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ABSTRACT

Cancer is the second most common cause of death in the world. One of the
objectives of this thesis is to biologically evaluate a series of anti-cancer polymeric
aromatic/heterocyclic bis-sulfonamides and pyridinium sulfonamides which were
synthesized from three established aminosulfonamide carbonic anhydrase (CA, EC
4.2.1.1) inhibitor pharmacophores. Testing of these novel inhibitors and their
precursors against a panel of membrane-bound CA isoforms, including tumor-
overexpressed CA IX and XII and cytosolic isozymes, identified nanomolar-potent
inhibitors against both classes and several compounds with medium isoform
selectivity. In the case of pyridinium sulfonamides we used complexes of the
inhibitors with cyclodextrins or sulfocalixarene to enhance aqueous solubility for
biological testing. The ability of CA inhibitors to kill tumor cells overexpressing
CA IX and XII was tested under normoxic and hypoxic conditions, using 2D and
3D in vitro cellular models. The study identified a nanomolar potent PEGylated bis-
sulfonamide CA inhibitor (25), as well as cyclodextrin and sulfocalixarenes
complexes, which were able to significantly reduce the viability of colon HT-29,
breast MDA-MB231, and ovarian SKOV-3 cancer cell lines, thus revealing the
potential of polymer conjugates in CA inhibition and cancer treatment.

As a different disease state yet still a concern, cognitive dysfunction
markedly impacts patients with a host of psychiatric conditions including attention
deficit hyperactivity disorder, autism spectrum disorder, drug addiction,
schizophrenia, depression, bipolar disorder, obsessive-compulsive disorder, and of
course, Parkinson’s and Alzheimer’s diseases and other types of dementia. Another



objective of this thesis was to profile several series of bis-imidazoles for
physicochemical, in-vitro and in-vivo properties as potential memory and learning
enhancers (nootropics). Biological testing on eight isozymes of carbonic anhydrase
(CA) present in the human brain revealed compounds with nanomolar potency
against at least one membrane bound, cytosolic or mitochondrial CA isozymes,
combined with good physicochemical properties. We also identified lead
compounds with the ability to rescue experimental animals from drug induced
memory deficits, using an optimized Novel Object Recognition Task (NORT)

procedure.
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CHAPTER 1

OVERVIEW AND MAIN RESEARCH GOALS

Carbonic anhydrase (CA, EC 4.2.1.1) is a zinc metalloprotein which catalyzes the
reversible hydration of CO, to HCO3  and H*. CA is involved in respiration and CO>
transport from metabolizing tissues to lungs, CO2 and pH homeostasis, electrolyte
secretion in various tissues and organs, bone resorption/calcification, biosynthetic
reactions, etc. In mammals, 15 isozyme or CA-related proteins have been described to date,
with different catalytic activity, sub-cellular localization, and tissue distribution. Their
dysfunction can cause diseases such as edemas, glaucoma, osteoporosis, obesity, cancer
and several neurological disorders.

Activation of CA isozymes in the brain has the potential to alleviate mild
dementias and therefore suggest that CA activators could act as potential nootropics or
memory enhancers. On the other hand, over the last decade of cancer research, a relation
was established between tumor cells and the expression of specific CA isozymes. Published
studies show that to support the malignant tumor cell's metabolism specific membrane-
bound carbonic anhydrases, CA 1X and CA XIlI, are over-expressed and upregulated
significantly. Pharmaceutical agents which can selectively bind, inhibit CA 1X and CA XII,
may have therapeutic value in imaging and the treatment of a large variety of hypoxic
tumors.

Our long-term goal is to treat mild dementias and cancer by modulating CA

isozymes responsible for those disease states. The objective of this project is to evaluate
the set of CA activators and CA inhibitors, validate their ability to act as nootropics or

anticancer agents respectively, and to establish structure property and structure-activity
1



relationships in order to identify the most efficient scaffolds and substituents for
development as lead compounds in subsequent libraries.

Our central hypothesis is that we can generate potent nootropics and anti-cancer
agents by modulating the activity of carbonic anhydrase isozymes. The rationale of this
research is that small drug molecules with optimal physicochemical properties and
nanomolar potency against their corresponding CA isozyme targets will be able to generate
the desired biological effect — either tumor cell killing (for CA inhibitors) or nootropic
action (for CA activators).

Thus, in the third chapter our goal was to correlate the structure of a set of CAAs
with their specific physicochemical properties, biochemical and biological properties,
including toxicity, and to determine the best CAAs for eliciting nootropic action. For
testing the nootropic action of CAAs, | assessed cytotoxicity, cell uptake, brain uptake, and
microsomal stability of a set of newly synthesized CAAs and | tested their specific
biological activity in vivo using learning and memory assays like Novel Object
Recognition Task (NORT) and simple operant task in mice. Conclusions of these studies
will allow the identification of lead compounds with nootropic activity to be further
developed into future drugs for efficient management of mild cognitive impairment (MCI)
and other, more advanced, forms of dementia such as Alzheimer’s disease (AD).

In the fourth chapter I correlated the potency of several series of CA inhibitors with
their ability to kill tumor cells in vitro. More specifically, for testing the anticancer action
of CAls I have performed cytotoxicity assays on 2Ds and 3D cell models of different
cancer cell lines, under normoxic or hypoxic conditions. Optimization of physicochemical

properties was made either through drug delivery systems (DDS) or by using medicinal



chemistry approach, where we changed the structures to improve physicochemical
characteristics without diminishing their potency. Pyridinium sulfonamides, which have a
limited solubility, were delivered using cyclodextrins or sulfocalixarenes and | optimized
these formulations. The study allowed us to identify the main structural and
physicochemical properties responsible for increased CAl potency to Kill cells in the

selected cancer models expressing CA 1X.



CHAPTER 2

INTRODUCTION

2.1 Carbonic anhydrase: background, distribution, physiologic role, structure
Carbon dioxide is the main by-product of cellular respiration in living organisms.
This non-polar molecule must be transported from mitochondria to the external
environment. CO- in water is in equilibrium with carbonic acid, which is water-soluble
[1]. However, the uncatalyzed reaction is too slow to match the demand of living cells.
Therefore, a class of ubigquitous metalloenzymes named carbonic anhydrases (CAs, E. C.
4.2.1.1) have evolved to efficiently catalyze this reaction [2]. CA enzymatic activity was
first observed in the late 1920s, where experiments performed with hemolyzed blood
samples demonstrated that the rate of carbon dioxide release from the hemolyzed blood
was higher than expected, indicating that blood could contain a catalyst [3]. Carbonic
anhydrase (CA) was later extracted from erythrocytes in 1933 by Meldrum and Roughton
[4]. This enzyme efficiently catalyzes the reversible hydration of carbon dioxide (COz) to

yield a bicarbonate ion (HCO3") and a proton (H") [5].

CO,+H,0 _4

HCO; + H"

It has been known since 1940s that CA is ubiquitous in plants [6], where it is used
for CO> fixation [7]. CA and its isozymes are found virtually in all living organisms, from
the unicellular ones to higher vertebrates including humans. Their structure is encoded by
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five evolutionary unrelated gene families, generating the a-, -, y-, 6-, (-CAs and n-CA [8-

10].

a-CAs are expressed in vertebrates, algae, protozoa (e.g. Plasmodium),
B-CAs can be present in bacteria, chloroplasts of mon-/dicotyledons.
y-CAs are present in some bacteria and archarea [11].

0-CAs are present in and marine diatoms [12].

C-CAs were identified only in some marine diatoms [12, 13].

n-CA were recently identified in Plasmodium’s, the malaria-provoking

pathogens [9, 10].

2.1.1 Carbonic anhydrase isozymes

To date, fifteen different CA (hCAs) isozymes, are currently known in humans, all

belonging to the a-class [5, 8, 14]. CAs have different organ and tissue distribution,

subcellular localization and catalytic activities to meet the demands of a living organism

[15]. Through these different isozymes CAs are maintaining the CO2/HCOs™ pools in the

interior and exterior of cells [15]. Based on their subcellular localization, the CA enzymes

found in mammals can be divided into four broad subgroups [16, 17]:

Secreted CAs (CA V).
Membrane-bound CAs (CA 1V, CA IX, CA XII, CA X1V and CA XV).
Cytosolic CAs (CA I, CA Il, CA 1ll, CA VII, and CA XIII).

Mitochondrial CAs (CA VA and CA VB).

Different isozymes are structurally adapted to perform this reaction in diverse

environments encountered in the body and therefore their kinetic properties are adapted to



these environments. Typical turnover numbers for different isozymes range between 10*
and 10° molecules per second. Some of these isozymes are catalytically very fast (CA I,
CA IV, CAVII, CA IX, CA XIlI and CA XIII), while some isoforms are slower (CA I, CA
I1l, CAV, CAVIand CA XIV) [5, 17]. Notably, three human CA-related proteins
(CARPs) were also identified (CA VIII, CA X and CA XI), which do not possess any
catalytic activity (acatalytic). Their subcellular localizations and relative enzymatic activity

are illustrated in Figure 1 [5, 18, 19].

CA VI

CAIL VIl

o

¢ B @ @™
° : ! T
0, ¢/ HCOy == d
°

CA XIV

CA L 1, XHI

CO, o/ HCOy ¢

CA IX

Figure 1: Picture depiction of subcellular localization and catalytic enzymatic activity of
human a-CAs coded as: (devoid of catalytic properties (0), low (+), high (++) activity)
[18]. The cytosolic CAs, secreted (CA VI) and the mitochondrial CA VA and VB consist
only of the CA domain; the membrane-associated CA 1V, IX, XII and X1V have a
membrane anchor and, except for CA 1V, a cytoplasmic tail, while CA X is the only
isozyme with a N-terminal proteoglycan-like domain. (e, ¢, m = extracellular, cytosolic

and membrane) [5].



2.1.2 Physiologic roles of carbonic anhydrases

The main function of the carbonic anhydrase isoforms in human tissues is to interconvert
carbon dioxide and bicarbonate to maintain pH homeostasis in blood and different tissues [19].
The CO2/HCOs3" buffer is the main buffer in the interstitial/extracellular space of different organs
and the main buffer in blood and cerebrospinal fluid [20]. Tight control of pH inside and outside
mammalian cells is essential, as small variations can trigger protein degradation. CAs are also
involved in very important physiologic and pathologic processes in the human body, which
include respiration and transport of CO> from tissues to lungs, electrolyte secretion in various
tissues and organs, bone resorption/calcification, turnover of cerebrospinal fluid, biosynthetic
reactions such as gluconeogenesis, lipogenesis and ureagenesis, tumorigenicity and cerebrospinal
fluid secretion [20-22]. The brain is an important CO producer, oxidizing about a quarter of
body’s glucose. In order to maintain ionic gradients and homeostasis in brain, CAs located at
different subcellular locations in brain play a central role [15, 23]. About 85% of total CO>
produced in the body is transported to lungs in bicarbonate form, after hydration by CAs [15,
22]. CAs dysfunction can cause diseases. Thus, some of these isoforms are over-expressed in
pathological conditions such as edemas, glaucoma, obesity, epilepsy, osteoporosis, altitude
sickness, gastric ulcer, diabetes, cerebral edema, idiopathic intracranial hypertension, oxidative
stress, respiratory disorder, circulatory disorder and cancer, making CA important targets for
research [5, 8, 14, 24]. Table 1 depicts the currently known human CA isozymes, their tissue and
organ localization/distribution, catalytic activity, sub-cellular localization and physiologic impact

[19, 24-30].



Table 1: The human CA isozymes currently known, with their tissue/organ localization/distribution, catalytic activity, subcellular localization and physiologic role

Catalytic activity/ Subcellular
Human CA isozyme Tissue/organ localization Keat(S™) localization Dysfunction disease
hCA | erythrocytes, Gl tract, eye moderate /2.0 x 10° cytosol respiratory, circulatory
glaucoma, edema, altitude sickness epilepsy,

erythrocytes, Gl tract, eye, bone, osteoclasts, kidney, lung, testis, CNS osteoporosis, gastric ulcer, diabetes, cerebral
hCA Il (oligodendrocytes, astrocytes, dorsal root ganglia and neurons) high /1.4x10° cytosol edema, idiopathic intracranial hypertension.
hCA 111 skeletal muscle, adipocytes, liver low/3.0 x 10° cytosol oxidative stress
hCA IV kidney, eye, heart muscle, lung, pancreas, brain capillaries, colon high/1.1 x 108 membrane-attached | glaucoma, retinitis pigmentosa, stroke
hCA VA liver, mitochondria of neuronal and glial cells moderate/2.9 x 10° mitochondria obesity

pancreas, kidney, Gl tract, spinal cord, mitochondria
hCA VB of neuronal and glial cells high/9.5 x 10° mitochondria obesity

secreted (saliva,

hCA VI salivary and mammary glands moderate /3.4 x 10° milk) cariogenesis
hCA VII CNS, colon, liver, skeletal muscle, duodenum, stomach high/9.5 x 10° cytosol epilepsy
hCA-related protein VIII CNS acatalytic (0) cytosol neurodegenerative cancer
hCA IX tumors, Gl mucosa, CNS high/3.8 x 10° trans membrane cancer
hCA-related protein X CNS acatalytic (0) cytosol Not Determined
hCA-related protein XI CNS acatalytic (0) cytosol Not Determined

hCA XlI renal, intestinal, eye, tumors, reproductive epithelia, CNS high/4.2 x 10° trans membrane cancer, glaucoma
hCA XllII kidney, CNS, lung, gut, reproductive tract moderate /1.5x 10° cytosol sterility

kidney, liver, eye, neurons, axons, medulla oblongata, pons, corpus

callosum, pyramidal tract, hippocampus, choroid plexus and cerebral white
hCA XIV matter. moderate/3.1 x 10° trans membrane retinopathy, epilepsy




2.1.3 Structure of Carbonic Anhydrases

X-ray crystallographic data revealed that the active site of the a-carbonic
anhydrase is conically-shaped, with the zinc ion placed at the bottom of a 15 A deep
active-site cleft [5]. This zinc atom (pink sphere in Figure 2) is coordinated by three
histidine residues (His-94, His-96 and His-119, Figure 2), with the fourth ligand of the
metal being either a water molecule or a hydroxyl ion in the enzymatic inactive and
enzymatically active forms. The deprotonation of the metal bound water is assisted by a
proton shuttling group, which is His-64 in CA 11, assisted by a histidine cluster His-4,
His-3, His-17, His-15 and His-10 in CA I1. This deprotonation process of the Zn-bound
water transform the enzyme from its inactive form (Zn-OHy>) into its active form (Zn-
OH). The hydroxyl moiety of Thr-199, which is bridged to the carboxylate moiety of
Glu-106 orients the Zn-bound OH group for optimum nucleophilic attack on the CO-
molecule. As shown in the figure below, half of the active site is made with hydrophilic
amino acids, while the other half is lined up with hydrophobic amino acids [5, 8]. Many
of these amino acids are conserved across different CA isoforms with a high degree of
structural homology. This makes the design of isozyme selective modulators a

challenging task [24].



