition on synapses. Based on this
similarity, in vitro ADME and safety profiles, and pharmaco-
kinetic profile, a thorough in vitro and in vivo characterization
was conducted on this novel and representative HDAC-
CoREST co-repressor selective compound.

Rodin-A Increases H3K9 Acetylation. The most
proximal effect of HDACi is an increase in histone acetylation
at multiple sites in the genome (typically tracked as global
changes in the acetylation status of specific histone lysine side
chains). Traditionally, several key histone lysines linked to
gene regulation are monitored during HDACi treatment;36

H3K9 is a commonly analyzed position, and we report effects
of Rodin-A on this position in K562 cells. Rodin-A treatment
of K562 cells stimulated histone acetylation with a similar
potency as the less selective CI-994 (Figure 3A,B; Figure S1).
Both CI-994 and Rodin-A increase the levels of acetylation at

Figure 2. Rodin-A and Rodin-B selectively inhibit activity of the
HDAC−CoREST complex. Overlaid inhibition curves of Rodin-A,
Rodin-B, and CI-994 for the HDAC-containing isolated CoREST
(A), Sin3A (B), NCoR (C), and NuRD (D) complexes in the co-
immunoprecipitation complex deacetylase activity assays (technical
duplicates; error bars are SD).

Table 3. In Vitro Hematological Safety Profiling of Rodin
Compounds and of CI-994 and Cpd-60a

target Rodin-A Rodin-B Rodin-C Rodin-D
CI-
994

Cpd-
60

myeloid
progenitors: %
control at 10 μM

59 63 30 59 0 0

erythroid
progenitors: %
control at 10 μM

27 40 16 23 0 0

aIn vitro hematological safety assays: effects on human myeloid and
erythroid progenitors using colony forming cell (CFU) assays,
assessed in a semi-solid, methylcellulose-based culture system. The
mean and SEM of three replicate cultures were calculated for
progenitors of each category (myeloid and erythroid). Compounds
were dosed at 0.4, 2, and 10 μM. See Methods for details.
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position lysine 9 on histone H3 (Ac-H3K9), relative to
treatment with DMSO, in K562 cells treated in vitro for 24 h.
The more complex-selective Rodin-A has a lower magnitude of
effect on global Ac-H3K9 acetylation than the less selective CI-
994 when each are dosed over the same dose range up to 100
μM in a dose-response treatment.
Rodin-A Increases Density of Total and Thin Spines.

HDAC inhibition has been shown to enhance synaptic
structure and function.22 To investigate whether chronic
treatment with Rodin-A and CI-994, with different co-
repressor complex selectivity profiles, affects structural
plasticity to a similar degree, we measured dendritic spines
in the hippocampus following 14 days of daily administration.
Rodin-A (0.1, 0.3, 1, 3, and 6 mg/kg/day), CI-994 (1 and 3
mg/kg/day), or vehicle (20% HPβCD) was dosed orally to
wild-type (WT) mice for 14 days, and the mice were sacrificed
24 h after the final dose. Dendritic spine density and
morphology were evaluated in the CA1 region of the dorsal
hippocampus, using ballistic dye labeling. The 6 mg/kg dose of
Rodin-A was chosen to match the predicted free brain
exposures of CI-994 at the efficacious dose of 1 mg/kg
based on PK experiments and in vitro protein binding data (SI;
Table S5). Rodin-A treatment resulted in a significant increase
in dendritic spine density when compared to vehicle-treated
controls (Figure 4A,B). No significant changes were observed
at the lower doses of 0.1 or 0.3 mg/kg (data not shown). The
strong prosynaptic effects at the 1 and 3 mg/kg doses can be
explained by high concentration of free drug in brain as
demonstrated in a separate microdialysis experiment (Figure
4C; SI, Table S6). Mice treated with CI-994 at 1 and 3 mg/kg
displayed significant increases in spine density compared to
vehicle-treated animals, which were similar to Rodin-A (Figure
4B).
When spine morphology is analyzed, chronic treatment with

Rodin-A produced a dose-dependent increase in thin spines,
with significant effects measured at all tested doses (SI; Figure
S2A). In contrast, there were no significant changes in
mushroom and stubby spine density (SI; Figure S2B,C). To
further characterize the Rodin-A mediated effects on spine
density, we also investigated both the duration of dosing
required to mediate the increase in spine density and the
duration of increase following 14 days of dosing. Chronic
treatment with Rodin-A (3 mg/kg/day) produced a time-

dependent increase in spines, with no changes in spine density
after 3 or 7 days of treatment but a statistically significant
increase in total spine density after 10 days of dosing (Figure
4D). Following termination of dosing (14 days, 3 mg/kg/day),
the spine density gradually decreased over a 7 day period and
returned to vehicle-treated levels at day 7 post-treatment
(Figure 4E). Taken together, our findings demonstrate that
chronic treatment with Rodin-A resulted in increased synaptic
density that gradually developed over a 10 day period and
has returned to baseline 7 days following termination of
dosing. This confirms our hypothesis that chronic treatment is
likely required for a selective HDACi to achieve desired

Figure 3. Inhibition of histone deacetylation at site H3K9 in vitro in a
dose-dependent manner by Rodin-A and CI-994. CI-994 and Rodin-
A treatment of K562 cells results in increased levels of acetylation at
position lysine 9 on histone H3 (Ac-H3K9), relative to treatment with
DMSO after 24 h. (Western blot image in left panel, dose-response
effect in right panel, n = 3 independent treatments; for all figures,
error bars are SEM).

Figure 4. Rodin-A increases synaptic density in mice. (A)
Representative three-dimensional images of dendritic spines after
ballistic dye labeling (scale bar, 5 μm). (B) Quantification of total
dendritic spine density in hippocampal pyramidal neurons in WT
mice after 14 days of treatment with Rodin-A (n = 7) or CI-994 (n =
5). Significant increases occur in spine density following treatment of
mice with different doses of Rodin-A (mean ± SEM, one-way
ANOVA and Dunnett’s post hoc analysis; 1 mg/kg, p = 0.004; 3 mg/
kg p = 0.001; and 6 mg/kg, p = 0.0012) and CI-994 (1 mg/kg, p =
0.02; 3 mg/kg, p = 0.018). (C) PK curves from mouse microdialysis
experiment with Rodin-A dosed at 20 mg/kg. Exposure curves for
brain dialysate showing free exposure in brain at different time points
overlaid with estimated free plasma exposures calculated using in vitro
plasma protein binding data ( f u = 25.1% in mouse plasma in vitro).
Free brain-to-plasma ratio (Kpuu) at brain Cmax = 2.4. (D) Total spine
density quantification after different duration of daily treatment with
Rodin-A (n = 7 animals each). Spine density does not significantly
change after 3 or 7 days of treatment but significantly increased after
10 days of dosing (mean ± SEM, unpaired t test, p = 0.0016). (E)
Quantification of spine density at different days after last dose (n = 7
animals each) indicates a reversible effect of the drug after 7 days from
the last dose. Error bars are SEM.
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Figure 5. Immunohistochemical analysis of pre- and postsynaptic elements. Multiple doses of Rodin-A in WT mice do not change the total number
of synaptic PSD95 (A) and SV2A (B) proteins but significantly increase coincidence of synaptic proteins SV2A and PSD95 (C, n = 7), in the CA1
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prosynaptic effects, thus increasing the safety requirements for
a neurotherapeutic HDACi. The findings also suggest that after
chronic treatment, those structural changes are sustained for a
period of time postdosing.
Rodin-A Increases Coincidence of Synaptic Proteins.

