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CAUTIONARY NOTES
FORWARD LOOKING STATEMENTS

This presentation contains certain forward-looking statements within the meaning of Section 27A of the Securities Act of 1933, as amended (the “Securities Act”) and Section 21E of the Securities Exchange
Act of 1934, as amended (the “Exchange Act”), and the Company intends that such forward-looking statements be subject to the safe harbor created thereby. These might include statements regarding the
Company’s future plans, targets, estimates, assumptions, financial position, business strategy and other plans and objectives for future operations, and assumptions and predictions about research and
development efforts, including, but not limited to, preclinical and clinical research design, execution, timing, costs and results, future product demand, supply, manufacturing, costs, marketing and pricing
factors.

In some cases, forward-looking statements may be identified by words including “assumes,” “could,” “ongoing,” “potential,” “predicts,” “projects,” “should,” “will,” “would,” “anticipates,” “believes,”
“intends,” “estimates,” “expects,” “plans,” “contemplates,” “targets,” “continues,” “budgets,” “may,” or the negative of these terms or other comparable terminology, although not all forward-looking
statements contain these words, and such statements may include, but are not limited to, statements regarding (i) future research plans, expenditures and results, (ii) potential collaborative arrangements,
(iii) the potential utility of the Company’s products candidates, (iv) reorganization plans, and (v) the need for, and availability of, additional financing. Forward-looking statements are based on information
available at the time the statements are made and involve known and unknown risks, uncertainties and other factors that may cause our results, levels of activity, performance or achievements to be
materially different from the information expressed or implied by the forward-looking statements in this presentation.

These factors include but are not limited to, regulatory policies or changes thereto, available cash, research and development results, issuance of patents, competition from other similar businesses, interest
of third parties in collaborations with us, and market and general economic factors, and other risk factors disclosed in “Item 1A. Risk Factors” in the Company’s Annual Report on Form 10-K for the fiscal year
ended December 31, 2021, as filed with the SEC on April 15, 2022 (the “2021 Form 10-K”).

You should read these risk factors and the other cautionary statements made in the Company’s filings as being applicable to all related forward-looking statements wherever they appear in this presentation.
We cannot assure you that the forward-looking statements in this presentation will prove to be accurate and therefore prospective investors, as well as potential collaborators and other potential
stakeholders are encouraged not to place undue reliance on forward-looking statements. You should read this presentation completely. Other than as required by law, we undertake no obligation to update
or revise these forward-looking statements, even though our situation may change in the future.

We caution investors, as well as potential collaborators and other potential stakeholders not to place undue reliance on any forward-looking statement that speaks only as of the date made and to recognize
that forward-looking statements are predictions of future results, which may not occur as anticipated. Actual results could differ materially from those anticipated in the forward-looking statements and
from historical results, due to the risks and uncertainties described in the 2021 Form 10-K and in this presentation, as well as others that we may consider immaterial or do not anticipate at this time. These
forward-looking statements are based on assumptions regarding the Company’s business and technology, which involve judgments with respect to, among other things, future scientific, economic,
regulatory and competitive conditions, collaborations with third parties, and future business decisions, all of which are difficult or impossible to predict accurately and many of which are beyond the
Company’s control. Although we believe that the expectations reflected in our forward-looking statements are reasonable, we do not know whether our expectations will prove correct. Our expectations
reflected in our forward-looking statements can be affected by inaccurate assumptions that we might make or by known or unknown risks and uncertainties, including those described in the 2021 Form 10-K
and in this presentation. These risks and uncertainties are not exclusive and further information concerning us and our business, including factors that potentially could materially affect our financial results
or condition, may emerge from time to time.

For more information about the risks and uncertainties the Company faces, refer to “Item 1A. Risk Factors” in our 2021 Form 10-K and other reports filed or furnished with the SEC from time-to-time.
Forward-looking statements speak only as of the date they are made. The Company does not undertake and specifically declines any obligation to update any forward-looking statements or to publicly
announce the results of any revisions to any statements to reflect new information or future events or developments. We advise investors, as well as potential collaborators and other potential stakeholders
to consult any further disclosures we may make on related subjects in our annual reports on Form 10-K and other reports that we file with or furnish to the SEC. 2
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CAUTIONARY NOTES (cont’d)

NOT A SECURITIES OFFERING

This presentation is being provided for informational purposes only. This presentation does not constitute an offer to sell, a solicitation of an offer
to buy, or a recommendation of any security or any other product or service by RespireRx Pharmaceuticals Inc. (the “Company”) or any other third
party regardless of whether such security, product or service is referenced in this presentation. Furthermore, nothing in this presentation is
intended to provide tax, legal, or investment advice and nothing in this presentation should be construed as a recommendation to buy, sell, or hold
any investment or security or to engage in any investment strategy or transaction. We do not represent that the securities, product development
opportunities or strategies, or any other features of the Company discussed in this presentation are suitable for any particular investor,
collaborator or other stakeholder.
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Project Endeavor  - Neuromodulators

• Neurons communicate by releasing chemical 
neurotransmitters that bind to specific receptors on 
the adjacent neuron.

• Glutamate is the major excitatory neurotransmitter 
and GABA is the major inhibitory neurotransmitter.

• Neuromodulators do not act directly at the 
neurotransmitter binding site and have no intrinsic 
activity of their own, but instead act at accessory 
sites that enhance or reduce the actions of 
neurotransmitters. 

