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Short hairpin RNAs (shRNA), targeting knockdown of specific genes,
hold enormous promise for precision-based therapeutics to treat nu-
merous neurodegenerative disorders. We designed an AAV9-shRNA
targeting the downregulation of the 5-HT2A receptor, and recently
demonstrated that intranasal delivery of this shRNA (referred to as
COG-201), decreased anxiety and enhanced memory in mice and rats. In
the current study, we provide additional in vivo data supporting a role
of COG-201 in enhancing memory and functional in vitro data, whereby
knockdown of the 5-HT2A receptor in primary mouse cortical neurons
led to a significant decrease in mRNA expression (p = 0.0007), protein
expression p-value = 0.0002, and in spontaneous electrical activity as
measured by multielectrode array. In this regard, we observed a signif-
icant decrease in the number of spikes (p-value = 0.002), the mean fir-
ing rate (p-value = 0.002), the number of bursts (p-value = 0.015), and
a decrease in the synchrony index (p-value = 0.005). The decrease in
mRNA and protein expression, along with reduced spontaneous electri-
cal activity in primary mouse cortical neurons, corroborate our in vivo
findings and underscore the efficacy of COG-201 in decreasing HTR2A
gene expression. This convergence of in vitro and in vivo evidence so-
lidifies the potential of COG-201 as a targeted therapeutic strategy.
The ability of COG-201 to decrease anxiety and enhance memory in
animal models suggests that similar benefits might be achievable in
humans. This could lead to the development of new treatments for con-
ditions like generalized anxiety disorder, post-traumatic stress disor-
der (PTSD), and cognitive impairments associated with aging or neu-
rodegenerative diseases.
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Introduction
Neurological disorders such as mild cognitive impairment (MCI) and
chronic anxiety are a major public mental health challenge, affecting
millions of people worldwide. MCI is often a transitional stage between
healthy aging and dementia. Depending on the inclusion criteria, the
prevalence of MCI has been estimated to be between 5.0% and 36.7% (1).
According to a systematic review and meta-analysis, the overall pooled
prevalence of anxiety in patients with MCI is approximately 21%. This
prevalence rate varies based on the source of the sample and the method
of diagnosis. For example, the prevalence of anxiety in community-based
samples of patients with MCI is about 14.3%, while it is approximately
31.2% in clinic-based samples (2). Based on these statistics, we estimate
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that roughly 1.5–2 million Americans suffer from MCI with an underlying
anxiety disorder. Currently, there is no single medication to treat both
cognitive impairments and anxiety in this patient population.

Precision-based therapeutics such as RNA interference offer a promis-
ing new approach to treating neurological and neurodegenerative disor-
ders. Short hairpin RNA (shRNA) represents one class of RNA interference
molecules that has a mechanism based on the sequence-specific degra-
dation of host mRNA through cytoplasmic delivery and degradation of
double-stranded RNA through the RNA-induced silencing complex (RISC)
pathway (3, 4). We designed plasmids containing the RNA instructions to
construct a specific shRNA to silence the HTR2A gene (U.S. Patent Ap-
plication No. 63/567,853). The HTR2A gene encodes for the 5-HT2A re-
ceptor, one of the 15 known serotonin receptor subtypes expressed in
the brain, and is implicated in both anxiety disorders (5, 6) and memory
(7–9). This plasmid contains a neuronal specific promoter, MeCP2 and is
packaged within AAV9 viral particles. Intranasal treatment of this AVV9-
shRNA (herein termed COG-201) in mice or rats significantly decreased
anxiety and improved memory (10). In this study, we present further ev-
idence supporting the memory-enhancing effects COG-201. We also pro-
vide functional data from experiments on primary cortical neurons taken
from mice. Our results show that treatment with COG-201 leads to re-
duced spontaneous electrical activity in these neurons. This effect oc-
curs specifically after reducing the expression of the 5-HT2A receptor.
These findings bolster the potential of intranasal shRNA delivery as a non-
invasive therapeutic method and establish a foundation for continued in-
vestigation into its role in treating anxiety and cognitive deficits linked to
a spectrum of neurodegenerative diseases.

