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Abstract
Designer receptors exclusively activated by designer drugs (DREADD)-based chemogenetic tools are extensively
used to manipulate neuronal activity in a cell type-specific manner. Whole-cell patch-clamp recordings indicate
membrane depolarization, coupled with increased neuronal firing rate, following administration of the DREADD
ligand, clozapine-N-oxide (CNO) to activate the Gq-coupled DREADD, hM3Dq. Although hM3Dq has been used
to enhance neuronal firing in order to manipulate diverse behaviors, often within 30 min to 1 h after CNO
administration, the physiological effects on excitatory neurotransmission remain poorly understood. We investi-
gated the influence of CNO-mediated hM3Dq DREADD activation on distinct aspects of hippocampal excitatory
neurotransmission at the Schaffer collateral-CA1 synapse in hippocampal slices derived from mice expressing
hM3Dq in Ca2�/calmodulin-dependent protein kinase � (CamKII�)-positive excitatory neurons. Our results
indicate a clear dose-dependent effect on field EPSP (fEPSP) slope, with no change noted at the lower dose of
CNO (1 �M) and a significant, long-term decline in fEPSP slope observed at higher doses (5–20 �M). Further, we
noted a robust � burst stimulus (TBS) induced long-term potentiation (LTP) in the presence of the lower CNO (1
�M) dose, which was significantly attenuated at the higher CNO (20 �M) dose. Whole-cell patch-clamp recording
revealed both complex dose-dependent regulation of excitability, and spontaneous and evoked activity of CA1
pyramidal neurons in response to hM3Dq activation across CNO concentrations. Our data indicate that CNO-
mediated activation of the hM3Dq DREADD results in dose-dependent regulation of excitatory hippocampal
neurotransmission and highlight the importance of careful interpretation of behavioral experiments involving
chemogenetic manipulation.
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Significance Statement

Designer receptors exclusively activated by designer drugs (DREADD) are tools to manipulate neuronal
activity in specific circuits within the nervous system. Although these tools are routinely used to decipher the
neuronal circuits responsible for a wide range of behaviors, effects of DREADD-mediated neuronal
activation on excitatory neurotransmission remain poorly understood. In this study, we demonstrate using
local field and whole-cell patch-clamp recordings, the complex dose-dependent effects of clozapine-N-
oxide (CNO)-mediated activation of excitatory DREADD hM3Dq in hippocampal excitatory neurons on
distinct aspects of neurotransmission. Our results underscore the importance of careful interpretation in the
use of DREADD-mediated activation of neuronal circuits.
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Introduction
Spatiotemporal control and manipulation of neuronal

activity is an essential tool to understand the causal rela-
tionship between behavior and underlying neuronal cir-
cuits. Presently, two major technologies are used to
perturb neuronal function: (1) optogenetic tools which are
light-activated ion channels (Britt and Bonci, 2013; Xie
et al., 2013; Kim et al., 2017) and (2) chemogenetic tools
which are modified G-protein-coupled receptors (GPCRs)
that can be activated by a pharmacologically inert ligand
clozapine-N-oxide (CNO; Pei et al., 2008; Nichols and
Roth, 2009; Urban and Roth, 2015; Roth, 2016). While
optogenetics is immensely useful for excitation/inhibition
of neuronal activity in behavioral time scales ranging from
milliseconds to several minutes, chemogenetic activation/
inhibition of neuronal circuits is predominantly the method
of choice for more long-term perturbations ranging from a
few minutes to chronic manipulation across days (Roth,
2016; Kim et al., 2017). While both optogenetic and che-
mogenetic tools can be combined with inducible genetics
to manipulate neuronal activity in a circuit/cell type-
specific manner in precise temporal windows, optogenet-
ics is disadvantageous for chronic manipulation due to
problems such as overheating of tissue and the need to
implant optical fibers by invasive surgery (Britt and Bonci,
2013; Roth, 2016; Kim et al., 2017).

The designer receptors exclusively activated by de-
signer drugs (DREADD) hM3Dq, an engineered human
muscarinic receptor, is routinely used to activate neurons
(Alexander et al., 2009; Roth, 2016). The hM3Dq DREADD
is coupled to Gq-signaling and like other Gq-coupled
receptors, application of its agonist CNO increases accu-
mulation of inositol monophosphate and mobilizes intra-
cellular calcium (Armbruster et al., 2007; Guettier et al.,
2009; Alexander et al., 2009; Roth, 2016). CNO adminis-
tration leads to depolarization of membrane potential
along with increased firing rate in hippocampal CA1 py-
ramidal neurons (Alexander et al., 2009), raphe serotoner-
gic neurons (Urban et al., 2016), and arcuate nucleus
AgRP neurons (Krashes et al., 2011). Although hM3Dq
has been used as a tool to increase neuronal activity in
several circuits including those responsible for feeding
(Krashes et al., 2011; Atasoy et al., 2012), locomotion

(Kozorovitskiy et al., 2012), energy expenditure (Kong
et al., 2012), memory (Garner et al., 2012), and social
behaviors (Peñagarikano et al., 2015), detailed neuro-
physiological consequences of its activation still remain
poorly characterized.

Many other Gq-signaling-coupled metabotropic recep-
tors like the metabotropic glutamate receptor 1 and 5
(mGluR1/5), muscarinic acetylcholine receptor 1 and 5
(M1/5) are known to modulate neuronal cells and circuits
in distinct fashion at different doses of ligand (Volk et al.,
2007; Gladding et al., 2009; Kumar, 2010; Caruana et al.,
2011). Although a wide range of dosage spanning from
0.5 to 200 �M CNO has been used to record hM3Dq-
mediated electrophysiological effects in acute slices
(Mahler et al., 2014; Hurni et al., 2017), possible dose-
dependent variation in neuronal activity has not been
studied. Further, most behavioral assays are conducted
from 30 min to 1 h after CNO administration (Roth, 2016),
a timescale in which the physiologic effects of CNO re-
main poorly understood.

In the current study, we have investigated the effects
of acute CNO-mediated activation of the hM3Dq receptor
in the Ca2�/calmodulin-dependent protein kinase �
(CamKII�)-positive excitatory neurons on hippocampal
neurotransmission pre and 30 min post-CNO administra-
tion. Using the Schaffer collateral pathway as the model
circuit, we show that acute hM3Dq activation in excitatory
neurons produces distinctly different dose-dependent ef-
fects on field currents, paired-pulse facilitation, neuronal
excitability, spontaneous postsynaptic currents (sPSCs),
and ionotropic glutamate receptor-mediated currents. We
also observe a dose-dependent increase in intracellular
calcium levels in cultured hippocampal neurons following
CNO administration. Taken together, our results suggest
that hM3Dq activation in hippocampal CamKII�-positive
excitatory neurons produces clear dose-dependent ef-
fects on neurotransmission, highlighting the importance
of careful interpretation of behavioral studies using che-
mogenetic activation.

Materials and Methods
Animals

CamKII�-tTA transgenic mice were received as a gift
from Dr. Christopher Pittenger, Department of Psychiatry,
Yale School of Medicine (Mayford et al., 1996). TetO-
hM3Dq mice (Cat. No. 014093; Tg(tetO-CHRM3�)1Blr/J)
were purchased from The Jackson Laboratory. CamKII�-
tTA and TetO-hM3Dq bigenic mice were bred, and the
genotype of double-positive animals was confirmed using
PCR-based analysis. The background strain C57Bl6/J
was used for control experiments. Male mice were used
for all experiments. All animals were maintained on a
12/12 h light/dark cycle and provided with ad libitum
access to food and water. All animal procedures were
performed in accordance with the Tata Institute of Fun-
damental Research animal care committee’s regulation.

Drug administration
CNO (Tocris) was dissolved in artificial CSF (aCSF). This

solution was continuously bubbled with 95% O2 and 5%
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CO2, and was circulated through the slice chamber during
drug administration.