• Neuromodulators offer the possibility of developing 
“kinder and gentler” neuropharmacological drugs 
with greater pharmacological specificity and reduced 
side effects

Neuromodulators Can Enhance Synaptic Transmission
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o Glutamate is the major excitatory 
neurotransmitter in the CNS

o Fast excitatory transmission is 
mediated by AMPA-type glutamate 
receptors

o Ampakines are positive, allosteric 
modulators of the AMPA-type 
glutamate receptor

o Prolong and strengthen synaptic 
transmission

+ AMPAKINE

Presynaptic Postsynaptic

Glutamate

AMPA

NMDA

AMPAKINE

Excitation

AMPAKINES – A NOVEL CLASS OF DRUGS



AMPA Glutamate Receptor Structure
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Ampakine
binding sites

The receptors ion channel allows influx 
of Na+ and Ca2+ ions into the neuron

• The AMPA receptor is composed of four 
transmembrane proteins that form a pore, which 
when activated by glutamate opens and allows 
positive ions to enter the cell.

• Ampakine binding sites are located adjacent to 
the glutamate binding sites and increase the 
normal excitatory response to glutamate.

• As opposed to direct acting agonists that 
constantly bombard the glutamate binding site in 
a non-physiological manner, ampakines act by 
enhancing the natural actions of glutamate.

• The AMPA receptor proteins are heterogeneous 
and form various combinations allowing for 
subtype specificity and neuroanatomical and 
pharmacological selectivity.



Effects of CX614 and CTZ were examined in patches excised from hippocampal CA1 pyramidal neurons.

AMPA Receptor - Physiology
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The Lego School of Drug Design

ampakines are considerably more effective in prolonging
patch responses to 1-ms pulses of glutamate (Arai et al.,
1996b; Arai and Lynch, 1998a). These results have led to the
conclusions that ampakines slow both deactivation (channel
closing, transmitter dissociation) and desensitization rates
and that they modify transmission because of the former
effect (Arai and Lynch, 1998b).

The different although overlapping effects produced by
these two drug groups suggest the possibility that they rec-
ognize different sites on the AMPA receptor and/or have
different affinities for AMPA receptor subunits. With regard
to the latter question, experiments using recombinant, ho-
momeric receptors established that aniracetam (Partin et al.,
1996) does not have the marked flip/flop preferences exhib-
ited by CTZ, and binding tests suggested a similar conclusion
for ampakines (Hennegriff et al., 1997; Kessler et al., 1998).
Tentative evidence for distinct sites on the receptor has been
provided by the observation that aniracetam and CTZ re-
spond differently to point mutations (Partin et al., 1996).
However, most studies on ampakines were carried out with
drugs that had much lower apparent affinity than CTZ. This
difference in affinity could by itself be a decisive factor in that
perhaps only receptor-drug interactions involving a minimal
amount of binding energy might be able to produce the par-
ticular effects of a compound such as CTZ.

Continuing progress in resolving structure-activity rela-
tionships has now resulted in ampakines with at least 10-fold
higher potencies. The early generation drugs contained two
separate ring structures connected through a carbonyl group
(“BDP” in Fig. 1). In one subgroup of ampakines, referred to
as benzoxazines, these two elements have been connected via
a heteroatom, which thus closes an additional ring and con-
fers greater rigidity. The benzoxazine CX614 (2H,3H,6aH-
pyrrolidino[2!,1!-3",2"]1,3-oxazino[6",5"-5,4]benzo[e]1,4-
dioxan-10-one; Fig. 1) was used in the present study to com-
pare its effects with those described previously for CTZ with
regard to synaptic currents, aspects of receptor kinetics (such
as deactivation and desensitization), subunit preferences,
and agonist binding, and to test for competitive interactions
with CTZ. Drug interactions were also studied between
CX614 and GYKI 52466 (GYKI, 1-(4-aminophenyl)-4-methyl-
7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride;
Tarnawa et al., 1992), a member of a third group of modula-
tors that reduce AMPA receptor currents. Initial suggestions
that GYKI compounds are inverse modulators of the CTZ site

(e.g., Zorumski et al., 1993) were not confirmed by later
analyses (e.g., Johansen et al., 1995; Kessler et al., 1996;
Partin and Mayer, 1996; Yamada and Turetsky, 1996), but
the possibility of a similar relationship with ampakines re-
mained to be explored because GYKI shares a benzodioxole
element in its structure with some of the latter drugs.

Experimental Procedures
Extracellular Recording in Hippocampal Slices. Preparation

of slices and recording methods have been described previously (Arai
et al., 1996b). In brief, 400-!m slices were prepared from male
Sprague-Dawley rats (150–200 g) that had been decapitated under
anesthesia. The slices were transferred to a linear interface chamber
perfused with oxygenated artificial cerebrospinal fluid (0.5 ml/min,
35°C). Field excitatory postsynaptic potentials (EPSPs) were re-
corded from the stratum radiatum with stimulation intensity ad-
justed to provide 50% of the maximum EPSP amplitude. Drug con-
taining medium was prepared from a 500 mM stock solution of
CX614 in dimethyl sulfoxide (DMSO) and was infused into the re-
cording chamber with a syringe pump; the highest DMSO concen-
tration of 0.2% did not influence synaptic transmission.