Methods
shRNA Design and AAV9 Vector Design
Construction of the mouse shRNA to target knockdown of the 5-HT2A re-
ceptor was as previously described (11). The mouse HTR2A gene consists
of three exons that give rise to two major isoforms and is found on chro-
mosome 13. The predicted binding region of the primary RNA transcript
for this sequence is the beginning of exon 2, which would lead to the po-
tential knockdown of all possible isoforms. The following sequence was
used for assembly of the shRNA based on in vitro testing indicating a 77%
knockdown:

GCTGAGCACATCCAGGTAAATCCAGGTTTTGGCCACGACTGACCTGGATTT
CTGGATGTGCT CAG

No knockdown was observed with the empty vector control or a scrambled
shRNA control (Figure 2B). For validation and screening, knockdown was
verified using HEK293 cells cotransfected with the cDNA plasmid contain-
ing the HTR2A gene target. For in vitro treatment of primary mouse corti-
cal neurons, shRNA delivery subcloning of the shRNA was carried out in a
modified pAAV cis-plasmid under the neuronal-specific promoter, MeCP2.
The inclusion of the MeCP2 promoter is a crucial element design, as it en-
sures expression of the shRNA plasmid only in neuronal populations. A re-
porter gene enhanced green fluorescent protein was subcloned upstream
of the shRNA sequence. AAV9 viral large-scale transfection of plasmids
was carried out in HEK293 cells and purified through a series of CsCl cen-
trifugations. Titer load (in genome copy number per mL, or GC/mL) was
determined through quantitative real-time PCR, with typical yields giving
1–2 × 1013 GC/mL. All AAV9 vectors were stored in phosphate buffered
saline (PBS) with 5% glycerol at −80°C until used. Design, manufactur-
ing, and purification of AAV9 vectors used in this study were performed
by Vector Biolabs (Malvern, PA).

Novel Object Recognition Test
The object recognition task is used to assess short-term memory,
intermediate-term memory, and long-term memory in rats and was per-
formed as previously described (11). The task is based on the natural ten-
dency of rats to preferentially explore a novel versus a familiar object,
which requires memory of the familiar object. The time delay design al-
lows for the screening of compounds with potential cognitive enhancing
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properties to overcome the natural forgetting process. Wistar male rats
(12 animals per group) were randomly assigned to two groups consisting
of vehicle (PBS) or COG-201 treated. Following administration of the vehi-
cle or COG-201, rats were assessed in this task 3 weeks posttreatment and
the discrimination index was calculated. To calculate the discrimination
index, the following equation was used: (time exploring novel object-time
exploring familiar object)/(time exploring novel object + time exploring
familiar object), multiplied by 100 to convert to a percentage. The arena
and objects were cleaned with 70% alcohol between each rat test session.
These behavioral studies were performed by Neurofit SAS. All animal care
and experimental procedures were performed in accordance with insti-
tutional guidelines and were conducted in compliance with French An-
imal Health Regulation. For all behavioral studies, animals were keyed,
and data were blinded until the end of experiments.

Primary Mouse Cortical Neuron Cultures and Treatment with COG-201
Primary cortical neurons from fresh mouse brain embryos were isolated
and plated onto coated 24-well plates at a density of 5 × 105 cells/
well. Cortical neurons were maintained in Neurobasal-A Medium, sup-
plemented with B27, Glutamax, and antibiotics (100 U/MI penicillin and
100 μg/mL streptomycin). Cultured neurons were incubated at 37°C and
5% CO2 and half the media were exchanged with fresh, complete media
every 3 days. On day 6 following plating (DIV 6), cortical neurons were
treated exogenously with a stock concentration of COG-201 at 1 × 1013

(GC/mL) to a final multiplicity of infection (MOI) of 2×105. The MOI refers
to the number of viral particles per neuron. Alternatively, cortical neurons
were treated at the same MOI using AAV9-MeCP2-GFP-scrambled-shRNA
representing the HTR2A target sequence but randomly scrambled. Cul-
tured neuronal media was replaced with half, fresh, complete media every
3 days for 10 days (DIV 16) at which point cells were fixed for immunocyto-
chemistry or analyzed for spontaneous electrical activity via MEA. Prepa-
ration and maintenance of primary mouse cortical neuron cultures was
carried out by Creative Biolabs (Shirley, NY).

Ethical Animal Treatment Statement
Creative Biolabs complies with all provisions of the Animal Welfare Act
and other regulations related to animals. Every individual involved in the
care and use of laboratory animals fully understands the responsibili-
ties, such as: avoids or minimizes discomfort, distress, and pain in experi-
mental animals consistent with sound scientific practices; uses minimum
number of animals necessary to obtain valid results. All experimental pro-
tocols were approved by the relevant Institutional Animal Care and Use
Committee.

Immunohistochemical Fluorescence Microscopy
Immunofluorescence histochemistry was as previously described (10, 11).
Briefly, following dehydration, 4 μm paraffin-embedded, sagittal sections
were cut just lateral to the midline and used for immunofluorescence la-
beling. Briefly, all tissue sections were labeled with anti-GFP antibody
(rabbit mAB #2956) 1:1,000 (Cell Signaling Technology, Inc., Danvers, MA,
USA) or anti-5HT-2A receptor antibody (rabbit polyclonal, #24288) at
1:500 dilution (Immunostar, Hudson, WI). Secondary antibodies were con-
jugated to FITC or Cy3. DAPI was used as a nuclear stain. Whole slide scan-
ning was performed using a Pannoramic Midi II scanner using a 40X objec-
tive lens with optical magnification of 98X, 0.1 μm/pixel. All sectioning,
immunolabeling, and capturing of images was contracted out to iHisto
(Salem, MA).