Immunofluorescence and confocal imaging
As the TetO-hM3Dq mouse has a hemagglutinin (HA) tag,

we performed immunofluorescence staining to visualize
hM3Dq expression in the hippocampus and cortex. The
CamKII�-tTA::TetO-hM3Dq double positive or genotype-
control animals (single positive for either CamKII�-tTA or
TetO-hM3Dq) were sacrificed by transcardial perfusion
with saline (0.9% NaCl) followed by 4% paraformalde-
hyde. Coronal brain sections (40 �m) were generated
using a vibrating microtome (Leica) and subjected to im-
munofluorescence. Following permeabilization at room
temperature in PBS with 0.4% Triton X-100 (PBSTx) for 1
h, the sections were subjected to blocking solution [1%
bovine serum albumin (Roche, 9048-49-1), 5% normal
goat serum (Thermoscientific, PI-31873) in 0.4% PBSTx]
at room temperature for 1 h. Sections were then incu-
bated in the primary antibody, rabbit anti HA (1:250;
Rockland, 600-401-384) for 4 d at 4°C which was fol-
lowed by three washes with 0.4% PBSTx of 15 min each
at room temperature. This was followed by incubation
with the secondary antibody, goat anti-rabbit IgG conju-
gated to Alexa Fluor 568 (1:500; Invitrogen, A-11079) for
two and a half hours at room temperature. The sections
were mounted onto slides with Vectashield Antifade
Mounting Medium with DAPI (Vector, H-1200). The sec-
tions were imaged using an LSM5 exciter confocal micro-
scope (Zeiss) using identical acquisition settings for the
sections from double-positive and genotype-control ani-
mals.

Primary hippocampal neuron culture
Hippocampi were extracted from pups of CamKII�-

tTA::TetO-hM3Dq at postnatal day 0 and tail-clips were
collected for genotyping. Hippocampi were dissected in
HBSS-HEPES (300 mM) buffer and incubated with 0.1%
trypsin-EDTA (Invitrogen) for 10 min. Neurons were dis-
sociated in neurobasal medium supplemented with 2%
B27 supplement and 0.5 mM L-glutamine (Invitrogen).
Cells were plated on poly-D-lysine (Sigma) coated plates
at a density of 106 cells/well in neurobasal medium. Cal-
cium imaging experiments were conducted at day in vitro
(DIV)6–DIV8.

Preparation of hippocampal slices
CamKII�-tTA::TetO-hM3Dq or C57Bl/6J mice were

sacrificed by cervical dislocation in accordance with the
guidelines of the Jawaharlal Nehru Center for Advanced
Scientific Research animal ethics committee. Following
decapitation, the brain was immediately transferred to
ice-cold sucrose cutting solution (189 mM sucrose, 10
mM D-glucose, 26 mM NaHCO3, 3 mM KCl, 10 mM
MgSO4.7H2O, 1.25 mM NaH2PO4, and 0.1 mM CaCl2),
which was bubbled continuously with 95% O2 and 5%
CO2. Following dissection and removal of the cerebellum
in a Petri dish containing an ice-cold cutting solution, the
brain was glued onto a brain holder which was placed in
a buffer tray containing ice-cold cutting solution. Subse-
quently, 300-�m horizontal sections were obtained using

a vibrating microtome (Leica, VT-1200). The sections were
then transferred to a Petri dish containing aCSF (124 mM
NaCl, 3 mM KCl, 1 mM MgSO4.7H2O, 1.25 mM NaH2PO4,
10 mM D-glucose, 24 mM NaHCO3, and 2 mM CaCl2) at
room temperature following which the hippocampus and
the overlying cortex was gently dissected. Slices were
transferred to a chamber on a nylon mesh containing
aCSF bubbled with 95% O2 and 5% CO2 at 37°C. It was
incubated for 30 min to 1 h to ensure stable electrophys-
iological responses. The slices could be maintained in a
healthy state for up to 8 h and were transferred to the
recording chamber as required.

Extracellular and intracellular recording rig
The aCSF was preheated to 34°C using an online Peltier

controlled temperature control system (ThermoClamp-1,
Automate Scientific) and circulated through the slice re-
cording chamber (Scientifica) at 1–2 ml min �1 using a
combination of peristaltic pump (BT-3001F, longer preci-
sion pump Co. Ltd.) and gravity feed. An Ag/AgCl refer-
ence wire and a thermocouple to provide feedback to the
temperature control system were submerged in the re-
cording chamber containing aCSF. All stimulating and
recording electrodes were placed in the slice �45° to the
vertical and were controlled using a micromanipulator
(#1U RACK; Scientifica) which allowed movement in all
three axes for correct positioning on the slice. The slice
and the electrodes were visualized using an upright mi-
croscope (Slicescope pro 6000 Scientifica) with special-
ized optics to visualize deep tissue. The recording set up
was mounted on an anti-vibration table (#63P-541; TMC)
and were enclosed in a Faraday cage. The electrical noise
was eliminated by grounding all electrical connections to
a single ground point in the amplifier.

Recording techniques
Recording electrodes

Recording electrodes were pulled from borosilicate
glass capillaries (#30-0044/GC120F-10; Harvard Appara-
tus) using a horizontal micropipette puller (#P97, Sutter
Instruments Co.). While intracellular patch electrodes (5–7
M�) were filled with potassium gluconate (KGlu) internal
solution (130 mM KGlu, 20 mM KCl, 10 mM HEPES free
acid, 0.2 mM EGTA, 0.3 mM GTP-Na salt, and 4 mM
ATP-Mg salt; osmolarity adjusted to 280–310 mOsm),
electrodes used for extracellular field recording (3–5 M�)
were filled with aCSF. The microelectrodes were mounted
on the electrode holder (Scientifica) so that the Ag/AgCl
recording wire was in contact with the pipette solution.
This holder was mounted to on a headstage which was
connected to the amplifier. All signals were amplified
using a Multiclamp-700B (Molecular Devices).

Extracellular field recording
The measurement of field EPSP (fEPSP) was conducted

from the CA1 stratum radiatum and was measured as the
potential difference between the recording electrode and
the bath electrode.
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Whole-cell patch-clamp recording
Whole-cell patch-clamp recording was conducted from

somata of CA1 pyramidal neurons. A positive pressure
was applied to the patch pipette filled with KGlu intracel-
lular recording solution using a tube attached to the pi-
pette holder. With the current and voltage offset to zero,
the resistance of the electrode was checked by applying
a test pulse and measuring current deflection according
to Ohm’s law. The positive pressure was released when
the pipette tip touched the cell surface which was con-
firmed both by visualization under the microscope and a
change in resistance. This was followed by application of
a negative pressure through gentle suction to form a tight
seal, indicated by a large increase in resistance (�1 G�).
The slow and fast capacitance were adjusted following
which the patch of the membrane was ruptured by appli-
cation of a gentle negative pressure and if required a
strong voltage pulse. The cells with membrane potential
less than –55 mV and a series resistance in the range of
5–25 M� were considered for future experiments.

Stimulation protocol
The Schaffer collateral-commissural fiber pathway was

stimulated using a concentric bipolar stimulating elec-
trode (outer diameter: 125 �m, inner diameter: 25-�m
platinum/iridium, CBARC75, FHC). For extracellular re-
cordings, stimulus of a square-wave pulse of 20–100 �s
in duration and 20–200 �A in amplitude was applied using
an isolated direct current stimulation box (Digimeter). For
all experiments, a paired-pulse stimulus was delivered at
50-ms interval per sweep with 20-s intersweep intervals
and a potentiated paired-pulse was used to confirm
proper placement of electrodes in Schaffer collateral. Fol-
lowing the acquisition of input-output (I-O) characteristic
and paired-pulse ratio (PPR), a stable baseline of the
fEPSP slope was established. While I-O curves were ac-
quired at a fixed 20- to 40-�s duration and increasing
stimulus intensity from 0 to 300 �A, the PPR was mea-
sured at a 10-s intersweep interval with interstimulus
intervals ranging from 10–1000 ms in a quarter-log-
arithmic scale. CNO (1, 5, 10, or 20 �M) in aCSF was bath
administered, and a constant time course was acquired
for 60 min. We selected the lowest (1 �M) and highest (20
�M) CNO dosage for additional experiments. I-O re-
sponse and PPR were measured before and 30 min fol-
lowing CNO administration, while a constant time course
of stimulus-induced fEPSP was recorded. To observe the
long-term effects of 20 �M CNO treatment, we also
washed slices with aCSF post 30 min of CNO adminis-
tration, and performed field recording for an additional 60
min. In a separate set of slices, � burst stimulation (TBS)
was used to induce long-term potentiation (LTP) following
either sham (aCSF), a low dose (1 �M CNO) or a high dose
(20 �M CNO) for hM3Dq DREADD activation. For the
TBS-induced LTP-protocol, 13 blocks of a four-pulse
100-Hz stimuli were applied with an intersweep interval of
200 ms (5 Hz).