Whole-Cell Recordings from Hippocampal Primary Cul-
tures. Whole-cell recordings were made from neuronal cultures pre-
pared from the hippocampus with a slight modification of the method
of Baughman et al. (1991). In brief, hippocampi from E16–18
Sprague-Dawley rats were isolated in ice-cold minimal essential
medium (MEM) and cut into small pieces. The tissue was incubated
with 0.05% trypsin/0.53 mM EDTA at 37°C for 30 min. After centrif-
ugation (900 rpm), the tissue pellet was suspended in plating MEM
containing 5% fetal calf serum, penicillin/streptomycin, 10 !M MK-
801, and 100 !M 2-amino-5-phosphonopentanoic acid (AP5), and was
gently triturated with Pasteur pipettes of various tip diameters until
the cells were completely dispersed. The cell suspension was plated
onto a recording chamber (Nunc, Naperville, CT) with microislands
coated with (poly)D-lysine (0.02 mg/ml). The cells were fed every
week by replacing approximately one-third of the medium containing
5% fetal calf serum (without NMDA receptor antagonists) and were
grown for 10 to 25 days at 37°C. Whole-cell recordings were made
from islands containing a solitary neuron (for autaptic response) or
multiple cells (for asynchronous activity) with mature morphological
characteristics (i.e., elaborate dendritic arbors with primary and
higher order branches). The extracellular recording solution con-
tained 140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM
NaHCO3, 10 mM glucose, and 20 mM HEPES, pH 7.37, and was
supplemented with 50 !M picrotoxin, 10 !M MK-801, and 100 !M
AP5. The intrapipette solution contained 130 mM CsF, 10 mM
EGTA, 2 mM ATP disodium salt, and 10 mM HEPES, pH 7.4.
Holding potential was #60 mV or as indicated. Both autaptic and
asynchronously induced responses were evoked by clamping the
membrane potential at $20 mV for 1 ms. Neurons from which
recordings were made were identified immunohistochemically by
fixing with 4% paraformaldehyde and visualizing with antibodies
against MAP2, neurofilament, or synaptophysin.

Excised-Patch Recordings. Patch clamp studies were carried
out with outside-out patches excised from CA1 pyramidal neurons of
organotypic hippocampal slices. Slice cultures were prepared from 13
to 14-day-old Sprague-Dawley rats and grown for 2 weeks on cellu-
lose membrane inserts (Millipore CM; Millipore Corporation, Bed-
ford, MA) in an incubator (Arai et al., 1996b). For recording, a slice
was transferred to a chamber and immersed in a medium containing
125 mM NaCl, 2.5 mM KCl, 1.25 mM KH2PO4, 2 mM CaCl2, 1 mM
MgCl2, 5 mM NaHCO3, 25 mM D-glucose, and 20 mM HEPES, pH
7.3. A patch was excised and relocated to an adjacent recording
chamber perfused with recording medium containing: 130 mM NaCl,
3.5 mM KCl, 20 mM HEPES, 0.01 mM MK-801, and 0.05 mM D-AP5.
Patch pipettes had a resistance of 3 to 8 M% and were filled with aFig. 1. Chemical structure of AMPA receptor modulators
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and incubated with 0.05% trypsin/0.53 mM EDTA at 37°C for 30
min. After centrifugation (900 rpm), the tissue pellet was suspended
in plating minimal essential medium with 5% fetal calf serum, pen-
icillin/streptomycin, 10 !M MK-801, and 100 !M AP5, and gently
triturated until the cells were completely dispersed. Cells were
plated onto a recording chamber (Nalge Nunc, Naperville, IL) with
microislands coated with poly-D-lysine (0.02 mg/ml) and grown for 10
to 25 days at 37°C. Whole-cell recordings were made from solitary
neurons on microislands exhibiting mature morphology. The extra-
cellular recording solution contained 140 mM NaCl, 4 mM KCl, 2
mM CaCl2, 1 mM MgCl2, 5 mM NaHCO3, 10 mM glucose, and 20 mM
HEPES (pH 7.37), and was supplemented with 50 !M picrotoxin, 10
!M MK-801, and 100 !M AP5. The intrapipette solution contained
130 mM CsF, 10 mM EGTA, 2 mM ATP disodium salt, and 10 mM
HEPES (pH 7.4). The holding potential was !60 mV. Autaptic re-
sponses were evoked by clamping the membrane potential at "20
mV for 1 ms. Neurons from which recordings were made were iden-
tified immunohistochemically.

Extracellular Recording in Hippocampal Slices. Transverse
hippocampal slices (400 !m) were prepared from male Sprague-
Dawley rats (150–200 g; Charles River Laboratories, Wilmington,
MA) as described elsewhere (Arai et al., 1996b). The slices were
placed in an interface chamber, which was perfused at 0.5 ml/min
with oxygenated ACSF containing 124 mM NaCl, 3 mM KCl, 1.25
mM KH2PO4, 3.4 mM CaCl2, 2.5 mM MgSO4, 26 mM NaHCO3, and
10 mM D-glucose, and exposed to humidified 95% O2/5% CO2. Field
EPSPs were recorded from the stratum radiatum in response to
activation of Schaffer-commissural fibers in the same stratum. The
input-output relation of the synaptic response was first established
to determine the maximum EPSP amplitude without spike compo-
nent, and the stimulation intensity was adjusted to 50% of the
maximum EPSP amplitude. After establishing a stable baseline, the
perfusion line was switched to one containing CX516 or CX546.