Pro 201

Gla 106 Pro 202
c IL Thr 200
Zn 2
His 96

b)

Figure 2: Representations depicting the X-ray crystal structure of the prototypical CA
isozyme, CA Il (a) showing a detailed view of its active pocket (b). Within the active site
(b), the hydrophobic residues are depicted in red while the hydrophilic amino acid

network is depicted in blue. Figure made using PyMol (DeLano Scientific)
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2.1.4 Catalytic mechanism of Carbonic Anhydrase

CA enzymes typically use a metal ion (Zn®* in a-, - and y-CAs, Fe?*/Co?*/Zn?*
in 3-CAs and Cd?* in {-CA) which favors in the reduction pKa of H,O from 15.7 to 7 [8,
11-14, 24, 31-33]. Human CAs use a Zn?* ion to decrease the pKa of H,O bound with
Zn?* jon which is also bound to histidine residues (His-94, His-96 and His-119). This
reduction of pKa favors in the removal of H* from the Zn-bound H-O in the inactive form
of the enzyme (Form D in Figure 3) to its catalytically active form (Form A in Figure 3).
This is the rate-limiting step for the enzyme. Deprotonation is further assisted by the
proton shuttle of the enzyme (BH" between form A and D, below figure). In CA I, His-
64 acts as a proton shuttle for rapidly moving the H* from the active site to the external
milieu [34, 35]. The metal bound OH" (Form B in Figure 3) is a very powerful
nucleophile which readily attacks the CO2, molecule, present in the hydrophobic pocked
of the enzyme, to form the tetragonal Zn-HCOs" ion complex (Form C in Figure 3). The
bicarbonate ion is subsequently displaced from Zn?* by another HO molecule, thus

closing the catalytic cycle (Form D in Figure 3).
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Figure 3: Schematic illustration of the catalytic mechanism of carbonic anhydrase.

The removal of the HCOz™ ion is facilitated by hydrophilic amino acid residues
lining half of the active site of CA (blue in Figure 2). The other half of the active site is
hydrophobic (comprised by Val-143, Val-121 shown in red in Figure 2), facilitating the
diffusion of non-polar substrate CO- to the active site. The amphiphilicity (both
hydrophobic and hydrophilic linings) of the active site of CA enzyme is dictated by the
nature of the reaction catalyzed and plays a very important role in the design of the CAs

inhibitors and activators [24].
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CHAPTER 3

DEVELOPMENT AND BIOLOGICAL EVALUATION OF CARBONIC

ANHYDRASE ACTIVATORS AS POTENTIAL NOOTROPICS

The goal of the studies included in this chapter was to correlate the structure of
the latest generation of CA activators synthesized in our lab with their physicochemical
and biological properties such as topological surface area, lipophilicity, solubility, CAs
activation profile, neurotoxicity and ability to enhance learning and memory. Our
working hypothesis was that CAs play an important role in learning and memory and
activation of CA isozymes can improve these processes, with the potential to treat mild
cognitive impairments (MCls) and dementias. Although a range of molecular and
clinical approaches imply a role for CA in learning, memory, and perhaps cognition, the
hypothesis that activation of brain CA isozymes improves all these processes could not
be tested experimentally until very recently due to lack of efficient CA activators with
appropriate pharmacokinetic and toxicity profiles that will allow them to cross the blood-
brain barrier (BBB) efficiently and to activate different CA isozymes present in the brain.
Improving on our previous designs, our lab recently introduced new series of CAAs with
structures that confer physicochemical properties within the optimal range for blood-

brain barrier penetration.
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3.1 Background and rationale
3.1.1 CAs and brain homeostasis

As mentioned above, the hydration reaction of CO: is critical for many
physiologic and pathologic processes [36, 37], with about 85% of total CO> produced in
the body being transported to lungs in bicarbonate form, after hydration by CA. Brain is a
major CO; producer. It oxidizes about a quarter of body’s glucose in order to maintain
homeostasis and ionic equilibrium. CAs are directly involved in cerebrospinal fluid
(CSF) secretion at the level of the choroid plexus, generating HCO3™ from CO2 and H2O,
and regulating, through ion hydration, the volume, buffering properties, and turnover of
CSF [21, 23, 38]. Currently, known human CA isozymes related to CNS, brain
distribution, cellular localization, intensity of expression and catalytic activity are

tabulated below (Table 2).
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Table 2: The human CA isozymes currently known isozymes related to CNS,
organ localization, distribution, cellular localization, intensity of expression and

catalytic activity.

Isozymes | CNS region Type of brain cells Intensity Location” | Catalytic References
of activity
expression (% CA 1D
| cerebral tissue, CSF, spinal neurons low C 14.3 [5, 39-41]
cord
I hippocampal CA1 pyramidal neurons, microglial cells, high Cc 100 [36, 42-
neurons, medulla, brain stem, epithelial cells, 58]
cerebellum, choroid plexus, oligodendrocytes, astrocytes,
choroid plexus cells
i choroid plexus epithelial cells, microglial low C 21.4 [44, 56,
cells 57]
v hippocampal pyramidal , neurons , glia and capillary high E 78.6 [26, 44,
luminal surface of cerebral endothelial cells 59, 60]
capillaries
\ hippocampus, cerebrum, spinal | pericytes, neurons, glial cells high M 20.7 [44, 61-
cord, cerebellum, Purkinje cell 63]
perikarya
VIl hippocampus CA1 region neuron (not in glial cells) high C 67.9 [58, 62,
64]
Vi hippocampus, medulla, brain neural cells, astrocytes, high C 0 [44, 62,
stem, cerebellum, choroid epithelial cells of the choroid 65-67]
plexus plexus, Purkinje cells
IX choroid plexus, ventricle, neuronal axons and Purkinje low E 27.1 [68-71]
cerebrum, cerebellum, cells
X medulla, brain stem, myelin sheath and neural low E 0 [44, 66,
cerebellum, choroid plexus, cells 67]
myelin sheath
Xl medulla, brain stem, neural cells, astrocytes, medium C 0 [44, 66,
cerebellum, choroid plexus epithelial cells of the choroid 67]
plexus
Xl cerebellum, cerebrum, corpus neurons of the cerebellum low E 30 [69, 72]
striatum, choroid plexus, and cerebrum
cortex, brain ventricles
XV hippocampus, corpus callosum, | neurons, astrocytes, high E 22.1 [26, 44,
cerebellar white matter and endothelial cells of the brain 73,74]

peduncles, pyramidal tract, and
choroid plexus, Pons and
medulla oblongata

capillaries
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CAs maintains ionic equilibrium and brain homeostasis at the cellular level
through different CA isozymes located in the neural, oligodendrocytes, endothelial cells,

astrocytes and glial cells (Figure 4) [19, 25, 26].
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Figure 4: Carbonic anhydrase (CA) isozymes present in various CNS cells. Adapted
from the reference [75].
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3.1.2 CA role in CNS related disease states

The critical role played by CAs in brain homeostasis and normal cerebral function
is emphasized in CA deficiency syndrome [36, 37]. This distinct genetic disorder is
characterized by severe pathological modifications of the lungs, kidney, brain and bone
metabolism [37]. Clinical data revealed that absence of CA 11 in these organs and blood is
associated with mental retardation, cerebral calcification, respiratory and renal tubular
acidosis, and inherited osteoporosis [37]. In patients with Alzheimer’s disease, the
expression level of CA was found to be significantly diminished compared to a healthy
adult [76]. Other recent redox proteomics studies demonstrate that isoforms CA I and CA
Il are oxidized or nitrosylated, which reduces the catalytic activity in the frontal cortex
and hippocampus of Alzheimer patients [77-79]. These modifications reduce the catalytic
power for hydration of CO> in different areas of the brain and indicate a direct connection
between reduced CA activity and impaired brain function. Similarly, there is a decrease
in level of CA expression was observed in the brain of older rats relative to younger rats

[76].

3.1.3 Mild Cognitive Impairment (MCI)

MCI is an intermediate stage between cognitive decline with normal aging
process and dementia, with symptoms such as loss of long-term and short-term memory.
MCI is an important clinical condition that is increasing in prevalence within western
societies [80]. The study of MCI is further advancing in the future through subtyping
MCI by cognitive decline, domain and etiology. A special place may be reserved for
early Alzheimer’s disease diagnosis at the MCI stage [80, 81]. Sometimes, MCI remains

stable over time or further deteriorates to dementia. Causation of this disease remains
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unknown [81]. Over the past decades, classification of MCI disease and the description of
the subtypes have been built up. Currently, there are a variety of reference terms, which
are important for understanding the prevalence, incidence, and outcomes that exist for
MCI and its best-studied subtypes [80]. Figure 5 illustrates the subtypes of MCI, along

the continuum from normal functioning to dementia.
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Figure 5. Conceptual model of the cognitive continuum, from normal aging to dementia
[80].

Currently, there is no cure for MCI [82]. As MCI is considered a prodromal state
to Alzheimer’s disease, treatments proposed for Alzheimer’s disease, such as antioxidants

and cholinesterase inhibitors, are currently used for therapy of MCI [83].
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Unfortunately, all marketed drugs in use proved inefficient in treating MCI. The
main reason is that etiology of this disease is not fully understood. However, CA has a
profound involvement in the general activity of the brain with a potential significant
contribution to memory and learning. The use of CA inhibitors was clearly associated
with cognition impairments. Therefore, in order to develop a drug candidate against MCI
we have decided to study the effects of CA activation and to assess its role towards

improving learning and memory.

3.1.4 Hippocampal CA 1 pyramidal cells and learning and memory

Cognition can be broadly seen as a set of complex cerebral networks. Synaptic
plasticity, strengthening, or modulating of signaling pathways can occur through long-
term potentiation, elicited by a short period of high-frequent stimulations. One of the
critical areas for learning and memory formation is the hippocampal region, with CAl
pyramidal cells playing a vital role [84, 85].

The CAL pyramidal neurons receive three major inputs: cholinergic,
glutamatergic inputs and GABAergic [86, 87]. Of the three inputs, the glutamatergic and
cholinergic inputs elicit an excitatory action, while the GABAergic input is inhibitory.

In CAL pyramidal cells, one can find mitochondrial isoform CA V, cytosolic CA
I, CA VIl isozymes and the membrane-bound isoforms CA IV and CA XIV (Figure 6)
[19, 25, 26]. These isozymes actively transport CO2, the by-product of oxidative
phosphorylation, from mitochondria to the exterior of the cell, and also neutralize the pH
gradients in mitochondria, cytosol and external milieu of cells [15]. Mechanisms that

govern H™ ions concentration in the intracellular and extracellular fluid are especially
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important in the brain, because electrical activity can elicit rapid pH changes in both
compartments. These acid-base transients may in turn influence neural activity either
directly or indirectly by affecting a variety of ion channels, receptors and
neurotransmitters [22]. A slight change in extracellular pH often accompanies
synchronous change in neural activity. Significant pH change would likely have a major
influence over neural activity, over ionization of neurotransmitters and therefore, learning
and memory [22]. Steep pH gradients, as high as 0.1 pH units, which are generated by
neuronal discharge can be superimposed on the normal flux of protons caused by aerobic
metabolism [22]. A very tight pH control is critical in this case, since small pH variations
can significantly affect the membrane polarization and the ionization of key
neurotransmitters, such as glutamate, GABA, and dopamine [88]. Protons compete for
the channel flux of NMDA (N-methyl-D-aspartate) receptors and thereby reduce channel
conductance to other cations into the cell [89, 90]. Thus, NMDA receptors are strongly
modulated by changes in extracellular pH [91-94]. An increase in extracellular pH
facilitates the activation of postsynaptic NMDA receptor responses in hippocampal CAl
pyramidal neurons, whereas a decrease in extracellular pH inhibits the ion channel

function [88].
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Figure 6: Schematics of CO> flux in hippocampal CA 1 pyramidal cell, revealing the CA
isozymes believed to be involved in the process and the three different CO2/HCO3 pools
(extracellular (e), cytosolic (c) and mitochondrial (m)) equilibrated by them. Adapted

from reference [15].

3.1.5 CArole in learning and memory

Focusing on the role of CAs in hippocampus and CA 1 pyramidal cells, the
expression of cytosolic CA VII isozyme was suggested to act as a molecular switch
within the rat hippocampus in the second postnatal week. This event was found to
correspond to synchronous gamma-frequency firing of hippocampal CA1 pyramidal
cells, which aids synaptic plasticity [64]. Moreover, NMDA receptor-dependent raise of
extra cellular pH of CA 1 pyramidal neurons was found to be regulated by extracellular
CA X1V in wild type, but not in CA XIV-knockout mouse, suggesting that a change in
extracellular pH modulated by this particular isozyme have impacted pH-sensitive
NMDA receptors responses [95]. In particular the, 2B subunit (NR2B) of NMDA
receptor, which is necessary for long term potentiation (LTP), showed an overexpression

in NR2B transgenic mice but not in the wild type mice. This over-expression of NR2B
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resulted in increasing concentrations of CA Il isozyme, showing an indirect relationship
between CA 1l isozyme and LTP [96, 97]. Another observation of the role of CA in
learning and memory was the finding that CA 1X-deficient (Car 9-/-) mice performed
poorly in acquisition and retrieval tasks on the Morris water maze (MWM) model [68].
These mice also had reduced motor activity in a T-maze test, without changes in their
locomotor activity, in open/dark field, or balance beam tests compared to wild-type
control mice [68] suggesting that the loss of CA had more selective effects on memory.
CA inhibitor methazolamide infused nasally in rats impaired CO2 discrimination in an
operant learning task by reducing the CO> detection threshold, suggesting that CA
activity influences olfactory neurons, perhaps through a role in the transduction
mechanism of CO> chemoreceptors [98] or perhaps by disrupting the discrimination in
the operant task. These studies in rodents suggest a role of CA in learning and memory.
There is less evidence available in humans, however, acetazolamide, a CA
inhibitor which is used to treat acute mountain sickness, showed signs of reduced mental
alertness [99]. Topiramate, an antiepileptic and a strong CA inhibitor, showed cognition
deficits in humans upon regular use [100]. Taken together, these observations support a
connection between reduced CA activity and impaired learning and memory. In this
context, our findings that CA activation can prevent memory deficits is not very

surprising.
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3.1.6 Mechanism of action of CAAs in learning and memory enhancement

A class of pharmaceuticals that increase the catalytic activity of carbonic
anhydrase enzyme are called carbonic anhydrase activators (CAAs). Although CA
inhibition was being extensively studied and several compounds have made it into the
clinic for the treatment of various diseases, the field of CAAs was largely unexplored for
decades (vide infra). In early 2000’s, Alkon et al. suggested that GABAergic synaptic
responses could be switched from inhibitory to excitatory and demonstrated that
this synaptic switching depends on the increased HCO3™ conductance and CA
activity through the GABAA receptor channel complex [101, 102]. As mentioned
above, we currently know that several CA isozymes are present in hippocampus CA1
pyramidal cells and the CA inhibitor acetazolamide was effective in blocking the
GABAEergic response in these neurons [103]. In their studies, Sun and Alkon showed that
CA activator phenylalanine changed the function of GABAergic synapses from excitation
filter to amplifier, which facilitates depolarization of the neurons, synchronous firing and
thereby Long-term Potentiation (LTP) (Figure 7) [101].