All measurements were done before and 30 min follow-
ing CNO (1 or 20 �M) administration, except for AMPAR-
and NMDAR-mediated currents for which a time course

was acquired across 30 min. Intrinsic cellular properties
such as resting membrane potential (RMP), input resis-
tance (RN), tau, sag voltage, were calculated by a 500 ms,
–100 to 180 pA, seven-step hyperpolarizing or depolariz-
ing current injection with an inter sweep interval of 10 s.
To confirm cell identity by observing the shape of the
action potential and calculate the action potential thresh-
old, a current of up to 2 nA for 2 ms was injected. to
measure spiking activity, cells were held in current-clamp
mode, CA1 pyramidal cell identity was confirmed qualita-
tively using the shape of action potential (characterized by
the presence of an after-depolarization potential), and
baseline was recorded for at least 5 min. Spiking was
observed at both a low dose (1 �M) and a high dose (20
�M) of CNO for 2 min followed by wash in aCSF. Spon-
taneous currents were measured by holding the cell in
voltage-clamp mode at –70 mV. To measure evoked re-
sponses, the Schaffer collateral-commissural pathway
was stimulated using a concentric bipolar stimulating
electrode (outer diameter: 125 �m, inner diameter: 25-�m
platinum/iridium, CBARC75, FHC), and cells were
voltage-clamped either at –70 mV for AMPAR-mediated
currents or �40 mV for NMDAR-mediated currents.

Calcium imaging
To detect intracellular calcium levels following administra-

tion of CNO, we used the UV-excitable calcium-sensitive
ratiometric dye Indo-1 AM, Cell-permeable (I1226, Thermo
Fischer Scientific). A custom-built two-photon set up with
a Ti:Sapphire laser (MaiTai DeepSee, Spectra Physics)
coupled to a confocal microscope (LSM 710, Carl Zeiss),
as described earlier (Das et al., 2017) was used for imag-
ing (excitation: 730–735 nm). A microscope incubator
stage (Okolab) was used to maintain temperature at 37°C
and 5% CO2 levels in the chamber. A combination of
liquid copper sulfate filter (for infrared) and 400/30-nm
bandpass filter was used to detect the emission of the
calcium-bound dye. Primary hippocampal neurons (DIV6–
DIV8) were incubated in 10 �M Indo-1 AM made in 1�
HBSS (14175-079, Gibco, Life Technologies) supple-
mented with 100 nM CaCl2 for 20 min at 37°C, 5% CO2.
Following three brief washes with 1� HBSS, a baseline
fluorescence of 10 min was acquired using a 40� objec-
tive. Following this, CNO (1 or 20 �M) was bath applied,
and the neurons were tracked for 30 min, with image
stacks acquired every 2 min.

Data analysis
Extracellular field recording data

All extracellular field recording data were analyzed off-
line using Clampfit 10.5 (Molecular Devices). The slope of
the rising phase of the fEPSP was used as a measure of
the size of fEPSP to eliminate the possibility of contami-
nation with population spikes. For the I-O measurements,
the fEPSP slope was calculated with increasing stimulus
intensity (0–300 �A). Following a paired-pulse stimulation
of the Schaffer collateral pathway, a potentiation in fEPSP
slope was observed. The PPR was calculated as the ratio
of the fEPSP slopes following the first stimulus to the
paired stimulus following interpulse intervals of 10–1000
ms on a quarter-logarithmic scale.
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Whole-cell voltage/current-clamp data
All whole-cell voltage/current-clamp data were ana-

lyzed off-line using Clampfit 10.5 (Molecular Devices). The
intrinsic membrane properties were measured using volt-
age deflection traces from 100-pA hyperpolarizing current
pulse. The RN was calculated by applying Ohm’s law, R �
V/I. Where V � stable state voltage and I � injected
current (100 pA). The membrane time constant (�m) was
obtained by fitting the voltage decay with a single expo-
nential Ae-t/� and calculating the decay constant. The sag
was calculated by subtracting the steady-state voltage
deflection from the peak negative-going voltage. I-O
curve was obtained for the number of spikes fired in
response to increasing amplitude of current injection (0–
180 pA), from distinct sets of neurons. Following this, the
accommodation index was calculated as the ratio of the
maximum interspike interval (including the interval from
the last spike to the end of the current injection) to the first
interspike interval. The action potential threshold was
defined as the voltage where the rate of change of voltage
with respect to time (dV/dt) exceeded 10 versus�1. The
spontaneous current amplitude and interevent intervals
were calculated using an automated event detection al-
gorithm using Mini Analysis program (Synaptosoft Inc.).
An average of at least 200 events was detected from each
5-min trace before and 30 min after CNO administration
and then subjected to statistical analysis.

AMPAR-mediated current was calculated as the peak
amplitude of evoked current when the cell was voltage-
clamped at –70 mV, and NMDAR-mediated currents were
obtained as the average current 80–100 ms following the
time of peak response when the cell was voltage-clamped
at �40 mV. The NMDAR-mediated current decay kinetics
were calculated by fitting a double exponential function in
decay phase of the NMDAR-mediated current and apply-
ing the results to the following equation: �w � [If/(If � Is)] x
�f � {Is/(If � Is)} x �s. Where, �w is the weighted tau, If and
Is are the amplitudes of fast and slow currents, �f and �s

are decay constants of fast and slow currents, respec-
tively (Rumbaugh and Vicini, 1999).

Calcium imaging data
Calcium imaging data were analyzed using ImageJ.

Following a maximum intensity projection, the time-series
images were corrected for any horizontal drift using scale-
invariant feature transfer (SIFT) algorithm (Lowe, 2004). A
region of interest was drawn around the neurons of inter-
est and average intensity values were calculated. Fluores-
cent intensities were normalized to the baseline following
which statistical analysis was performed.

Statistics
Linear regression was used to analyze the time course

data, while to analyze time-binned datasets, one-way
ANOVA was performed followed by Bonferroni post hoc
analysis (GraphPad Prism, GraphPad Software Inc.). Data
are expressed as mean 	 SEM, and statistical signifi-
cance was determined at p 
 0.05. The spontaneous
current data were analyzed using MATLAB (MathWorks).
The amplitude and interevent interval were converted to
corresponding cumulative probability distributions and

then subjected to Kolmogorov–Smirnov two-sample
comparison. Statistical significance was set at p 
 0.001.

Results
Selective expression of hM3Dq DREADD in forebrain
excitatory neurons

The selective expression of hM3Dq DREADD in CamKII�-
positive excitatory neurons in the forebrain was achieved by
generating a bigenic mouse created by crossing CamKII�-
tTA and TetO-hM3Dq mouse lines (Fig. 1A,B). We per-
formed immunofluorescence analysis to detect the HA-tag
and thus visualized the expression of hM3Dq in hippocam-
pal subdivisions, including the CA1 (Fig. 1C) and dentate
gyrus (DG; Fig. 1D) subfields, and also in the neocortex (Fig.
1E) of CamKII�-tTA::TetO-hM3Dq animals. Analysis in single
positive mice CamKII�-tTA or TetO-hM3Dq mice indicated
no HA-Tag immunofluorescence in the CA1, DG hippocam-
pal subfields or the neocortex (Fig. 1F–H). Further, we con-
firmed the ability of CNO to induce spiking activity following
bath application of both 1 �M (Fig. 1I,J, n � 3) and 20 �M
CNO (Extended Data Fig. 1-1A,B, n � 3).