Immunocytochemistry Protocol
Cells were cultured under appropriate conditions before the immunocy-
tochemistry procedure was initiated. For fixation, cells were treated with
4% paraformaldehyde prepared in 1x PBS. The fixation solution was pre-
heated to 37°C prior to use. Cells were incubated with this solution for
10 minutes at room temperature to preserve cellular architecture and
antigenicity. Following fixation, cells were washed thrice with 1x PBS, with
each wash lasting for 3 minutes, to remove excess fixative. To permeabi-
lize the cell membranes, 0.1% Triton X-100 (diluted in PBS) was added to
the wells, and the cells were incubated for 15 minutes at room temper-
ature. This step facilitates the entry of antibodies into the cells. Subse-
quently, cells were again washed three times with 1x PBS for 3 minutes
each to remove the permeabilization agent.

The cells were then blocked with 500 μL of ready-to-use goat serum
for 1 hour at room temperature to prevent non-specific binding of the
primary antibodies. After blocking, the primary antibodies were diluted
in the goat serum; GFP monoclonal antibody from mouse was diluted at
1:500, and 5HT2A antibody from rabbit at 1:100. The primary antibody
solution was added to the wells, and the cells were incubated overnight
at 4°C. The next day, the cells were washed three times with 1x PBS for
3 minutes each to remove unbound primary antibodies. The secondary
antibodies were then prepared: AF488 Goat anti-Mouse IgG (H+L) and
AF555 Goat anti-Rabbit IgG (H+L), both diluted at 1:400 in goat serum.
The secondary antibody solution was added to the wells, and cells were
incubated for 2 hours at room temperature in the dark to protect the
fluorophores from photobleaching. After incubation with the secondary
antibodies, cells were washed with 1x PBS to remove any unbound anti-
bodies. Subsequently, nuclei were stained with a Hoechst solution, which
was added directly to the wells. The cells were incubated in the dark for
5–10 minutes, followed by a final wash with PBS. Finally, the stained cells
were imaged using appropriate fluorescence microscopy to detect the
signals from the fluorophore-conjugated antibodies. Upon completion of
imaging, the slides were sealed to prevent drying and to preserve the flu-
orescence for future analysis. Immunocytochemistry was performed by
Creative Biolabs (Shirley, NY, USA).

Western Blot Analysis Protocol
Following treatment, proteins were extracted from cortical neurons the
protein concentration was determined using a standard protein assay.
Equal amounts of protein from each sample were then diluted with PBS
to normalize the volume across all samples. The samples were mixed with
loading buffer at a 1:4 volume ratio and denatured by heating at 100°C for
10 minutes. For electrophoresis, samples were loaded into a precast poly-
acrylamide gel alongside a molecular weight marker. The proteins were
then transferred onto a polyvinylidene difluoride (PVDF) membrane us-
ing a semi-dry transfer system. Posttransfer, the PVDF membrane was
blocked in 5% non-fat milk prepared in Tris-buffered saline with Tween 20
(TBST) to prevent non-specific protein binding. Subsequently, the mem-
brane was incubated with a primary antibody against the 5-HT2A recep-
tor, diluted to a concentration of 0.3 μg/mL, and placed overnight at 4°C
on a shaker. The membrane was washed three times with TBST for 10 min-
utes and then incubated with a goat anti-rabbit secondary antibody solu-
tion for 1 hour at room temperature on a shaker. For the detection of the
antibody–protein complex, a chemiluminescent substrate was prepared
and added to the membrane, which was then incubated for 5 minutes. The
intensity of the bands was analyzed by densitometry to determine the rel-
ative amounts of the target protein present in the samples. Western blot
analysis was performed by Creative Biolabs (Shirley, NY, USA).

Quantitative Real-time qPCR
Real-time qPCR was performed as previously described (11). Briefly,
total RNA was extracted from primary cortical mouse neurons using
a standard extraction protocol with TRIzol, dissolved in diethyl py-
rocarbonate (DEPC)-treated deionized water and quantified. Follow-
ing reverse transcription, qPCR was carried out using the following
primers: Primer-F: 5’-AGAGGAGCCACACAGGTCTC-3’ and Primer-R: 5’-
ACGACAGTTGTCAATAAAGCAG-3’. The relative expression was determined
by calculating the 2−�ct value. The 2ˆ(−ddCt) value was then calculated
and normalized to GAPDH for each treatment (AVV9-scrambled vs. COG-
201). The RNA extraction and qPCR were performed by Creative Biogene
(Shirley, NY, USA).