LTP represents a persistent increase in synaptic strength following high-frequency
stimulation of a chemical synapse, which increases the amount of neurotransmitter
released at the synapse of the neurons and the number of receptors available for its
uptake. Rats injected with the CA activators phenylalanine or imidazole had significantly
faster latencies to escape in the Morris Water maze. The CA inhibitor acetazolamide
prevented these improvements [101]. A very recent study by Canto de Souza et al. shows
that mice injected with CAA phenylalanine have shown improved learning compared

with a saline control group. Phosphorylation of extracellular signaling kinase in cortex

23



and hippocampus was advanced as molecular consequences of the use of CAAs [104].
Phosphorylation of extracellular signaling kinase (Erk) is a known pathway that mediates
gene transcription and translation in neurons and plays an important role in synaptic

plasticity and LTP in cortex and hippocampus.

Repeated stimulation

LTP

Figure 7: Long-term potentiation (LTP) increases the amount of neurotransmitter
released at the synapse of the neurons and the number of receptors available for its uptake

which is a vital step in the memory formation.

In terms of mechanism, LTP produced by CAL pyramidal neurons and neurons
from the frontal cortex involved in learning and memory can be conceptually achieved by
switching the GABA synapse from inhibitory to excitatory, as described by Sun and
Alkon [102, 105, 106]. Thus, inhibitory action of GABA is caused by binding of GABA
neurotransmitter to GABAA receptors (GABAARS), which open up and allow CI" to move
inside the neuron, causing a drop-in membrane potential from -70 mV (resting membrane
potential) to -85 mV. Once a membrane potential (Vm) of -85 mV is reached, no CI

inward flux is possible; however, the GABAAaRSs are permeable to HCOs™ too, in both
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senses (similarly to CI"), with CI" having five times higher affinity for GABARs as
compared with HCO3". Since the HCOz™ equilibrium potential is -12.5 mV, HCO3™ can
freely flow out from the neuron through the open GABAARS, depolarizing the membrane
towards the -55 mV firing threshold (excitatory action). This flow though of HCOs" is
dependent on the activity of intracellular/extracellular CAs, which can produce/consume
HCOs inside/outside the cell (Figure 8). Thus, the activation of these CA isozymes can
move Vr towards the threshold potential required for the neuron to fire (-55 mV) via the
HCOs flux and accomplish the GABAARS switch from inhibitory to excitatory. As a
direct consequence, the overall stimulation of the neuron can generate more downstream

action when CAs are activated, thus favoring LTP.

CA
COZ + H20_‘7—HCO3- + H+
: GABAA
i CA

CO, + Hy,O—==HCOj5 + H*

Figure 8. Bicarbonate dependent switch of GABA-mediated synapses from excitatory
input filter (inhibitory action) into an amplifier (excitatory action) depends on the

catalytic activity of CA isozymes present inside and outside the cell [102].
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Since the activity of CAs can be modulated by CAAs, this mechanism
constitutes, together with the other indirect evidence presented above, the basis for
considering CAAs as enhancing memory and learning (nootropic action) and
potentially toward their use in treating various cognitive impairments or

dysfunctions such as MCI.

3.2. CA activators investigated: design evolution and rationale

Despite the fact that activation of CA was reported [107] almost simultaneously
with its inhibition [108], the field of CAAs remained rather unexplored for decades. The
first activators identified were usually small molecules such as EDTA [109], histamine
[110], imidazole, phosphate, histidine and hemoglobin [111-113], which are close
structures to the biological proton shuttling group His-64 of CA Il. Coleman [114]
demonstrated CA activation with lysine, polylysine, imidazole, glycine, and histamine.
Other natural molecules with basic moieties, such as amino acid phenylalanine 1, tyrosine
2, biogenic amines histamine 3, serotonin 4, and various peptides were also investigated
and found to be CA activators with various potencies [115]. A structure-activity
relationship (SAR) study revealed that efficient CA activators possess a proton-shuttling
group attached to a hydrophobic/amphiphilic aromatic/heterocyclic anchor via a short,
flexible linker (Figure 9) [115]. It was understood that CA activators act by speeding up

the deprotonation of zinc bound water (the rate-determining step, equation (2) in the
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catalytic mechanism) [115, 116], with generation of the active form of the enzyme [111]

(see equations below):

+H20
—= EZn’"-OH, + HCO; (1)

EZn*"-OH" + CO, === EZn*'-HCO;

EZn’>*-OH, === EZn’"-OH" + H"  -rate determining step-  (2)

In the presence of an activator ‘A’, equation (2) becomes (3):

EZn*' - OH, + A ===|EZn?" - OH,------ A == EZn* - OH------ AH*|<==EZn* - OH +AH’

©)

enzyme-activator complex

Comprehensive structure-activity relationship (SAR) studies, done by our team,
revealed that efficient CA activators (CAAS) possess a proton-shuttling group attached to

a hydrophobic/amphiphilic aromatic/heterocyclic anchor via a short, flexible linker (Figure

9) [15].
Hydrophobic/
amphiphilic iLinker (1-2C atoms) ;:ztttolg
Anchor

Figure 9. General structure of a carbonic anhydrase activator

Subsequent CAA designs using amino group as proton shuttling group (5-7)
identified pyridinium moiety as an efficient heterocyclic amphiphilic anchor (Chart 1)
[117]. Activation of CA with bis-(N1)-azoles such as bis-(N1)-imidazole 8 had been
discovered almost simultaneously. In these compounds, one imidazole ring acts as

hydrophobic anchor and the other one as proton shuttle (Chart 1) [118, 119].
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Chart 1. Evolution of CA activators design and the activation potency of compounds 1-
17 tested or developed previously [115, 118, 120-124]. The specific series of CA

activators 18 and 19-20 (boxed) developed for this section are used in this CA activation

project to triangulate on key CA isozymes involved in learning and memory.

Amino and azole proton-shuttling groups were used extensively in early CAA

design, in combination with various anchors (Chart 1) [115]. Several key SAR studies from

our team, [110, 121] supported by X-ray crystallography studies [125-132] clearly

established imidazole moiety as one of the most efficient proton-shuttling groups available.

It was successfully used in the design of potent CAAs in combination with pyridinium,

[121, 124] peptidyl [122] and other anchors.

Structural analyses of available CA activators (Chart 1) reveals that most CAAs are

polar compounds with a limited ability to pass the BBB. Therefore, our group recently
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developed novel bis-imidazole CA activators (18) that proved nanomolar potent against
mitochondrial CA VA and cytosolic CA VII [15]. The new compounds were derived from
their pyridinium histamine predecessors 15-17, with whom shared the flexible and compact
ethyleneimidazole moiety but used a second imidazolic ring as amphiphilic heterocyclic
anchor. This retained the potency against CA isozymes but made the new compounds 18
less polar, allowing them to cross the BBB.

However, the brain penetration of the most potent compounds from series 18
(CAAs 18a-c) was found to be suboptimal, so our group replaced the ethylene linker in 18
with a more lipophilic phenylene one (1,3- or 1,4 disubstituted), generating bis-phenylene-
imidazoles 19 and 20 (Chart 1). Their structure was confirmed by *H- and **C-NMR and
high-resolution mass spectrometry (HRMS). The full activation profile of series 19 and 20
against mitochondrial CA VA, cytosolic CA I, CA I, CA VII, and membrane-bound CA
IV, CA IX, CA XII, and CA XIV was conducted at University of Florence by Dr. Claudiu

Supuran (Table 3).
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Table 3: Activation of CA isozymes (mitochondrial in brown, cytosolic in green,
membrane-bound in blue) with bis-imidazole derivatives of type 18, 19 and 20 and

histamine 3, by a stopped-flow, CO> hydrase assay. *

Histamine 3 .
18a 164 | 685 | 125
18b 235 | 693 | 451
18¢c (MAI27) | 113 | 768 | 237
18d 481 | 804
18e 286 | 187

9.51 8.63 139
13.1 5.40 10.2
247 6.13 18.9
20.1 9.85 24.6
18.5 12.6 25.9

19a 125 | 423 | 102 | 781 6.54
19b 342 | 445 6.23 141
19¢ B10 | 502 9.50 10.2
19d 642 | 493 9.21 18.5

19e (BD 117) | 550 | 51.7 124 | 248
20a 113 | 368 7.58 10.5 139
20b 142 | 380 | 123 107 | 141
20¢c 321 353 5.04 14.4 10.2
20d 497 | 271 893 215 185
20e

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of £ 5-10 % of the
reported values). Monomeric (recombinant) human enzymes were used in all cases.
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3.3. Materials and methods
Materials

Solvents (methanol, ethanol, dichloromethane, acetone, acetonitrile,
trifluoroethanol, all HPLC quality) were purchased from EMD (Gibbstown, NJ), Fisher
Scientific (Hampton, NH) or VWR International (Radnor, PA) and were used as
received. Deionized water produced from a Millipore MilliQ system (Burlington, MA)
was used in all experiments that required it. Drugs were purchased from various vendors:
Ketamine from Fort Dodge Animal Health (Parsippany-Troy Hills, NJ), scopolamine
from Tocris Bioscience (Minneapolis, MN), acetazolamide, verapamil and retinoic acid
from Sigma-Aldrich (St. Louis, MO). Human neuroblastoma cell line (SH-SY5Y) was
purchased from ATCC (Manassas, VA). Propafenone was purchased from LKT
laboratories (Saint Paul, MN). Mouse CD 1 liver microsomes from Life technologies
(Carlsbad, CA). Dulbecco’s Modified Eagle’s medium (DMEM), RPMI-1640, and
McCoy’s 5A media was purchased from Mediatech-Corning (Manassas, VA) and fetal
bovine serum (FBS), brain derived neurotrophic factor (BDNF) was from Fisher
Scientific (Pittsburgh, PA). The 3-(4,5- Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), phosphate-buffered saline (PBS), dimethyl sulfoxide (DMSO) and
water-soluble tetrazolium salt-8 (WST-8) were purchased from VWR International (West

Chester, PA).

Methods

3.3.1 TPSA and Log P calculation
Topological Polar Surface Area (TPSA) and Log P were calculated for all

compounds using the ChemDraw software.
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3.3.2 Determination of solubility

The solubility assay was performed as reported using a shake well method [133,
134]. To determine solubility, an initial stock solution (10 mM) for each CAA was made
in DMSO. An amount of 40 pL of each stock solution was diluted with PBS to 2 mL to
give a final DMSO concentration of 2 % and a theoretical drug concentration of 200 puM.
Vials were vortexed for 1 min each and shaken for 48 h on a mechanical shaker. Each
CAA drug solution was subsequently filtered into a new vial using a 0.2 um nylon filter
to remove the undissolved drug. Subsequently, 800 pL of the filtrate was moved to a new
vial containing 200 pL of methanol or an organic solvent.

Separately, the Amax for the absorbance of the individual CAA compounds were
found using a solution of drug in an amphiphilic solvent (MeOH, EtOH, TFE) via a UV-
Vis spectrophotometer. The drug concentration in the filtrate was determined by
absorbance at their Amax via a UV-Vis spectrophotometer against a calibration curve

constructed with drug solution of known concentration in a good solvent (organic) [134].

3.3.2 TPSA and Log P calculation
Topological Polar Surface Area (TPSA) and Log P were calculated for all

compounds using the ChemDraw software.

3.3.3 Cytotoxicity assay
The cytotoxicity assay was performed on differentiated SH-SY5Y cells, using an
adaptation of an existing procedure [135-138]. Thus, SH-SY5Y cells were plated at the

density of 5000 cells per well using 1:1 of Ham's F12 and DMEM media mixture
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supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 1% L-
glutamine, 100 U/mL penicillin-G, and 100 pg/mL streptomycin on 96 well collagen
coated plates. Plates were placed in the incubator for 24 h to allow cells to attach. After
24 h of cell plating, cell differentiation into neuron-like cells was induced by treatment
with retinoic acid (5 UM in media) and brain derived neurotrophic factor (BDNF, 10
ng/ml in media) at 37 °C and 5% CO,. Five days later cells were washed with serum free
media and treated with 10 % WST-8 solution for 1.5 h in incubator and read at 450 nm
with reference 650 nm. Cells were then washed with PBS and treated with media
containing different concentrations of drugs and placed back in the incubator for 24 h.
After a day, cells were washed with PBS and treated with 10 % WST-8 solution for 1.5 h

in an incubator and read at 450 nm with reference 650 nm.

3.3.4 Cell uptake and morphological studies of 19e (BD117)

The uptake of the lead drug candidate, 19e (BD117) was investigated by confocal
microscopy, using a similar procedure as stated in the cytotoxicity assay of this chapter
[135-138]. Briefly, SH-SY5Y cells were seeded on gelatin/collagen coated glass slides
in 6 well plates at density of 150 k cells/well using 1:1 of Ham's F12 and DMEM media
mixture supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 1%
L-glutamine, 100 U/mL penicillin-G, and 100 pug/mL streptomycin on a 6 well plate.
Plates were incubated for 24 h to allow cells to attach. After a day, differentiation was
induced by treating cells with retinoic acid (RA) 5 uM and 10 ng/ml BDNF in media.
After 5 days in the incubator, cells were washed with serum free media and treated with

19e (BD117) at a concentration of 10 uM for 30 min. Cells were then washed with PBS
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and examined under the confocal microscope for any differences in morphology post

treatment.

3.3.5 In vivo uptake of 19e (BD117) determined via mouse brain imaging

In vivo uptake of selected CAA candidates was investigated by confocal
microscopy, using an established procedure [139]. Swiss-Webster male mice, weight 20-
25 g were dosed with 30 mg/kg of 19e (BD117) compound or saline. Animals were
euthanized 30 min after injection by CO2 asphyxiation, followed by decapitation. Brains
were extracted and stored at -70°C. Microscopy slides with brain slices (30 pm
thickness) were made from all areas of the frozen brains using a microtome cryostat
operating at -20° C. Brain slices were fixed by incubating the microscopy slides into 10
% paraformaldehyde for fixation. Fixation terminates any ongoing biochemical reactions
and increases the mechanical strength of the treated tissues with paraformaldehyde.
Approximately 15 microscopy slides containing various areas of the brain were made
following this procedure. Prepared slides were subsequently imaged using confocal
microscopy (dual excitation 405, 561 nm, emission above 565 nm, optical parameters
tuned to minimize tissue autofluorescence). Same optical parameters were used for all

imaging (saline/CAA injections).

3.3.6 Microsomal stability
Microsomal stability was determined by a standard procedure [133, 140, 141].
The clearance of test compounds in mouse liver microsomes was determined at 37 °C,

using 96-deep well polypropylene plates. Each drug candidate was tested in triplicates. A
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volume of 1 uM of the test compound was made in 0.5 mL of a solution containing 100
mM potassium phosphate buffer (pH 7.4) with 0.5 mg/mL liver microsomes from male
CD-1 mice, 2 mM tetra-sodium NADPH (co-factor) and 3 mM magnesium chloride
incubated for 60 min, at 37 °C, with gentle shaking using shaker plate. At five different
time points, 75 pL of reaction mixture was transferred to 96-shallow well stop plates on
ice containing 225 mL of acetonitrile with 0.1 uM propafenone as internal standard.
Control reactions lacking NADPH, which is a cofactor, were performed in a similar
manner to demonstrate NADPH dependency of compound loss. Verapamil was used as a
positive control as it has rapid clearance. Standard curves for test compounds were
generated using 5 concentrations in duplicate which were processed as above but with no
incubation time with microsomes. Stop plates were centrifuged at 2000g for 10 min and
then 170 pL of the supernatants were transferred to a Waters Aquity UPLC 700 pL 96-
well sample plate with cap mat. The amount of compound remaining in the supernatant
was quantified by LC/MS/MS based on the internal standard. GraphPad Prism v 5.04 was

used for nonlinear fitting of time course data [133].

