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Circuit-based interventions in the dentate gyrus
rescue epilepsy-associated cognitive
dysfunction

(®Julia B. Kahn,I Russell G. Por't,z’3 Cuiyong Yue,3 Hajime Takano** and
Douglas A. Coulter'>*

Temporal lobe epilepsy is associated with significant structural pathology in the hippocampus. In the dentate gyrus, the summative
effect of these pathologies is massive hyperexcitability in the granule cells, generating both increased seizure susceptibility and
cognitive deficits. To date, therapeutic approaches have failed to improve the cognitive symptoms in fully developed, chronic
epilepsy. As the dentate’s principal signalling population, the granule cells’ aggregate excitability has the potential to provide a
mechanistically-independent downstream target. We examined whether normalizing epilepsy-associated granule cell hyperexcitabil-
ity—without correcting the underlying structural circuit disruptions—would constitute an effective therapeutic approach for cog-
nitive dysfunction. In the systemic pilocarpine mouse model of temporal lobe epilepsy, the epileptic dentate gyrus excessively
recruits granule cells in behavioural contexts, not just during seizure events, and these mice fail to perform on a dentate-mediated
spatial discrimination task. Acutely reducing dorsal granule cell hyperactivity in chronically epileptic mice via either of two distinct
inhibitory chemogenetic receptors rescued behavioural performance such that they responded comparably to wild type mice.
Furthermore, recreating granule cell hyperexcitability in control mice via excitatory chemogenetic receptors, without altering
normal circuit anatomy, recapitulated spatial memory deficits observed in epileptic mice. However, making the granule cells
overly quiescent in both epileptic and control mice again disrupted behavioural performance. These bidirectional manipulations
reveal that there is a permissive excitability window for granule cells that is necessary to support successful behavioural perform-
ance. Chemogenetic effects were specific to the targeted dorsal hippocampus, as hippocampal-independent and ventral hippocam-
pal-dependent behaviours remained unaffected. Fos expression demonstrated that chemogenetics can modulate granule cell
recruitment via behaviourally relevant inputs. Rather than driving cell activity deterministically or spontaneously, chemogenetic
intervention merely modulates the behaviourally permissive activity window in which the circuit operates. We conclude that
restoring appropriate principal cell tuning via circuit-based therapies, irrespective of the mechanisms generating the disease-related
hyperactivity, is a promising translational approach.
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Introduction

Temporal lobe epilepsy (TLE), the most common form of
epilepsy in adults, can develop following an assault to the
CNS. Acquired epilepsies particularly are refractory to
medical intervention, and these and other intractable epi-
lepsies have higher rates of co-morbidities (Berg et al.,
2012). Although treatment focuses on ameliorating seizure
events, patients must cope with a host of complicated cog-
nitive co-morbidities that many report are more detrimental
to daily life than the seizures (Holmes, 2013). However, the
neural mechanisms mediating TLE cognitive impairments
are not well understood.

The dentate gyrus is fundamental for cognitive functions
in the hippocampus, a structure TLE seizures highly acti-
vate and damage. Ordinarily, dentate gyrus granule cells
(DGCs) express remarkably sparse firing patterns (Jung
and McNaughton, 1993; Chawla et al., 2005). This spars-
ity enables pattern separation, the ability to recognize and
amplify small differences in inputs to avoid confounding
overlaps. Extensive work in rodents has shown that com-
promising the dentate gyrus disrupts spatial discrimination
performance (Gilbert et al., 2001; Lee et al., 2005; Clelland
et al., 2009; Nakashiba et al., 2012; Kheirbek et al., 2013).
Furthermore, with its early location in the trisynaptic cir-
cuit, the dentate gyrus can affect firing patterns in down-
stream hippocampal structures, such as causing the CA3 to
express activity consistent with pattern separation instead
of its usual pattern completion (Leutgeb et al., 2007;
Neunuebel and Knierim, 2012).

Sparse DGC activity has a secondary effect: it limits
cortical input to the hippocampus and acts like a ‘gate’,
the failure of which may contribute to the excessive cor-
tical-hippocampal activity underlying TLE seizures
(Heinemann et al., 1992; Lothman and Stringer, 1992).
The dentate gyrus experiences a dramatic increase in ex-
citability in epileptogenesis and chronic epilepsy (Dengler
et al., 2017), a phenomenon emerging from many differ-
ent circuit disruptions that develop in the disease, includ-
ing interneuron death (de Lanerolle et al., 1989; Obenaus
et al., 1993; Kobayashi and Buckmaster, 2003), GABA
receptor alterations (Brooks-Kayal et al., 1998; Coulter
and Carlson, 2007; Zhang et al., 2007), ectopic adult-
born DGCs (Parent et al., 1997), and mossy fibre sprout-
ing (Tauck and Nadler, 1985; Zhang et al., 2012;
Supplementary Fig. 1). Furthermore, optogenetically driv-
ing or silencing activity in DGCs can incite or truncate
seizure events, respectively (Krook-Magnuson et al.,
2015).

The ability of the dentate gyrus to modify both its own
and downstream hippocampal cognitive processes together
with its role in seizure propagation make it a powerful
potential target for circuit-based therapeutic intervention.
This type of intervention is defined as follows: by activating
or inhibiting individual circuits in the nervous systems, cir-
cuit-based therapies can change the behaviour, fundamental
function, or a specific symptom of a disease. Indeed, previ-
ous work shows that modifying the dentate gyrus before or
as the disease develops, for example blocking ectopic DGCs
from forming, can alter disease severity, reducing seizure
frequency and allowing for more typical cognitive capabil-
ities (Cho et al., 2015; Hosford et al., 2016). However, no
mechanistically specific interventions have rescued cognitive
performance in fully-developed chronic epilepsy.