Multielectrode Array Analysis
MEA analysis was performed as previously described (11). Briefly, the mi-
croscope used was an Evos XL Core. Twenty-four-well MEA plates were
coated with 500 μL 0.07% polyetherimide (PEI) and incubated for 1 hour.
Plates were then washed four times in sterile deionized water and dried
overnight in a biosafety cabinet. Primary cortical neurons from fresh
mouse brain embryos were isolated and plated onto coated 24-well plates
at a density of 5 × 105 cells/well. Cortical neurons were maintained in
Neurobasal-A Medium, supplemented with B27, Glutamax, and antibi-
otics (100 U/MI penicillin and 100 μg/mL streptomycin). Cultured neurons
were incubated at 37°C and 5% CO2 and half the media were exchanged
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with fresh, complete media every 3 days. Treatment (MOI of 2 × 105) oc-
curred on day 6 for 24 hours at 37°C at which time the media was replaced
with fresh, complete media. MEA analysis was then performed on day 16,
10 days after infection. MEA analysis was performed by Creative Biolabs
(Shirley, NY).

Statistical Analysis
For PCR, and Western blot quantification, t tests for two independent
means were calculated using excel software using a significance level set
at 0.05 and one-tailed hypotheses. Microelectrode array data were ana-
lyzed via repeated measures ANOVAs using Statistica (Version 13.5, Tibco
Software). All data used in these tests were checked and found to conform
to parametric assumptions.

Acknowledgment of Generative Artificial Intelligence and Artificial
Intelligence–assisted Technologies Used in Writing
In the course of this work’s preparation, the author(s) employed ChatGPT
4 with the intent to improve readability and language. Upon utilizing this
tool/service, the authors undertook comprehensive review and modifica-
tion as necessary and assume full accountability for the content of the
publication.

Results and Discussion
In a recent study, we have demonstrated a decrease in anxiety and im-
provement in memory following intranasal delivery of COG-201 in rats
or mice (10). In that study, a novel recognition object test in normal,
2-month-old rats were carried out following treatment with COG-201.
We reported a significant increase in both the contact-recognition index
(92%) and time-recognition index (73%). In the current study, we now re-
port a significant increase in the discrimination index in the novel recog-
nition object test 3 weeks posttreatment with COG-201 (Figure 1A), and
knockdown of the 5-HT2A receptor (Figure 1C) following intranasal deliv-
ery. The discrimination index is a measure used in the novel object recog-
nition test to quantify the difference in exploration time between a novel
and a familiar object. A positive discrimination index suggests that the
animal spent more time exploring the novel object, which implies recog-
nition of the familiar object and, thus, intact memory. Figure 1A indicates
the vehicle-treated group exhibited a −28.9% discrimination index, which
suggests that, on average, the rats spent more time with the familiar ob-
ject than with the novel object during the retention test. One interpre-
tation of these results is that the control group either did not remember
the familiar object or there was an alternative factor at play (e.g., anxi-
ety, stress). In contrast to the control group, the rats treated with COG-
201 displayed a discrimination index increase of 22.5%. Thus, on aver-
age, treated rats dedicated more time to interacting with a new object
rather than a familiar one, indicative of enhanced memory retention. The
positive effects of COG-201 on memory retention are further highlighted
when considering the significant negative discrimination index observed
in the group treated with the vehicle alone. The contrast between the
groups could suggest that COG-201 not only improves memory retention
directly but may also improve it indirectly by reducing anxiety, or through
a synergistic effect of both mechanisms.

These results, taken together with our previous findings support a
memory enhancement action of COG-201. However, the missing compo-
nent is functional data connecting the knockdown of the 5-HT2A recep-
tor to the behavioral actions of COG-201. An additional aim of the cur-
rent study was to provide functional data to support these behavioral
findings. The serotonin 5-HT2A receptor is the major excitatory recep-
tor subtype in the cortex. For example, this receptor has been linked
with stress-induced dystonia, emphasizing its role in mediating neuronal
excitability (12). In addition, the 5-HT2A receptor has been associated
with excitatory effects in the neocortex and has been linked to work-
ing memory function by influencing both excitatory and inhibitory ele-
ments within local circuitry (13). Moreover, the 5-HT2A receptor has been
found to directly stimulate key excitatory glomerular neurons in the olfac-
tory bulb, further supporting its role in excitatory synaptic transmission
(14). Overall, the 5-HT2A receptor plays a crucial role in memory, anxi-
ety, and pain modulation, exerting excitatory effects in these processes.
Therefore, we examined whether exposure of COG-201 to primary culture