To further characterize the effects of chronic administration of
Rodin-A on the structure of excitatory synapses, presynaptic
vesicle protein 2A (SV2A) and postsynaptic density protein 95
(PSD95) proteins were quantified by immunofluorescence in
the dorsal hippocampus of WT mice that had been treated
with Rodin-A daily for 14 days.37,38 Structurally mature
synapses were identified by colocalization of pre- and
postsynaptic SV2A and PSD95 puncta. Treatment with
Rodin-A led to a dose-dependent increase in the coincidence
of SV2A and PSD95 (Figure 5C). The low dose produced a
20% increase that did not reach significance, while the 3 and 6
mg/kg doses led to a significant increase in SV2A−PSD95
coincidence (∼27%) that matches the increase in spine density
(Figure 4B). There was, however, no effect on total PSD95
and SV2A elements, separately (Figure 5A,B).
A key mediator of structural and functional synaptic changes

is the brain-derived neurotrophic factor (BDNF), which acts
predominantly via TrkB receptors in hippocampal neu-
rons.39,40 Increases in BDNF binding to and signaling through
TrkB should be accompanied by increases in phosphorylated
TrkB (pTrkB) at postsynaptic dendrites of excitatory synapses
in hippocampus.40 We therefore investigated whether chronic
treatment with Rodin-A affected pTrkB protein in the CA1
region of the dorsal hippocampus in WT mice. Excitatory
synapses were identified by PSD95, which is highly enriched at
glutamatergic synapses.41 Rodin-A treatment produced a
significant increase in both total pTrk levels (Figure 5D) and
in the coincidence of pTrk and PSD95 (Figure 5F). There was

no effect of treatment with Rodin-A on total PSD95 levels
(Figure 5E).

Rodin-A Improves Impaired LTP in a 5xFAD Mouse
Model. Synaptic plasticity encompasses structural changes,
dendritic spine plasticity, and the resulting physiological
plasticity, including long-term potentiation (LTP), which
together are considered the foundation of learning and
memory. LTP is a persistent strengthening of synapses, with
a long-lasting increase in synaptic efficacy and in signal
transmission between neurons, which has been shown to be
related to dendritic spine size and numbers.42,43

To evaluate the effect of Rodin-A on LTP, we employed the
5xFAD transgenic mouse model of amyloid pathology, in
which mice begin to display deficits in LTP by the age of 4−7
months.44 Aged 5xFAD mice were treated with vehicle or three
doses of Rodin-A and compared to an age-matched cohort of
WT animals treated with vehicle (Figure 6A,B). The 5xFAD
animals display an impaired LTP relative to WT animals, and
in this model, treatment with Rodin-A (3, 6, and 20 mg/kg;
Figure 6B) for 14 days stimulated a dose-related improvement
of the impaired LTP similar to the results seen with CI-994 at
1 mg/kg (Figure 6C).

In Vivo Safety Profile of Rodin-A in Rats and Dogs. In
order to confirm the in vitro findings that suggest this series of
CoREST-selective HDACi possess an improved hematological
safety profile compared to less selective compounds with
respect to co-repressor complexes in vivo, we profiled Rodin-A
in toxicology studies in male Sprague−Dawley rats (n = 20)
and male beagle dogs (n = 15), with daily oral dosing for 14
days. There were no Rodin-A related observations in male
Sprague−Dawley rats after 14 days daily oral dosing at 30 mg/
kg or 45 mg/kg. The no-observed-adverse-effect level
(NOAEL) was considered to be 45 mg/kg (day 14, AUC

Figure 5. continued

dorsal hippocampus (scale bar, 2 μm). Similarly, treatment with Rodin-A significantly increases pTrk elements and coincidence of pTrK (D, n = 5)
and PSD95 (E, F, n = 5) in the CA1 dorsal hippocampus (mean ± SEM, one-way ANOVA and Dunnett’s post hoc analysis. *p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001; ****p ≤ 0.0001).

Figure 6. Compound effects of Rodin-A and CI-994 on impaired hippocampal LTP. (A) Effects of Rodin-A treatment on normalized last 10 min
fEPSP slope % in hippocampus of transgenic 5xFAD mice. Average fEPSP change for aged, 10−12 months old, 5xFAD vehicle treated mice (n =
8), matched WT vehicle treated mice (n = 9), and aged, 10−12 months old, 5xFAD mice treated with 6 mg/kg Rodin-A, po, for 14 days (n = 6).
(B) Treatment with 3 mg/kg, 6 mg/kg, and 20 mg/kg doses of Rodin-A improves impaired LTP in aged 5xFAD mice relative to vehicle treated
animals (combination of two experiments; n = 16, 16, 6, and 8 for WT Veh, 5xFAD Veh, 6 mg/kg, and 20 mg/kg treated animals, respectively).
(C) Dosing aged, 10−12 months old, 5xFAD mice with 1 mg/kg of CI-994, po (all groups n = 8), for 14 days improves impaired LTP in treated
mice relative to vehicle. For all figures, error bars are SEM. For panels B and C, statistical analysis was by one-way ANOVA followed by a Holm−
Sidak post hoc test (*p < 0.05, **p < 0.01, ***p < 0.005).
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13 200 ng·h/mL, Cmax 3780 ng/mL; Table 4). The 60 mg/kg
dose group of Rodin-A in rats showed hematological and bone
marrow effects and microscopic findings in the testes. In male
beagle dogs, after daily oral dosing for 14 days at 45 mg/kg, 60
mg/kg, and 120 mg/kg, there were no target organ effects
observed at any dose levels, and the NOAEL was considered to
be 120 mg/kg (day 14, AUC of 25 000 ng·h/mL, Cmax of
18 600 ng·h/mL; Table 4).