In this study, we sought to intervene at the circuit level,
targeting the dentate gyrus’s aggregate output by manip-
ulating DGC activity with designer receptors exclusively
activated by designer drugs (DREADDs). As circuit out-
puts determine behavioural outcomes, circuit excitability
provides a potential downstream, mechanistically-inde-
pendent therapeutic target. Predictably, while wild type
animals with sparse DGC activity performed well on a
dentate-mediated spatial discrimination task, the pilocar-
pine-induced TLE mouse model displayed marked deficits.
Remarkably, acutely reducing DGC hyperactivity via in-
hibitory DREADDs was sufficient to rescue behavioural
performance in chronically epileptic mice. However,
making the epileptic dentate gyrus overly quiescent via
elevated DREADD recruitment compromised behavioural
performance, suggesting that the DGCs must be tuned ap-
propriately to support information coding. We explored
this hypothesis in control animals further, expressing
either excitatory or inhibitory DREADDs in dorsal
DGCs to determine the consequences of perturbing a
properly tuned circuit. Acutely altering DGC recruitment
compromised behavioural performance, demonstrating
that manipulating principal cell recruitment is sufficient
to dictate behavioural outcomes in both health and dis-
ease. DREADD-mediated effects were specific to the dorsal
dentate gyrus, as a similar hippocampal-independent task
and a ventral dentate-dependent behaviour remained un-
affected by DREADD activation. Voltage sensitive dye
recordings and fos confirmed that DREADDs manipulated
DGC responses to afferent inputs. We conclude that ap-
propriately tuned activity in the dentate gyrus is critical
for cognitive performance, and that reducing disease-
related hyperactivity via circuit-based therapies is a poten-
tial translational approach.
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Materials and methods

Animals

Animals were singly housed in a biosafety level 2 facility in
individually ventilated cages with nestlets and maintained on a
12-h light/dark cycle with target temperature of 20 £ 2°C and
with ad libitum food and water. Wild-type C57BL/6 mice from
Charles River Laboratories were used for wild-type and pilo-
carpine-treated groups. FosTRAP x tdTomato transgenic mice
were FosCreER  mice [c-Fos Cre ERT2 (B6.129(Cg)-
Fos™-1ere/ERT2)) - (Jax #021882) and Lox-tdTomato [B6.Cg-
Gt(ROSA)26Sortmi#(CAGtdTomato)) (15 #007914).  These
and POMC-Cre mice [B6.FVB-Tg(Pomc-cre)lLowl/J; Jax
#010714] were obtained from Jackson Laboratory. All
groups contained 25-50% female subjects; analysis by sex
did not reveal significant differences, thus results were
pooled. Mice were assigned randomly to experimental
groups after balancing for age, sex, and genotype, and were
3-7 months old when assessed. All procedures were approved
by the Institutional Animal Care and Use Committee of the
Children’s Hospital of Philadelphia.

Pilocarpine-induced status
epilepticus model of epilepsy

Mice, 8-9 weeks old, were injected intraperitoneally with sco-
polamine (1 mg/kg) and with pilocarpine (315 mg/kg) 30 min
later to trigger status. Sixty minutes after status onset, diaze-
pam (5 mg/kg) was administered to quell seizure activity. Mice
were at least 7 weeks post-status epilepticus before testing
began to ensure they were chronically epileptic (Dengler
et al., 2017). All included epileptic animals had at least two
confirmed spontaneous seizure events.

Viral induction

Control animals were 7-9 weeks old; pilocarpine-treated ani-
mals were 1-2-weeks post-status epilepticus. Animals were
anaesthetized with isoflurane and received bilateral 200 nl
viral injections to the dorsal dentate gyrus (from Bregma AP:
—1.7mm, ML: +1.0mm, from dura DV: —1.7mm).
Approximately 5 x 10® infectious particles were infused into
each hippocampus. Experiments began at least 3 weeks post-
injection to allow full DREADD expression. Bryan Roth
provided DREADD constructs. AAV5-CamKIloe-HA-hM3Dg-
IRES-mCitrine, AAVS5-CamKIla-HA-hM4Di-IRES-mCitrine,
and AAVS-hsyn-DIO-hM3Dg-mcherry were purchased from
the UNC Vector Core. AAVS5-CamKIla-GFP and AAVS-
hsyn-FLEX-GFP were purchased from the Penn Vector Core.
The plasmid for AAV5-CamKIla-HA-KORD-IRES-mCitrine
was purchased from Addgene (#65418) and packaged into
AAV35 by the CHOP Research Vector Core.

Drugs

Clozapine N-oxide (CNO; Tocris) was dissolved in 12% di-
methyl sulphoxide (DMSO)/saline to create a 10 uM stock,
which was diluted in saline to produce appropriate doses
(inal DMSO <0.5%) (Armbruster et al., 2007; Garner
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et al., 2012). Salvinorin B (SB; Cayman Chemical) was dis-
solved in DMSO (25 mg/ml) and diluted to 5§ mg/ml in sun-
flower oil (Sigma); this was diluted further in sunflower oil
(Vardy et al., 2015). CNO and SB were administered at
10ml/kg and 5mlkg, respectively. 4-hydroxytamoxifen
(4OHT; Sigma) was dissolved in ethanol (20 mg/ml) at 37°C,
then diluted in corn oil to 10 mg/ml. The ethanol was evapo-
rated by vacuum under centrifugation to produce 10 mg/ml
40HT, administered at 5 ml/kg (Guenthner et al., 2013).

Behavioural tests

Before testing, animals were handled for 3-5min/day for 7
days. Animals were observed for 1h pre- and post-environ-
mental exposure. Mice displaying prolonged freezing (>10s)
or more pronounced seizure behaviours (Racine stage 2-5) at
any point during the observational periods/testing were
excluded from analyses to minimize seizure-driven effects on
behaviour. Testing occurred in the last 3 h of the light cycle.
For DREADD experiments, animals received intraperitoneal
injections of saline or CNO or subcutaneous injections of ve-
hicle or SB 1h prior to all handling sessions and environmen-
tal exposures to minimize potential anxiogenic confounds.