Figure 1. Intranasal adeno-associated virus delivery of AAV9-MeCP2-GFP-
mouse HTR2A-shRNA improves memory in rats. The target sequence used
to synthesize the shRNA is 100% conserved between mice and rats. To test
whether COG-201 knockdown of the rat 5-HT2A receptor improves memory,
Wistar rats (12 animals per group) were randomly assigned to two different
groups consisting of vehicle-controls or COG-201. Following treatment on day
1, animals were assessed behaviorally 3 weeks later, and the discrimination
index was calculated (see Methods for details). (A) At 3 weeks, there was
a significant difference in the discrimination index between the two groups
(p-value = .00025), with the vehicle controls at −28.8% (green bar) versus
COG-201–treated +22.5% (pink bar). The green bar (labeled “Vehicle") shows
the performance the control group. This group’s discrimination index is around
−20%, indicating a failure of preference for the novel object over the famil-
iar one. This indicates poor performance in recognizing the new object. On
the other hand, the pink bar (labeled “shRNA”) represents the group of mice
that received treatment with shRNA. Their discrimination index is around 30%,
meaning they spent significantly more time exploring the novel object com-
pared to the familiar one. This indicates better performance in recognizing the
new object. (B and C) Representative, merged immunofluorescence image of
vehicle-control animals depicting the presence of 5-HT2A receptor protein la-
beling (red fluorescence) within the olfactory bulb. The blue staining reflects
nuclear staining with DAPI. As expected, there was no expression of GFP in
vehicle controls (B) while strong GFP labeling was observed in cell bodies of
neurons of shRNA-treated rats (C). Panel C also depicts a general lack of 5-
HT2A fluorescence, supporting a knockdown of the receptor following COG-
201 treatment. Images are representative of 3 separate rats for each group.
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Figure 2. Targeting strategy to knock down the mouse HTR2A gene using shRNA and transduction efficiency in primary mouse cortical neurons. (A) Schematic
displaying the HTR2A mouse gene encodes a single protein-coding transcript, Htr2a-201, located on chromosome 14 (11). The target sequence was constructed
to recognize the beginning of exon 2 (red arrow, A). Knockdown of exon 2 prevent the production of all known full-length isoforms of the 5-HT2A receptors in
mice. (B) To verify knockdown, in vitro experiments were undertaken using four different shRNAs, with shmir#4 giving the largest percent knockdown of HTR2A
mRNA (77%) compared to 0% knockdown for either the empty vector control or a scrambled shRNA control. (C–F) Transduction efficiency of AAV9-mHTR2A-
shRNA in mouse primary cortical neurons. (C and D) depict representative microscopic images in mouse neurons following a 10-day treatment with scrambled
AAV9 shRNA-AAV9 viral particles (C and D) or mHTR2A shRNA-AAV9 viral particles at a MOI of 2 × 105 (D and F). Panels C and D represent bright-field images
while Panels E and F are fluorescence images representing green fluorescence protein expression. For both constructs, strong GFP expression was observed.

neurons would lead to a decrease in electrical activity as measured by
MEA. In this case, we measured the spontaneous activity of networks fol-
lowing treatment by recording field potentials. The advantage of MEA is
that it can generate high-throughput readout of neuronal populations
with the placement of multiple electrodes recording all at once rather
than individually.

As an initial approach, we determined the relative transduction effi-
ciency in primary cultured mouse neurons following in vitro treatment
with either COG-201, or a scrambled AAV9-shRNA version. Figure 2A out-
lines the HTR2A gene targeting strategy, where shRNA is designed to bind

at the start of exon 2, effectively halting the synthesis of all known full-
length 5-HT2A receptor isoforms. Figure 2B demonstrates the efficacy
of our targeted silencing approach, where shmir#4 induced a 77% de-
crease in HTR2A mRNA levels. This reduction is in stark contrast to the
negligible impact observed with the scrambled shRNA control. The com-
parison was made in HEK293 cells that were cotransfected with a cDNA
plasmid specifically engineered to contain the HTR2A gene sequence tar-
geted by the shRNAs. As expected, following treatment of mouse primary
cortical neurons, high transduction efficiency of AAV9-mediated shRNA
delivery for both the AVV9-scrambled shRNA (Figure 2E) and COG-201
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Figure 3. Treatment of mouse primary cortical neurons with shRNA leads to
knockdown of the 5-HT2A receptor. Primary cortical neurons were treated
on day 6 of plating with scrambled AAV9 shRNA-AAV9 viral particles (A) or
COG-201 (B) at MOI of 3 × 105 for 10 days (day 16, 10 dpi) at which time,
mRNA was isolated for real-time qPCR experiments. Results display the rel-
ative change in expression using GAPDH (Continued on the next column)