■ DISCUSSION

As a result of our drug discovery program focused on
identifying safer HDACi to treat neurologic disorders, we
have identified a series of 3-amino-pyridine-2-urea compounds
that selectively inhibit the activity of the HDAC−CoREST co-
repressor complex. In comparing inhibition of individual
HDAC isoforms, the Rodin compounds all exhibit more
potent inhibition of HDAC1 and HDAC2 than does CI-994, a
class I HDACi (HDAC1, 2, 3) that had previously been
reported to have prosynaptic effects22 (Figure 1, Table 1).
Since the Rodin compounds also feature a foot pocket group as
a key structural feature, we also profiled Cpd-60,20,25,27 a very
potent inhibitor of HDAC1 and HDAC2, which has been
reported to show effects on mood and behavior at relatively
high doses (45 mg/kg, ip).45 Both CI-99417 and Cpd-6025

have demonstrated safety and tolerability issues reported at
doses where the CNS efficacy has been reported. The key
differentiating profile of the 3-amino-pyridine-2-urea com-
pounds was confirmed in HDAC co-repressor complex activity
assays: Rodin-A, Rodin-B, Rodin-C, and Rodin-D primarily
inhibit only the CoREST complex activity (Table 2, Figure 2).
This is in contrast to CI-994, which inhibits the activity of the
CoREST, NuRD, and NCoR complexes but not Sin3, as had
been shown previously in the Bantscheff et al. chemo-
proteomics studies.21,30 The co-IP assay also confirmed the
earlier findings that SAHA inhibits all the studied HDAC
complexes. By adding a foot pocket to CI-994, Cpd-60 gains
additional complex selectivity, targeting the CoREST and
NCoR complexes. It is interesting to note that Cpd-60 shows
inhibition of the NCoR complex, which contains only HDAC3,
despite a high degree of selectivity for HDAC1 (>320-fold)
and HDAC2 (>80-fold) over HDAC3 in recombinant
enzymatic assays (Table 1). This suggests that recombinant
enzymatic assays are not a good surrogate for the cellular
context where HDACs are involved in multiprotein complexes.
The comparison of binding poses of Rodin-A (Figure 1B,C)
with Cpd-6027 does not offer any apparent explanation for
differences in complex selectivity. While protein crystal
structures of HDAC3/SMRT (NCoR)46 and HDAC1/
MTA1 (NuRD)47 have been published, to the best of our
knowledge there are no known ligand bound cocrystal
structures of any HDAC multiprotein complexes. Future
work in the structure of the HDAC−CoREST co-repressor

complex would help elucidate reasons for the observed
CoREST complex selectivity profile of these novel molecules.
The high level of HDAC−CoREST co-repressor complex
selectivity that we observed for the series of 3-amino-pyridine-
2-urea compounds toward the tested HDAC complexes is
unprecedented.
The in vitro safety profiling of the CoREST selective

compounds shows they are clearly differentiated from known
prosynaptic HDACi like CI-994. The series of Rodin
compounds all exhibit significantly improved in vitro
hematological safety relative to the class I selective CI-994,
despite the fact that they are more potent inhibitors of HDAC1
and HDAC2 activity than CI-994 (Table 1) and equally or
more potent when associated with CoREST (Table 2). The
hematological effects of Rodin compounds in vitro were mild
compared to the severe effects of the class I selective HDACi
CI-994 on both the myeloid and erythroid progenitor cells at
the same concentrations after 14 days in culture (Table 3).
This data suggests that the more complex-selective HDACi will
have an improved hematological profile in humans.35 Whether
the inhibition of the additional complexes is responsible for the
additional toxicity is unknown. Cpd-60, which inhibits only
CoREST and NCoR, also shows severe hematological toxicity
in vitro, similar to CI-994. However, Cpd-60 is also much more
potent on HDAC1, HDAC2, and HDAC3 than Rodin
compounds. The comparison between the Rodin series
compounds and CI-994 suggests that the enhanced selectivity
might play a role in the differentiated safety profile. Effects of
complex selectivity are also suggested when comparing the
effects of Rodin-A and CI-994 on global histone H3K9
acetylation in K562 cells treated at concentrations up to 100
μM (Figure 3). Rodin-A treated cells show a lower magnitude
of effect despite the fact that the inhibitory potencies of both
compounds toward the HDAC−CoREST complex are similar
and Rodin-A is more potent toward HDAC1 and HDAC2.
While saturation of effect may not have been reached in these
experiments, the acetylation differential observed at these high
concentrations in vitro should offer a fair estimation of what
might be observed at therapeutically relevant doses. The lower
magnitude of acetylation of H3K9 could be a consequence of
complex selectivity or simply differences in acetylation profile,
and this is currently under investigation.
Because of the similarity in CoREST IC50 to CI-994, the

representative CoREST selective compound Rodin-A was
extensively profiled in vivo to interrogate the effects of
CoREST complex selective HDACi treatment. Rodin-A was
shown to dose-dependently increase dendritic spine density in
mouse hippocampus (Figure 4) and functionally improve the
impaired LTP in the 5xFAD transgenic mouse model of
amyloid pathology (Figure 6) at similar doses to CI-994.
Rodin-A treatment also caused the associated increase in both
SV2A/PSD95 coincidence and TrkB phosphorylation (Figure
5). Importantly, the prosynaptic effects of Rodin-A were

Table 4. Rodin-A Toxicokinetic Parameters in Rats and Dogs Following Repeated Daily Oral Administration for 14 Days

SD rata beagle dogb

30 mg/kg 45 mg/kg 60 mg/kg 45 mg/kg 60 mg/kg 120 mg/kg

Cmax (ng/mL)
day 14 1670 ± 184 3780 ± 1450 3760 ± 1160 6283 ± 1510 10100 ± 4730 18600 ± 7410

AUC (ng·h/mL)
day 14 8240 ± 1940 13200 ± 4760 28700 ± 7570 11487 ± 1918 13000 ± 5790 25000 ± 14300

aTwo animals per group; value reported is the mean ± SD. bThree animals per group; value reported is the mean ± SD.
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achieved at doses and exposures far below the NOAEL
exposures identified in rats and dogs (Table 4). Although it is
not ideal to compare across species, if we look at the efficacious
and toxic doses of Rodin-A from different studies, we can
obtain a general assessment of the safety margin for the
compound. Based on the 1 mg/kg dose of Rodin-A
administered daily for 14 days to WT mice that stimulated a
21% increase in total spine density (Figure 4), a projected
human equivalent dose (HED) based on body surface area48 is
4.8 mg/kg. The NOAEL in rats of 45 mg/kg correlates to a
HED of 432 mg/kg, and the NOAEL in dogs of 120 mg/kg
projects a HED of 3888 mg/kg. Thus, even when basing
calculations on rat as the most sensitive species, the efficacious
HED of 4.8 mg/kg provides a safety margin of 90-fold for
Rodin-A at the NOAEL of 45 mg/kg.
As a point of comparison, a previous report on the toxicity of