Spatial object recognition

This non-aversive dentate-mediated spatial memory test
(Kesner et al., 2015) requires mice to learn and remember
the positions of three objects in an arena. On training day,
animals were exposed to a 50cm x 30cm x 30cm box with
orientation markers for 6-min trials. The box was empty for
habituation, then identical objects were arranged for three
training trials. On test day (24-h later), one object was repos-
itioned (displaced object), changing the spatial configuration.
Mice that remember the original configuration spend more
time exploring the displaced object compared to the non-dis-
placed objects. Sessions were video recorded and manually
scored by a blinded experimenter for object interactions.
Object configurations were counterbalanced across subjects.
For repeated testing, at least 2 weeks elapsed between tests;
new objects, floor textures, and ligand doses were counterba-
lanced across subjects. Discrimination index calculation:

Displaced object A%preference — Average(Non-

displaced object; A%preference, Non-displaced object, A%
preference); Object A%preference = Test(100 x

Object exploration/Total exploration) — Third training trial

(100 x Object exploration/Total exploration)
€y

MATLAB code (Autotyping15.03) provided by Dr David
Meaney  (University of Pennsylvania Department of
Bioengineering) tracked ambulation and generated heat maps
of object interaction bouts.

Novel object recognition

This hippocampal-independent task (Oliveira et al., 2010)
requires mice to learn and remember object identities.
For habituation, animals explored the test arena
(45 cm x 28 cm x 30 cm) for 5 min/day for 5 days. On training
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day, animals explored two identical objects for 15 min. On test
day (24 h later), one object was replaced with a novel object.
Sessions were video recorded and manually scored by a
blinded experimenter for object interactions. Object identities
and locations were counterbalanced across subjects. Per cent
novel exploration calculation:

100 x (Novel object exploration)/(Total exploration)  (2)

Dr Meaney’s MATLAB code tracked ambulation and gener-
ated heat maps of object interaction bouts.

Open field

Animals were introduced to the 40cm x 40 cm x 40 cm open
field box for 5min. Sessions were video recorded and Dr
Meaney’s MATLAB code quantified ambulation and thigmo-
taxis, the measure of the mouse’s tendency to stay close to the
walls, indicating anxiety (Simon et al., 1994).

Novel environment exposure

The environment consisted of a clean cage containing a run-
ning wheel and hut. One hour into the 2-h exposure, animals
received 50 mg/kg 4OHT intraperitoneally. Home cage con-
trols received injections at the same time points.

Voltage sensitive dye slice prepara-
tion and recording

Slices were prepared as described in Dengler et al. (2017).
Immediately before imaging, slices were stained with
0.0125 mg/ml of di-3-ANEPPDHQ (D36801, Invitrogen) in
artificial CSF for 15 min. Slices were imaged in an oxygenated
interface chamber (32 4 1°C) using an 80 x 80 CCD camera
recording at a 1-kHz frame rate (NeuroCCD, RedShirt
Imaging) and illuminated by a 530 nm Green LED (MS530L3-
C2, Thorlabs). Trials lasted 1000 ms each, with a 20-s inter-
trial interval. Amplitude responses were analysed in Igor Pro
6.2 (Wavemetrics, Portland, OR).

Histology

Animals were perfused transcardially with 4% paraformalde-
hyde/phosphate-buffered saline (PFA/PBS). Brains were sub-
merged in 4% PFA for 12-20h, then in 30% sucrose/PBS.
Thirty micrometre slices from frozen brains were obtained
on a cryostat and stored in cryoprotectant. Slices were
imaged using an Olympus FV1000 confocal microscope with
FluoView 4.1a (Olympus, Center Valley, PA). Viral expression
location was visualized by the fluorescent reporter co-express-
ing with the virus (Supplementary Fig. 2). Only animals that
had viral fluorescent expression in the dentate gyrus in both
hemispheres were included in analyses. To quantify DGC re-
cruitment, cell counts in each slice were divided by the DGC
layer volume/volume expressing fluorescent reporter in that
slice (Image], NIH, Bethesda, MD). Slices were averaged
within the animal to give an individual’s FosTRAPed (targeted
recombinase in active populations) cell density, which was
normalized to the control group’s mean.
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Statistical analysis

Statistical analyses were done with MATLAB and Prism 7
(GraphPad). Sample sizes were determined on the basis of cal-
culations performed on empirical data and power analyses.
The number of mice used was appropriate to detect behav-
ioural differences with 80% power and o was set at 0.05.
Normality was tested with the D’Agostino and Pearson test.
Statistical tests were used as indicated in the figure legends.

Data availability

The data supporting this study and the custom-written seizure
MATLAB scripts are available from the corresponding author
upon reasonable request. The MATLAB behavioural analysis
code is available on Dr David Meaney’s website (https://www.
seas.upenn.edu/~molneuro/software.html).

Results

Epileptic animals have hyperactive
DGCs

We first examined if pilocarpine mice excessively recruit
DGCs in behavioural contexts, not just during seizure
events. We used FosTRAP transgenic mice, in which the
immediate early gene fos drives expression of CretRT) a
tamoxifen-inducible recombinase that recombines a stop
cassette upstream of tdTomato (Guenthner et al., 2013).
When tamoxifen is present, fos-expressing cells perman-
ently express tdTomato, providing a snapshot view of
in vivo activity (Fig. 1A). Mice were exposed to an enriched
novel environment (Fig. 1B), which highly activates the
dentate gyrus. Halfway through exposure, mice received
an injection of 4OHT, tamoxifen’s main metabolite, to con-
strain the timeline in which cells can be TRAPed
(Guenthner et al., 2013). When monitored continually for
2 months with EEG depth electrodes, three pilocarpine
mice collectively had 557 seizures; every electrographic
seizure was accompanied by a significant behavioural com-
ponent (Racine scale 3-5; Supplementary Fig. 3). Thus,
epileptic FosTRAP animals were video monitored for
12 h before and after testing for any behavioural indication
of seizures. Animals exhibiting stereotypical seizure-related
behaviours (17 = 2) expressed obvious, distinct FosTRAPing
compared to epileptic animals that did not exhibit
these behaviours (Fig. 1C) and were excluded from statis-
tical analysis. After exploring the novel environment,
chronically epileptic animals had significantly more
TRAPed DGCs than controls [normalized cell density:
control: 1.00 & 0.21 versus pilocarpine: 3.49 4 0.04,
£(4.284) = 11.53, P =0.0002, Welch’s t-test; Fig. 1C and
D]. Coronal slice recordings examining molecular layer
stimulation-evoked responses also revealed increased activ-
ity in epileptic tissue compared to controls (Supplementary
Fig. 4).
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Figure | Epileptic animals have hyperactive DGCs. (A) Schematic of FosTRAP x tdTomato mechanism. Fos drives expression of Cre