Binding Assays. Rat brain membranes were prepared from the
telencephalon according to conventional procedures that involved 1)
homogenization in an isotonic sucrose solution and differential cen-
trifugation to obtain a P2 pellet fraction, 2) osmotic lysis, and 3)
repeated washing by centrifugation and resuspending in the buffer
in which most binding experiments were carried out (100 mM
HEPES/Tris, 50 !M EGTA, pH 7.4) (see Arai et al., 2000 for details).
Aliquots were frozen at !80°C; after thawing, the membranes were
tip-sonicated and washed at least twice by centrifugation. For some
assays, the membranes were suspended in an ACSF-type buffer
containing 124 mM NaCl, 3 mM KCl, 1 mM KH2PO4, 2 mM MgSO4,
1 mM CaCl2, 5 mM NaHCO3, 10 mM HEPES, and 20 mM glucose
(pH 7.4). Synaptoneurosomes were prepared according to the method
of Hollingsworth et al. (1985) with minor modifications. In brief, rat
cortex was minced in the ice-cold ACSF-type buffer described above,
gently homogenized by hand in a Dounce tissue grinder, and filtered
through cloth and Millipore filters of decreasing pore size (5 !m final
pore size). The synaptoneurosomes were then washed three times by
centrifugation (3000g) and resuspended gently in the ACSF buffer.
Binding assays were generally conducted at 25°C with the centrifu-
gation method. Aliquots of the membrane suspension (100 !g of
protein in 200 !l) were incubated for 45 min with typically 20 to 50
nM radiolabeled compound and appropriate additions. Sets of 24
samples were then centrifuged for 20 min at 25,000g in a Beckman
JA-18.1 rotor (Beckman Coulter, Inc., Fullerton, CA) with tempera-
ture settings such that the rotor temperature was maintained
around 25°C. Ten minutes after the centrifugation, the supernatant
was aspirated and the pellet was quickly rinsed with ice-cold buff-
ered saline containing 50 mM KSCN (wash buffer). The pellets were
dissolved in 20 !l of tissue solubilizer BTS-450 from Beckman
Coulter before adding acidified scintillation fluid. Drugs were added
from 100-fold concentrated solutions in DMSO; separate mixing tests
were used to verify that these procedures did not result in drug
precipitation. Control samples received the equivalent amount of
DMSO (usually 1%); binding was changed by less than 10% at this

solvent concentration. Background values (“nonspecific binding”)
were measured by inclusion of 5 mM L-glutamate and subtracted
from total binding; separate background values were determined for
incubations with and without drug. Protein content was determined
according to the method of Bradford (1976) with the reagent avail-
able from Bio-Rad (Hercules, CA) and with bovine serum albumin as
standard. Binding curves were fitted to the data points through
nonlinear regression using the Prism program (GraphPad Software,
Inc., San Diego, CA). [3H]CNQX was purchased from PerkinElmer
Life Sciences (Boston, MA) and [3H]fluorowillardiine from Tocris
Cookson, Inc. (Ballwin, MO). Other reagents were from the usual
commercial sources.

Results
The Ampakine ligands compared in the present study,

CX516 and CX546, are shown in Fig. 1, together with conge-
ners described in earlier reports (Arai et al., 1994, 1996a,
2000). Both compounds contain a benzamide core but differ
in the nature of the fused heterocycle. The nitrogen-contain-
ing ring in CX516 is aromatic in nature and, thus, the bicyclic
quinoxaline group is completely planar. In CX546, the ethyl-
ene carbons joining the oxygens lie outside the plane defined
by the benzene ring. It should be noted that whereas the
benzene ring of CX546 is electron-rich because of the two
attached oxygen atoms, the corresponding ring of CX516 is
electron-deficient due to the nitrogen heterocycle. This fun-
damental difference could have significant impact on "-"
interactions with aromatic amino acid side chains that could
be present at the receptor binding site. Many other Ampa-
kine modulators resemble CX546 in that they contain oxygen
heterocycles fused to the benzene ring of the pharmacophoric
benzamide structure.

Effects of CX546 on AMPA Receptor Currents in Ex-
cised Patches. Outside-out patches were excised from CA1
pyramidal cells of cultured hippocampal slices and exposed to
long-duration (800-ms) pulses of 1 mM glutamate (Fig. 2, top
left). Patches were equilibrated at the selected drug concen-
tration 30 s before applying the glutamate test pulses. In the
absence of drug, responses rapidly desensitized until they
reached a steady-state value of about 5% of the peak current.
Increasing the CX546 concentration progressively raised the
steady-state current and the peak current (Fig. 2, group
data) without significant effect on the time constant for the
decay from the peak to the steady-state. This indicates that
desensitization is effectively blocked in those receptors that
have bound the drug and that increasing the drug concen-

Fig. 1. Chemical structure of Ampakine modulators.
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component, presumably because the concentration of 100 !M
did not saturate the receptors; the time constants for these
two components were 3.7 ! 0.7 ms (54 ! 4% of amplitude)
and 20.5 ! 3.6 ms (46 ! 4%). The slow component was
increased by a factor of 8.4 ! 1.5 over the control value (six
pairs). The effect of CTZ by comparison was moderate (4.2 !
0.6 ms versus 2.9 ! 0.2 ms, six pairs).