CI-994 in rats and dogs after 2 weeks of dosing showed
principal signals in tissues with rapidly dividing cell
populations (bone marrow, testes), with similar effects in
rats and dogs.17 Rats were dosed daily at 1.5 mg/kg, 5 mg/kg,
and 15 mg/kg orally (exposures not reported), and dogs were
given daily doses of 0.5 mg/kg, 2 mg/kg, or 5 mg/kg (day 12
AUC of 9.91 ng·h/mL at 2 mg/kg in males). The dose-limiting
toxicity was primarily bone marrow suppression, but non-
reversible testicular effects were also observed (rat 5 mg/kg,
dog 2 mg/kg). Using the 1 mg/kg dose of CI-994 to WT mice
that stimulated a similar increase in total spine density (29%,
Figure 4) to Rodin-A (21%) after 14 days of dosing, the
projected HED for CI-994 is also 4.8 mg/kg. The reported
NOAEL in dogs of 0.5 mg/kg translates to a HED of 16.2 mg/
kg (10 mg/m2).17 The 16.2 mg/kg HED therefore correlates
to a safety margin of 3.4-fold for CI-994. Thus, the CoREST
selective Rodin-A has maintained the prosynaptic effects of CI-
994 while improving the safety margin from 3.4-fold to 90-fold
based on HED and NOAEL in the most sensitive species. This
suggests that the prosynaptic efficacy has been dissociated from
classic HDAC-related toxicity in this new series of compounds.
The in vivo studies performed with Rodin-A also show that the
predictive in vitro hematological safety assays (Table 3)
translate well to in vivo rat and dog safety studies for this
series of compounds.
Taken together, our data suggests that CoREST inhibition is

sufficient to achieve prosynaptic effects and that the CoREST
co-repressor complex is a key controller of synaptic growth and
function, based on the exquisite selectivity of Rodin-A for
CoREST over the Sin3, NCoR, and NuRD co-repressor
complexes. Since we have not yet identified compounds that
selectively inhibit Sin3, NCoR, or NuRD, we cannot say if
selective inhibition of one of these HDAC co-repressor
complexes will lead to prosynaptic benefits, nor can we say
that selective inhibition of one of these other complexes will
lead to an improved safety profile. It is also important to note
that HDAC1 and HDAC2 are involved in more multiprotein
complexes than just the four complexes that were investigated
in this study. These include the less studied multiprotein
MiDAC complex and complexes involving the proteins
MIER1, MIER2, and MIER3.21,30 Since we did not evaluate
experimentally the ability to inhibit any of these complexes, we
cannot comment on whether the series of 3-amino-pyridine-2-
urea compounds inhibit these complexes or whether these
complexes are involved in the prosynaptic or improved safety
effects observed. Our data allow us to say that of the four
HDAC complexes studied, inhibition of CoREST alone is

sufficient for maintaining prosynaptic effects and can also result
in an improved safety profile in vitro and in vivo.
Achieving improved hematological safety with compounds

such as Rodin-A enables the application of HDACi to long-
term dosing of patients. Thus, the novel, CoREST co-repressor
complex-selective HDACi, Rodin-A, represents a promising
new potential therapeutic in synaptic pathology driven
neurologic disorders such as Alzheimer’s disease. Further
studies with this and related compounds, including compounds
with different complex inhibition profiles, are ongoing and will
be reported in due course.

■ METHODS
The data that support the findings reported in this paper are available
upon reasonable request.

All animal studies were conducted in accordance with local
guidelines for the humane treatment of animals and were approved by
the local Ethics Committees.

Microdialysis (Brains-on-Line) experiments were conducted in
accordance with protocols approved by the Institutional Animal Care
and Use Committee of Brains On-Line, LLC. LTP, spine density, and
PK (ChemPartner) experimental protocols were approved by the
Institutional Animal Care and Use Committee of ChemPartner,
Shanghai, China. Safety studies (rat, dog) were conducted at Charles
River Massachusetts and were reviewed and approved by Charles
River Laboratories Institutional Animal Care and Use Committee
(IACUC).

CI-994 was purchased from Sigma-Aldrich (C0621 SIGMA).
SAHA was purchased from Sigma-Aldrich (SML0061). Cpd-60 was
synthesized according to literature procedures.20 For the synthesis of
Rodin-A, Rodin-B, Rodin-C, and Rodin-D, see the Supporting
Information.

Study Design. For all in vivo studies, pilot studies were utilized to
determine the variability in the readout of interest, and this
information was used to determine the appropriate sample size.
Rules for stopping data collection, data inclusion/exclusion criteria,
and handling of outliers is described in the respective experimental
sections below, where applicable. The end points and number of
replicates are also described.

The research objectives, research subjects, and experimental design
are outlined in the respective sections for each experiment, where
applicable. Details on the statistical analyses used are provided in the
experimental design and data analysis description or in the figure or
table legends containing the data.

Code Availability. Dendritic spine analysis was done using Afraxis
ESP software (Afraxis Inc., San Diego, CA). Queries regarding access
to the analysis software code should be addressed to Afraxis Inc.

Recombinant HDAC Isoform Biochemical Assay (Nanosyn).
See Supporting Information.

Screening of HDAC Co-repressor Complex Inhibition via
Activity Determination of Co-immunoprecipitated HDAC
Complexes (OmicScouts, Inc.). Cell Culture and Extraction of
Nuclear Proteins. K562 cells were obtained from ATCC (ATCC
CCL-243) and cultured according to the manufacturer’s recom-
mendations. Cells were harvested by centrifugation and subsequently
washed three times in phosphate buffered saline without calcium and
magnesium (1000 rpm, 5 min, room temperature). Cell pellets were
frozen at −80 °C until further use.