ERT

so that tdTomato expression only occurs when tamoxifen or its metabolite 4OHT is present to remove the stop codon. (B) Schematic of novel
environment protocol. (C) Confocal micrographs of tdTomato expression overlaid the transmitted image to show TRAPed DGCs in control mice
(left), epileptic mice (middle), and epileptic mice that displayed seizure-related behaviours while the 4OHT was onboard (right). Scale bar = 318 um.
(D) Cell density analysis per animal normalized to the control group’s mean. Epileptic animals 2—3 months post-status epilepticus recruit
significantly more DGCs after exposure to a novel environment [t(4.284) = | |.53, **P = 0.0002, Welch’s t-test]. Data are represented as
mean + SEM. Each circle represents an animal (number of animals indicated in parentheses).

Reducing DGC hyperactivity in
epileptic mice rescues dentate-
mediated cognitive performance

To assess how DGC hyperactivity may affect cognition,
animals were tested on the non-aversive hippocampal-
dependent spatial object recognition (SOR) task
(Fig. 2A). Unlike other implementations (Oliveira et al.,
2010), three identical objects were used to increase
difficulty and to maximize dentate gyrus involvement in
the discrimination aspect of the test trial. Wild-type ani-
mals successfully discriminated between the displaced
object and non-displaced objects (Fig. 2B and C),
showing a 38.46 + 8.1% discrimination index, the differ-
ence in time spent exploring the displaced object
compared to the non-displaced objects (see ‘Materials
and methods’ section for calculation). Pilocarpine animals
2-3 months post-status epilepticus were significantly com-
promised on this dentate-mediated task [pilocarpine:
—9.54+10.9%; F(3,46)=8.388, P=0.0001, one-way
ANOVA, Pwrypilo = 0.005, Tukey’s multiple comparisons
correction; Fig. 2B and C]J.

To investigate if a circuit-based therapy (i.e. reducing
DGC hyperactivity) could improve behavioural perform-
ance, we bilaterally injected inhibitory DREADDs
(CamKIle-hM4Di) or GFP-expressing vector into the
dorsal DGs of epileptic mice (Fig. 2D and E). hM4Di

DREADDs are mutated muscarinic acetylcholine receptors
that act through G-protein coupling receptor (GPCR) sig-
nalling cascades, in this case inhibitory Gi cascades, to
affect neuronal activity upon activation by an otherwise
inert ligand, traditionally CNO (Armbruster et al., 2007).
The CamKlle promoter restricted DREADD expression to
glutamatergic neurons. Activating inhibitory DREADDs
with CNO (1.5 mg/kg) significantly improved performance
in epileptic animals (Pilo + hM4Di: 40.52 + 11.8%) such
that they discriminated comparably to wild-type mice
(PwTypiloshmap; = 0.999, Tukey’s correction; Fig. 2C).
In contrast, GFP-expressing epileptic animals treated
with CNO (1.5 mg/kg) performed equivalently to the
initial epileptic group (Pilo + GFP: —6.73 + 5.7%,
Ppitov pilorGEP = 0.997, Tukey’s correction; Fig. 2C); there-
fore, potential off-target ligand effects did not affect per-
formance. We concluded that reducing dentate gyrus
hyperactivity in epileptic mice rescued the animals’ ability
to distinguish the displaced object.

As discussed previously, many different circuit properties
permanently change in the dentate gyrus over the course of
epilepsy development and into chronic epilepsy. In short,
the chronically epileptic dentate gyrus is a different, struc-
turally damaged circuit from the one found in controls,
making this rescue surprising in its effectiveness.
However, these results suggest that the disrupted epileptic
dentate gyrus retains its underlying ability to code informa-
tion. We hypothesized that there is bell curve relationship
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Figure 2 Reducing DGC hyperactivity via inhibitory
DREADD:s rescues performance. (A) Schematic of SOR task.
(B) Representative images of SOR exploration for a wild-type (top)
and a pilocarpine (bottom) mouse during their third training trial and
their test trial. Background images show the object configuration
with the displaced object marked in red for the test trial. Tracking
images show the mouse’s total exploration during the trial with the
total interaction time with each object quantified in the green
boxes. The object interaction bouts images are heat maps of the

J. B. Kahn et al.

between DGC recruitment (the x-axis) and behavioural per-
formance (the y-axis; Supplementary Fig. 5).

Epileptic animals fail to discriminate
when the dentate gyrus is overly
quiescent

If this hypothesis is correct, reducing DGC hyperactivity to
a point would be beneficial, but too much reduction would
again prohibit behavioural performance. However, to
achieve this effect, we would require a high CNO dose.
Recent work invalidates this approach as Gomez et al.
(2017) showed that back-metabolized clozapine, produced
in response to higher CNO concentrations, likely would
have off-target effects on endogenous receptors. To avoid
this complication, we used the kappa-opioid receptor in-
hibitory DREADD (KORD), whose ligand salvinorin B
(SB) has not demonstrated off-target effects (Vardy et al.,
2015).

Epileptic animals injected bilaterally with the CamKIla-
KORD were tested on SOR (Fig. 3A) in response to three
treatments: vehicle, 1.5 mg/kg SB, and 3 mg/kg SB (Fig. 3B).
The mice failed to discriminate when treated with vehicle
(—4.891 + 9.1%), reflecting the expected disease-related
behavioural deficit. When treated with the ‘moderate’ SB
dose (1.5 mg/kg), KORD mice recapitulated the SOR per-
formance rescue observed in the hM4Di cohort
(Pilo+ KORD +SB  1.5: 28.92 + 8.8%). However, with
‘high> SB (3 mg/kg), the mice failed to discriminate
(Pilo+ KORD +SB 3: —9.745 + 13.0%). Within this one
cohort, we recreated the hypothesized bell curve
[F(1.29,12.91) =4.759, P = 0.041, repeated measures one-
way ANOVA with Geisser-Greenhouse’s correction;
Fig. 3B, Supplementary Fig. 5B].