3.3.7 Novel Object Recognition Test (NORT)

The NORT was performed using Swiss-Webster male mice, weight 25-45 g based
on the procedure developed previously [142-144]. For NORT, transparent polycarbonate
cages of dimensions 16 %L x 11 7/8 “°W x 7°’H were selected. The objects used during
testing were a 4>’ Lego figure and a plastic bottle of same height and dimension but
different in color and design. The entire cage was spread uniformly with corn cob

bedding and was placed in a ventilated sound-attenuated box. This was illuminated with
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lights from inside. Trials were video recorded and later coded by an experimenter [142-
144].

As prerequisites, the objects to be used were first assessed to ensure that the mice
neither inherently preferred nor averted these objects, and that both objects would be
explored for similar duration upon initial exposures. All cages were disinfected before
and after each trial. Exploration was defined as directing the nose to the object at no more
than 2 cm and/or touching the object with the nose or mouth. Rearing up on the object
was not counted unless the mice faced towards, but not away form, the object [145].

Procedure. The procedure involves three steps. In the initial habituation phase, an
individual mouse which was naive to behavioral testing, was habituated to the testing
cage for 5 min, within a sound-attenuated box. Subsequently, the animal was returned to
the home cage. After 1 h, the first trial (training phase) was started and the mouse was
placed again in the testing cage that contained two identical objects, placed on the left
and right of the mouse entrance (Figure. 10). The animals were placed in the testing cage
facing away from two objects equidistantly. The amount of time spent exploring each
object was recorded over a 5 min period. At the end of training phase, mice were returned
to the home cage for 1 h. Each animal was placed back to the same testing cage for
second trial (testing phase), which now contained one of the prior objects and a novel
object, which replaced the second (familiar) object in the same location (Figure 10). The
amount of time spent exploring each object was recorded over a 5 min period. Familiar
and novel objects, cage locations, object locations were counterbalanced between the
subjects. Control mice were individually injected with isotonic sterile saline 30 min after

cage habituation. Another group of mice were injected with drug 30 min after cage
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habituation. After analyzing the videos, the average time used by animals to explore each
object was plotted and compared for the drug-treated mice vs. saline treated mice, in both
training phase and testing phase. These parameters were recorded and plotted at different
drug concentrations, in order to construct a dose-response curve. Once the dose response
curve was developed, an optimal dose was used for subsequent experiments.

To test for a disruption of recognition memory, scopolamine, ketamine, and
acetazolamide were examined as previously described [104, 143, 146]. In these studies,
after training phase, mice were injected IP with a dose of 1-10 mg/kg scopolamine, or 1-
56 mg/kg of ketamine or 1-10 mg/kg acetazolamide immediately after the training phase.
One hour later, mice were returned to testing cages for testing phase, as described above.
Once a disruption dose was established, we have assessed the ability of the CAA to

prevent the memory disruption generated by scopolamine/ketamine/acetazolamide.

s ce ce
] 7] O _

Habituation Training phase Testing phase
S5min 1hr 5min 1hr S5min

0 min 5min 35 min 60min 65 min 120 min 125 min

A s

Saline/CAA Saline/Amnestic

Figure 10. Experimental design for the 2-object Novel Object Recognition test.

Data and statistical analysis. In order to measure differences in exploration of the
two objects in the training phase or between the familiar versus a novel object in the
testing phase, a two-tailed, paired Student's t-test was run on exploration times of all
animal groups (n specified in each case). Significance was set at P < 0.05 for all statistical

tests.
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3.3.8 Simple 1-day operant task

Simple 1-day operant task was performed on Swiss-Webster male mice,
weighting 25-45 g, based on the procedure developed in Dr. Walker’s laboratory [142,
147-149].

Apparatus. Twelve experimental chambers (21.6 x 17.8 x 12.7 cm, Model ENV-
307W; MED Associates, St. Albans, Vermont, USA) were used, each located in a sound
attenuating enclosure. One side wall of the operant chamber contained three receptacles:
one large dipper hole in the center (ENV-313M) and two smaller nosepoke holes on the
left and right (ENV-313W). A dipper well and a food delivery arm driven by a motor
were located behind the center dipper hole. The opposite wall had a house light that
illuminated the chamber during the session in progress. Nose-poke responses into each
hole were detected by photocell head entry detectors (ENV303HD) and were recorded.
Each chamber was equipped with an audible tone device (Sonalert, 2900 Hz; Mallory
Sonalert, Indianapolis, Indiana, USA). The chambers were connected to a computer-
driven interface (Model SG-502; MED Associates), which controlled the experimental
conditions and collected the data [142, 147-149].

Procedure. Mice were separated into individual cages, weighed, and food-
restricted for 24 h before day 1 of acquisition. Water was left available ad libitum. An
acquisition session (session 1) and after 1 h later a retrieval session (session 2) were
performed. To study the effect of the selected drug candidate on the acquisition and
retrieval of a simple 1-day operant task, mice were injected with saline control or with
drug (at a dose optimized based on the NORT) 30 min before the start of the session. At

the start of session 1, mice were placed in the experimental chamber, the house light was
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lit, and a tone occurred on a variable-time schedule (mean of 45 seconds; range, 4-132
seconds). The tone remained on for 6 sec or until a nose-poke response occurred. If a
nose-poke response occurred in the center receptacle during the tone, a 0.01 cm?® dipper
filled with a vanilla-flavored liquid nutritional drink Ensure Plus/water (50:50) solution
was presented for 3 sec in the center-hole nose-poke area, and the tone was turned off.
This reinforce was counted as a reward. Nose-poke responses in the absence of the tone
were counted but had no programmed consequences. Session 1 lasted for 1 h or until 10
rewards were obtained. Mice were returned to their home cages for 1 h. After 1 h, mice
were tested in session 2 (retrieval) using the same set of contingencies, although the
procedure lasted for 2 h or until 20 reinforces are made. To test the effects of either
saline, a dose of scopolamine, acetazolamide, or ketamine on consolidation and/or
retrieval, mice were injected immediately after session 1. To test for enhancement of
acquisition, mice were injected 30 min before session 1 with saline or a dose of 19e
(BD117) or 18c (MAI27). To evaluate whether the administration of 19e (BD117) would
alter the effects of ketamine, mice were injected with 19e (BD117) 30 min before session
1 and acetazolamide immediately after session 1. To evaluate whether the administration
of 18c (MAI27) would alter the effects of ketamine, both 18c (MAI27) and ketamine
were injected after session 1 to prevent disruption from 18c (MAI27) in session 1. Nose-
poke responses in the left and right poke (inactive pokes) were counted but responses had
no consequences. Session 1 lasted 1 h or until 10 reinforcers were obtained. If mice
completed the session before 1 h, the houselight was turned off and the mouse remained
in the darkened, experimental chamber until a full 1 h had expired. Mice were then

removed from the experimental chamber, injected with drug or saline, and returned to
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their homecage for 1 h. In session 2 (retrieval), the procedure was repeated as described
above, except that the session lasted 2 h or until 20 reinforcers were obtained.

Data and statistical analysis. The acquisition (session 1) and retrieval (session 2)
of the nose-poke responses were measured using mean adjusted latency, calculated as the
lapsed time in seconds to the 10™" reinforced response minus the latency to the first
reinforced response (L10— L1). As the tone was presented on a variable time schedule,
this adjustment corrected for the different times of exposure from 4 to 132 s for the first
tone presentations. The reinforced response rate was calculated as the total number of
reinforced nose-pokes over the entire session divided by the total time in seconds,
regardless of the presence or absence of auditory tone. The reinforced response rate
served as an indicator of overall activity, motivational responses, and an assessment for
motor response deficits on the measure of adjusted latency. The left and right nose-pokes
were recorded even though there were no programmed consequences. The nonreinforced
response rate was calculated as the total number of left and right nose-pokes over the
entire session divided by the total time in seconds, regardless of the presence or absence
of auditory tone.

Data from all the mice were included in the acquisition and retrieval response rate
measures from session 1. However, mice that failed to achieve at least five reinforcers
during session 1 were excluded from the mean adjusted latency measure for both sessions
1 and 2, as it was deemed inappropriate to evaluate the retrieval of a response from which
the mouse was insufficiently reinforced or not reinforced at all. The number of mice that

failed to reach the data inclusion criteria is reported in the figure legends.
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A set of control mice injected with saline were tested alongside each drug or drug
combination. To compare the ability of mice to learn and retrieve a novel nose-poke
response after saline injections, paired t-tests were used to compare session 1 and session
2 adjusted latencies, reinforced response rates, or nonreinforced response rates in all the
mice injected with saline across all the experiments (n=64). To examine the effect of drug
dose and session 1 versus 2 on adjusted latencies, reinforced response rates, or
nonreinforced response rates, a mixed model, two-way analysis of variance (ANOVA)
was used with Bonferroni post-hoc tests for each measure. Significance was set at P less

than 0.05 for all analyses.
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3.4 Results and discussion

The objective of these studies were to determine if the synthesized CAAS series
19 and 20 can pass the BBB based on their specific physiochemical properties and if
these compounds were able to elicit positive effects on learning and memory in mice.
Ideally, CNS drugs must efficiently pass the blood-brain barrier and reach the brain in a
significant concentration to alter learning and memory. From there, drugs can partition
back into the blood or might be metabolized over time, and their metabolites can be
eliminated from the brain. Therefore, in our research, the physicochemical properties of
the synthesized compounds are important factors to be determined. It is also important to
establish structure-property relationship for these compounds based on their
pharmacophore substitution to continue to design better compounds and understand their

relationship to our functional outcome of learning and memory.

3.4.1 LogP

Lipophilicity of a molecule is defined as its ability to dissolve in hydrophobic
phases such as organic solvents (oils, hexane or toluene). Lipophilicity can be evaluated
using the partition coefficient P, defined as the ratio between concentrations of
compounds in two immiscible solvents of opposite polarities. Lipophilicity can be
determined experimentally and expressed as log P or calculated by using in silico
methods (clogP). The lipophilicity of a compound is usually revealed by its partition
coefficient (P), defined by the ratio of the compound’s concentration in a hydrophobic,
organic layer and an aqueous polar layer [150]. A typical pair of solvents used for

determination of P is n-octanol and water. Other pairs, such as CHCls/water (of different
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buffers) are also used in P/logP determination. These two solvents are chosen because
they are immiscible, and the compound being analyzed will partition into both solvents at
different concentrations due to its specific physicochemical properties. It can be
determined experimentally and expressed as log P or calculated by using in silico
methods (clogP). Nowadays, chemistry software such as ChemUltra suite can predict the
lipophilicity and partition coefficient of a compound quite accurately, generating a
calculated P or calculated log P (clogP) values. Using this software, we obtained the
cLogP values, which are tabulated in Table 4. The optimal range for the partition
coefficient of the compound to pass the blood brain barrier is between 1.5 and 2.7. The
upper limit of this range is about 3, while the lower is 1 [151]. Compounds with clogP
between 1-5 were selected for subsequent in vitro and in vivo tests.

Based on pharmacophore substitution for these two series of CAA, one would
predict the order of lipophilicity of the calculated log Ps, from most hydrophilic (19a,
20a) to the most lipophilic compounds (19e (BD117), 20e). These clog P values obtained
suggest that these novel molecules should possess excellent BBB penetration and allow

testing of learning and memory.

3.4.2 TPSA

The polar surface area (PSA) of a compound is the summation of surface area
overall polar atoms, primarily nitrogen and oxygen, together with their attached
hydrogens [152]. Topological polar surface area (TPSA) of a molecule is the sum of
tabulated surface contributions of polar fragments [153]. Tabulated PSA values for

various fragments are available online [153]. In order to penetrate the BBB and thus act
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on targets in the central nervous system, a PSA of less than 90 A? is usually needed for a
drug candidate [154]. PSA was calculated for all our compounds using the ChemDraw
software and was found to be about 49 AZ for all representatives. These calculated values
also suggest the two series of CAAs would possess suggesting a good BBB penetration

profile (Table 4).

3.4.3 Solubility

The solubility of the drug represents a critical Adsorption Distribution
Metabolism and Elimination (ADME) characteristic. A high enough concentration of
drug in the blood is needed to produce an optimal level of drug to reach its target and
elicit an action. The purpose of this assay is to quantitatively determine the aqueous
solubility of CAAs. This is important for many reasons. Specifically, for CNS drug
candidates, the compound must have a high enough concentration in plasma to be able to
pass the BBB. Diffusion across the BBB is a kinetic process, therefore a significant
concentration of drug in the blood is needed in order to produce an optimal concentration

of drug at its receptor in the brain.
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Figure 11. Absorption spectrum of CA activators 19 and 20 investigated in this study.
The absorbance maximum Amax Was used to determine the concentration of the

compounds in different phases.
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Table 4: Solubility, lipophilicity and TPSA values of CAAs series 19 and 20

investigated, together with their main optical properties (absorbance maximums).

Compound | Absorbance Solubility TPSA | CLogP*
maximum (UM) (A2
(Amax, NmM)
19a 286 43.85 48.78 0.83
19b 290 32.41 48.78 2.17
19c 288 30.86 48.78 3.32
19d 290 4.12 48.78 4.29
19e (BD117) 318 1.03 48.78 4.94
20a 254 24.53 48.78 0.83
20b 256 24.05 48.78 2.17
20c 256 22.21 48.78 3.32
20d 256 18.58 48.78 4.29
20e 292 4.03 48.78 4.94

TPSA and ClogP determined with ChemDraw Ultra v. 12.0

Absorbance spectrums and the position of absorbance maximum for various CA
activators are depicted Figure 11 and are tabulated in Table 4 respectively. The solubility
of each CAA was determined at the absorbance maximum, as presented in the
experimental section. Ideally, plasma concentration of a CNS drug candidate has to be
higher than 60 pg/mL [154]. It is difficult to design a potent CAA that is lipophilic
enough to cross the BBB and at the same time that has a good aqueous solubility. Efforts

to balance the two parameters are required in drug design. In drug development practice,
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a solubility lower than 60 pug/mL can be observed for many CNS drugs in current clinical
use as the lipophilicity is a more important parameter for these kinds of drugs than

aqueous solubility. [155].

3.4.4 Cytotoxicity

Any drug candidate that is expected to be able to penetrate the BBB easily and to
remain in the brain for a significant amount of time must be devoid of any toxic effects.
In order to test the toxicity of our CAAs, we adapted a validated assay that simulated the
brain microenvironment in vitro [135-138]. Thus, we have differentiated the
neuroblastoma SH-SY5Y cells into neuron-like cells by treating them with retinoic acid
and BDNF. Once differentiated, these cells mimic the neuronal structures of the human

brain (Figure 12) [135-138] and allow the evaluation of CAA cytotoxicity with high

sensitivity using a formazan-based viability assay [156].