The bottom row of Fig. 5 shows a second approach to assess
receptor desensitization. Paired application of 1-ms gluta-
mate pulses typically results in a reduction in the amplitude
of the second response by about half, presumably because
some receptors activated during the first glutamate applica-

tion converted to the desensitized state (Colquhoun et al.,
1992; Arai and Lynch, 1996). At high concentrations, both
drugs completely suppressed this paired-pulse reduction, but
CX614 was slightly less potent, in that its effect was incom-
plete at 100 !M (Fig. 5C, left and middle). Taken together,
the results of Figs. 4 and 5 show that CX614 effectively
blocks desensitization and that it is similar in this regard to
CTZ.

Effect of CX614 on Recombinant AMPA Receptors
Expressed in HEK 293 Cells. HEK 293 cells stably ex-
pressing recombinant AMPA receptors from rat (Yamada
and Turetsky, 1996; Hennegriff et al., 1997) were used to

Fig. 5. Effect of CX614 on currents induced by long and short glutamate pulses: comparison with CTZ. Effects of CX614 and CTZ were examined in
patches excised from CA1 pyramidal neurons. Patches were equilibrated with the drug before glutamate was applied. A, effects of CX614 and CTZ on
inward currents induced by long application of 10 mM glutamate. Traces were taken from a representative experiment in which both drugs were
applied at 100 !M to the same patch. Calibration, 50 pA/200 ms for CX614, 40 pA/200 ms for CTZ. The bar graph at the center summarizes the effect
of the drugs on the steady-state current as a percentage of the peak current and shows the corresponding control values without drug. Data (mean
and S.E.M.) are from 10 (CX614) and 8 patches (CTZ). B, effects on responses induced by 1-ms application of 10 mM glutamate. Traces were taken
from the same experiment as in A. Calibration, 50 pA/20 ms. The decay phase was fitted with a single-exponential (control and CTZ) or a
two-exponential function (CX614). Summarized data are shown at the center. The deactivation time constant in the absence of drug was 2.6 ! 0.3 ms
(n " 8). For CX614, both the fast ("1) and the slow ("2) component are shown. The effects of the drugs were compared within the same patches (6 pairs).
C, paired-pulse depression. The graphs on the left and right summarize the drug effects on paired-pulse depression. Pairs of 1-ms pulses of glutamate
(10 mM) were applied with interpulse intervals between 10 and 1000 ms. The depression in the second response relative to the amplitude of the first
response was plotted against the interpulse interval. Each point represents averaged data from five to seven (control), four to five (CX614), and three
(CTZ) patches. The data were fitted with a single exponential decay function. Representative experiments with traces for several interpulse intervals
superimposed are shown in the middle. Calibration, 50 pA/50 ms for control, 1000 !M CX614 and CTZ; 165 pA/50 ms for 100 !M CX614.
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Effects of CX614 and CTZ were examined in patches excised from hippocampal CA1 pyramidal neurons. Patches were equilibrated
with the drug before glutamate was applied. A. Effects of CX614 and CTZ on inward currents induced by 100msec application of 10
mM glutamate. Traces were taken from a representative experiment in which both drugs were applied at 100 M to the same patch.
The bar graph at the center summarizes the effect of the drugs on the steady-state current as a percentage of the peak current and
shows the corresponding control values without drug. Data (mean and S.E.M.) are from 10 (CX614) and 8 patches (CTZ). B. Effects on
responses induced by 1-ms application of 10 mM glutamate. The decay phase was fitted with a single-exponential (control and CTZ)
or a two-exponential function (CX614). Summarized data are shown at the center. The deactivation time constant in the absence of
drug was 2.6 0.3 ms (n 8). For CX614, both the fast ( 1) and the slow ( 2) component are shown. The effects of the drugs were
compared within the same patches (6 pairs).
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drugs (Yamada and Tang, 1993). The shift in the EC50 value
of the peak current toward higher concentration (Fig. 4B)
probably reflects a delay in the time to peak at subsaturating
drug concentrations.

Figure 5 offers a more extensive kinetic analysis that in-
cludes the effects on responses induced by 1-ms applications
of glutamate and a comparison with CTZ. These experiments
were carried out with a saturating, 10-mM concentration of
glutamate. Under these conditions, both drugs at 100 !M
almost completely blocked the decay of the response induced

by long (800 ms) application of glutamate [i.e., they increased
the ratio between steady-state and peak current to 96 ! 2%
(CX614; 10 patches) and 93 ! 3% (CTZ; 8 patches) (Fig. 5A)].
A substantial difference was seen, however, when glutamate
was applied for only 1 ms. Control responses induced with
this paradigm reached a peak after 0.5 ms; then, on removal
of the agonist, they returned to baseline with a time constant
of 2.6 ! 0.3 ms (n " 8). This deactivation phase of the
response was greatly prolonged in the presence of 100 !M
CX614. The decay phase seemed to contain a fast and a slow

Fig. 3. Effect of CX614 on autaptic
responses and asynchronous EPSCs
in hippocampal neurons grown on mi-
croislands. A, superposition of autap-
tic responses obtained before and dur-
ing application of 20 !M CNQX;
representative experiment. Autaptic
responses were evoked by delivering a
brief depolarizing pulse through the
recording electrode. The decay time
constant of the response is 12.6 ms.
Calibration, 2.5 nA/10 ms. B, autaptic
responses before and after infusion of
100 !M CX614. Decay time constants
are 4.4 and 10 ms, respectively. Cali-
bration, 250 pA/10 ms. C, Effect of 100
!M CX614 on asynchronous synaptic
activity triggered by depolarization
pulses. Calibration, 200 pA/50 ms. D
and E, superposition of asynchronous
EPSCs recorded before and after infu-
sion of CX614. Traces in D were taken
from the experiment shown in C, as
marked by asterisks; those in E are
from a separate experiment that ex-
hibited very large responses. Calibra-
tion for D, 50 pA/25 ms; for E, 200
pA/25 ms.