A potential confound in these findings is that DREADDs
could be blocking pathological, seizure activity. However,
if behavioural recovery was a function of seizure suppres-
sion, we would expect a more positive association between
behavioural performance and dentate gyrus quiescence: the

cumulative time (s) the animal spent in each location when it was
interacting with an object. The wild-type mouse shows an increased
preference for the displaced object during its test trial while the Pilo
mouse does not. (C) Quantified SOR performance showing that
hMA4Di recruitment rescues discrimination performance in epileptic
mice [F(3,46) = 8.388, P =0.0001, one-way ANOVA with Tukey’s
multiple comparisons correction]. CNO = 1.5 mg/kg. (D and E)
Representative confocal micrographs of the fluorescent reporter
co-expressing with the viral vectors. (D) Micrographs (4x) showing
viral expression was localized to the dentate gyrus. Scale

bar = 500 um. (E) Micrographs (10x) of reporter for the CamKlla-
GFP (left) and CamKlla-hMA4Di (right). Scale bar = 200 um. Data are
represented as mean & SEM. Each circle represents an animal
(number of animals indicated in parentheses). "P > 0.05, *P < 0.05,
**P < 0.01, ¥P < 0.001.
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Figure 3 DGC tuning dictates SOR performance. (A) Schematic of SOR task with drug treatment timeline. (B and C) SOR performance.
(B) Pilo + KORD mice were tested on SOR under multiple treatment conditions. SB at |.5 mg/kg rescued performance while 3 mg/kg SB
compromised performance [F(1.29,12.91) = 4.759, P = 0.041, repeated measures one-way ANOVA with Geisser-Greenhouse’s correction and
Tukey’s multiple comparisons correction]. (C) Decreasing [left, CNO = 1.5 mg/kg, t(22) = 2.991, P = 0.007, Student’s t-test] or increasing [right,
CNO = 0.3 mg/kg, t(22) = 2.893, P = 0.008, Student’s t-test] DGC activity in control animals disrupted discrimination. (D) Representative confocal
micrographs (10x) of fluorescent reporter co-expressing with the CamKlla-GFP (left), CamKllo-KORD (middle left), CamKlle-hM4Di (middle
right), and CamKlla-hM3Dgq (right) viral vectors. Scale bar = 200 pm. Data are represented as mean & SEM. Each circle represents an animal
(number of animals indicated in parentheses). "P > 0.05, *P < 0.05, **P < 0.01.

quieter the dentate gyrus, the better it can prevent
seizure-related activity. Instead, we found further reducing
DGC activity compromised performance, suggesting pos-
sible seizure suppression was not the critical factor.
Moreover, several mice had seizures after inhibitory
DREADDs were activated (Pilo+hM4Di+CNO mice
n=3, Pilo+ KORD +SB n=1), suggesting that acute re-
cruitment of these focally expressed receptors was insuffi-
cient to suppress the multifocal seizure events that the
systemic pilocarpine epilepsy model exhibits. Animals
experiencing seizures during testing had identifiable behav-
ioural metrics and were excluded from further analyses
(Supplementary Fig. 6). Finally, we implanted CamKIla-
KORD-expressing mice and recorded them for 2 months
to establish a baseline and to examine if seizures persisted
during KORD recruitment; mice continued to have seizure
clusters while receiving daily 3mg/kg SB injections
(Supplementary Fig. 7).

These data demonstrate that DREADD effects are dose-
dependent and reversible. Furthermore, these results sup-
port our hypothesis that there is a permissive window of
excitability in which the dentate gyrus can code properly. If
an appropriate number of DGCs are recruited, behavioural
outcomes are successful, even in the face of significant local
circuit structural changes (Supplementary Fig. 5).

Manipulating DGC activity
compromises SOR performance in
control animals

To explore further if circuit tuning determines behavioural
performance, we sought to manipulate DGC activity in
control animals. Presumably, a normal dentate gyrus is al-
ready tuned appropriately. Thus, we expected to degrade
behavioural performance by modulating the circuit to be
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hypo- or hyperactive (Supplementary Fig. 5C). We ex-
pressed either inhibitory DREADD CamKIle-hM4Di, exci-
tatory DREADD CamKlle-hM3Dq, or CamKIla-GFP
bilaterally in the dorsal dentate gyri of control animals
(Fig. 3D) and tested them on the SOR task. One procedural
difference was we only administered CNO before the test
trail (Fig. 3A). Previous work demonstrated the DGCs’ im-
portance in acquiring new spatial environments (Kheirbek
et al., 2013), so we focused on how DGC tuning may affect
the SOR’s discrimination component.

The modulation that restored performance in a hyper-
active epileptic dentate gyrus should compromise perform-
ance in an optimally tuned, normal dentate gyrus.
Therefore, we gave control CamKIle-hM4Di-expressing
mice the same CNO dose that Pilo+hM4Di animals
received (1.5 mg/kg). While GFP-expressing mice preferred
the displaced object (35.84 £ 6.5%), CamKIle-hM4Di
mice failed to distinguish [3.61 + 8.6%; GFP + 1.5 mg/kg
versus  hM4Di+1.5mg/kg:  #22)=2.991, P =0.007,
Student’s t-test; Fig. 3C].

We also modulated the control dentate gyrus using exci-
tatory DREADDs. While GFP-expressing mice treated with
CNO (0.3mg/kg) preferred the displaced object
(31.32 + 8.8%), CamKlIla-hM3Dq activation disrupted dis-
crimination, recreating the behavioural deficit observed in
the epileptic population [hM3Dq+ CNO: —14.55 + 13.2%,
GFP + 0.3 mg/kg versus hM3Dq+ 0.3 mg/kg: #(22) =2.893,
P =0.008, Student’s #test; Fig. 3C]. Neither the
GFP +0.3mg/kg CNO group nor the GFP+1.5mglkg
CNO group were significantly different from the original
wild-type cohort [F(2,34)=0.2111, P=0.811, one-way
ANOVA], so changes in SOR performance were not due
to off-target CNO effects. Thus, acutely manipulating DGC
excitability—without inducing other structural changes to
the circuit—is sufficient to compromise cognitive perform-
ance (Supplementary Fig. 5C).