Figure 12. The differentiated SH-SY5Y cell model used for cytotoxicity testing of our
novel CAAs. Representative phase contrast images of proliferative (standard, non-
differentiated) SH-SY5Y cells in culture medium with 10% of FBS (A) and of
differentiated SH-SY5Y cells, cultured for seven days with 10 uM RA and BDNF in
culture medium with 1% of FBS (B). Note the stellate morphology and neurites in
differentiated cells (400x magnification, bar = 50 pum).
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We selected the WST-8 formazan-type assay due to its very low toxicity, after
conducting a direct toxicity comparison with the more popular WST-1 and MTT assays
based on the same formazan technology, on several cell lines (data not shown) [156,
157]. We assessed the cytotoxicity of CAAs series 19 and 20 using WST-8 assay at a
concentration of 10 uM, against acetaminophen (a frequently used drug for
benchmarking CNS compounds on this cell line) at the same concentration (Figure 13).
Data from Figure 13 revealed that that our new compounds were essentially non-toxic,
with cell viability around or exceeding 100% in all cases. There was no correlation
between the lipophilicity and the cytotoxicity of the CAAs as all the CAA proved to be
nontoxic in these cultures. Profiting from the fluorescence of selected compounds (19e
(BD117), 20e) within the two CAA series, we also assessed the morphology of the

differentiated SH-SY5Y post-treatment with 19e (BD117).
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Figure 13. Cytotoxicity of novel CAAs series 19 and 20, assessed via WST-8 assay in
differentiated SH-SY5Y cells using acetaminophen as positive control (left scale) and
compound calculated lipophilicity (right scale). Each bar represents the mean + standard

deviation, determined out of 4 individual experiments.

3.4.5 Cell uptake of 19e (BD117) and morphological studies

The morphology of neuron-like SH-SY5Y cells differentiated with retinoic acid
was investigated post-treatment with compound 19e (BD117) at 10 uM (Figure 14). We
have selected 19e (BD117) as lead CAA due to its optimum physicochemical properties,
doubled by an excellent cytotoxicity and activation profile (three isozymes activated
simultaneously). While examining Figure 14 one can appreciate that the morphology of
differentiated SH-SY5Y cells did not change with the drug treatment. Mention must be
made that this cellular model is quite sensitive to toxicity, with toxic drugs affecting the

morphology of neuron-like cells [135-138]. Since 19e (BD117) is fluorescent, the
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technique also allowed us to reveal the significant drug uptake by these cells within the

relative short incubation time (30 min, Figure 14, panels A, B, C).

Al A Tt s 420 pm ..\
B i e T

e

Figure 14. Uptake of compound 19e (BD117) into neuron-like differentiated SH-SY5Y
cells does not change the morphology of the cells. DIC image (left top), fluorescence
image (left bottom) and superimposed DIC/fluorescence (right) image for neuron-like
differentiated SH-SY5Y cells imaged after 30 min incubation time with 19e (BD117)
(10 uM).

3.4.6 In vivo uptake of 19e (BD117) and brain imaging

In order to validate the brain penetration and accumulation of novel lipophilic
CAAs series 19 and 20, we treated Swiss-Webster male mice with the same fluorescent
CAA 19 (BD117) used in the SH-SY5Y imaging. Mice (n=3) were euthanized 30 min
post administration of CAA 19e (BD117), brains were harvested, sliced via microtome
and imaged for fluorescence of 19e (BD117). Saline-injected mice (n=3) were subjected
to the same procedure and were used as reference. A lipophilic CAA such as 19e

(BD117) was expected to efficiently cross the BBB and to accumulate into the brain in a
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significant amount. We confirmed the brain accumulation of 19e (BD117) via
comparative confocal fluorescent microscopy (Figure 15). For the confocal images of
Figure 15, one can immediately distinguish the drug-treated brains from control ones, as
CAA 19e (BD117) fluorescence adds significantly to the background fluorescence of the
brain tissue. Mention must be made that no side-effects were observed on experimental
animals while injected with high doses of 19e and no toxicity was observed at the level
of the mouse brains sampled, as reveled by microscopy images of histochemical samples
collected (Figure 15). Considered together, the last set of experiments confirmed the
good brain penetration of CAAs series 19 and 20 and the lack of toxicity associated with
their use. These premises are essential for the development of any potential drug to treat
a dysfunction in the brain and provide a solid base for subsequent in vivo assessment of

nootropic action.
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Saline BD117 (19¢)

Figure 15. Comparative fluorescent microscopy revealing the uptake of CAA 19e
(BD117) into the brain of Swiss-Webster male mice. Representative superimposed
DIC/fluorescence images of brain slices from 19e (BD117)- treated mice (right panels)

versus saline-treated mice (left panels) in 3 separate slices.

3.4.7 Microsomal stability

Liver metabolism is one of the major routes for drug elimination in humans.
Around 60% of marketed drugs are eliminated by hepatic cytochrome P450 (CYP)-
mediated metabolism [141]. A microsomal stability assay provides a means to measure
the rate of clearance of a test drug candidate over time in microsomal incubation, and

these data are used to calculate intrinsic drug clearance. Microsomal metabolic assays
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primarily assess metabolism of drug candidates by the cytochrome P450 systems,
relying on the use of liver microsomes that contain subcellular fractions of drug
metabolizing enzymes, including many a large variety of CYPs.

Low microsomal stability of a given compound may translate into a high
clearance and short half-life ti> of respective compound in vivo. A ty, greater than 15
mins is considered as an important parameter/threshold to be passed by CNS drug
candidates [155]. Therefore, we tested our primary CAA candidate 19e (BD117) for its
stability on mouse liver microsomes. This is our lead drug candidate which has passed
all the physicochemical filters and was further validated to be nontoxic in vitro. Results
(Figure 16) revealed that 19e (BD117) has a good microsomal stability, with about 80 %
being recovered intact after 1 h incubation with CD-47 mouse liver microsomes. This
means 19e (BD117) is having a ti2 of more than 1 h, which ensures the availability of
compound in the mouse systemic circulation for enough time to reach the brain and to
elicit its potential nootropic action. The assay was validated with the positive control
drug verapamil, known for its rapid clearance via CYP-mediated metabolism (Figure

16).
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Figure 16. Microsomal degradation profile of 19e (BD117) against verapamil as
positive control. A half-life of greater than 60 min was observed for 19e (BD117). Data

represented as a mean + standard deviation out of 3 individual experiments.

3.4.8 Novel Object Recognition Test

NORT is a validated assay and a primary screen to evaluate recognition memory.
NORT is frequently used to test the efficacy of both memory-enhancing compounds
(nootropics), as well as memory disruptors [158-164]. We established this procedure in
our laboratory and the data from Figure 17 demonstrate that mice treated with saline
explored both (identical) objects in training phase (acquisition) for approximately the
same time. The same mice recognized the familiar object one hour later in testing phase
(retrieval) and spent more time to examine the novel object. Therefore, similar to other
published experiments, [158-164] the mice in these experiments demonstrated novel

object recognition memory.
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Figure 17. Mice learn and recognize objects one hour after being exposed to the
familiar objects in the NORT assay. Time spent exploring objects by saline-treated,
Swiss Webster mice (n=40) exposed to two identical objects in the acquisition trial
(training phase, acquisition, A) and to one familiar object and one novel object in the
retention trial (testing phase, retention, B). Testing was performed 1 h after training.
Ordinate: exploration time in sec. Data are shown as mean + S.E. M. Significantly

different (***P<0.001) from familiar object as indicated by student’s paired t-test.

To further validate the procedure and to test for recognition memory deficits, we
used three known drugs, namely scopolamine , ketamine , and acetazolamide that can
disrupt memory in other assays [104, 147, 160, 165]. Mice were injected after the
training phase with either scopolamine (1 or 10 mg/kg, i.p.), ketamine (10, 20, 32 or 56
mg/kg) and acetazolamide (1 or 10 mg/kg). Groups of 6-9 mice were used for each dose
point (Figure 18). Data from Figure 18 revealed that recognition memory impairments
were induced with scopolamine (both 1 and 10 mg/kg doses), ketamine (only at high
dose of 56 mg/kg) and acetazolamide (only at high dose 10 mg/kg), as shown by almost
equal exploration time for both familiar and novel object during the testing phase

(retrieval phase).

55



~
o
)
~
o

Training phase ] Testing phase

Il Familiar Object J I Familiar Object

1 3 Familiar Object 8 Novel Object
sal 1.0 10 Sal 1.0 10

Scopolamine, mg/kg 3 Scopolamine, mg/kg

D
o
=]
o

o
o
g
o
L~

w &
=)
P
w
d

o

|

Exploration (sec)

Exploration (sec)

N
=]
5
N
-

-
=)
g
=
L)

o
e

04

w B~ o o N
o o o o
a o
S © o o
*

S
.
@ A
29
*

Exploration (sec)
Exploration (sec)

- N
© o o

- N
o o o

" sal 10 20 32 56 “sal 10 20 32 56
Ketamine, mg/kg Ketamine, mg/kg

o N
o o
o N
S 9

o
o
i
[
o
i

§ 491 — $ 40 *
©
g 304 — T 3304 *
[=N o
o o
20 20
10 10
0 04
Sal 1.0 10 Sal 1.0 10
Acetazolamide, mg/kg Acetazolamide, mg/kg

Figure 18. Scopolamine, ketamine and acetazolamide produce dose-dependent
disruption of memory retrieval in Swiss-Webster mice. Saline (n=40), 1.0 -10 mg/kg
Scopolamine (n=6-9, per dose), 10-52 mg/kg ketamine (n=6-9, per dose) and 1.0-10
mg/kg Acetazolamide (n=6-9, per dose) were injected after the training phase (right
panel). Saline was injected 30 min prior to training phase (Familiar vs. Familiar) and
scopolamine/acetazolamide/ketamine injections occurred immediately after training
phase and 1 h prior to testing phase (Familiar vs. Novel). Ordinate: exploration time in
sec. Data are shown as mean + S.E.M. Significantly different (*, at least P<0.05) from
familiar object as indicated by student’s paired t-test. Note: the mice did not receive drug
until after the training phase, however the legends are matched to data presented in the
right panel.

56



A dose-response curve was determined for 19e (BD117) (0.03-3.0 mg/kg) to
evaluate the efficacy and safety profile of the novel CAA. The CAA, 19 (BD117) was
injected i.p. at doses of 0.03, 0.3 and 3.0 mg/kg 30 min before the acquisition session
within the standard one hour delayed NORT procedure. Donepezil (DP), a mild
cognitive enhancer, was used as positive control [166] at 0.3 mg/kg (Figure 19, upper
panels). Data from Figure 19 revealed that CAA 19e (BD117) did not impair or improve
acquisition and retrieval phases and that the pattern of response for the BD117-inject
mice was similar to the trend observed for saline-treated mice. Similarly, donepezil did
not impair or improve recognition memory as compared to saline-treated mice. At higher
doses of 19e (BD117), the time dedicated to the exploration of the novel object in the
retrieval phase was diminished. These data confirm that 19e (BD117) treatment had no
significant adverse effects on exploration activity in the NORT over a wide range of
doses (Figure 19). We selected the lower dose of 0.03 mg/kg to be used in subsequent
experiments designed to evaluate of the ability of 19e (BD117) to protect mice from
recognition memory deficits caused by scopolamine, ketamine and acetazolamide.

We have tested lead CAA 19e (BD117), which activates mitochondrial CA V
and membrane-bound CA isozymes CA IV and CA IX (see activation profile in Table
3), for the ability to protect the mice from drug-induced recognition memory deficits.
The lead CA activator 19e (BD117) was injected 30 min prior to acquisition phase, at a
dose of 0.03 mg/kg, followed by 1 mg/kg scopolamine or 56 mg/kg ketamine or 10
mg/kg acetazolamide, administered after the end of acquisition phase. Results (Figure
19, bottom panels) revealed that CAA 19e (BD117) prevented scopolamine and

acetazolamide from disrupting recognition memory and also induced an improved
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overall exploration time (familiar object + novel object) when compared with the same
parameter recorded for the animal group treated just with the corresponding memory
disruptor. This observation suggests that our lead CAA activator, 19e (BD117) can

protect the drug induced recognition memory deficits caused by scopolamine.
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Figure 19. Impact of CAA 19e (BD117) on recognition memory in Swiss-Webster mice,
in the absence and in the presence of memory disruptors scopolamine (Sco), ketamine
(Ket) and acetazolamide (ACZ), as assessed by NORT procedure (n=6-9, per dose).
Upper panel: dose-response curves of 19e (BD117); note that doses of 0.03 and 3.0
mg/kg produced similar effects to positive control donepezil at 0.3 mg/kg. Lower panel:
CAA 19e (BD117) is able to reverse the scopolamine-, acetazolamide-, but not
ketamine-induced deficits in NORT. Ordinate: exploration time in sec. Data are shown
as mean £ S.E.M. Significantly different (*, at least P<0.05) from familiar object as

indicated by student’s paired t-test.
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3.4.9 Triangulation of CA isozyme potentially involved in learning and memory
using CAAs and NORT

In order to determine the CA isozymes responsible for the learning and memory
in mammal brain, we have decided to tested 5 more CAAs from series 19 and 20, each
having different CA isozyme activation profiles (Table 3), using the same NORT
procedure. We considered that we might need to selectively activate one, two or more
different CA isozymes simultaneously with our CAAs in order to generate a nootropic
effect. We compared these results with the ones obtained with our multi CA isozyme-
activator 19e (BD117) (Figure 20). We have selected 19a, 19b, 19c, since they are
nanomolar potent against CA 1V and CA VA. Their direct comparison with 19e was
expected to reveal if CA IX activation simultaneously with CA IV and VA, which can
be achieved only by 19e, is important for the nootropic effect. At the same time CAAs
19a-c would allow us to test the impact of lipophilicity on the nootropic action, since
they have a similar CA isozyme activation profile. We have also selected compounds
20a and 20e, with nanomolar potency against CA VA and CA IX. These CAAs are
isomers of 19a and 19e, with almost similar physicochemical properties, allowing a
direct comparison of effects associated with activation of CA IV (by 19 series) versus
CA IX (by 20 series), besides CA VA, activated by both series. Moreover, by directly
comparing the effects of CAAs 20a and 20e with 19¢e, one could evaluate the impact of
activating CA 1V, simultaneously with CA VA and CA IX, to the nootropic effect.

Data from Figure 20 revealed that CA activators 19a, 19b, 19c, 19e (BD117),
20a and 20e, tested at a constant dose of 0.03 mg/kg, administered 30 min before the

acquisition session, had no adverse effects on exploration activity of the mice in both
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the training and testing phase of NORT. Data from Figure 20 revealed that CAAs
treatment did not impair or improve acquisition or retrieval alone and that the pattern
of exploration was similar to the trend observed for saline-treated mice. Mice spent
time exploring an object during the training session after treatment with above-
mentioned CAAs indicating that the CAAs did not disrupt normal exploratory
behavior. Mice consistently recognized the familiar object an hour later, in the
retrieval session, and spend statistically significant more time exploring the novel
object after testing all CAAs (Figure 20, right panel, p<0.01). These preliminary
evaluations confirmed that all CA activators at a dose of 0.03 mg/kg produced no

obvious adverse effects in terms of motor activity or exploration in the NORT.
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Figure 20: Impact of selected CAAs with different isozyme activation profiles on
recognition memory in Swiss-Webster mice, at doses of 0.03 mg/kg, each as assessed by
NORT procedure (n=6-9, per compound). Note that no adverse effects on motor activity
for both training and testing phases of the NORT procedure were observed. Data are
shown as mean + S.E.M. Significantly different (*, at least P<0.05) from familiar object

as indicated by student’s paired t-test.
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Subsequently, we tested the same CAA set for their capacity to prevent
recognition memory deficits induced by scopolamine, ketamine or acetazolamide,
similar to the procedure with 19e (BD117) (Figure 21). Data from Figure 21 revealed
that 19a, 19b, 19c and 19e (BD117), at doses of 0.03 mg/kg, prevented the memory
deficits induced by scopolamine (1.0 mg/kg), while 20a and 20e did not. Since
scopolamine is a muscarinic antagonist that acts on the cholinergic pathway, these data
suggest that activation of both CA 1V and CA VA are required to prevent memory
deficits generated through this pathway. Activation of CA VA and CA 1X alone (by
CAAs 20a and 20e) does not seem to be sufficient to prevent recognition memory
deficits induced by scopolamine, indicating a key role played by the missing CA 1V in
modulating cholinergic responses. The confirmed presence of CA IV in hippocampal
pyramidal CA 1 cells (Table 2) and the absence of CA IX from the same region seems to
suggest a key role of CA IV in recognition memory and learning via cholinergic
pathway in this assay.