Screening of HDAC Co-repressor Complex Inhibition via Activity
Determination of Co-immunoprecipitated HDAC Complexes.
Nuclear protein extraction from K562 cell pellets and co-
immunoprecipitation (Co-IP) directed against HDAC complexes
were performed using Active Motif’s Nuclear complex Co-IP kit (no.
54001). Reagents and conditions for the different HDAC complex
Co-IPs are summarized in Table 5. The following antibodies have
been used: LSD1 (C69G12) rabbit mAb (no. 2148, Cell Signaling
Technology), mSin3A rabbit pABb (no. ab3479, abcam), HDAC3
rabbit pAb (np. ab7030, abcam), MTA3 (428C2a) sc-81325 mouse
mAb (no. sc-81325, Santa Cruz Biotechnology). In brief, the extract
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has been incubated with the specific antibody overnight at 4 °C
followed by incubation with 50 μL of Protein G Agarose (no.
11243233001, Sigma; 1 h, 4 °C). One Co-IP (∼260 μL total volume)
was distributed into 10 wells (20 μL per well) and incubated with the
test compound at 9 concentrations; the 10th aliquot was incubated
with 100 μM SAHA as positive control. Two replicate Co-IP and
activity assay procedures were performed per compound. HDAC
activity was measured after 120 min compound incubation using
Active Motif’s Fluorescent HDAC Assay Kit according to the
manufacturer’s instructions. Fluorescence was read-out using a
FLUOstar microplate reader (excitation wavelength 355 nm, emission
wavelength 460 nm).
LC-MS/MS Based Identification of Co-immunoprecipitated

Proteins. An aliquot of the Co-IPs directed against each HDAC
complex was subjected to LC-MS/MS based protein identification to
confirm the integrity of the co-immunoprecipitated HDAC complex
and the absence of other HDAC complexes and their activities. To
this end, bound proteins were eluted from the beads via incubation in
LDS buffer for 5 min at 95 °C. Eluted proteins were processed for
quantitative proteomics using standard in-gel digestion procedure.49,50

Nanoflow LC-MS/MS analysis of peptide samples was performed
on an UltiMate 3000 RSLCnano System (Thermo Scientific,
Dreieich, Germany) coupled to a Q-Exactive Plus quadrupole
orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany).
Peptides were delivered to a trap column (100 μm inner diameter × 2
cm, packed with 5-μm C18 resin (Reprosil GOLD, Dr. Maisch,
Germany) at a flow rate of 5 μL/min for 10 min in 0.1% FA in HPLC-
grade water. After loading and washing, peptides were transferred to
an analytical column (75 μm ID × 55 cm C18 column; Reprosil
GOLD, 3 μm, Dr. Maisch, Germany) and separated using a linear
gradient of 51 min ramping from 4% to 32% solvent B (0.1% FA, 5%
DMSO in ACN) at a flow rate of 300 nL/min; 5% (v/v) DMSO was
used in solvents A (0.1% FA, 5% DMSO in HPLC-grad water) and B
to boost the nanoelectrospray response. Peptides were ionized using a
2.2 kV electrospray voltage and a capillary temperature of 275 °C.
The mass spectrometer was operated in data-dependent acquisition
mode, automatically switching between MS and MS2 scans. Full-scan
MS spectra (m/z 360−1300) were acquired in the Orbitrap at 70 000
(m/z 200) resolution with an automatic gain control (AGC) target
value of 3e6. Fragment mass (MS2) spectra were generated for up to
20 precursors with a normalized collision energy of 28% using higher
energy collision-induced dissociation (HCD). The fixed first mass was
set to 100 m/z for fragment mass spectra, and fragment ions were
read out in the Orbitrap mass analyzer at a resolving power of 17 500
at m/z 200. The isolation window was set to 1.7 Th, and a MS2 AGC
target value of 1e5 was used. Sequenced precursor ions were
dynamically excluded for 35 s.
Data processing and peptide and protein identification and

quantification was performed using MaxQuant (version 1.5.3.8)
(including its built-in iBAQ calculations).51 Briefly, raw MS data were
processed by MaxQuant for peak detection and quantification. MS/
MS spectra were searched against the current version of the human
UniProt database (download date 21.08.2017) supplemented with
common contaminants using the Andromeda search engine with the
following search parameters: full tryptic specificity, up to two missed
cleavage sites, carbamidomethylation of cysteine residues set as a fixed
modification, and N-terminal protein acetylation and methionine
oxidation as variable modifications. Mass spectra were recalibrated
within MaxQuant (first search, 20 ppm precursor tolerance) and
subsequently researched with a mass tolerance of 6 ppm. Fragment

ion mass tolerance was set to 20 ppm. Search results were filtered to a
maximum false discovery rate (FDR) of 1% for proteins and 1% for
peptide spectrum matches, and a minimum peptide length of at least 7
amino acids was required.

Effects of Rodin-A, Rodin-B, Rodin-C, Rodin-D, and CI-994
on Human Myeloid and Erythroid Progenitors Using Colony
Forming Cell Assays (ReachBio). Compounds were tested to
evaluate the potential effects on human erythroid and myeloid
progenitors using colony forming cell assays. Clonogenic progenitors
of human erythroid (CFU-E, BFU-E), granulocyte-monocyte (CFU-
GM), and multipotential (CFU-GEMM) lineages were assessed in a
semisolid methylcellulose-based media formulation containing
recombinant human interleukin 3 (rhIL-3, 10 ng/mL), recombinant
human granulocyte-macrophage colony-stimulating factor (rhGM-
CSF, 10 ng/mL), recombinant human stem cell factor (rhSCF, 50
ng/mL) and erythropoietin (Epo, 3 U/mL).

Cells. Normal human bone marrow light density cells derived from
normal bone marrow (NorCal Biologics, California) and qualified at
ReachBio were stored in the gaseous phase of liquid nitrogen (−152
°C) until required for the assay. On the day of the experiment, the
cells were thawed rapidly, the contents of each vial was diluted in 10
mL of Iscove’s modified Dulbecco’s medium containing 10% fetal
bovine serum (IMDM + 10% FBS) and washed by centrifugation
(approximately 1200 rpm for 10 min, room temperature). The
supernatant was discarded, and the cell pellets resuspended in a
known volume of IMDM + 10% FBS. A cell count (3% glacial acetic
acid) and viability assessment (trypan blue exclusion test) was
performed for the bone marrow sample.

Compounds. On the day of the experiment, the compounds were
dissolved in DMSO to a stock concentration of 10 mM. Serial
dilutions were prepared from the stock concentration to achieve
concentrations of 2 and 0.4 mM. When added to the methylcellulose-
based media at 1:1000 (v/v), the final test concentrations of 10, 2,
and 0.4 μM were achieved. Additionally, 5-FU was evaluated at 1.0,
0.1, and 0.01 μg/mL.