DREADD effects are specific to the
dorsal dentate gyrus

To examine if DREADD effects were circuit-specific, we
tested the same cohorts on the novel object recognition
task, which is similar in nature to SOR, but is hippocam-
pal-independent (Oliveira et al., 2010; Fig. 4A and B).
While wild-type animals preferentially investigated the
novel object (67.39 + 3.1%), epileptic animals failed to dis-
tinguish, spending equal time exploring both objects [Pilo:
48.24 +£5.2%; F(4,56)=4.234, P=0.005, one-way
ANOVA; Fig. 4B and C]. These results are not surprising
as the systemic pilocarpine epilepsy model also disrupts
cortical structures. Similarly, both GFP- and hM4Di-ex-
pressing epileptic animals failed to distinguish when treated
with  1.5mg/kg CNO (Pilo+GFP: 49.03 £ 3.7%,
Pilo + hM4Di: 44.81 £+ 4.1%), nor did the KORD-express-
ing epileptic mice treated with 3 mg/kg SB (47.63 4+ 6.4%).
Furthermore, neither increasing nor decreasing DGC

J. B. Kahn et al.

activity during the test trial in control mice affected
their preference for the novel object [GFP+0.3 mg/kg
versus hM3Dq+0.3mg/kg: #22)=0.1066, P =0.916,
Student’s t-test; GFP+1.5mg/kg versus hM4Di+ 1.5 mg/
kg: #(22) =0.7774, P =0.445, Student’s t-test; Fig. 4D].
These data demonstrate that DREADD-mediated effects
were hippocampal-specific.

In addition to its role in cognition, the dentate gyrus
critically contributes to anxiety regulation, specifically, the
ventral dentate (Kheirbek et al., 2013). To examine if
DREADD effects acted across the septotemporal axis, we
analysed the SOR habituation trial as an open field test to
measure anxiety. Epileptic mice spent significantly more
time in the chamber’s outer edges compared to wild-type
mice [F(3,41)=7.011, P =0.0006, one-way ANOVA with
Tukey’s correction], suggesting these animals were more
anxious (Fig. SA and B) and corroborating previous reports
of anxiety in TLE models (Gréticke et al., 2007). Notably,
the epileptic groups were consistently anxious across treat-
ments (Fig. 5B and C). As control cohorts received saline
before their SOR habituation/training (Fig. 3A), we tested
them on a novel open field to examine DREADD specificity
(Fig. 5D). There was no significant change in thigmotaxis
across groups [F(4,56)=1.769, P=0.148, one-way
ANOVA; Fig. 5D and E], suggesting no effect on anxiety.
Therefore, the dorsally expressed DREADDs specifically
modulated dorsal hippocampal functions without affecting
the ventral hippocampus.

Additionally, we analysed total ambulation during the
SOR habituation trial to examine if there were disease-,
DREADD-, or ligand-related effects on locomotion. All epi-
leptic groups were significantly more active than wild-type
mice, but were not significantly different from each other
no matter their treatment (Supplementary Fig. 8A and B).
Importantly, this disease-related hyperactivity did not affect
how much time epileptic groups spent interacting with
SOR objects compared to wild-type mice (Supplementary
Fig. 9A), so it did not compromise SOR performance.

Confirming DREADD modulation of
dentate gyrus activity

To assess how DREADDs affected dentate gyrus activity,
we wanted to assess the whole circuit’s function, not just
the activity of individual neurons. We used voltage sensitive
dye imaging with a CCD camera, which has high spatial
and temporal resolution, allowing us to visualize the loca-
tion and magnitude of synaptic membrane voltage changes
in an acute slice in real time. It is particularly well suited to
our goals as we can image the whole dentate gyrus at once
for its response to afferent inputs, and it does not involve
dialysing cell contents during recordings (as evident during
patch clamp measurements), avoiding the potential disrup-
tion in GPCR-dependent DREADD effects. Coronal slices
from Pilo + hM4Di animals were recorded in artificial CSF
and then in 10 uM CNO (Armbruster ef al., 2007; Krashes
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images of exploration for a wild-type (top) and a pilocarpine (bottom) mouse during their test trial. Background images show the object
configuration with the novel object marked in red. Tracking images show the mouse’s total exploration during the trial with the total interaction
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in each location when it was interacting with an object. The wild-type mouse shows an increased preference for the novel object while the Pilo
mouse does not differentiate. (C) While Pilo mice display a deficit on the task compared to wild-type (WT) mice, DREADDs do not affect task
performance [F(4,56) = 4.234, P = 0.005, one-way ANOVA with Tukey’s multiple comparisons correction]. CNO (1.5 mg/kg) or SB (3 mg/kg) were
administered before the training and test trials. (D) DREADDs do not affect task performance in control mice [left, t(22) = 0.1066, P =0.916,
Student’s t-test; right, t(22) = 0.7774, P = 0.445, Student’s t-test]. Control mice received saline before the training trial and CNO (left, 0.3 mg/kg;
right, 1.5 mg/kg) before the test trial. Data are represented as mean £ SEM. Each circle represents an animal (number of animals indicated in

parentheses). "P > 0.05, *P < 0.05, **P < 0.01.

et al., 2011; Marchant et al., 2016) to provide within sub-
ject controls, accounting for differences in individual dis-
ease severity and viral expression levels. KORD-expressing
slices were recorded in artificial CSF and 200nM SB
(Vardy et al., 2015; Marchant et al., 2016). Molecular
layer stimulation-evoked responses in the DGC layer were

significantly reduced following bath application of ligand in
both the hM4Di-expressing slices [¢(4) =4.768, P =0.009,
paired z-test; Fig. 6A-E], as well as the KORD-expressing
slices [#(4) = 6.186, P =0.004, paired t-test; Fig. 6F-]].
CamKlIle-hM3Dq activation in control slices via 10 puM
CNO significantly increased the stimulation response in
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performance [B: F(3,41) =7.011, P=0.0006; C: F(1.30, 12.96) = 1.502, P = 0.251]. (D) Representative images of open field analysis for control
animals in a novel open field arena with their respective CNO doses. (E) Thigmotaxis analysis [F(4,56) = 1.769, P = 0.148]. Statistical comparisons
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the DGC and molecular layer [#2)=7.652, P=0.017,
paired #test; Fig. 6K-O], confirming that DREADDs were
affecting the dentate gyrus as expected.