(Continued) as an internal control. Real-time qPCR results represent a total of
three separate treatments for each condition in which cells were pooled and
frozen at −80°C. PCR experiments were performed in triplicate. The results in-
dicated a significant 38% decrease in HTR2A mRNA expression as compared
to vehicle controls, p = .0007. (B–D) Cortical neurons were treated at various
concentrations and cell homogenates were prepared for Western blot anal-
ysis. Transferred membranes were incubated with 0.3 μg/mL of anti-5HT2A
receptor antibody overnight at 4°C followed by goat anti-rabbit secondary
antibody for 1 hour at room temperature. Panel B displays the results indi-
cating 5-HT2AR protein band in scrambled-treated neurons (lanes 1–3) or in
AAV9-shRNA–treated neurons (lanes 4–6). Densitometry analysis indicated a
decrease in band intensity for COG-201 treated neurons (C). In panel D, data
from lanes 1–3 and 4–6 were combined and the resulted data indicated an over-
all 34% decrease in 5-HT2A receptor protein in treated neurons versus scram-
bled controls (p-value = .0002).

(Figure 2F) was observed by fluorescence microscopy, as indicated by ro-
bust GFP expression.

We next determined the extent of 5-HT2A receptor knockdown by
real-time qPCR or Western blot analysis (Figure 3). In this investiga-
tion, primary cortical neurons underwent treatment with shRNA to as-
sess the knockdown of the 5-HT2A receptor expression, as illustrated in
Figure 3. Neurons treated with COG-201 exhibited a significant 38% re-
duction in HTR2A mRNA expression as compared to the scrambled AAV9
shRNA-AAV9 controls, a finding confirmed by real-time qPCR with GAPDH
as a reference (p = 0.0007). This knockdown of HTR2A mRNA was further
substantiated at the protein level through Western blot analysis. After
incubation with anti-5HT2A receptor antibody, the resulting combined
densitometry results revealed a corresponding 34% decrease in 5-
HT2A receptor protein levels in neurons treated with COG-201, as com-
pared to scrambled controls (Figure 3C and D), (p-value = 0.0002),
thus confirming the knockdown at both transcriptional and translational
levels.

Further confirmation of 5-HT2A receptor knockdown by COG-201
was obtained by immunocytochemistry. Neurons treated with scrambled
AAV9-shRNA viral particles showed strong expression of the 5-HT2A re-
ceptor protein, as evidenced by the robust red fluorescence (Figure 4A and
D). In contrast, neurons treated with COG-201 exhibit a marked decrease
in 5-HT2A receptor expression (Figure 4E and H), indicating success-
ful receptor knockdown. Collectively, the results presented in Figures 3
and 4 confirm the successful targeting and subsequent knockdown of
the 5-HT2A receptor by COG-201, establishing the rationale for the next
phase of the study, where we aimed to elucidate the implications of
5-HT2A receptor knockdown on neuronal excitability employing MEA
analysis.

To accomplish this, primary cortical neurons were treated on day 6
with COG-201 or the scrambled AAV9-shRNA version and spontaneous
electrical activity (MEA measurements) were recorded 10 days later.
Several parameters were measured including (a) the number of spikes
(Figure 5A), which is defined as the total count of action potentials
(spikes) recorded by the MEA over a 5-minute period, where each spike
is a brief electrical impulse that represents a single neuronal firing event;
(b) the mean firing rate (Figure 5B) defined as the average rate at which
a neuron fires action potentials (spikes) measured in hertz (Hz); (c) the
number of bursts (Figure 5C), defined as a cluster of action potentials
(spikes) that occurs in quick succession, followed by a period of silence;
(d) the synchrony index (Figure 5D), defined as how in sync the firing of
different neurons or groups of neurons is with values closer to 1 indi-
cating strong synchrony; (e) number of network bursts (Figure 5E) rep-
resenting coordinated activity across the neural network, thought to be
crucial for various neural processes, including learning and memory and
are indicative of the network’s ability to engage in coordinated process-
ing and communication; and finally, (f) the number of active electrodes
(Figure 5F). A higher number of active electrodes typically suggests a
more widespread or synchronized activity across the network, indicating
robust interneuronal communication and network integration. To sum-
marize the results in Figure 5, we observed a significant decrease in the
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Figure 4. Treatment of mouse primary cortical neurons with COG-201 leads to knockdown of the 5-HT2A receptor. Representative immunofluorescence im-
ages in mouse neurons following a 10-day treatment with either scrambled AAV9 shRNA-AAV9 viral particles (A–D) or COG-201 at MOI of 3 × 105 (E–H). Green
fluorescence represents green fluorescence protein expression detected using a GFP monoclonal antibody (mouse, 1:500) (B and F), while red fluorescence
is indicative of 5-HT2A receptor protein following immunocytochemistry using an anti-rabbit 5-HT2A receptor antibody (Immunostar, 1:100). Panel A and
D display robust expression of the 5-HT2A receptor protein in neuronal cells following treatment with the scrambled control. In contrast, a significant reduction
in 5-HT2A fluorescence intensity was evident following treatment with COG-201 (E and H). Panels C and G represent Hoechst nuclear labeling while panels
D and H represent merged images. All scale bars represent 50 μm.