Method Summary. Clonogenic progenitors of the human
erythroid (CFU-E and BFU-E) and myeloid (CFU-GM) lineages
were set up in the methylcellulose-based media formulations
described above. All compounds were added to the medium to give
the final desired concentrations (10, 2, and 0.4 μM). 5-Fluorouracil
(Sigma-Aldrich) was used as a positive control for progenitor
proliferation (inhibition of colony growth) and was introduced to
the human bone marrow cultures at 1.0, 0.1, and 0.01 μg/mL. Solvent
control cultures (containing no compound but 0.1% DMSO) as well
as standard controls (containing no compound and no DMSO) were
also initiated. Human myeloid and erythroid progenitor assays were
initiated at 2.0 × 104 cells per culture. Following 14 days in culture,
myeloid and erythroid colonies were assessed microscopically and
scored by trained personnel. The colonies were divided into the
following categories based on size and morphology: CFU-E, BFU-E,
CFU-GM, and CFU-GEMM.

Statistical Analyses of CFC Numbers. The mean ± SEM of three
replicate cultures was calculated for progenitors of each category
(CFU-E, BFU-E, etc.). Two-tailed t tests were performed to assess if
there was a difference in the number of colonies generated between
solvent control and treated cultures. Due to the potential subjectivity
of colony enumeration, a p value of less than 0.01 is deemed
significant. To calculate the concentration of 50% inhibition of colony
growth (IC50) for each compound, a dose response curve was
generated plotting the log of the compound concentration versus the
percentage of control colony growth using XLfit software (IDBS).
The concentration of 50% inhibition of colony growth (IC50) was
calculated based on the sigmoid curve fit using dose−response, one-
site model formula: y = A + [(B − A)/(1 + (C/x)D)], where A = the
initial value (baseline response), B = maximum response, C = center
(drug concentration that provokes a response halfway between A and
B), and D = slope of the curve at midpoint. Further plots and
additional dose response curves were generated using GraphPad
Prism 7.0.

Table 5. Co-repressor Complex Immunoprecipitation
Parameters

complex antibody antibody dilution nuclear extract amount [mg]

CoREST LSD1 1:25 0.7
Sin3 mSin3A 1:50 0.7
NCoR HDAC3 1:625 3
NuRD MTA3 1:5 3
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Morphological Assessment of Colonies. Photographs were taken
of representative hematopoietic progenitor-derived colonies from
various lineages, illustrating colonies in the presence of the solvent
control as well as colonies in the presence of the test compounds.
Erythroid (CFU-E and BFU-E), myeloid (CFU-GM), and

multipotential (CFU-GEMM) colony enumeration was performed
by trained personnel. The distribution of colony types as well as
general colony and cellular morphology was analyzed. For statistical
analysis, colony numbers in compound treated cultures were
compared to the solvent control cultures. 5-FU was used as a positive
control for toxicity in these assays, and the inhibitory effects obtained
for this compound were exactly as expected. The experiment was used
to evaluate the potential effect of test compounds on human erythroid
and myeloid progenitor proliferation in a methylcellulose-based
medium. The IC50 values were calculated from XLfit. Dose response
curves for erythroid and myeloid toxicity were generated by XLfit.
Finally, nonlinear regression curve fitting and IC50 values ± 95% CI,
were calculated by Prism 7.0.
Measuring the Effects of Rodin-A and CI-994 on Histone

Acetylation. K562 cells were purchased from ATCC (Virginia,
USA) and stored in liquid nitrogen until use (cultured for 10 days
after thaw). K562 cells were cultured in IMDM medium plus 10%
FBS and pen/strep, in a cell culture incubator at 37 °C with 5% CO2.
Anti-Ac-H3K9 rabbit mAb (no. 9649) and anti-H3 mouse mAb (no.
3638) were purchased from Cell Signaling Technology. Anti-rabbit
IgG IRDye 680RD and anti-mouse IgG IRDye 800CW secondary
antibodies were purchased from LI-COR. Bis-Tris gel (12%) and
nitrocellulose membrane were purchased from Thermo Fisher
Scientific. For the assays, 3 × 105 cells/well of K562 cells in 1 mL
of complete culture medium was seeded to the wells of 24-well plates
overnight. The cells were treated with compounds in triplicate
(starting at 33.3 μM, 10-doses with 3-fold dilution) for 24 h. Cells
treated with 5 μM SAHA and 10 μM TSA were used as the positive
control. Cells treated with 0.1% DMSO were used as the negative
control. After treatment, the K562 cells were washed once with PBS
and lysed with 100 μL of 1× SDS sample buffer containing 50 mM
DTT. The lysate samples were sonicated and then heated at 90 °C for
5 min. Cell lysate samples (13 μL) were subjected to SDS-PAGE with
12% Bis-Tris gel and transferred onto nitrocellulose membrane by
iBlot dry blotting system. The membrane was blocked with 3% nonfat
milk for 1 h and probed with anti-Ac-H3K9 and anti-H3 antibodies.
Anti-rabbit IgG IRDye 680RD and anti-mouse IgG IRDye 800CW
secondary antibodies were used to detect the primary antibodies. The
membranes were scanned with LI-COR Odyssey Fc Imaging System.
The specific bands of interest were quantified by LI-COR Image
Studio Lite software. Change in acetylation status of H3K9 was
determined by normalizing Ac-H3K9 bands to H3 bands (Figure 2C,
Figure S1). The percent acetylated H3K9 relative control EC50 curves
were plotted, and EC50 values were calculated using the GraphPad
Prism 7 program based on a 4-parameter sigmoidal dose−response
equation.
Evaluation of the Free Drug Concentration of Rodin-A in

Mouse Hippocampus by MetaQuant Microdialysis and
Plasma Concentration. The biotechnical and bioanalytical experi-
ments described in the present report were performed at Brains On-
Line, LLC (South San Francisco, USA).
Animals. Eight adult male C57Bl/6 mice (20−30 g) were used for

this study. Upon arrival, the animals were group-housed in plastic
cages on a 12/12 h light/dark cycle. Animals had access to food and
water ad libitum. Experiments were conducted in accordance with
protocols approved by the Institutional Animal Care and Use
Committee of Brains On-Line, LLC.
Test Substance and Formulation. Test compound (Rodin-A) was

prepared in 20% HPβCD in sterile water and sonicated at room
temperature for 90 min. Solutions were prepared fresh daily for
dosing.
Surgery. Mice were anesthetized using isoflurane (2%, 800 mL/

min O2). Bupivacaine/epinephrine was used for local anesthesia, and
carprofen was used for peri-/postoperative analgesia. First, a jugular
vein (JV) cannula was implanted for serial blood collection

(BrainLink, The Netherlands). Then, the animals were placed in a
stereotaxic frame (Kopf Instruments, USA) and a MetaQuant (MQ)
microdialysis probe (4 mm PAN membrane, BrainLink, The
Netherlands) was implanted into the right hippocampus. A second
microdialysis probe (3 mm PEE membrane, BrainLink, The
Netherlands) was inserted into the left hippocampus. Coordinates
for the tips of the probes into the hippocampus were as follows:
anterior−posterior (AP) = −3.1 mm from bregma, lateral (L) = ±2.8
mm from midline, and ventral (V) = −4.5 mm from dura; the
toothbar set at 0.0 mm. After surgery, animals were housed
individually in cages and provided food and water ad libitum.