On the other hand, acetazolamide-induced memory impairments (at 10 mg/kg)
could be prevented only by 19e (BD117), 20a, 20e, revealing the importance of co-
activation of CA VA and CA IX in preventing recognition memory deficits generated by
this CA inhibitor. These deficits may be related with general CO2/HCO3" imbalances in
the whole brain, as acetazolamide is non-selective potent CA inhibitor [5]. Furthermore,
since CA IX is present in large amounts in the choroid plexus that secretes the
cerebrospinal fluid, CA X has the potential to compensate for these CO2/HCO3
concentration imbalances as cerebrospinal fluid is the main buffering fluid in the brain

and serves as a bicarbonate source for proton neutralization catalyzed by CA isozymes.
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Figure 21: The CAAs capacity to prevent recognition memory deficits caused by
scopolamine, acetazolamide, or ketamine depends on the isozyme activation profile
of the tested compounds. Time spent exploring familiar object vs. novel object in the
training phase (left panel) and testing phase (right panel) of the 1h-delayed NORT
procedure (n=6-9, per dose per compound). CAAs (0.03 mg/kg) were injected 30 min
prior to training phase, while the amnesics scopolamine (Sco), ketamine (Ket) and
acetazolamide (ACZ) were injected after the training session, at specified doses. Data
are shown as mean + S.E.M. Significantly different (*, at least P<0.05) from familiar

object as indicated by student’s paired t-test.
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The bicarbonate basal concentration also influences the ionic balance of neurons,
their membrane potential and excitability. Interestingly, only 20a was able to reverse
the memory deficits caused by ketamine. In this case, we cannot advance a clear-cut
hypothesis, possibly due to the complex mechanism of memory disruption by ketamine

and its particular metabolism (Figure 21).

3.4.10 Simple 1-day operant task

Another relatively rapid-throughput learning and memory assay developed in our
laboratory is the 1-day operant task procedure which is based off a series of assays of
combined Pavlovian and Instrumental conditioning called autoshaping. In the first
description of autoshaping, the repeated pairing of a light stimulus with the delivery of
food led to the emergence of responses from pigeons that could be differentiated and
maintained by its consequences [167]. The autoshaping procedure combines both
Pavlovian and instrumental conditioning and requires an intact neuronal system,
specifically the hippocampus, septum, and cortex [168, 169]. An advantage to using
variations of this simple procedure is that effects on acquisition, consolidation, and/or
retention can be measured by administering drugs at different time points, and drug
effects on motivation or motor responses can also be detected [170-172]. Our laboratory
has published on three different variations of a two-day operant task procedure with
different proportions of Pavlovian and/or Instrumental conditioning to study drugs in
adult and adolescent male and female mice [148, 149, 173, 174]. For the current study,
we further modified the two-day autoshaping task to more rapidly assess acquisition and

retention using a one-day procedure more reliant on instrumental conditioning. We
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reduced our acquisition session from two to one hour and removed the non-contingent
food presentations as in previous studies [175]; however, we tested the mice for retrieval
1 h after the acquisition session instead of 24 h, similar to a procedure in rats, in order to
focus more on short-term memory processes [165] and increase the throughput of the
assay. To validate the procedure, we used two known amnesics, scopolamine and
ketamine that have worked in the 2-day procedure [147, 165].

Saline control. In the current study, using a single day acquisition and retrieval
procedure, mice injected with saline decreased the average latency to earn 10 rewards
(t(63)=3.74, p<0.0004), increased the reinforced response rate (t(64)=9.15, p< 0.0001),
and decreased the non-reinforced response rate (errors) (t(64)=4.0, p< 0.0002) indicative

of learning and subsequently retrieving the nose-poke response (Figure 22).
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Figure 22. Mice acquire and retrieve a novel nose-poke response using the 1-day
procedure. Effects of saline in male, Swiss Webster mice (N = 64) during session 1
(open bars) and during session 2 (closed bars). Vertical axes: (a) mean adjusted latencies
calculated as the time in s from the first to the 10th reinforcer; (b) mean reinforced
response rates calculated as the total number of center-hole, nose-poke responses over
session time in s; (c) mean nonreinforced response rates calculated as the total number of
responses in both the left and right nose-poke holes divided by the total session time in s.
Total number of mice tested/number of mice completing at least five reinforcers during
session 1 (64/63). Horizontal axes: Saline injections, administered intraperitoneally,

either 30 min before session 1 or immediately after session 2. Significantly different
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(*, at least P<0.05) from session 1 as indicated by paired t-test. Vertical bars represent
SEM.

Multiple doses of scopolamine (0.01-10 mg/kg), ketamine (3.2-18 mg/kg), and
acetazolamide (1 and 10 mg/kg) were tested for the capacity to disrupt learning or
retrieval of the nose-poke response (Figure 23). Memory impairments were observed for
scopolamine treatment at doses ranging from 0.1 to 10 mg /kg, for ketamine at 18 mg/kg
and for acetazolamide at both 1 and 10 mg/kg administered after the training phase. A
number of 6-10 mice were used for each dose point. An effective disruptive dose was
selected from the graph and was combined with one of our CAAs to test for reversal of

retrieval deficits.
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Figure 23. Scopolamine, ketamine, and acetazolamide produce different patterns of
acquisition and retrieval disruption in mice. Vertical axes: (a,d,g) mean adjusted
latencies calculated as the time in s from the first to the 10th reinforcer; (b,e,h) mean
reinforced response rates calculated as the total number of center-hole, nose-poke
responses over session time in s; (c,f,i) mean nonreinforced response rate calculated as
the total number of responses in both the left and right nose-poke holes divided by the
total session time in s. Horizontal axes: Saline or doses in mg/kg of scopolamine (a—c),
ketamine (d—f), or acetazolamide (g—i) injected intraperitoneally immediately after
session 1. (a—c) Total number of mice tested/number of mice completing five reinforcers
in session 1: Saline (n=16/16), 0.01 mg/kg (n=6/6), 0.1 mg/kg (n= 9/9), 1.0 mg/kg (n=
10/10), 3.2 mg/kg (n=15/15), and 10 mg/kg (n =12/12) scopolamine. Significantly
different from saline in session 2 (*, at least P< 0.05); significantly different from 0.01
mg/kg scopolamine in session 2 (*, at least P< 0.05) and significantly different from 1.0

mg/kg acetazolamide in session 2 (*, at least P <0.05). Vertical bars represent SEM.
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A dose-response curve was determined for 19e (BD117) (0.03 and 0.3 mg/kg) as
these were the doses effective in the NORT and 18c (MAI27) (3-30 mg/kg) injected to
evaluate the efficacy and safety profile of these novel CAAs. We selected these two
CAAs due to their activation profile (two isozymes for 18c and three isozymes for 19e
activated at nanomolar levels) combined with a good lipophilicity profile that guarantees
a likely optimum brain penetration. Data from Figure 24 revealed that 0.03 mg/kg 19e
(BD117) and 30 mg/kg 18c (MAI27) produced no overall dose differences for adjusted
latencies, reinforced rates, or nonreinforced rates. Therefore, these two CAAs at these
doses did not impair or improve acquisition and retrieval phases and that the pattern of
effects was similar to the trend observed for saline-treated mice. These optimal doses
were used in subsequent experiments designed to evaluate the novel CA activators to

protect mice from memory deficits caused by ketamine and acetazolamide.
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Figure 24. Dose response curves of 19e (BD117) and 18c (MAI27) in the simple one-
day operant task. Horizontal axes: saline or doses in mg/kg 19e (BD117) (upper panel),
18c (MAI27) (lower panel) injected intraperitoneally 30 min before session 1. Upper
panel for 19e (BD117), Total number of mice tested/number of mice completing at least
five reinforcers in session 1: Saline (n=23/23), 0.03 mg/kg (n =7/7) and 0.3 mg/kg (n=
8/8). Lower panel for 18c (MAI27), Total number of mice tested/number of mice
completing at least five reinforcers in session 1: Saline (n=8/6), 3.0 mg/kg (n =14/12), 10
mg/kg (n=9/5), 18 mg/kg (n =9/9), and 30 mg/kg (n =6/5). Significantly different from
saline (*, at least P<0.05).

To determine if 18c (MAI27) or 19e (BD117) would restore the drug-induced
deficits produced by ketamine and acetazolamide, we tested 30 mg/kg 18c (MAI27)
combined with 18 mg/kg ketamine and 0.03 mg/kg 19e (BD117) in combination with
acetazolamide (1 and 10 mg/kg). We found that 18c (MAI27) partially protects the
memory deficit caused by ketamine. Importantly, 19e (BD117) partially protected the
memory deficit caused by acetazolamide at 1 mg/kg (Figure 25), similarly to the effect

observed in NORT testing.
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Figure 25. Co-administration of 18c (MAI27) or pretreatment of 19e (BD117) partially
protected the retrieval of a newly learned operant response when administered prior to
ketamine and acetazolamide respectively. Horizontal axes, (upper panel): Saline, doses
of 30 mg/kg 18c (MAI27) and 10 mg/kg ketamine alone after session 1, or in
combination injected together after session 1. Total number of mice tested/number of
mice completing five reinforcers in session: Saline (n= 8/6), 30 mg/kg 18c (MAI27) (n
=6/6), 18 mg/kg ketamine (n =11/11), and 30 mg/kg 18c (MAI27)+18 mg/kg ketamine (n
=8/8). Significantly different from saline (*, at least P<0.05) or 18 mg/kg ketamine (*, at
least P<0.05) in session 2. Horizontal axes, (lower panel): Saline, doses of 0.03 mg/kg
19e (BD117) injected 30 min prior to session 1, 1 and 10 mg/kg ACZ injected
immediately after session 1, or in combination injected 30 min before session 1 19e
(BD117) and immediately after session 1 (ACZ). Total number of mice tested/number of
mice completing five reinforcers in session: Saline (n= 23/23), 0.03 mg/kg 19e (BD117)
(n=7/7), 1 mg/kg ACZ (n =12/12), 10 mg/kg ACZ (n=17/17), 0.03 mg/kg 19e (BD117)+
1 mg/kg ACZ (n=11/11) and 0.03 mg/kg 19e (BD117) + 10 mg/kg ACZ (n=12/12).
Significantly different from saline (*, at least P<0.05) in session 2
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Conclusions

Following our physicochemical profiling strategy, we have determined the cLogP,
TPSA and solubility of the novel CAAs series 19 and 20, which were fitting the general
requirements of a good profile for CNS drugs. All CAAs were subsequently screened for
toxicity in vitro and were found to be non-toxic. CAA 19e (BD117) was the least toxic
out of all CAAs tested in vitro and became our lead activator. The selection of CAA 19e
(BD117) was also based on high lipophilicity and on nanomolar potency against three
different CA isozymes namely CA IV, CA VA and CA IX. Microsomal stability testing
of 19e (BD117) revealed a suitable stability profile that further supported the
advancement of this CAA into in vivo testing as a potential nootropic. Significant brain
uptake and lack of obvious adverse effects, even at elevated doses, were further
consideration for 19e testing in mice. Lack of behavioral toxicity for a full dose-response
curve for 19e was confirmed in the NORT and the simple 1-day operant task — two tests
for memory and learning. To further explore potential roles for the different isozymes,
we extended in vivo testing to other representatives of series 19 and 20, validating our
structure-activity design. Importantly, some of CAAs were able to prevent memory
deficits induced by scopolamine, ketamine and acetazolamide in NORT (recognition
memory) and partially in simple 1- day operant task that likely includes a dopaminergic
component as this particular assay has a motivational component to earn a positive
reinforcer. NORT results suggest that activation of both CA 1V and CA VA are required
to prevent memory deficits generated through the cholinergic pathway, while co-

activation of CA VA and CA X seem to be important in preventing recognition memory
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deficits generated via GABAergic pathway, in good correlation with the isozyme

distribution and function in the mammal brain.
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CHAPTER 4

DEVELOPMENT AND BIOLOGICAL EVALUATION OF CARBONIC

ANHYDRASE INHIBITORS AS POTENTIAL ANTI-CANCER AGENTS

The main goal of the research described in this chapter was to correlate the
structure of novel carbonic anhydrase inhibitors with their physicochemical properties,
inhibition profile against different CA isozymes, and with their ability to kill cancer cells.
We hypothesized that in order to be able to elicit significant cancer cell killing, the CA
inhibitors (CAIs) need to combine medium solubility and lipophilicity with a good
inhibition profile against specific CA isozymes. Recent studies have shown that two
carbonic anhydrase isozymes, CA 1X and CA XII are over-expressed in many tumors
where they are involved in pH regulation, cell adhesion, and tumor progression [5, 176,
177].

Despite substantial synthetic efforts, achieving a high isozyme selectivity in vitro
with classical designs incorporating aromatic/heterocyclic primary sulfonamides is rather
difficult due to a relatively high sequence homology that exists between different CA
isozymes. This elevated sequence homology translates into extensive structural
similarities of their active sites, which makes the design of isozyme-selective CAls a
difficult task [5, 176, 177]. Strategies to enhance the selectivity for membrane-bound
isozymes in vivo involve conjugation of CAl pharmacophores with charged groups, with
sugars, or with polymeric moieties that will make the inhibitors membrane-impermeant

and therefore unable to access the intracellular CA isozymes [177].
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4.1 Background and Rationale
4.1.1 Classes of carbonic anhydrase inhibitors
Two main classes of CA inhibitors are known to date [5]:
1) First category includes small anions CN-, ClO4,, CNO", HS", HSO3", N3°, NO3', R-
COO-, SCN, SO42 and X (X = F, Cl, Br, 1). These ions bind directly to the Zn?*

with different affinities, forming tetra- and penta-coordinated species:

Hzo HzO A- A-
\/ o
+ 2+ 2 2+
Znil A = Zn'r,, S Zn'”l
oo N g g “nx mis119) 10 e "IN (His 119
(His 94) N N (His 119) (His 94) N (His 119) (His 94) N (His 119)

(His 96) N (His 96) N (His 96) N
2) Second category of CAls includes organic ligands, mainly sulfonamides,

sulfamates, sulfamides, hydroxamates, and some phenols, polyamines, and

xanthates discovered recently. These compounds bind to the Zn ion displacing the

zinc-bound water and generating tetracoordinated species:

H,0 R-SO,NH ~
n*t RSO,NH, =———= 2 *
/ ., + Wy S ————— /Zn,, +  H;0
) ///// . I'/I/
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Among the various classes of inhibitors, sulfonamides are the most investigated
and used physiological, pharmacological, and clinical use. They bind to the Zn?* ion,

displacing the OH2 or OH ligands to generate a stable tetra coordinated Zn species. Early
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inhibition studies established that only aromatic and heterocyclic primary sulfonamides
(R-SO2NH>, R = Aryl, Hetaryl) are potent CA inhibitors [5].