number spikes, mean firing rate, number of bursts, and synchrony index
but an increase in the number of network bursts following treatment with
COG-201 in non-stimulated neurons. These data could be interpreted to
suggest that a reduction in overall excitability supported the actions of
COG-201 on knockdown of the excitatory 5-HT2A receptor. In addition, the
significant decrease in the number of bursts of isolated neurons and in
the synchrony index suggests that neurons with a reduced expression of
5-HT2A present with a lower frequency of spontaneous electrical activity
(from 12 to ∼6 Hz). On the other hand, a significant increase in the number
of network bursts, that is, a coordinated electrical spiking within groups
of neurons, is indicative of collective network behavior. An increase in net-
work bursts amidst decreases in individual spikes, mean firing rate, and
synchrony suggests that while overall activity and global baseline coordi-
nation are reduced, these effects may be compensated by increasing the
instances of global synchronization across neurons forming a new net-
work (15). The presence of desynchronized non-burst firing and partially
synchronized bursts in developing networks of cortical neurons supports
the notion of network compensation and adaptation (16), suggesting a
Hebbian field. Synchronization of bursting neurons is a critical factor in
understanding network behavior, and it has been shown that burst fir-
ing can promote synchronization between interconnected loci in central
nervous system networks (17). In summary, the observed changes in mul-
tielectrode array (MEA) recordings following the treatment of primary
cortical mouse neurons with COG-201 suggest a compensatory mecha-
nism. Specifically, an increase in network bursts, despite decreases in in-
dividual spikes, mean firing rate, and synchrony, may indicate enhanced
global synchronization within newly forming neuronal networks. This con-
trasts with the spontaneous global synchronization observed in all neu-
rons treated with scrambled-AAV9-shRNA, which suggests the absence
of distinct neuronal networks. This adaptive response at the network
level may have implications for conditions such as anxiety and memory
impairments.

An important caveat of the current study is connecting the MEA data
with the underlying behavioral observations of a decrease in anxiety and
improvement in memory. In the current study, we focused on cortical
neurons; however, important neural networks implicated in memory and
anxiety are found in the hippocampus and other subcortical areas includ-
ing the interpeduncular nucleus (IPN). Previously, we identified a gen-
eral pattern of guide RNA expression in the CA2/CA3 regions of the hip-
pocampus in mice treated with CRISPR/Cas9 (10). Additionally, there was

a noticeable reduction in 5-HT2A receptor expression, particularly in the
apical dendrites of glutamatergic neurons. Previous research has docu-
mented the presence of 5-HT2A receptor mRNA in the CA3 region of the
hippocampus (18, 19). As the 5HT-2A receptor is excitatory, its downreg-
ulation in the apical dendrites may enhance memory by influencing hip-
pocampal neuronal oscillatory rhythms (20, 21). In the context of the cur-
rent study, projections to the apical dendrites of CA3 pyramidal neurons
could originate from the cortex, particularly the entorhinal cortex, which
is essential for sensory integration and memory formation. In terms of
how our molecular findings could connect behaviorally to enhanced mem-
ory, it is essential to consider the broader neural circuits involved. The hip-
pocampus plays a critical role in memory formation and anxiety regula-
tion. Previous studies, including our own, have shown that the CA2/CA3
regions of the hippocampus are vital for these processes. Our findings
have demonstrated a reduction in 5-HT2A receptor expression in the api-
cal dendrites of glutamatergic neurons. The 5-HT2A receptor is known
to be excitatory, and its downregulation can modulate hippocampal neu-
ronal oscillatory rhythms, which are crucial for memory consolidation. The
CA3 region, in particular, receives projections from the entorhinal cor-
tex, which is essential for sensory integration and memory formation.
The findings of reduced 5-HT2A receptor expression suggest a poten-
tial mechanism where altered serotonergic signaling in the hippocam-
pus can influence cortical inputs, thereby enhancing memory functions.
This aligns with the observed behavioral improvements in the current
study.