Fig. 4. Effect of CX614 on glutamate-induced currents in patches excised from CA1 pyramidal cells. Left, representative set of responses to 1 mM
glutamate at increasing concentrations of CX614, recorded from a single patch. The patch was pre-equilibrated with drug before glutamate
application. Holding potential, #50 mV. Calibration, 100 pA/200 ms. Right, steady-state and peak currents were normalized to those induced by 1 mM
glutamate alone, and percentage changes over control responses were plotted on the y-axis against drug concentration. Each point (mean and S.E.M.)
represents data averaged from seven to nine patches. EC50 values for the steady-state current and the peak current were 43.7 !M (nH " 0.76) and
132 !M (nH " 0.9), respectively.
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100 pA

200 ms

drugs (Yamada and Tang, 1993). The shift in the EC50 value
of the peak current toward higher concentration (Fig. 4B)
probably reflects a delay in the time to peak at subsaturating
drug concentrations.

Figure 5 offers a more extensive kinetic analysis that in-
cludes the effects on responses induced by 1-ms applications
of glutamate and a comparison with CTZ. These experiments
were carried out with a saturating, 10-mM concentration of
glutamate. Under these conditions, both drugs at 100 !M
almost completely blocked the decay of the response induced

by long (800 ms) application of glutamate [i.e., they increased
the ratio between steady-state and peak current to 96 ! 2%
(CX614; 10 patches) and 93 ! 3% (CTZ; 8 patches) (Fig. 5A)].
A substantial difference was seen, however, when glutamate
was applied for only 1 ms. Control responses induced with
this paradigm reached a peak after 0.5 ms; then, on removal
of the agonist, they returned to baseline with a time constant
of 2.6 ! 0.3 ms (n " 8). This deactivation phase of the
response was greatly prolonged in the presence of 100 !M
CX614. The decay phase seemed to contain a fast and a slow

Fig. 3. Effect of CX614 on autaptic
responses and asynchronous EPSCs
in hippocampal neurons grown on mi-
croislands. A, superposition of autap-
tic responses obtained before and dur-
ing application of 20 !M CNQX;
representative experiment. Autaptic
responses were evoked by delivering a
brief depolarizing pulse through the
recording electrode. The decay time
constant of the response is 12.6 ms.
Calibration, 2.5 nA/10 ms. B, autaptic
responses before and after infusion of
100 !M CX614. Decay time constants
are 4.4 and 10 ms, respectively. Cali-
bration, 250 pA/10 ms. C, Effect of 100
!M CX614 on asynchronous synaptic
activity triggered by depolarization
pulses. Calibration, 200 pA/50 ms. D
and E, superposition of asynchronous
EPSCs recorded before and after infu-
sion of CX614. Traces in D were taken
from the experiment shown in C, as
marked by asterisks; those in E are
from a separate experiment that ex-
hibited very large responses. Calibra-
tion for D, 50 pA/25 ms; for E, 200
pA/25 ms.

Fig. 4. Effect of CX614 on glutamate-induced currents in patches excised from CA1 pyramidal cells. Left, representative set of responses to 1 mM
glutamate at increasing concentrations of CX614, recorded from a single patch. The patch was pre-equilibrated with drug before glutamate
application. Holding potential, #50 mV. Calibration, 100 pA/200 ms. Right, steady-state and peak currents were normalized to those induced by 1 mM
glutamate alone, and percentage changes over control responses were plotted on the y-axis against drug concentration. Each point (mean and S.E.M.)
represents data averaged from seven to nine patches. EC50 values for the steady-state current and the peak current were 43.7 !M (nH " 0.76) and
132 !M (nH " 0.9), respectively.
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AMPAKINES – Low Impact



	

Effects of Cx1739 on AMPAR-mediated currents in CA1 pyramidal neurons. A, In 

the presence of TTX (1 µM), puffing AMPA (0.5 mM, 4 ms pulse, 0.1-0.2 psi) induced a 

fast current (Black trace and 1) that could be blocked by NBQX (20 µM, results not 

shown). Application of Cx1739 (200 µM) enhanced the amplitude of AMPAR-currents 

(Red trace and 2), and could be washed out (Green trace and 3). B, The time course of 

Cx1739 effects. C, The decay constant (τ) of AMPAR-currents. Cx1739 reduced the 

decay of AMPAR-currents. D, The rising time of AMPAR-currents. Data are from a 

representative cell. 

	

Effects of Cx1739 on AMPAR-mediated currents in CA1 pyramidal neurons. A, In 
the presence of TTX (1 μM), puffing AMPA (0.5 mM, 4 ms pulse, 0.1-0.2 psi) 
induced a fast current (Black trace and 1) that could be blocked by NBQX (20 μM, 
results not shown). Application of Cx1739 (200 μM) enhanced the amplitude of 
AMPAR-currents (Red trace and 2), and could be washed out (Green trace and 3). 
B, The time course of Cx1739 effects. 

AMPAKINES – Low Impact
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Extracellular field potentials (Population Spikes) from CA1 pyramidal cells were recorded with glass micropipettes after single pulse electrical 
stimulation of the Schaffer-commissural fiber afferents. The maximal amplitude of PS was determined by increase stimulating intensity until a 
second spike appeared. Then the intensity was decreased to induce a 50% to 60% of maximal response. The amplitude of PS was measured for 
each response and plotted against time. 