DREADD-mediated DGC
recruitment assessed by FosTRAP

The CamKIla-hM3Dq slice imaging data bring to the fore-
front a potential confound: are excitatory DREADDs indu-
cing focal seizure events that compromised SOR
performance in control mice? To address this, all control
mice injected with DREADDs or GFP in previous studies
were FosTRAP animals so that we could observe in vivo

DGC recruitment. Mice received CNO injections 1h prior
to the novel environment paradigm (Fig. 7A). The 0.3 mg/
kg CNO dose used in the behavioural studies significantly
increased the number of recruited DGCs in the novel en-
vironment (Fig. 7B and C). However, it took a 10-fold
increase in CNO (3.0mg/kg) to recruit a comparable
number of DGCs to what we observed in epileptic animals
(Figs 1E, 7B and C). We also examined mice that remained
in their home cages, analysing any spontaneous activity (i.e.
not behaviour-driven) CamKIle-hM3Dq may evoke. No
tested CNO dose increased DGC FosTRAPing, suggesting
that DGC DREADD recruitment at these CNO doses is
only modulatory and does not drive activity in the absence
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Figure 6 Voltage sensitive dye imaging confirms DREADD-mediated changes in activity. (A) Representative micrograph from the
CCD camera of the recording setup and analysis region of interest in blue. Scale bar = 425 um. (B and C) Per cent AF/Fy maximal response of the
hMA4Di-expressing epileptic slice in artificial CSF (aCSF) (B) and in 10 uM CNO (C). (D) Representative traces of AF/Fy (%) in artificial CSF and
CNO. (E) Quantified AF/Fy (%) in aCSF and in CNO [t(4) = 4.768, P = 0.009]. F-) are comparable to A-E, examining KORD effects in epileptic
tissue. (J) Quantified AF/Fq (%) in artificial CSF and in 200 nM SB [t(4) = 6.186, P = 0.004]. K—O are comparable to A-E, examining hM3Dq effects
in control tissue. (O) Quantified AF/Fq (%) in artificial CSF and in 10 uM CNO [t(2) = 7.652, P = 0.017]. Statistical comparisons are two-tailed
paired t-tests. Data are represented as mean =+ SEM. Each circle represents an animal (each circle indicates the mean of two to three slices for a

given animal). *P < 0.05, **P < 0.01.

of relevant behavioural stimuli (Fig. 7E). Finally, we im-
planted CamKlle-hM3Dq animals with hippocampal
depth electrodes and generated a CNO dose-seizure re-
sponse curve. Seizure-like events were not observed until
10-30 mg/kg CNO, up to 100-fold what we used in the
behavioural studies (Supplementary Fig. 10).
Consequently, we do not believe behavioural performance
was compromised because of evoked seizure-like activity.
FosTRAP also confirmed that 1.5 mg/kg CNO success-
fully activated CamKlle-hM4Di to reduce DGC recruit-
ment. CamKIla-hM4Di significantly decreased fosTRAPed
DGCs compared to GFP controls in the novel environment
[#10) = 2.637, P =0.025, Student’s #-test; Fig. 7B and D]
such that FosTRAPed cell density was comparable to the
minimal recruitment observed in the home cage (novel en-
vironment: 0.4317 + 0.1, home cage: 0.4167 &+ 0.1). Thus,
the CNO doses in the behavioural studies successfully

modulated DGC recruitment iz vivo without inducing seiz-
ure-like events.

Selectively increasing DGC activity
compromises spatial object
recognition performance

While DGCs are the dentate gyrus’s principal signalling
population, mossy cells are also dentate glutamatergic neu-
rons that powerfully affect circuit activity. Mossy cell num-
bers are selectively decreased in the pilocarpine model, but
are present in control animals and can express CamKlIla-
DREADDs. Recent work demonstrates that mossy cells
have opposing effects on dentate gyrus activity (increasing
mossy cell activity induces DGC quiescence, suppressing
mossy cells increases DGC activity; Bui et al, 2018).
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Hence, we wanted to ensure DREADD manipulation re-
stricted DGCs  reproduced  our  findings.
Proopiomelanocortin (POMC) is expressed in DGCs and
a subpopulation of hypothalamic neurons (McHugh
et al., 2007). We used a POMC-Cre recombinase line to
direct FLEX-switched DREADD viral expression (AAVS-
hsyn-DIO-hM3Dq-mcherry) to DGCs specifically. POMC-
hM3Dq activation recreated the SOR performance deficit
compared to POMC-Cre animals expressing Cre-GFP
[£(22) =2.196, P =0.039, Student’s ttest; Fig. 8Al.
POMC-hM3Dq did not affect novel object recognition per-
formance [#22)=0.3256, P =0.748, Student’s #-test;
Fig. 8B, demonstrating hippocampal-specificity.
Interestingly, POMC-hM3Dq mice were more anxious on
the open field test [#20) = 3.857, P = 0.001, Student’s -test;
Fig. 8C]. Viral expression (Supplementary Fig. 2) revealed
the FLEX-switch virus travelled farther than the CamKlIlx