Acute chemogenetic activation of hippocampal
excitatory neurons differentially regulates field
transmission in Schaffer collaterals in a dose-
dependent manner

To investigate the effects of chemogenetic activation of
CamKII�-positive excitatory neurons on hippocampal
neurotransmission, we performed time-course measure-
ments of fEPSP slope in the stratum radiatum in response
to stimulation of the Schaffer collateral-commissural fiber
pathway (Fig. 2A). After establishing a stable baseline, we
perfused aCSF containing different dosages of CNO fol-
lowing which fEPSP was recorded for 60 min. We did not
find any significant change in the fEPSP slope over time at
the lowest dose of CNO (1 �M; Extended Data Fig. 2-1A,
n � 3). Interestingly, we observed a decline in fEPSP
slope over time with bath application of 5 �M (Extended
Data Fig. 2-1B, n � 3), 10 �M (Extended Data Fig. 2-1C,
n � 4), and 20 �M (Extended Data Fig. 2-1D, n � 4) CNO.
To rule out potential non-specific effects mediated by
CNO, we performed the same experiment using acute
hippocampal slices from the background strain, C57Bl/
6J. We did not note any change in fEPSP slope over time
with bath application of either 1 �M (Extended Data Fig.
2-1E, n � 3) or 20 �M (Extended Data Fig. 2-1F, n � 3)
CNO. For further investigation of dose-dependent effects
of CNO-mediated activation of CamKII�-positive excit-
atory neurons in the hippocampus, we chose the lowest (1
�M) and the highest (20 �M) dose of CNO. As evident
from these results, the CNO-mediated decline in fEPSP
slope reached steady state at around 30 min after CNO
administration. Therefore, we performed time-course
measurements for 30 min in a separate cohort of animals.
We observed no change in fEPSP time course with the
low dose (1 �M) of CNO and a significant decline in fEPSP
slope over time following high dose (20 �M) of CNO
administration (Fig. 2B). The fEPSP slope time course was
significantly lower at 20 �M CNO (linear regression fol-
lowed by ANCOVA, p 
 0.0001, n � 5 for 1 �M and n �

Methods/New Tools 5 of 17

November/December 2019, 6(6) ENEURO.0124-19.2019 eNeuro.org

https://doi.org/10.1523/ENEURO.0124-19.2019.f1-1
https://doi.org/10.1523/ENEURO.0124-19.2019.f2-1
https://doi.org/10.1523/ENEURO.0124-19.2019.f2-1
https://doi.org/10.1523/ENEURO.0124-19.2019.f2-1
https://doi.org/10.1523/ENEURO.0124-19.2019.f2-1
https://doi.org/10.1523/ENEURO.0124-19.2019.f2-1
https://doi.org/10.1523/ENEURO.0124-19.2019.f2-1
https://doi.org/10.1523/ENEURO.0124-19.2019.f2-1


6 for 20 �M) as compared to the 1 �M CNO-treated
slices. to understand whether the decline in fEPSP slope
caused by administration of 20 �M CNO is transient or it
can persist after the drug is removed, we washed out the
CNO after 30 min and recorded fEPSP for an additional 60
min in a separate set of slices. The fEPSP slope further

declined for �20 min following the wash out before sta-
bilizing, and we did not observe any recovery for at least
60 min after washout (Extended Data Fig. 2-2A, n � 7).
We next measured the I-O response of the pathway be-
fore CNO treatment (pre-CNO) and 30 min after CNO
treatment. At low dose, we did not observe any significant

Figure 1. Selective expression of hM3Dq DREADD in forebrain excitatory neurons. A, Shown is a schematic of experimental strategy.
hM3Dq DREADD was selectively expressed in the CamKII�-positive excitatory neurons in the forebrain. tTA: tetracycline transactivator. B,
Shown is a schematic of the extent of expression. Representative confocal images showing expression of hM3Dq identified by fluorescent
immune-staining of HA-tag in the CA1 (C), DG (D), and cortex (E). No HA-tag immunoreactivity was observed in the genotype-control
animals (F–H). Blue: DAPI; red: HA-Tag. Scale bar � 50 �m. I, Shown is a schematic showing whole-cell patch-clamp recording from the
somata of CA1 pyramidal cells. J, Bath application of CNO (1 �M) resulted in robust spiking activity of CA1 pyramidal neurons. Refer to
Extended Data Fig. 1-1 for spiking activity following bath application of 20 �M CNO. R: recording electrode.
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Figure 2. Acute chemogenetic activation of hippocampal excitatory neurons differentially regulates field transmission in Schaffer
collaterals in a dose-dependent manner. A, Shown is a schematic of placement of stimulating and recording electrode in the Schaffer
collaterals. B, Shown are representative fEPSP traces before (1) and 30 min (2) following 1 �M CNO treatment and representative
fEPSP traces before (3) and 30 min (4) following 20 �M CNO treatment. Refer to Extended Data Fig 2-1 for genotype-controls and
bath application of 1 �M, 5 �M, 10 �M, and 20 �M CNO. Refer to Extended Data Fig 2-2 for fEPSP time-course following
CNO-washout. Bath application of CNO did not affect fEPSP time course at 1 �M, whereas it led to LTD of fEPSP at 20 �M. Stimulus
intensity: 50–80 �A; 20–30 �s. The FV peak was not altered with increasing stimulus intensity either at 1 �M (C) or 20 �M (E). The
fEPSP slope was not different at 1 �M (D), but significantly lower in response to increasing stimulus intensity at 20 �M (F). G, Shown
are representative paired-pulse-evoked fEPSP traces before (1) and 30 min (2) following 1 �M CNO treatment. A significant
potentiation of PPR was observed (G) following 30 min of 1 �M CNO bath application. H, Shown are representative paired-pulse-
evoked fEPSP traces before (3) and 30 min (4) following 20 �M CNO treatment. No significant alteration in the PPR was noted
following 30 min of 20 �M CNO bath application (H). Results are expressed as the mean 	 SEM; �p 
 0.05 as compared between
1 and 20 �M CNO treatment (linear regression followed by ANCOVA). S: stimulating electrode; R: recording electrode.
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difference in fiber volley (FV) peak (Fig. 2C, n � 5) and
fEPSP slope (Fig. 2D, n � 5) in response to increasing
stimulus intensity. At the high dose of CNO, we did not
find any significant difference in the FV peak in response
to increasing stimulus intensity (Fig. 2E, n � 5). Interest-
ingly, we found that the fEPSP slope in response to
increasing stimulus intensity was lower after 30 min of 20
�M CNO administration (Fig. 2F, linear regression fol-
lowed by ANCOVA, p � 0.0003, n � 5). Paired-pulse
facilitation in the Schaffer collaterals has been shown to
be mediated by presynaptic mechanisms. To assess pos-
sible presynaptic effects of CNO administration, we mea-
sured paired-pulse facilitation before and 30 min following
CNO administration. Strikingly, we found a potentiated
paired-pulse facilitation at 30 min following 1 �M CNO
administration (Fig. 2G, linear regression followed by AN-
COVA, p � 0.041, n � 9). We did not find any significant
change in PPR with increasing interpulse interval after 30
min of 20 �M CNO administration (Fig. 2H, n � 10) as
compared to pre-CNO measurements.

The above results indicate that acute chemogenetic
activation of CamKII�-positive excitatory neurons pro-
duces a long-term decline of fEPSP in the Schaffer col-
lateral at a high dose (20 �M) of CNO, while no significant
effect was observed on the fEPSP time course at the low
dose (1 �M). Further, our results from the paired-pulse
facilitation experiments indicate a putative potentiation of
presynaptic responses in the Schaffer collaterals follow-
ing chemogenetic activation of CamKII�-positive excit-
atory neurons using a low dose (1 �M) of CNO.