We have also previously demonstrated a decrease in 5-HT2A recep-
tor density in the IPN (10), an area implicated as a major connectome for
stress-mediated pathways (22). Serotonergic cortical neurons are known
to connect to the IPN via the habenula pathway (23, 24). Therefore, the
downregulation of the 5-HT2A receptor in IPN neurons, along with a cor-
responding decrease in electrical excitability, could lead to a reduction
in anxiety-related behaviors. Together with the effects of these corti-
cal projections, however, we cannot exclude a possible modulatory role
of 5-HT2A receptors expressed on local intrahippocampal interneurons
that regulate the firing of pyramidal hippocampal subfield neurons, a
role not specifically addressed in the current study. Previous studies have
demonstrated that 5-HT2A receptors on GABAergic interneurons stimu-
late GABA release, and thereby have an important role in regulating net-
work activity and neural oscillations in the amygdala and hippocampal
region (25–27).
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Figure 5. In vitro exposure of primary mouse cortical neurons with AAV9-mHTR2A-shRNA leads to a decrease in spontaneous electrical activity. MEA anal-
ysis was performed in mouse cortical neurons following treatment with either COG-201 (red bars, labeled “shRNA”) or a scrambled shRNA version (black
bars, labeled “Scram”) at a MOI of 2 × 105. Neurons were treated at day 6 and MEA analyses were performed on day 16. (A–F) Quantification of MEA anal-
ysis showing the number of spikes over 5 minutes (A), mean firing rate (B), the number of bursts (C), the synchrony index (D), which indicates a unitless
measure of synchrony between 0 and 1. Values closer to 1 indicate higher synchrony, the number of network bursts defined as a cluster of spikes across
all electrodes (E), the synchrony index, which indicates a unitless measure of synchrony between 0 and 1 (values closer to 1 indicate higher synchrony),
and the number of active electrodes (F). Exposure of neurons to 2 × 105 MOI led to a significant decrease in the number of spikes (50% decrease com-
pared to scrambled controls, p-value = .002) (A), the mean firing rate (50% decrease, p-value = .002) (B), in the number of bursts (27% decrease, p-value=
.015), (C), and a decrease in the synchrony index (38% decrease compared to vehicle controls, p-value = .005) (D). An increase in the number of network
bursts was observed (20% increase, p-value = .04) (E). For the number of active electrodes, there was no significant difference between the two groups
(F), p-value = .09. Data represent N of 6 for all parameters, ±S.E.M.

Conclusions
Our study provides compelling evidence that COG-201 in vivo improves
memory compared to vehicle control through a potential combined ac-
tion of improving retention and lowering anxiety. In vitro, COG-201 led
to a significant knockdown of the 5-HT2A receptor at both mRNA and
protein levels in primary mouse cortical neurons, as confirmed by real-
time qPCR, Western blot analysis, and immunocytochemistry. The reduc-
tion in receptor expression correlated with a decrease in neuronal ex-
citability, as indicated by MEA assessments of electrical activity. Specif-
ically, a significant reduction in spikes, mean firing rate, and synchrony
index, coupled with an increase in network bursts, implies that COG-201
induces a reduction in overall excitability. However, the increased num-

ber of network bursts also suggests a compensatory mechanism within
the neural network, that potentially enhances global synchronization.
Our interpretation is that the increased network bursts in neurons with
reduced 5-HT2A expression at baseline, is indicative of a newly formed
neuronal network that has the potential of also increasing long-term po-
tentiation. While this hypothesis can only be confirmed by further exper-
iments, for example, applying electrical stimuli to in vitro neurons, thus
mimicking the in vivo effects of the integration of sensory information.
Nonetheless, these findings are aligned with previous behavioral obser-
vations of reduced anxiety and improved memory following COG-201 ad-
ministration and underline the potential of COG-201 as an effective ther-
apeutic agent (10). By elucidating some of the functional consequences
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of 5-HT2A receptor knockdown, this study provides a critical link be-
tween molecular changes and the resultant alterations in neural circuitry
that underpin the observed behavioral outcomes. Future research is war-
ranted to explore the precise mechanisms by which COG-201 modulates
network behavior and to assess the impact of these findings on therapeu-
tic strategies for disorders including MCI that is characterized by anxi-
ety and memory impairments. However, the current study utilizing mice
to assess the efficacy of COG-201 is not without its’ limitations. While
these animal models are informative, there are significant physiological
and genetic differences between rodents and humans that may affect the
translatability of these findings to human therapeutics. In this context,
the intranasal delivery of shRNA (COG-201) in animal models may not di-
rectly translate to humans due to differences in nasal anatomy and ab-
sorption efficiency. More research is needed to determine whether this
delivery method is viable for human patients. Therefore, conducting stud-
ies in larger animal models that are more physiologically similar to hu-
mans (e.g., non-human primates) could provide better insights into the
potential translational impact of COG-201.

In conclusion, if COG-201 proves effective in humans, it could offer a
new treatment option for patients with conditions like MCI, which often
involve anxiety and memory problems. This would be particularly benefi-
cial given the limited treatment options currently available.
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