After the initial discovery of the inhibitory effect of aromatic/heterocyclic primary
sulfonamides, many representatives were synthesized and investigated as CAls. Rigorous
selection of the most efficient aromatic and heterocyclic systems and further
optimizations of the substituent moieties yielded clinically used inhibitors acetazolamide
(ACZ), methazolamide (MTZ), ethoxzolamide (ETZ), dichlorphenamide (DCP),

benzolamide (BZA), zonisamide (ZNA) and topiramate (TPM) (Chart 2).
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Chart 2: CA inhibitors in clinical use, designed either for systemic use (ACZ-BZA) or
for topical administration into the eye (ZNP and TPM).
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CAls are used in clinic as diuretics, antiglaucoma agents and antiepileptics [178].
Other uses include the management of mountain sickness, osteoporosis, gastric and
duodenal ulcers [5]. The inhibitory effects against different over expressed CA isozymes

have been recently investigated in various disease states, including cancer.

4.1.2 Cancer and its metabolic shift

In the last two decades of oncology research, two membrane bound CA isozymes,
namely CA 1X and CA XIlI, are predominantly associated with cancer, where they are
involved in pH regulation and tumor progression [14, 71, 72, 176, 179-183].

Cancer cells are characterized by their upregulated glucose metabolism [184,
185]. This hallmark metabolic shift governs cancer cells proliferation, differentiation,
survival, and special expression of some cell surface antigens that may be fatal to normal
cells [180, 186, 187]. In normal cells, glucose is converted to glucose-6-phosphate which
is later converted to pyruvate. This pyruvate is then subsequently oxidized in the
mitochondria to carbon dioxide and water. This entire process of oxidative
phosphorylation, releases 38 moles of ATP per molecule of glucose (Figure 26 A).
Exponential proliferation of cancer cells and the poor associated vasculature can lead to
inadequate oxygen supply to some regions of tumors, making them hypoxic [180, 186,
187]. This restricts oxidative phosphorylation as this process requires oxygen supply. To
cope up the energy needs, hypoxic tumor cells shift their regular metabolism towards
glycolysis. To regenerate the NAD* required in glycolysis, the pyruvate is reduced to
lactate with NADH. Glycolysis generates only 2 moles of ATP per single mole of

glucose (Figure 26 B). Though this is a very energy-inefficient process compared to
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oxidative phosphorylation, glycolysis does not require oxygen [188]. Furthermore, even
after reoxygenation of these cancerous cells, glycolysis persists because the obtained
metabolic intermediates like lactate and pyruvate are used for the biosynthesis of
nucleotides, amino acids and lipids. This provides a selective advantage to proliferating
cancer cells. The over-expression of glycolysis in cancerous cells was first observed

by Warburg and it’s known as the Warburg effect (Figure 26B) [188].
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Figure 26. Differences between metabolisms of normal cells (A), as compared to tumors
(B). Normal cells in the presence of oxygen perform oxidative phosphorylation, while the
cancer cells either in the presence or absence of oxygen overexpress glycolysis for their

energetic and biosynthetic needs.
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4.1.3 Overexpression of CA 1X, CA XlI in hypoxic tumor cells.

The overexpression of glycolysis generates large amounts of protons (H™). These
protons cannot be neutralized through mitochondrial oxidative phosphorylation process,
significantly reduced under hypoxic conditions [189-193]. Thus, malignant cells have
evolved various mechanisms to cope with the acidic and hypoxic stress caused by this
oncogenic metabolism. Hypoxia triggers the expression of Hypoxia Inducible Factor-1
(HIF-1), which in turn triggers the expression of nearly 500 genes [180, 186, 187]. These
genes are translated into different biochemical entities such as pumps, transporters,
enzymes that are needed for cancerous cells to survive in the hypoxic and acidic
environment. Among the proteins needed to support hypoxic metabolism and pH
homeostasis of tumorous cells is the membrane bound carbonic anhydrase (CA), namely

CA IX (Figure 27).
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Figure 27: Uncontrolled proliferation and poor vasculature of cancer cells leads to the
hypoxia. Hypoxia upregulates the HIF pathway which in turn upregulates the expression

of transmembrane CA isozyme CA IX.

In cancerous cells, CA 1X acts in co-ordination with the cytosolic CA isozymes
(CA 1 and CA 11) to maintain internal pH within normal limits (around 7.2). At the same
time, they move the protons generated in glycolysis from interior to the exterior of the
malignant cells. In cytoplasm, H* ions produced through glycolysis are combined with
intracellular HCOs ions in the active sites of cytosolic CA isozymes CA | and CA 1l to
yield carbon dioxide and water. CO> diffuses through the cells membrane and is
rehydrated outside the tumor cell by membrane bound, over-expressed tumor isozyme
CA IX. Bicarbonate ion (HCO3") is imported into the cells interior via exchange with CI°
through anion exchanger (AE2). This replenishes the cytoplasmic HCOs" levels at the
same time allowing continuous H* transport outside cell. Thus, malignant cells can
maintain their internal pHi within normal limits despite intense glycolysis and hypoxic

stress (Figure 28).
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Figure 28: The central role played by overexpressed transmembrane CA isozymes CA
IX, CA XIlI in tumor cells metabolism. H* ions produced via glycolysis are transported
outside the cell with the help of cytosolic CA Isozymes (CA I and CA Il) and

transmembrane, tumor overexpressed CA isozyme CA IX.

Proton export through this mechanism leads to a reduction in the extracellular pH
(pHe = 6.8) [180, 186, 187]. This is a salient feature of the tumor microenvironment and

gives a substantial growth advantage to cancerous cells over normal cells, as normal cells
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undergo apoptosis in response to prolonged exposure to acidic environment. Hypoxia
also constitutes a detrimental feature for radiotherapy, as oxygen is necessary to generate
free radicals to damage tumor cells DNA in radiotherapy. Therefore, there is a need for
new pharmaceutical agents that can selectively bind and inhibit tumor overexpressed

proteins such as CAIX [194].

4.1.4 Anti-tumor activity of carbonic anhydrase IX inhibitors

Interfering with tumor cell pH homeostasis through the selective inhibition of CA
IX has the potential to control, suppress and Kill these proliferative cancer cells [195].
The membrane-bound CA 1X is normally found only in the epithelium lining of stomach
and small intestine, where the isozyme is involved in pH regulation of the extracellular
environment. The tumor expression pattern of CA IX, in comparison with the
corresponding normal tissue expression is shown in Figure 29. One can appreciate that
CA IX is over expressed in a large variety of cancers, while being absent in the
corresponding normal tissues. CA XII was subsequently shown to be co-expressed with
CA IX in several tumor tissues but was also found in a wide range of normal tissues.
Pharmaceutical agents that can selectively inhibit over expressed CA 1X may have
therapeutic value for detection, imaging and treatment of a large variety of hypoxic
tumors. In this context, it was shown by our lab and by others that selective
inhibition of these tumor-overexpressed CA isozymes constitutes a viable strategy to

fight these aggressive metastatic tumors [14, 176, 177, 180, 196-199].
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Figure 29: Overview of the distribution of CA 1X and CA XII in normal human tissues

and in corresponding tumors. The intensity of the gray color reflects the presence of that

particular CA isoform and its expression level [200].

4.2 Approach

CAls Design

As mentioned above, efficient strategies to enhance the selectivity for membrane-

bound isozymes in vivo involve conjugation of CAl pharmacophores with charged

groups, with sugar moieties, or with polymeric moieties that will make the inhibitors

membrane-impermeant and therefore unable to access the intracellular CA isozymes. The

first and last strategies were addressed in following sections.
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CAlI Series 1: PEGylated bis-sulfonamides as carbonic anhydrase inhibitors

Our first strategy to generate CAl with selectivity for membrane-bound CA
isozymes, including CA IX was to attach known CA pharmacophores to polyethylene
glycol (PEG). This strategy was explored before for other water-soluble polymeric
backbones such as dextran and aminoethyldextran, [23, 201]. There are additional
benefits arising from polyethylene glycol conjugation (PEGylation) of drugs, which
include improved drug solubility, stability and retention time of the drug in the
bloodstream, decreased drug immunogenicity, proteolysis and renal excretion, and
optimized drug pharmacokinetics [202]. Building on these premises and taking into
account that CA 1X and XII are dimers in vivo [183], we decided to synthesize
bifunctional PEGylated CAls 24-26 by attaching known CAI pharmacophores
(aminobenzenesulfonamide, 5-amino-1,3,4-thiadiazole-2-sulfonamide,
aminobenzolamide on a PEG2000 polymeric backbone (PEG2K). We also synthesized
the corresponding oligoethyleneglycol analogs 21-23, bearing just three EG units (Chart
3). The synthesis was performed by Dr. Suleyman Akocak and Mr. Ragib Alam, two
former members of our lab. The compounds were purified via preparative liquid
chromatography and were characterized by standard methods that included *H- and **C-

NMR, COSY, LC-MS and MALDI-TOF [195].
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Chart 3: Bis-sulfonamide CA Inhibitors 21-26 synthesized for this study

The bis-sulfonamides 21-26 were tested for their ability to inhibit cytosolic (CA I,
I1) and membrane-bound (CA 1V, IX, XII, XIV) isozymes of carbonic anhydrase by our
collaborator Dr. Claudiu T. Supuran, at University of Florence. The results are tabulated
in Table 5.

Data from Table 5 revealed an excellent inhibitory profile of compounds 21-26
against all membrane-bound isozymes CA 1V, IX, XII, X1V, with nanomolar potency of
most representatives against these targets. Their inhibitory potency matched or surpassed
the potency of acetazolamide ACZ, thus validating the proposed design. The most
susceptible to inhibition with compounds 21-26 were the tumor over-expressed isozymes
CA IX and XIlI, followed closely by CA X1V and CA IV. Cytosolic isozyme CA 1l was
less susceptible to inhibition by compounds 21-26 than CA 1V, although nanomolar
inhibitors for this target were identified. The proposed CAls displayed only moderate
inhibitory potency against the second cytosolic isozyme, CA I, similarly to acetazolamide
(Table 15). Bis-sulfonamide 22 was identified as a potent pan-inhibitor with nanomolar
potency against all isozymes tested except CA |. We also identified selective inhibitors
for membrane-bound isozymes versus cytosolic ones, with either medium selectivity

(compounds 21 and 25) or high selectivity — sulfonamide 24.
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Table 5: Inhibition data of human CA isoforms hCA I, II, IV, IX, XII and X1V with
derivatives 21-26 reported here and the standard sulfonamide inhibitor acetazolamide

(ACZ) by a stopped flow CO> hydrase assay.

Ki (nM)
Comp hCAl hCA Il hCA IV hCA IX hCA XIl  hCA XIV
21 221 37.1 7.8 2.9 2.6 6.2
22 180 8.7 5.0 9.6 5.9 4.6
23 192 8.6 6.4 24.1 2.8 4.6
24 272 1764 9.5 4.8 3.2 7.3
25 225 66.6 5.8 2.5 5.4 6.8
26 181 12.9 4.4 1.7 3.7 4.4
ACZ 250 12 74 25 5.7 41

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of £+ 5-10 % of the

reported values). Monomeric (recombinant) human enzymes were used in all cases.

Thus, the most selective inhibitors could be generated from the
benzenesulfonamide scaffold, while benzolamides generated potent pan-inhibitors.
Interestingly, the long PEG linker increased the selectivity of the bis-sulfonamides 24-26
for the membrane-bound isozymes versus the cytosolic ones (especially against CA 1), as
compared with their oligoethylene glycol congeners 21-23. Bis-sulfonamide 24 displayed
the highest selectivity between membrane-bound isozymes and their cytosolic counterparts
(Table 5). Considering the membrane-impermeant nature of the PEGylated bis-
sulfonamides 24-26, we expected that this selectivity will increase in vivo. Moreover, since

tumor-overexpressed CA IX and CA XIlI isozymes are dimeric, we expected that the bis-
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sulfonamides 24-26 will have a more pronounced effect on these targets in vivo, due to
cooperative binding and bivalent association of the two-pronged inhibitor with the two

neighboring active sites, as shown by Whitesides [203].

CAI Series 2: Pyridinium sulfonamides as carbonic anhydrase inhibitors and their

complexes with sulfocalixarenes and cyclodextrins

As mentioned above, a second strategy used by our team to improve the potency
of CAls and to make them selective for membrane-bound isozymes was through
conjugation of CAI pharmacophores with pyridinium moieties, achieved via reaction of
pyrylium salts with amino sulfonamides. For example, our team demonstrated the
possibility of generating membrane-impermeant inhibitors through conjugation of
primary aromatic and heterocyclic sulfonamides with positively charged pyrylium salts
[204-207]. Compounds such as 29 and congeners were generated this way by Dr.
Suleyman Akocak (Scheme 1). Pyridinium substitution was used to modulate potency
and selectivity of novel carbonic anhydrase inhibitors through specific interactions with
key amino acids on the active site of the enzyme. The activity of selected compounds

from this series is presented in Table 6 [208].

R4
Ry Ry Rs
R, | - Ra HZNWSOENFE NEt;, AcOH R \@)'N SO,NH;
. 2
R4 O/ Rs ~F EtOH, ) R;
@ PFy reflux PFs
27 a-z7 28 29 a-7

Scheme 1. Synthesis of new pyridinium 3-aminobenzene sulfonamide series [208]
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From the series of compounds synthesized in this study [208] we have selected
three representatives, 29a, 29d, and 29m, with different substituents on the pyridinium

ring. The inhibition profile of these compounds is presented in Table 6 [208].

Table 6. Inhibition of tumor-associated hCA 1X and hCA XII and off-target cytosolic
hCA I and hCA II, with selected pyridinium benzenesulfonamides 29, and with clinically

used CAinhibitor acetazolamide 1, using the CO, hydration assay.

No. Rl R2 R3 R4 RS K1 (nM)

hCAT hCAIl hCAIX hCaA XII
ACT, 250 12 25 5.7
29 Me H Me H Me 82.1 1.0 3.2 0.9
29d  iPr H Me H iPr 338 9.6 6.1 335
29m  iPr H Ph H iPr 41.8 9.3 6.4 5.8

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of + 5-10 % of the

reported values). Monomeric (recombinant) human enzymes used in all cases.