Dose-dependent effects of acute chemogenetic
hM3Dq activation on TBS-induced LTP in
hippocampal slices

To assess whether hippocampal plasticity is modulated
by hM3Dq DREADD activation at the low and high dose of
CNO, we induced LTP following 30 min of either 1 or 20
�M CNO. We used a weak, physiologically relevant TBS
protocol. Interestingly, we observed a robust LTP of
fEPSP slope in the slices pretreated with 1 �M CNO for 30
min and also in sham-treated controls (Fig. 3A,B, n �
5–6/dose, n � 8/sham). Slices pretreated with 1 �M CNO
showed supra-threshold response during early-phase of
LTP, which gradually declined and showed similar levels
of potentiation as compared to sham-treated controls by
30 min after LTP induction (Fig. 3B). However, in hip-
pocampal slices pretreated with 20 �M CNO for 30 min,
TBS failed to induce LTP (Fig. 3A,B). The slopes of LTP
time course following 1 and 20 �M CNO were significantly
different (Linear regression followed by ANCOVA, p 

0.0001, n � 5–6/dose). As 20 �M CNO administration for
30 min led to a decline in fEPSP slope, we re-analyzed the
data by normalizing the fEPSP slope to 10 min of pre-LTP
data treated as baseline which showed a significant dif-
ference between slopes of LTP time course between 1
and 20 �M CNO-treated slices (Fig. 3C, linear regression
followed by ANCOVA, p 
 0.027, n � 5–6/dose, n �
8/sham). For further quantification, we binned the fEPSP
slope data in 5-min intervals (5-min pre-LTP, 5–10 min
after LTP, 25–30 min post-LTP, and 55–60 min after LTP).

Thirty minutes pretreatment with 1 �M CNO, as well as
aCSF sham, led to a robust induction of LTP with poten-
tiated fEPSP slope in 5–10, 25–30, and 55–60 min post-
LTP time bins as compared to the pre-LTP time bin (post
hoc Bonferroni multiple comparisons following one-way
ANOVA, p 
 0.05, n � 5 for 1 �M CNO, n � 8/sham; Fig.
3D,E). This analysis also revealed a small, but significant
increase in fEPSP slopes in 5–10 and 25–30 min post-LTP
time bins with no significant increase in the 55- to 60-min
time bin as compared to the pre-LTP time bin following
administration of 20 �M CNO (post hoc Bonferroni multi-
ple comparisons following one-way ANOVA, p 
 0.05, n
� 6 for 20 �M CNO, n � 8/sham; Fig. 3F). We further
compared the 5- to 10-, 25- to 30-, and 55- to 60-min
post-LTP time bins between the treatment groups namely
sham treatment for 30 min, 1 �M CNO for 30 min, and 20
�M CNO treatment for 30 min using one-way ANOVA. We
observed a significant increase in the average fEPSP
slope in the 5- to 10- and 25- to 30-min bins with 1 �M
CNO bath application as compared to sham-treated con-
trols (post hoc Bonferroni multiple comparisons following
one-way ANOVA, p 
 0.05, n � 5–6/dose, n � 8/sham;
Fig. 3G). In contrast, the average fEPSP slope following 20
�M CNO bath application in the 5- to 10-, 25- to 30-, and
55- to 60-min bins significantly reduced as compared to
both sham-treated control and 1 �M CNO bath applica-
tion (post hoc Bonferroni multiple comparisons following
one-way ANOVA, p 
 0.05, n � 5–6/dose, n � 8/sham;
Fig. 3G). In addition, the average fEPSP slope in the 55- to
60-min bin with 1 �M CNO bath application was signifi-
cantly lower as compared to sham-treated controls (post
hoc Bonferroni multiple comparisons following one-way
ANOVA, p 
 0.05, n � 5/dose, n � 8/sham; Fig. 3G).

These results demonstrate dose-dependent effects of
CNO-mediated chemogenetic activation of CamKII�-
positive excitatory neurons on hippocampal plasticity,
with slices pretreated with low dose of CNO showing
robust LTP induction, whereas TBS failed to induce LTP in
slices exposed to a high dose of CNO.

Acute CNO-mediated hM3Dq DREADD activation of
hippocampal excitatory neurons does not alter
intrinsic membrane properties

We next performed whole-cell patch-clamp on CA1
pyramidal neurons and investigated the effects of CNO
administration on intrinsic membrane properties for a du-
ration of 30 min. First, we generated a single action
potential by injecting a step current of 2 nA for 2 ms which
was used to confirm CA1 pyramidal cell identity qualita-
tively, characterized by presence of an after-depolari-
zation potential. We did not find any significant change in
action potential threshold following 30 min of bath appli-
cation of both 1 and 20 �M CNO [n � 24 cells (pre-CNO),
6 cells (1 �M), 11 cells (20 �M); Table 1]. As injection of a
depolarizing pulse leads to firing of action potentials mak-
ing a measurement of other membrane properties diffi-
cult, we next injected a hyperpolarizing step current of
–100 pA for 500 ms and recorded the membrane voltage.
We did not find any significant change in RMP, RN, sag
voltage, and accommodation index following 30 min of

Methods/New Tools 8 of 17

November/December 2019, 6(6) ENEURO.0124-19.2019 eNeuro.org



Figure 3. Dose-dependent effects of acute chemogenetic hM3Dq activation on TBS-induced LTP in hippocampal slices. A, Shown
are representative fESPS traces before, 30 min after CNO treatment and 20 min after LTP induction. B, Slices with 30 min of 1 �M
CNO bath application or sham-administered control, show robust induction in LTP, with failure to induce LTP at 20 �M CNO
treatment. Bath application of 1 �M CNO results in a significant increase in early-phase LTP as compared to sham-treated controls.
C, fEPSP slope normalized to pre-LTP baseline shows robust potentiation with bath application of both sham and 1 �M CNO, but
not at 20 �M CNO; �p 
 0.05 as compared between 1 and 20 �M CNO treatment (linear regression followed by ANCOVA) for
time-course analysis. The average fEPSP slope in 5-min time bins is significantly increased in 5- to 10-, 25- to 30-, and 55- to 60-min
bins as compared to pre-LTP in aCSF bath (sham; D) as well as with 1 �M CNO bath application (E). The average fEPSP slope in 5-min
time bins was significantly increased 5- to 10- and 25- to 30-min bins as compared to pre-LTP with 20 �M CNO bath application (F).
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CNO treatment (both 1 and 20 �M) as compared to the
pre-CNO baseline [n � 24 cells (pre-CNO), 6 cells (1 �M),
11 cells (20 �M); Table 1].

Taken together, these data indicate that chemogenetic
activation of CamKII�-positive excitatory neurons has no
significant influence on intrinsic membrane properties of
CA1 pyramidal neurons following 30 min of either low-
dose or high-dose CNO treatment.