High Impact Ampakines – Tissue Model of Convulsions
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Low Impact Ampakines – Tissue Model of Convulsions
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AMPAKINE Properties

Characteristics of Low Impact and High Impact AMPAKINE® Molecules 

Properties Low Impact High Impact
Mechanism of action Increases probability of 

channel opening
Inhibits desensitization

Bind to cyclothiazide site No Yes

Increase EPSP in vivo Yes Yes

Increase long term 
potentiation

Yes Yes

Effective in cognition tests Rat/primate Rat/primate

Increase BDNF Yes Yes

Antagonize respiratory 
depression Animals/humans Rats

Rat post-stoke recovery No Yes

Huntington’s disease model No Yes
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Project Endeavor – Ampakines

• In Vitro Cellular Models

• In Vivo Animal Models

• Clinical Studies



IDENTIFICATION OF KEY RHYTHMOGENIC NEURONS*
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Schematic diagram of a rhythmically-active
medullary slice (700 µm) preparation used
for recordings of preBötC neurons and XII
nerves activity. PreBötC (light grey circles)
inspiratory neuron display spontaneous
inspiratory depolarizing discharges in current-
clamp recording (upper trace; scale bar 10 mV)
and input currents in voltage-clamp recording
(lower trace, scale bars 100pA and 2sec).
Hypoglossal nerve activity is recording at the
same time as a reference for inspiratory motor
outputs. Drugs can be added to the bath or
locally pressure injected via a triple-barrel drug
pipette that can each contain up to three
different drugs. The pressure injector is
controlled by a stimulator. All parameters for
the microinjections (duration, intervals, etc.)
can be monitored by the stimulator.

IV

* From Laboratory of Dr. John Greer



AMPA Receptors Modulate Respiratory Neurons

CNQX

AMPA

RESPIRATORY FREQUENCY IS MODULATED VIA AMPA RECEPTORS

XII

XII

Funk et al. J. Neurophysiology 1997, 78:1414-20
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AMPAKINES Antagonize Opioid Induced Respiratory Depression



Ampakines Reverse Opioid-Induced Suppression of Respiratory Frequency in a medullary slice preparation. Integrated 
recordings of XII nerve bursts during bath application of CX717 following 400nM DAMGO bath application.
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AMPAKINES Antagonize Opioid Induced Respiratory Depression
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Ampakines Reverse Opioid-Induced Suppression of Respiratory Frequency in a 
medullary slice preparation. Integrated recordings of XII nerve bursts during bath 
application of (A) CX1739 following 400nM DAMGO bath application.

AMPAKINES Antagonize Opioid Induced Respiratory Depression



WHOLE-BODY PLETHYSMOGRAPHIC RECORDINGS
TAIL INFUSION OF OPIATES AND AMPAKINES

Ren et al. (2006). American Journal of Respiratory and Critical Care Medicine. 174:1384-1391
Ren et al. (2009) Anesthesiology. 110(6):1364-70

AMPAKINES Antagonize Opioid Induced Respiratory Depression
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Effect on Alfentanil-induced Respiratory Depression in Rats
Infusion of alfentanil (250 µg/kg/20 min) produces respiratory depression in rats. CX1739
administered intravenously at 20 mg/kg rapidly attenuates respiratory depression induced by
alfentanil. Data points represent the mean normalized minute volume and standard error of 8
animals. The 5-second traces on the right are taken from time points at baseline (A), during
alfentanil infusion (B), and following administration of 20 mg/kg CX1739 (C).
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Alfentanil Induced Respiratory Depression in Humans

Clinical Study Report PAREXEL Study Number: 07/92998-07 

 Sponsor Study Number CX717-RD-02

 

Date: 15 February 2010 

Version: Draft 2.0 

 CONFIDENTIAL Page 52 of 130 

 

Figure  9-3: Absent respiratory depression (red squares and dotted line) and present 
alfentanil induced respiratory depression at 100 ng/mL 

 

9.5.5.1.2 Spontaneous respiratory rate 
In addition, the frequency of spontaneous respiration was monitored.  For that purpose, a 
respiratory belt transducer (MLT1132 Piezo Respiratory Belt transducer, ADInstruments 
GmbH, Spechbach, Germany) was fastened around the subject’s upper abdomen and 
connected to an integrated data recording unit featuring a built-in amplifier (Powerlab 4/25T, 
ADInstruments GmbH, Spechbach, Germany).  The subjects was then instructed to remain 
silent, while recording their respiratory frequency for a period of 10 minutes, during which 
slow music was played and the laboratory was otherwise kept completely silent.  For 
analysis, the first three minutes and the last minute of each measurement were excluded. 

9.5.5.2 Visual analogue scale of side effects 
Based on experience with investigations of opioid effects in humans, symptoms selected for 
visual analogue scale (VAS) rating were of “tiredness, drowsiness, sedation, nausea, and 
pruritus”.  These selected medical symptoms were rated at the beginning of the assessment 
sessions 1 (baseline), 2, 3 and 4 before the respiratory measurements were made by means of 
VAS (length 100 mm ranging from 0 = ”no such symptom” to 100 = ”symptom experienced 
at maximum”).  An assessment of the overall severity of nausea experienced during the 
duration of the alfentanil infusion was performed at the end of the alfentanil infusion using 
the VAS. 