All three pyridinium CAls (29a = G1, 29d = G2 and 29m = G3) displayed
nanomolar potency against CA IX and CA XII, with a low selectivity against cytosolic
isozymes CA | and CA II. Solubility of the compounds was expected to decrease from
29a to 29m as their lipophilicity increased to the presence of substitutents with increased
lipophilicity on th epyridinium ring. In order to solubilize them and to deliver them to
tumor cells, we have selected a series of p-sulfonated calix[n]arenes (H1, H2, H3, n=4, 6,
8 Figure 30) and cyclodextrins such as a-cyclodextrin (a-CD) 31, B-cyclodextrin (B-CD)
32 and hydroxypropyl- pB-cyclodextrin (HP-B-CD) 33 (denoted in what follows as H4, H5

and H6 respectively).
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n

Hl =1 (p-sulfonato calix[4]arene) 30 a
H2 =3 (p-sulfonato calix|6]arene) 30 b
H3 =5 (p-sulfonato calix|8]arene) 30 ¢

H3C, CHs HsC CHj3;
/
CH3; \CH/ \CH
we—d m@ / m@ wod/ m@
CH SO,NH, CH SO,NH CH SO,NH,
3 2NH2
/N \
Hj CH Hs;C CH;
Gl 29a G2 29b G3 29¢

Figure 30: Schematic representation of p-sulfonated calix[n]arenes (H1, H2, H3, n = 4,
6, 8) selected as hosts in our complexation study, together with the three pyridinium CAls
29a = G1, 29d = G2 and 29m = G3 used as complexation guests in this study and the

proposed structure of the inclusion complex between H1 and G2.



4.3. Materials and methods
Materials

Solvents (methanol, ethanol, dichloromethane, acetone, acetonitrile,
trifluoroethanol, all HPLC quality) were purchased from EMD (Gibbstown, NJ), Fisher
Scientific (Hampton, NH) or VWR International (Radnor, PA) and were used as
received. Deionized water produced from a Millipore MilliQ system was used in all
experiments that required it. Acetazolamide from Sigma-Aldrich (St. Louis, MO), human
colon adenocarcinoma cell line (HT 29), human ovary cancer cell line (SKOV-3), and
human breast cancer cell line (MDA-MB231) were purchased from ATCC (Manassas,
VA), Dulbecco’s Modified Eagle’s medium (DMEM), RPMI-1640, and McCoy’s SA
media were from Mediatech-Corning (Manassas, VA), fetal bovine serum (FBS), and 3-
(4,5- Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), phosphate-buffered
saline (PBS), dimethyl sulfoxide (DMSQ) and water-soluble tetrazolium salt-8 (WST-8)

were purchased from VWR International (West Chester, PA).

Methods
4.3.1 Cytotoxicity evaluation in 2D cell cultures

Three cell lines namely HT-29, MDA-MB-231 and SKOV3 were cultured at
37°C and 5% CO- using RPMI-1640, Dulbecco's Modified Eagle's medium (DMEM) and
McCoy's 5A Medium respectively supplemented with 10% fetal bovine serum. When the
cells were about 75 % confluent in 75 cm? flasks, they were trypsinized with trypsin-
EDTA, counted, and plated in 96-well plates at a density of 10* cells/well with a final

volume of 200 pL in each well. Two plates were made for each cell line. After 24 h
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incubation in a 5% humidified incubator at 37 °C, one plate from each cell line was
placed in the hypoxia chamber and purged for 10 min with the hypoxia gas mixture (1%
02, 5% COg, balance N2). After 1h the chamber was purged again with hypoxic gas
mixture and placed back in the incubator. After a 24 h incubation in the incubator at 37
°C, both the normoxic and hypoxic plates were retrieved, and media was removed from
all wells. Cells were washed with 5 % sterile dextrose and treated with different solutions
of different concentrations of CAIl 21-26 in media, or with three calixarenes complexes
with CAI 29 prepared in 5% sterile dextrose, all pre-filtered through a 0.2 pum sterile
nylon filter. Each assay was done at least in triplicate. After 24 h incubation time with
CAls, supernantant was discarded, cells were washed with phosphate-buffered saline
(PBS) and, after removal of PBS, each well received 120 puL of MTT/media solution
(prepared from 5 mg/mL MTT in sterile PBS, added to media in the ratio 1:6). Plates
were incubated 4 h at 37 °C, MTT/media was aspirated off and 150 pL of DMSO was
added to each well to dissolve formazan crystals. Plates were stored in the incubator for 5
min at 37 °C and absorbance was read at 570 nm using the 630 nm wavelength as

reference.

4.3.2 Cytotoxicity evaluation in 3D cell cultures

Three cell lines, namely HT-29, MDA-MB-231 and SKOV3, were cultured at
37°C and at 5% CO; using RPMI-1640, Dulbecco's Modified Eagle's medium (DMEM)
and McCoy's 5A medium respectively, supplemented with 10% fetal bovine serum.
When the cells were about 75 % confluent in 75 cm? flasks they were trypsinized with

trypsin-EDTA, counted, and plated in 96-well plates with round bottom at a density of
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103 cells/well, in a final volume of 100 pL. After 7 days of incubation in a 5% CO>
humidified incubator at 37 °C plates were treated with the same solutions/complexes of
CAl presented above. Each assay was done at least in triplicate. After 24 h incubation,
cells are treated with 10% WST-8 in media. The plate was stored in the incubator for 4 h

and the plate was subsequently read for absorbance at 450 nm with a reference at 650 nm.
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4.4 Results and discussion

Based on the methods described above, we proceeded in assessing the anticancer
activity of PEGylated bis-sulfonamides 24-26, pyridinium CAls 29 and their host-guest
complexes

Thus, for 2D testing of bis-sulfonamides 24-26, cells were grown subconfluent in
96-well plates in normal conditions (37 °C, 5% CO2 in air), with half of the plates from
each cell line incubated in normal (normoxic) conditions and the other half subjected to
hypoxic conditions (1% O2, 5% CO2 and 94% N>) to induce the expression of CA
isozymes. After 24 h treatment with CAls 21-26 solutions in media at three different
concentrations (1 mM, 100 uM, and 10 pM) in either normoxic/hypoxic conditions,
viability of cells was measured using an MTT assay. In the case of 3D testing, tumor
spheroids become naturally hypoxic in about 7 days due to their 3D growth that isolates
spheroid core cells from oxygen perfusion. We assessed their susceptibility to treatment
with CAls 21-26 at 1 mM and 100 uM concentration, for 24 h incubation time. Viability
of the spheroids was assessed via a WST-8 assay (Figure 31).

Data from Figure 31 revealed that all inhibitors impacted tumor cell viability,
with a greater impact elicited in hypoxic conditions where CA 1X are overexpressed. All
three cell lines were affected by the CAI treatment in a concentration-dependent manner,
as expected, with colon HT-29 and breast MDA-MB231 cancer cells slightly more
sensitive to CAl treatment than ovarian cancer cell line SKOV-3.

Significant decreases in tumor cell viability were obtained with inhibitors 21, 22
and 25, with the rest of inhibitors being generally less efficient even at high concentrations.

Some exceptions occurred, such as inhibitor 23 that proved efficient only in MDA-MB231
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cell line. These data are in contrast with the rather uniform inhibition profile of the series
against CA 1X and XlI (Table 5) and demonstrate that besides inhibition profile
physicochemical properties of the inhibitor (lipophilicity, solubility) together with the
cellular penetrability and other factors are essential for achieving efficient tumor cell
killing. The interplay of these factors generated CAls with efficient in vitro cell killing
from all three scaffolds selected. The most efficient CAl against all three cell lines in both
normoxia and hypoxia proved to polymeric bis-sulfonamide 25, bearing the classical 1,3,4-
thiadiazole-2-sulfonamide “warhead”. It displayed robust cell killing, with cell viabilities
as low as 30-40% at 1 mM, 50% at 100 uM and 60-70% at 10 uM, being influenced by the
cell type and presence of hypoxia.

The above-mentioned data revealed the impact of in vitro models of tumor
proliferation for the evaluation of potency of CAl as a pre-requisite for in vivo testing.
Along these lines, we decided to quantify the CAl effects in 3D cell cultures, which take
into account the tissue penetrability of the inhibitor and are thus closer to the environment
encountered in vivo. Thus, tumor spheroids were grown using the same HT-29, MDA-
MB231 and SKOV-3 cell lines, maintained in normoxic conditions. Tumor spheroids
become naturally hypoxic in about 7 days due to their 3D growth that isolates spheroid
core cells from oxygen perfusion. We subsequently assessed their susceptibility to
treatment with CAls 18-26 at 1 mM and 100 uM concentration, for 24 h incubation time.
Viability of the spheroids was assessed via the WST-8 assay in this case (Figure 31).
Inhibition data depicted in Figure 31 revealed that the most efficient cell killing by CAls
was observed in tumor spheroids derived from HT-29 and SKOV-3 cell lines, with

MDA-MB231 cell line being less affected. Polymeric bis-sulfonamide 25 was the most
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efficient CAl in this assay too, decreasing the viability to about 50%/80% in SKOV-3,
60%/70% in HT-29 and 80%/90% in MDA-MB231 at 1 mM/100 uM respectively. Other
efficient CAls in this in vitro 3D cell model were 21 and 23, but with a less consistent,

cell-dependent inhibition profile.
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Figure 31. Effect of PEGylated bis-sulfonamide carbonic anhydrase inhibitors 21-26 and acetazolamide (ACZ), at
different concentrations, on the viability of colon HT-29, breast MDA-MB231 and ovarian SKOV-3 cancer cell lines under a)
normoxic (b) hypoxic and (c) 3D cell cultures (tumor spheroids) conditions. P values were determined by one-way ANOVA,
comparing the value with the acetazolamide (ACZ) (*P < 0.05, **P < 0.01, ***P < 0.001). Only the statistical significant

differences were shown.
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The evaluation of the cytotoxicity of pyridinium CAls 29 was performed using
the same procedures used for CAls 21-26, after generation of their host-guest complexes
with sulfocalixarenes 30a-c, and cyclodextrins 31-33. All host and guest molecules
solutions (2 mM) were prepared at in D2O. Inclusion complexes were generated by Dr.
Ozlem Karakus by mixing 300 puL Host (H) and Guest (G) solutions at 1:1 molar ratio.
Formation of complexes was confirmed by *H-NMR (data not shown).

Thus, complexes from sulfocalixarenes and cyclodextrin hosts (H1-H6) and guest
molecules 29 (29a = G1, 29d = G2 and 29m = G3), were assessed for their ability to kill
the same three tumor cell lines HT-29, MDA-Mb231, SKOV-3 in both 2D (hypoxic and
normoxic) and 3D (tumor spheroids) models, as described previously. We also used
acetazolamide, as reference CAl, and we assessed the toxicity of the hosts in parallel
(Figure 32,33). Data from Figure 32 and Figure 33 revealed that all host molecules are
non-toxic. All complexes showed better activity towards cancer cell lines than
acetazolamide control. Among all complexes the H3-G1, H3-G2 and H3-G3
formulations showed robust killing especially on cells grown in hypoxic conditions and
on tumor spheroid (Figures 32, 33). The cytotoxicity properties of the complexes formed
by all guest molecules with the calixarene carrier H3 was superior to all other complexes
formed with other hosts.

Moreover, data form Figure 32 and Figure 33 revealed that complexes of CAls 29
with the calixarene hosts (H1-H3) were more efficient stronger than those of the same
guests with cyclodextrins (H4-H6). Although it has lower complexation properties with
respect to H1, calixarene carrier H3 appeared to be best candidate for a delivery system

for CAls 29. We postulate that the reason behind this behavior is the optimum balance
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between complexation and decomplexation processes achieved by this host, which

enables the efficient binding and delivery of pyridinium sulfonamides 29, with

subsequent CA IX inhibition and killing of the tumor cells.
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Figure 32. Comparative cytotoxicity of complexes generated from calixarenes H1-H3

and cyclodextrins H4-H6 with guest CAls 29 G1-G3 against normoxic (left panels), and

hypoxic (right panels) 2D cell cultures. Acetazolamide (ACZ) was used as control.
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Figure 33. Comparative cytotoxicity of complexes generated from calixarenes H1-H3
and cyclodextrins H4-H6 with guest CAls 29 G1-G3 against tumor spheroids.
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4.5 Conclusions

A detailed structure—activity relationship study was carried out within a series of
new bis-sulfonamides 2126 from three different established carbonic anhydrase
inhibitor “warheads”. These CAls were profiled against a set of membrane-bound and
cytosolic CA isoforms, including the tumor overexpressed CA IX and XII. We have
identified potent pan-inhibitors, together with CAls with selectivity for membrane-bound
isozymes. This CAl set was also assessed in vitro, in 2D and 3D tumor cellular models
expressing CA IX and XII, and we have successfully identified several potent CAls that
can significantly kill the tumor cells under both normoxic and hypoxic conditions. The
most efficient CAl proved to be polymeric bis-sulfonamide 25, which showed nanomolar
potency against purified CA 1X and XII isozymes and consistent and significant cancer
cell killing at concentrations of 10—100 uM across different tumors expressing these CA
isozymes. The findings presented in this work may help the identification of other similar
candidates, possibly with improved properties.

We were also able to mirror these positive results with our host-guest complexes
of pyridinium sulfonamides 29. All complexes showed better activity towards cancer cell
lines than acetazolamide control, with complexes H3-G1, H3-G2 and H3-G3 showing
robust killing especially on cells grown in hypoxic conditions and on tumor spheroids.
Complexes of CAls 29 with the calixarene hosts (H1-H3) were more efficient stronger
than those of the same guests with cyclodextrins (H4-H6). Calixarene carrier H3 was

found to be the best delivery system for pyridinium sulfonamides 29.
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CHAPTER 5

SUMMARY AND FUTURE STUDIES OF CA MODULATORS

For CAA project, the present study provides several novel insights into the CAs
involvement in cognition. We have proposed a novel set of nanomolar CA activators that
act selectively on CA 1V, CA VA and/or CA 1X, key CA isozymes involved in brain
metabolism. Their potency and selectivity against other CA isozymes present at the level
of the brain, together with their optimum lipophilicity validated our initial design and
recommend them as novel probes for elucidation of the role of these isozymes in brain
physiology and potential modulators of learning, memory and cognition. The use of the
CAAs in NORT and 1-day operant task assays revealed the ability of select CAAs to
prevent memory deficits induced by known amnesics scopolamine, ketamine and
acetazolamide, and representing the importance of the cholinergic pathway,
glutamatergic pathway and GABAergic pathway in the learning and retrieval of memory
in these specific tasks in mice.

The study evidenced an important contribution of CA IV and CA VA co-activation
in preventing memory deficits caused through the cholinergic pathway and of co-
activation of CA VA and CA IX in preventing memory deficits caused through the
GABAergic pathway.

Future studies will allow the evolution of these lead compounds into CAAs with
different activation profiles and subsequent nootropic activity to allow the continuation of
our triangulation of CA isozymes involved in learning and memory, to be further
developed into potential drugs for efficient management of MCI and perhaps other more

advanced forms of dementia such as early Alzheimer’s disease as our understanding of
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the role of carbonic anhydrase in normal and pathological states in the brain continues to
develop.

For CAI project, sulfonamides proved to be a CAIl with good tumor suppression
revealed from our in vitro toxicity tests. As sulfonamide (SLC-0111) targeting isoforms
IX/X11 is currently in Phase 11 clinical trials as an antitumor/antimetastatic agent, the
findings presented in this work may help the identification of other similar candidates,
possibly with improved properties. This research also reveals that in addition to the
established role of CAls as diuretics and antiglaucoma drugs, CAls have the potential

to act as novel anticancer drugs.
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