Bidirectional dose-dependent modulation of
excitability following 30 min of hM3Dq chemogenetic
activation of hippocampal excitatory pyramidal
neurons

To understand possible dose-dependent effects of
CNO-mediated activation of hM3Dq DREADD in CamKII�-
positive excitatory neurons on intrinsic excitability, we
injected increasing step currents and measured the num-
ber of action potentials (Fig. 4A). We found a significant
increase in the number of action potentials produced in
cells with 30 min of low dose (1 �M) CNO bath application
[linear regression followed by ANCOVA, p � 0.04 (eleva-
tion), n � 24 cells (pre-CNO), n � 6 cells (1 �M), n � 11
cells (20 �M); Fig. 4B,C]. Further, there was a decrease in
intrinsic excitability with 30 min of pretreatment with high
dose (20 �M) of CNO, with a significant decline in number
of action potentials generated by increasing amount of
step current [linear regression followed by ANCOVA, p �
0.044 (slope), n � 24 cells (pre-CNO), n � 6 cells (1 �M),
n � 11 cells (20 �M); Fig. 4B,C]. To understand the effects
of chemogenetic hM3Dq activation on spontaneous ac-
tivity of CA1 neurons, we measured sPSCs before and 30
min after activation CamKII�-positive excitatory neurons
using the low and high doses of CNO. We saw a signifi-
cant difference in sPSC amplitude with 30 min of low dose
(1 �M) CNO treatment with a decrease in cumulative
probability at lower amplitudes (
35 pA) and increased
cumulative probability at higher amplitudes [Kolmogorov–
Smirnov two-sample comparison, p 
 0.001, n � 13 cells
(pre-CNO), n � 7 cells (1 �M); Fig. 4G]. However, we did

not observe any significant change in sPSC interevent
interval [n � 13 cells (pre-CNO), n � 7 cells (1 �M); Fig.
4H] following bath application of 1 �M CNO. Following a
30-min treatment with high dose (20 �M) of CNO, we saw
a significant decrease in both sPSC amplitude [Kolmogo-
rov–Smirnov two-sample comparison, p 
 0.001, n � 13
cells (pre-CNO), n � 7 cells (20 �M); Fig. 4I] and interevent
interval [Kolmogorov–Smirnov two-sample comparison, p

 0.001, n � 13 cells (pre-CNO), n � 7 cells (20 �M); Fig.
4J].

These data suggest that intrinsic excitability of CA1 pyra-
midal neurons is bidirectionally regulated following CNO-
mediated activation of CamKII�-positive excitatory neurons,
with low dose CNO (1 �M) increasing and high dose (20 �M)
of CNO treatment decreasing excitability, respectively. Fur-
ther, the above data show dose-dependent bidirectional regu-
lation of sPSC amplitude and frequency following CNO-
mediated activation CamKII�-positive excitatory neurons, with
low-dose CNO increasing and high-dose CNO-mediated che-
mogenetic activation associated with decreased spontaneous
activity.

Dose-dependent effects of acute chemogenetic
hM3Dq activation on AMPAR- and NMDAR-mediated
currents

We next sought to understand the possible cellular
mechanism responsible for the decline in fEPSP and de-
creased synaptically-driven excitability (Fig. 2) of CA1
pyramidal cells at the higher dose of CNO treatment. As
chemogenetic activation of CamKII�-positive excitatory
neurons would act by releasing glutamate and further
action on glutamatergic receptors, we performed time-
course measurements of evoked AMPAR- and NMDAR-
mediated currents from CA1 pyramidal cells for 30 min
following administration of either low (1 �M) or high dose
(20 �M) of CNO (Fig. 5A). AMPAR-mediated current was
calculated as the peak amplitude of evoked current when
the cell was voltage-clamped at –70 mV, and NMDAR-
mediated currents were obtained as the average current

continued
The average fEPSP slope was not significantly different in 55- to 60-min bin as compared to pre-LTP with 20 �M CNO bath application
(F). Results are expressed as the mean 	 SEM; �p 
 0.05 as compared between pre-LTP and post-LTP (5–10 min), post-LTP (25–30
min), or post-LTP (55–60 min; one-way ANOVA followed by post hoc Bonferroni multiple comparison). G, The average fEPSP slope
in 5-min time bins is significantly increased in 5- to 10 and 25- to 30-min bins as compared to pre-LTP with 1 �M CNO bath
application. The average fEPSP slope with 20 �M CNO bath application in 5- to 10- and 25- to 30-min bins was significantly lower
compared to both sham-treated control and 1 �M CNO treatment. The average fEPSP slope in the 55- to 60-min bin was significantly
lower with both 1 and 20 �M CNO bath application compared to sham-treated control. Results are expressed as the mean 	 SEM;
�p 
 0.05 as compared between sham, 1 �M, and 20 �M CNO treatment for each time bin (one-way ANOVA followed by post hoc
Bonferroni multiple comparison).

Table 1. Acute CNO-mediated hM3Dq DREADD activation of hippocampal excitatory neurons does not alter intrinsic
membrane properties

RMP (mV)
Input

resistance (M�)
AP

threshold (mV) � (ms)
Sag
(mV)

Sag
(%)

Accomodation
index

Pre-CNO -61.31 	 0.62 194.9 	 10.95 -53.61 	 0.59 26.15 	 1.57 -5.67 	 0.61 6.39 	 0.61 0.45 	 0.04
30 min Post-CNO (1 �M) -59.24 	 1.52 173.7 	 17.47 -56.04 	 2.11 23.11 	 1.66 -4.84 	 0.85 5.82 	 0.84 0.36 	 0.09
30 min Post-CNO (20 �M) -62.30 	 1.31 201.8 	 13.21 -53.39 	 1.22 27.05 	 3.03 -4.71 	 0.72 5.30 	 0.74 0.47 	 0.08

AP threshold: action potential threshold; �: membrane time constant.
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80–100 ms following the time of peak response when the
cell was voltage-clamped at �40 mV (Fig. 5B). AMPAR-
mediated-evoked current was reduced following both 1
and 20 �M CNO administration, but the extent of decline
was greater in the 20 �M CNO administered neurons as
compared to 1 �M CNO administered neurons [linear
regression followed by ANCOVA, p 
 0.0001, n � 6 cells
(1 �M), n � 5 cells (20 �M); Fig. 5C,E]. Similarly, we saw
a reduction in NMDAR-mediated currents with both 1 and
20 �M CNO administration, and the magnitude of decline
was higher in the 20 �M CNO administered neurons as
compared to 1 �M CNO administered neurons [linear
regression followed by ANCOVA, p 
 0.0001, n � 5 cells
(1 �M), n � 6 cells (20 �M); Fig. 5D,F]. To get a neuronal
population activity, we compared average currents in
5-min bins before CNO treatment and 30 min following low
and high dose of CNO treatment. We found a significant
decline in both AMPAR-mediated current [one-way ANOVA
followed by Bonferroni multiple comparison, p 
 0.05, n �
11 cells (pre-CNO), n � 6 cells (1 �M), n � 5 cells (20 �M);
Fig. 5G] and NMDAR-mediated current [one-way ANOVA
followed by Bonferroni multiple comparison, p 
 0.05, n �
11 cells (pre-CNO), n � 5 cells (1 �M), n � 6 cells (20 �M);
Fig. 5H] at both 1 and 20 �M CNO as compared to pre-CNO
currents. Further, post hoc Bonferroni multiple comparisons
revealed that administration of 20 �M CNO significantly
lowered both AMPAR-mediated current (one-way ANOVA

followed by Bonferroni multiple comparison, p 
 0.05) and
NMDAR-mediated current (one-way ANOVA followed by
Bonferroni multiple comparison, p 
 0.05) as compared to 1
�M CNO treatment. Furthermore, the AMPAR/NMDAR ratio
was significantly lowered with 30 min of high-dose (20 �M)
CNO administration [one-way ANOVA followed by Bonfer-
roni multiple comparison, p 
 0.05, n � 8 cells (pre-CNO), n
� 8 cells (1 �M), n � 7 cells (20 �M); Fig. 5I]. The time
constant for NMDAR-mediated current decay was signifi-
cantly lower following a 30-min treatment of both 1 and 20
�M CNO [one-way ANOVA followed by Bonferroni multiple
comparison, p 
 0.05, n � 9 cells (pre-CNO), n � 5 cells (1
�M), n � 6 cells (20 �M); Fig. 5J].

Taken together, these results indicate downregulation
of the ionotropic glutamate receptor-mediated currents
following chemogenetic hM3Dq activation of CamKII�-
positive excitatory neurons by CNO in a dose-dependent
manner.