Alfentanyl infusion – 100ng/ml

Placebo
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Ampakines Reduce Opioid-Induced Respiratory 
Depression in Phase 2A Clinical Trials

-40
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Placebo PlaceboCX717
1500 mg*

CX1739
900 mg*

Validation of Doses for Target Engagement

p<.01

p<.01

* Approximately 15 and 10 
mg/kg on a weight basis, 
respectively; comparable 
to animal doses
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• Central Sleep Apnea

• ADHD



CX1739: Completed Phase 2A in Sleep Apnea – Single Dose

Design Randomized, double-blind, placebo-controlled study

Population 20 adults with all types of moderate to severe sleep apnea (16 given CX1739; 4 given Placebo)

Dosing Each subject received either placebo or a single dose of 900mg CX1739 one hour before lights out

Primary 
Measures

Apnea-Hypopnea measures; Oxygen saturation; Sleep quality, measured by PSG
(Apnea: no airflow for >10s; Hypopnea: reduced airflow for >10s)

S t u d y  De s i g n

Placebo

CX1739 – 900 mg

BaselineScreening

PSG 1 PSG 2 PSG 3

PSG – Polysomnography, or sleep lab study 
26



Patient Selection: CX1739 Was More Effective in 
Treating Mixed and Central Sleep Apneas

32



33

A Phase 2 Trial of CX717 in the Treatment of ADHD

Treatment 1 Treatment 1

Treatment 2 Treatment 2

Screening visit Follow- up visit

Telephone 
assessment

W1 W1W3 W3

Assessments Assessments

PERIOD 1 PERIOD 2
WASHOUT

W2 W2 -Baseline 1 Baseline 2

Study Design Schematic
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Mean Change from baseline
* Repeated measures analysis , p=0.002

CX717 Shows Significant Improvement in ADHD

Phase 2 Study of CX717 in Adult ADHD: Randomized, double-blind, multi-center, 2-period crossover study 
that compared 2 doses of CX717 (200 or 800 mg BID) with placebo. Statistically significant effects were 
observed with 800 mg as early as week 1.

INATTENTIVENESSOVERALL ADHR-RS

-6

-5

-4

-3

-2

-1

0
Week 1 Week 2 Week 3

Placebo (H) High Dose

HYPERACTIVITY

Mean Change from baseline
* Repeated measures analysis , p<0.05

Mean Change from baseline
* Repeated measures analysis , p<0.04
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CX717 May Be Superior to Strattera ® in the Treatment 
of ADHD: Comparison of ADHD-RS Scores

Placebo Strattera Placebo CX717 (HD)
(n = 134) (n = 133) (n = 23) (n = 23)

Week 4 -2.4 -4.8 -2.4 0.25 Week 3 -6.0 -10.0 -4.8 0.43
Week 8 -5.6 -9.7 -4.1 0.42
Endpt -6.0 -9.5 -3.5 0.36

Placebo Strattera
(n = 124) (n = 124)

Week 4 -2.8 -6.1 -3.3 0.33
Week 8 -6.9 -12.3 -5.4 0.53
Endpt -6.7 -10.5 -3.6 0.38

Δ

Effect 
Size

Effect 
Size

Effect 
Size

STUDY 1 (LYAA)

Δ Δ

STUDY 2 (LYAO)

Strattera® Phase 3 Pivotal Trials

Note:  SD change for Placebo = 9.3; Strattera = 10.9
taken from endpoint but assumed for all calculations

CX 717 Clinical Trial

CX717 800 mgPlacebo
(n=23)

CX717 (800mg)
(n=23)

D Effect
Size

Week 1 -3.8 -8.0 4.2 .44

Week 3 -6 -10.0 4.8 .43

Michelson D et al., Biol Psychiatry (2003) Strattera Summary Basis of Approval (2001)

* CX717 effective as early as 1 week

* Strattera® takes 4 – 8 weeks to be effective



Next Step: Phase 2 Clinical Trial
CX1739 +/- AIH in the Treatment of SCI

Oral CX717 prevented and reversed the Respiratory 
Depression without impacting the pain-relieving 

properties of the opioid

36

8 weeks following surgery, CX717 (15 mg/kg) increases amplitude in 
electrical recordings taken from rat phrenic nerves

Unilateral hemi-transections at the level of the 2nd cervical vertebra are performed 
on rats and electrical activity is recorded from phrenic nerves, which innervate the 

diaphragm and contribute to the regulation of breathing.

IH IH IH

IH IH IH



Blinded, Placebo-controlled, Escalating-dose Study of CX1739, With and Without Acute 
Intermittent Hypoxia, in Patients with Incomplete Spinal Cord Injury

Next Step: Phase 2 Clinical Trial
CX1739 +/- AIH in the Treatment of SCI

Primary Objectives

1. Evaluate the safety of acute CX1739 treatment at escalating doses in patients with SCI
2. Evaluate the safety of multiple daily doses of CX1739 at escalating doses in patients with SCI
3. Evaluate the safety of CX1739 in Combination with Acute Intermittent Hypoxia in Patients with SCI

Secondary Objectives

1. Evaluate the effect of acute CX1739 treatment at escalating doses on motor function and recovery, with and 
without acute intermittent hypoxia in patients with SCI

2. Evaluate the effect of multiple BID doses of CX1739 treatment on motor function and recovery, with and 
without acute intermittent hypoxia in patients with SCI

37
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