Experiments. Experiments were performed 1 day after surgery. On
experimental day 1, the MetaQuant microdialysis probe was
connected with flexible PEEK tubing to a microperfusion pump
(Harvard PHD 2000 Syringe pump, Holliston, MA). Microdialysis
probes were perfused with aCSF containing 147 mM NaCl, 3.0 mM
KCl, 1.2 mM CaCl2, 1.2 mM MgCl2 + 0.2% β-CD, at a slow flow rate
of 0.15 μL/min and a carrier flow (UP + 0.2% β-CD) at a rate of 0.8
μL/min. Microdialysis samples were collected for 30 min periods by
an automated fraction collector (820 Microsampler, Univentor,
Malta) into 300 μL polypropylene minivials. After stabilization, one
baseline sample was collected, and test compounds were given PO.
Samples were collected for an additional 9 h. All the samples were
stored at −80 °C awaiting analysis by Brains On-Line. Blood samples
were collected via the JV cannula at 0, 30, 60, 120, 360, and 540 min
after dosing into EDTA anticoagulant vials (∼25 μL blood/sample).
Plasma was harvested within 15 min after collection and aliquoted
(∼10 μL/sample) into a separate vial and stored at −80 °C awaiting
analysis by Brains On-Line. On the following day (day 2), the push/
pull microdialysis probes were connected with FEP tubing to a
microperfusion pump (Harvard PHD 2000 Syringe pump, Holliston,
MA or similar). Microdialysis probes were perfused with aCSF
containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2 and 1.2 mM
MgCl2, and 0.15% BSA at a flow rate of 0.75 μL/min. Microdialysis
samples were collected for 60 min periods by an automated fraction
collector (820 Microsampler, Univentor, Malta) into polypropylene
(300 μL) minivials. Samples were collected for a total of 8 h after
dosing. At the end of day 2 of dialysis, mice were euthanized and brain
was collected for verification of probe placement by Brains On-Line.
Push/pull dialysis samples were stored at −80 °C before shipping.

Bioanalysis. Concentrations of Rodin-A in dialysates and plasma
were determined by HPLC coupled to a tandem mass spectrometer
(LC/MS/MS).

Quantification of Rodin-A. Plasma samples were first mixed for
protein precipitation with a solution of acetonitrile/ultrapure water
(80:20). After 5 min incubation at room temperature, the samples
were centrifuged for 5 min (13000 rpm, 4 °C) and the supernatant
was diluted 10-fold in ultrapure water/acetonitrile (80:20). Dialysate
samples and diluted plasma supernatants were injected (5 μL) into an
Infinity 1290 LC system (Agilent, USA) by an automated sample
injector (SIL-20AD, Shimadzu, Japan). Analytes were separated by
liquid chromatography using a linear gradient of mobile phase B at a
flow rate of 0.300 mL/min on a reversed phase Phenomenex Luna
C18(2)-HST column (3.0 mm × 100 mm, 2.5 μm particle size;
Phenomenex, USA) held at a temperature of 35 °C. Mobile phase A
consisted of UP H2O with 5 mM ammonium acetate. Mobile phase B
was MeOH with 5 mM ammonium acetate. Acquisitions were
achieved in positive ionization mode using a QTrap 5500 (Applied
Biosystems, USA) equipped with a Turbo Ion Spray interface. The
ion spray voltage was set at 5.0 kV, and the probe temperature was
500 °C. The collision gas (nitrogen) pressure was kept at the Medium
setting level. The following MRM transitions were used for
quantification: 353.3/218.0 for Rodin-A. Data were calibrated and
quantified using the Analyst data system (Applied Biosystems, version
1.5.2).

Hippocampal Dendritic Spine Density Analysis. Research
Objectives. To measure the effects on dendritic spines in hippo-
campus after oral dosing of compound daily for 3,7, 10, or 14 days.

Research Subjects. Male C57BL/6J mice (from Shanghai
Lingchang Biotech, Shanghai, China) were dosed orally with CI-
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994 (daily with 1 and 3 mg/kg for 3 to 14 days, n = 5 per group) or
with Rodin-A (daily with 1, 3, and 6 mg/kg, for 3, 7, 10, and 14 days,
n = 7 per group) or vehicle (20% HPβCD, daily for 3, 7, 10, and 14
days, n = 5 or 7 per group) at ChemPartner, Shanghai, China. Male
C57BL/6J mice were dosed orally with CI-994 (daily with 0.3 and 3
mg/kg for 14 days) or vehicle (0.5% MC + 0.1% Tween80 in ddH2O,
daily for 14 days, n = 7 per group). Animals were sacrificed 24 h after
the last dose of CI-994 and 24 h, 3 days, and 7 days after last dose of
Rodin-A and vehicle. Ballistic dye labeling was performed according
to protocols developed by Afraxis to label target neurons (Afraxis,
SanDiego, CA).52 Laser-scanning confocal microscopy (Olympus
FV1000) was performed using a 63× objective (1.42 NA) to scan
individually labeled neurons at high resolution (0.103 × 0.103 × 0.33
μm3 voxels). Target neurons were identified in the brain region of
interest by anatomical location and cell morphology. A minimum of 5
samples per mouse were measured for each segment. Blind
deconvolution was applied to raw three-dimensional digital images,
which were then analyzed for spine density and morphology by
trained analysts. Individual spines were measured manually for (a)
head diameter, (b) length, and (c) neck thickness. Each dendrite was
analyzed by 3 (on average) independent analysts. Automated image
assignment software distributed images to analysts in a randomized
manner and ensured that each analyst performed measurements of
near equal numbers of dendrites per group. Analysts were blinded to
all experimental conditions (including treatment, brain region, and
cell type).
Statistical analysis of interanalyst variability for each dendrite was

examined online and used to eliminate dendrites that did not meet
interanalyst reliability criteria. For spine density and spine
morphological classification, data across analysts were averaged to
report data for each dendrite. Data for each dendrite were then
averaged to report data for each mouse.
Means and SEM for spine density were calculated using animal’s

individual values. A one-way ANOVA was performed followed by a
Dunnett’s post hoc analysis.
Immunofluorescence and Microscopy Measurements of