Acute administration of CNO results in a dose-
dependent increase in intracellular calcium levels in
primary hippocampal neurons

On CNO administration the Gq-coupled hM3Dq mobi-
lizes intracellular calcium (Armbruster et al., 2007; Roth,
2016). As calcium and its downstream signaling are key
regulators of neuronal physiology, we next sought to ex-
amine whether different doses of CNO lead to differential

Figure 4. Bidirectional dose-dependent modulation of excitability following 30 min of hM3Dq chemogenetic activation of hippocampal
excitatory pyramidal neurons. A, Shown is a schematic depicting whole-cell patch-clamp recording from somata of CA1 pyramidal
cells. B, The number of spikes generated with increasing amount of current injection is enhanced with bath application of 1 �M CNO
but reduced with 20 �M CNO. C, Shown is a representative trace of action potentials from CA1 neurons before CNO treatment, after
a 30-min bath application of 1 �M CNO, and 20 �M CNO. Results are expressed as the mean 	 SEM; �p 
 0.05 as compared
between 1 and 20 �M CNO treatment (linear regression followed by ANCOVA). Shown are representative sPSC traces before (D) and
30 min after 1 �M (E) or 20 �M (F) CNO treatment. Bath application of 1 �M CNO for 30 min resulted in significantly altered sPSC
amplitude with decreased cumulative probability at lower amplitude and increased cumulative probability at higher amplitude (�35
pA; G), whereas no significant effect was observed on interevent interval (H). Bath application of 20 �M CNO for 30 min significantly
decreased sPSC amplitude (I) and sPSC interevent interval (J). Results are expressed as cumulative probabilities; #p 
 0.001 as
compared to pre-CNO-treated group (Kolmogorov–Smirnov two-sample comparison). R: recording electrode.
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Figure 5. Dose-dependent effects of acute chemogenetic hM3Dq activation on AMPAR- and NMDAR-mediated currents. A, Shown
is a schematic depicting whole-cell patch-clamp recording from somata of CA1 pyramidal cells with stimulating electrodes places on
the Schaffer collateral input pathway. B, Shown is a schematic demonstrating the measurement of AMPAR- and NMDAR-mediated
currents, respectively. C, Shown are representative AMPAR-mediated-evoked PSC traces before and after 10 and 30 min of CNO
bath application. Voltage clamped at –70 mV. D, Shown are representative NMDAR-mediated-evoked PSC traces before and after
10 and 30 min of CNO bath application. Voltage clamped at �40 mV. Bath application of both 1 and 20 �M CNO results in reduced
AMPAR-mediated currents, with significantly lower currents at 20 �M (E, G). Bath application of both 1 and 20 �M CNO results in
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intracellular calcium dynamics using a ratiometric cal-
cium-sensitive dye Indo-1. Using two-photon calcium im-
aging, we measured intracellular calcium levels in primary
hippocampal neurons following administration of either 1
or 20 �M of CNO. We observed a significant increase in
calcium levels as noted from an increase in fluorescence
intensity at both 1 �M (linear regression, p 
 0.0001; Fig.
6A,B) and 20 �M (linear regression, p � 0.0002; Fig.
6A,B). Further, we also noted that administration of 20 �M
CNO exhibited different calcium dynamics from the low
dose of CNO, with a significantly faster increase in intra-
cellular calcium levels in the first 10 min as compared to 1
�M CNO (linear regression followed by ANCOVA, p �
0.012, n � 5 cells/group, from three animals; Fig. 6B).
Post 10 min, the intracellular calcium appeared to reach
steady-state levels in cultured hippocampal neurons fol-
lowing acute CNO administration, and was not signifi-
cantly different between 1 and 20 �M of CNO.

Taken together, our data show a dose-dependent in-
crease in calcium levels following acute CNO administra-
tion in cultured hippocampal neurons with 20 �M CNO
resulting in a significantly faster elevation in intracellular
calcium levels than 1 �M CNO administration.

Discussion
Our results provide novel insights into the dose-

dependent regulation of hippocampal neurotransmission
and plasticity by CNO-mediated activation of the hM3Dq
DREADD in CamKII�-positive excitatory neurons. We ob-
served a significant decline in fEPSP slope in a dose-
dependent manner with no effect at the low dose (1 �M)
and the maximum decline noted at the high dose (20 �M)
of CNO. Further, dose-dependent effects on hippocampal
plasticity were indicated by a robust induction of TBS-
evoked LTP in the presence of a low dose of CNO, which
was not observed with the high CNO dose. In keeping
with these results, the low dose of CNO potentiated PPR
and increased excitability, accompanied by an intriguing
regulation of the sPSC with enhanced probability for low
amplitude events following 1 �M CNO bath application. In
contrast, we observed a significant decline in excitability
and sPSC at the Schaffer collateral synapses, 30 min
following bath application of a high dose of CNO. Taken
together, our findings provide novel evidence for the com-
plex nature of modulation of hippocampal neurotransmis-
sion following hM3Dq DREADD activation by different
doses of the ligand, CNO.

The hM3Dq DREADD is a chemogenetic tool widely
used to activate neurons in a circuit and cell type-specific
manner that provides critical spatiotemporal control of
neurocircuitry, thus facilitating the establishment of
causal links between specific neuronal pathways and be-

havior (Roth, 2016). Application of the DREADD ligand
CNO activates the canonical Gq-signaling pathway en-
hancing intracellular Ca2� levels (Armbruster et al., 2007;
Alexander et al., 2009), and is thought to thus increase
neuronal firing. Several studies have demonstrated in-
creased firing rate and membrane depolarization in hip-
pocampal CA1 pyramidal neurons (Alexander et al., 2009),
raphe serotonergic neurons (Urban et al., 2016), and ar-
cuate nucleus AgRP neurons (Krashes et al., 2011; Atasoy
et al., 2012) in response to CNO-mediated hM3Dq acti-
vation. However, these studies employ a wide range of
CNO doses ranging from 0.5-200 �M, and have per-
formed recordings predominantly for short time scales of
a few minutes following CNO administration (Mahler et al.,
2014; Hurni et al., 2017). Given that most behavioral
paradigms with acute hM3Dq DREADD activation operate
across timescales of 30 min to several hours using diverse
CNO dose ranges, it is critical to gain insight into the
impact of CNO-based hM3Dq DREADD activation on
neurotransmission, incorporating both different doses
and longer time durations. Here, we show that CNO-
mediated hM3Dq DREADD activation exerts complex,
dose-dependent effects on hippocampal neurotransmis-
sion, including fEPSP slope, neuronal excitability, spon-
taneous and evoked activity, as well as plasticity.

Our results recapitulate aspects of prior studies exam-
ining the influence of endogenous Gq-coupled GPCR
activation on hippocampal neurotransmission. Increased
excitability and potentiation of an LTP phenotype are
noted with the M1 muscarinic agonist, carbachol that
activates Gq-signaling (Burgard and Sarvey, 1990;
Bröcher et al., 1992; Natsume and Kometani, 1997). Prior
evidence indicates that the mGluR1/5 agonist (R,S)-3,5-
dihydroxyphenylglycine (DHPG)-dependent LTP is asso-
ciated with increased excitability of CA1 pyramidal
neurons and requires activation of protein kinase C, that
lies downstream to Gq-signaling (Brager and Johnston,
2007). In addition, stimulation of the Gq-coupled musca-
rinic AChR 1 and 5 (mAChR; M1/5) leads to facilitation of
LTP and synaptic transmission in both the hippocampus
and visual cortex (Burgard and Sarvey, 1990; Bröcher
et al., 1992; Natsume and Kometani, 1997). It is of interest
that our results with the low dose of CNO (1 �M) are
similar to components of the phenomena associated with
activation of either the M1/5 or Group I mGluR in the
hippocampus. In contrast, bath administration of both
mGluR1/5 and mAChR; M1/5 agonists (Palmer et al.,
1997; Cobb and Davies, 2005; Gladding et al., 2009;
Kumar, 2010; Caruana et al., 2011) are also known to
evoke long-term depression (LTD) at the Schaffer collat-
eral synapses, which is similar to the effects we noted

continued
reduced NMDAR-mediated currents, with significantly lower currents at 20 �M (F, H). AMPAR/NMDAR ratio is significantly reduced
with bath application of 20 �M CNO (I). The time constant of NMDAR-mediated current decay (�) is significantly decreased following
30 min of both 1 and 20 �M CNO administration (J). Results are expressed as the mean 	 SEM; �p 
 0.05 as compared between
1 and 20 �M CNO treatment (linear regression followed by ANCOVA) for time-course analysis; �p 
 0.05 as compared between
pre-CNO, 1 and 20 �M CNO treatment (one-way ANOVA followed by post hoc Bonferroni multiple comparison) for others. S:
stimulating electrode; R: recording electrode.
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Figure 6. Acute administration of CNO results in a dose-dependent increase in intracellular calcium levels in primary hippocampal
neurons. A, Shown are representative images of primary hippocampal neurons before CNO-treatment and 4, 8, and 12 min following
1 �M (top) or 20 �M (bottom) CNO treatment. B, Application of both 1 and 20 �M CNO significantly increased intracellular calcium
levels as observed by increased fluorescence intensity. Treatment with 20 �M CNO resulted in a significantly faster increase in
intracellular calcium levels as compared to 1 �M CNO. Results are expressed as the mean 	 SEM; �p 
 0.05 as compared between
1 and 20 �M CNO treatment (linear regression followed by ANCOVA).
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with the high dose of CNO (20 �M) used to evoke hM3Dq
DREADD activation. In addition, we did not observe the
recovery of the decline in fEPSP slope even after 60 min
of washing with aCSF, which indicates that the effect of
hM3Dq activation with high dose of the ligand evokes an
LTD-like change, and could involve long-term changes in
neuronal function. Previous reports demonstrate that bath
application of broad-spectrum mGluR agonists (	)-1-
aminocyclopentane-trans-1,3-dicarboxylic acid (ACPD;
Schoepp et al., 1999), mGluR1/5 agonist DHPG (Schoepp
et al., 1999), and mGluR5-specific agonist (R,S)-2-chloro-
5-hydroxyphenylglycine (CHPG; Palmer et al., 1997; Fitz-
john et al., 1999; Huber et al., 2000), also induces robust
LTD in several brain regions, including the Schaffer col-
laterals (Bellone et al., 2008; Gladding et al., 2009). It is
not possible to directly compare the doses of CNO used
in our study to evoke hM3Dq DREADD activation, to
agonists used in prior studies to stimulate the mGluR1/5
and mAChR. However, it is of note that hM3Dq DREADD
activation at distinct doses exerts effects that recapitulate
aspects of prior findings with mGluR1/5 and mAChR stim-
ulation, which are known to evoke dose-dependent, dif-
ferential effects on hippocampal neurotransmission, as
well as divergent effects on plasticity. Our results suggest
that the engineered hM3Dq DREADD may share some
similarities to endogenous Gq-coupled receptor counter-
parts, and thus exert complex regulation on hippocampal
neurotransmission via modulation of Gq-signaling.

Our data indicate that potentially both postsynaptic and
presynaptic mechanisms are triggered following bath ap-
plication of CNO, and these responses likely differ across
doses of CNO. We observe downregulation in AMPAR-
and NMDAR-mediated currents following both low and
high dose of CNO application, which supports the possi-
bility of postsynaptic modulation by CNO-mediated
hM3Dq activation. Cross talk between Gq-coupled sig-
naling pathways and ionotropic glutamate receptors
(iGluRs) has been shown extensively (Mao et al., 2005;
MacDonald et al., 2007; Gladding et al., 2009). mGluR-
evoked LTD is associated with downregulation of surface
AMPAR (Rush et al., 2002; Huang et al., 2004; Davidkova
and Carroll, 2007; Moult et al., 2008), as well as internal-
ization of NMDA receptors from the synapse (Snyder
et al., 2001). Despite the decrease in AMPAR- and
NMDAR-mediated currents, we did not observe a decline
in fEPSP slope following bath application of 1 �M CNO.
While our results do not allow us to delineate the mech-
anisms responsible for this phenomenon, we could spec-
ulate a possible compensatory potentiation of presynaptic
responses, supported by our observation of enhanced
PPR following 1 �M CNO administration. Our current
experiments do not allow us to completely reconcile the
differential effects of CNO-mediated hM3Dq-DREADD
activation on fEPSP, PPR, and AMPAR-mediated currents
and are suggestive of possible complex underlying mech-
anisms that require future experiments.

We noted a potentiation of PPR and increased excit-
ability following 30 min of CNO bath application only at
the low dose. Activation of Gq-coupled receptors in-
creases intracellular Ca2� (Berridge, 1993; Nakamura

et al., 2000; Larkum et al., 2003; Billups et al., 2006), it is
possible that bath application of different doses of CNO
could lead to different concentrations of intracellular
Ca2�, both at the presynapse and postsynapse. Different
levels and temporal kinetics of intracellular concentration
of Ca2� are capable of recruiting distinct signaling path-
ways (Berridge, 1998; Augustine et al., 2003; Thomas
et al., 1996). With a body of literature showing coupling of
intracellular Ca2� to Gq-coupled GPCR activation (Ber-
ridge, 1993, 2009; Nakamura et al., 2000; Larkum et al.,
2003; Billups et al., 2006), differential responses including
iGluR currents and sPSC may arise as a consequence of
differential intracellular Ca2� dynamics. Further careful
investigation is required to tease out the exact role of
downstream Ca2�-mediated signaling in mediating com-
plex regulation of neuronal physiology by hM3Dq
DREADD activation.

Our data differ from the results of López et al. (2016),
demonstrating enhanced LTP following bath application
of CNO (5 �M) in C57Bl/6 animals virally expressing
hM3Dq in CamKII�-positive neurons in the CA1. The dif-
ferences in results could be due to the fact that the
expression of hM3Dq was driven using viral versus big-
enic mouse lines, and was spatially restricted to just the
CA1 versus the entire hippocampus, in addition to other
differences in age of animals used. This further substan-
tiates the argument to be careful when interpreting neu-
ronal activation/behavioral data using chemogenetic
tools. To rule out off-target effects of CNO and its metab-
olites, we performed fEPSP time-course measurements in
hippocampal slices derived from the background C57Bl/6J
mice lacking the hM3Dq receptor. We did not observe any
significant effect both at 1 and 20 �M of CNO adminis-
tration for 1 h. Although our results ruled out any off-target
effects on fEPSP time course in the Schaffer collaterals,
further control experiments would be useful to rule out
non-specific effects on other physiologic measures.

Behavioral studies using hM3Dq activation have em-
ployed a wide range of doses of CNO ranging from 0.1 to
20 mg/kg (Alexander et al., 2009; Ray et al., 2011; Mahler
et al., 2014; MacLaren et al., 2016). Recent studies in rat
models indicate that intraperitoneal injection of CNO (5
mg/kg) results in plasma concentrations of up to 2 �M
CNO, which persist in the micromolar range for 90 min
(MacLaren et al., 2016). However, a report by Gomez
et al., did not find detectable CNO levels in the brain
following systemic [3H] CNO (�5 �g/kg) intraperitoneal
injections in C57BL/6J mice, although the dose used was
very low as compared to that standardly used for behav-
ioral experiments (Gomez et al., 2017). It is important to
consider that the metabolism and pharmacodynamics of
CNO could vary across strains, species, sex, and age,
and our results motivate future experiments to precisely
measure CNO levels within distinct brain regions and their
physiologic effects across distinct doses and time scales.

In conclusion, our data elucidate that treating hM3Dq
DREADD activation simply as neuronal excitation, misses
the nuances of regulation of various aspects of neu-
rotransmission over time scales and across dose ranges.
It is possible that different doses of CNO can have very
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different pharmacological effects including recruitment of
differential downstream signaling pathways, differential
internalization kinetics, and cross talk with other iono-
tropic and metabotropic receptors. The signaling path-
ways recruited by activation of GPCRs like hM3Dq are
arguably distinct from those recruited during the use of
optogenetic methods to activate ion channels such as
ChR. Although chemogenetic tools are invaluable in the
quest for neuronal circuit/cell-specific modulation of be-
havior, our results motivate future experiments to carefully
address the physiologic effects of hM3Dq DREADD acti-
vation as an important component during interpretation of
behavioral data.
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