SV2A, pTrkB, and PSD-95. Research Objectives. To measure
SV2A, pTrkB, and PSD-95 in brain slices from mice dosed orally with
compound.
Research Subjects. From male C57BL/6J mice, 20 μm slices from

the brain region of interest were incubated for 24 h (4 °C) in blocking
solution (0.1 M PB, 4% bovine serum albumin, 0.3% Triton-X-100)
with the following primary antibodies: rabbit anti-SV2A (1:500;
Abcam ab32942), mouse anti-PSD95 (1:1000, Affinity Bioreagents,
no. MA1-045), rabbit anti-phosphorylated Trk (Tyr490; 1:200; Cell
Signaling no. 9141). Sections were incubated for 1 h (RT) in
secondary antisera with Alexa594 anti-rabbit IgG and Alexa488 anti-
mouse IgG (Invitrogen). Although anti-pTrkY490 recognizes a site
conserved across TrkA, -B, and -C, TrkB is predominantly expressed
by hippocampal neurons, and both TrkC and TrkA are therefore
unlikely to contribute to results. Super-resolution laser-scanning
confocal microscopy (Zeiss LSM880, Airyscan)52,53 was performed
using a 63× objective (1.4 NA) to scan regions of interest (20 × 20 ×
5 μm3, xyz) at high resolution (scan resolution = 0.07 μm/pixel; axial
resolution = 0.07 μm/focal step). Target laminae were identified in
the brain region of interest by epifluorescence navigation (DAPI)
using anatomical landmarks. Microscopy was performed blind to
experimental conditions. A minimum of 5 mice were tested in each
experimental condition. A minimum of 5 samples per mouse were
measured for each target lamina. Micrographs were analyzed using
image segmentation analysis based on established protocols.53,54

Intensity normalization to a target background level (15% of
maximum) was performed on image subsections (5 × 5 × 1 μm3)
to standardize object quantification across sections and batches of
tissue. A one-way ANOVA was performed followed by a Dunnett’s
post hoc analysis.
Measurement of LTP in 5xFAD Mice. Research Objectives. To

measure the effects on long-term potentiation upon daily dosing for
14 days to mice with cognitive deficits.

Research Subjects. The effects of Rodin-A were tested in the
5xFAD mouse model of AD on the properties of LTP at the Schaffer
collateral-CA1 hippocampal synaptic layer in 9−12 month old mice
(C57BL/6J background strain). Animals were dosed once daily by
oral gavage for 14 days. Animals were sacrificed and hippocampal
brain slices (350 μm) were cut on the ice-cold stage of a vibrating
tissue slicer. The slices were maintained in oxygenated artificial
cerebrospinal fluid (aCSF, 124 mM NaCl, 3 mM KCl, 1.2 mM
NaH2PO4, 26 mM NaHCO3, 2.4 mM CaCl2, 2 mM MgCl2, 10 mM
glucose, pH 7.4) at room temperature for at least 1 h, and then slices
were transferred to the multielectrode recording chamber and
constantly perfused with oxygenated aCSF at 30 °C for 0.5 h before
recording. Electrophysiology was performed with a MED-PG515A 16
electrode array. The basal synaptic transmission was characterized by
monitoring the fEPSP slope every second for 30 min before the theta
burst stimulus (TBS) was applied, and the 10%−90% slope of input/
output (I/O) curves of the field excitatory postsynaptic potential
(fEPSP) was determined. The stimulus current was adjusted so that
fEPSP stabilized at 50% of maximum. LTP was induced by theta burst
stimulus (TBS, 10 bursts with 200 ms interburst interval, each burst
consisting of 4 pulses at 100 Hz, delivered at 1.6× stimulation
intensity of the baseline stimulation). Test stimulation resumed
immediately after the TBS, and recording of the evoked fEPSP
responses was monitored for the next 60 min. The plateau of the last
10 min fEPSP slope post-TBS was considered the LTP response. All
LTP measurements were performed blinded to treatment. Occasion-
ally, several LTP measures were made in a single slice and/or from
multiple slices taken from a single animal; in all cases LTP values were
averaged per animal before being used, and the n is the number of
animals analyzed per arm. For all experiments, statistical analysis was
by ANOVA with post hoc Holm−Sidak analysis corrected for
multiple comparisons using statistical hypothesis testing (GraphPad
Prism 7 software).

In Vivo 14 Day Safety Evaluation in Rat and Dog. Rat. The
objective of this study was to determine the potential toxicity of
Rodin-A when given by gavage once daily for 14 days to male
Sprague−Dawley rats. In addition, the toxicokinetic characteristics of
Rodin-A were determined using a nonvalidated bioanalytical method.
In total, 20 male rats were dosed with either Rodin-A (30, 45, or 60
mg/kg/day or vehicle (0.5% methylcellulose/0.1% Tween 80 in
RODI (reverse osmosis deionized) water); n = 12 for safety studies
and n = 8 for toxicokinetic analysis). End points in the study consisted
of mortality checks, clinical observations, body weight (weekly) and
food consumption (daily) measurements, clinical pathology (hema-
tology and clinical chemistry), bone marrow smear evaluations,
toxicokinetic evaluation, and anatomical pathology evaluations
consisting of macroscopic observations, organ weights, and micro-
scopic evaluations.

Dog. The objective of this study was to determine the potential
toxicity of Rodin-A when given by gavage once daily for 14 days to
male beagle dogs. In addition, the toxicokinetic characteristics of
Rodin-A were determined using a nonvalidated bioanalytical method.
Naive beagle dogs (15 male animals; 7.8−11.8 kg and 12−13 months
old at the time of dosing) were assigned to dose groups and dosed
with Rodin-A (45, 60, or 120 mg/kg/day) or vehicle (0.5%
methylcellulose/0.1% Tween 80 in RODI water. End points in the
study consisted of mortality checks, clinical observations, body weight
(weekly) and food consumption (daily) measurements, clinical
pathology (hematology and clinical chemistry), bone marrow smear
evaluations, toxicokinetic evaluation, and anatomical pathology
evaluations consisting of macroscopic observations, organ weights,
and microscopic evaluations.
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