to

virus and affected ventral DGCs in addition to dorsal
DGCs (CamKlIle: 950 £+ 150 um of tissue, FLEX-switch:
2100 & 200 um). We examined ambulation during the
SOR test trial to see if POMC-hM3Dq mice displayed
anxiogenic-like behaviour; we found no difference in
thigmotaxis between POMC-hM3Dq mice and POMC-
GFP mice [t(21)=0.8083, P =0.428, Student’s i#-test;
Fig. 8D], nor in the time the groups spent exploring objects
(Supplementary Fig. 9E), suggesting that the SOR deficit
was not a function of induced anxiety. Finally, voltage sen-
sitive dye imaging showed CNO bath application (10 pM)
significantly increased responses [#(3)=4.302, P =0.023,
two-tailed paired #-test; Fig. 8E-I], confirming that Cre-
driven hM3Dq enhanced DGC activation as we expected.
Thus, increasing DGC activity is sufficient to compromise
cognitive abilities independently of other circuit phenotypes
associated with epilepsy.
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Figure 8 Selectively activating DGCs compromises SOR. POMC-Cre mice were injected with either GFP or hM3Dq and received
0.3 mg/kg CNO | h prior to test trials throughout behavioural testing. (A) SOR performance [t(22) = 2.196, P = 0.039]. (B) Novel object
recognition performance [t(22) = 0.3256, P = 0.748]. (C) Open field anxiety analysis [t(20) = 3.857, P = 0.001]. (D) SOR test trial anxiety analysis
[t(20) = 0.8083, P = 0.428]. (E) Representative micrograph of voltage sensitive dye recording configuration in an hM3Dgq-expressing slice. Scale
bar =425 pm. (F and G) AF/Fq (%) max response in artificial CSF (aCSF) (F) and 10 uM CNO (G). (H) Representative traces of AF/Fy in artificial
CSF (top) and CNO (bottom). (1) Quantification of response to stimulation in the DGC + molecular layer [t(3) = 4.302, P = 0.023]; each circle
represents the average of two to three slices per animal. Statistical comparisons were Student’s t-tests (A—D) or two-tailed paired t-tests (). Data
are represented as mean + SEM. Each circle represents an animal (number of animals indicated in parentheses). "P > 0.05, *P < 0.05, **P < 0.01.

Discussion

In these studies, we sought to manipulate net circuit ac-
tivity by bidirectional DREADD modulation to effect be-
havioural outcomes, particularly exploring if circuit-based
therapeutic approaches could correct epilepsy-associated
cognitive dysfunction. Remarkably, acutely reducing
DGC hyperactivity in chronically epileptic animals res-
cued their behavioural performance on the dentate-
mediated SOR task (Figs 2C and 3B). This restoration
of function was surprising given that the epileptic dentate
gyrus exhibits many mechanistic changes, including
(i) increased birth and aberrant circuit integration of
adult-born DGCs (Parent et al., 1997); (ii) loss of
GABAergic and glutamatergic hilar neurons (Blumcke
et al, 2000; Kobayashi and Buckmaster, 2003)
(Supplementary Fig. 1); (iii) changes in the DGC’s intrin-
sic properties (Bender et al., 2003); and (iv) recurrent
mossy fibre sprouting (Tauck and Nadler, 1985)
(Supplementary Fig. 1), which forms monosynaptic, auto-
excitatory connections between DGCs (Scharfman et al.,

2003), altering both DGC recruitment and their coding
properties (Dengler et al., 2017).

Despite this ensemble of disruptive, epilepsy-associated
circuit changes, our results demonstrate that the chronically
epileptic dentate gyrus retains the underlying capability to
perform its inherent function: to code information.
Ordinarily the dentate gyrus is sparsely active, which
allows the circuit to differentiate incoming inputs. Outside
of seizure events, the epileptic dentate gyrus recruits 3.5-
fold more DGCs in behavioural contexts than the normal
dentate (Fig. 1D). Incoming inputs may overwhelm DGCs,
masking the coding-permissive integrated output they
propagate downstream in noise. One could conceptualize
appropriate dentate gyrus activity as a bell curve or tuning
curve, with epilepsy pushing DGCs too far along the activ-
ity spectrum, resulting in poor coding and concomitant be-
deficits.  Imposing DGC
hyperactivity, thus, allows the dentate gyrus to operate
within a functional window such that the circuit salvages
some of its coding and orthogonalization capabilities
(Supplementary Fig. 5B).

havioural constraint  on
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Our findings are consistent with the hypothesis that brain
circuits are tuned optimally to generate behaviour, and that
neurological disease can disrupt this tuning to effect meas-
urable behavioural deficits. Using varying KORD recruit-
ment, we were able to create our hypothesized network
excitability-behaviour curve (Supplementary Fig. 5B)
within a single epileptic cohort (Fig. 3B). We found similar
evidence for this network excitability-behaviour tuning
curve when we modulated DGC activity in control mice,
which presumably already have properly tuned circuits;
increasing or decreasing DGC recruitment compromised
performance (Fig. 3C and Supplementary Fig. 5C). These
data collectively provide multiple lines of evidence demon-
strating the necessity to tune the dentate gyrus to an ap-
propriate activity level to affect successful behavioural
outcomes.

Appropriate circuit tuning is not a novel concept for net-
work function; homeostatic plasticity is a ubiquitous mech-
anism maintaining suitable activity levels in the healthy
brain. Furthermore, an ever-growing body of literature
demonstrates that modulating specific neural targets can
improve cognitive outcomes via optogenetics (Roy et al.,
20165 Smith et al., 2016; Yang et al., 2018), chemogenetics
(Fortress et al., 2015; Lopez et al., 2016; Wang et al.,
2018), or deep brain stimulation (Lee et al., 2013; Hao
et al., 2015). However, this is among the first studies in
which a targeted circuit manipulation—particularly such an
acute manipulation—can rescue cognitive function in fully
developed chronic epilepsy, a disease in which circuit prop-
erties are dramatically and permanently altered from their
previously functional state. Izadi et al. (2019) recently
demonstrated a similar cognitive recovery in chronic TLE
rats using medial septum stimulation. These data along
with our findings are promising for patients who suffer
with cognitive deficits: therapeutically targeting net circuit
excitability, a downstream network outcome, can restore
cognitive function independently of correcting the tonic
pathological alterations in the epileptic dentate gyrus.

Several lines of evidence (discussed below) suggest it is
unlikely that DREADD activation improved SOR per-
formance due to seizure modulation. In the systemic
pilocarpine TLE mouse model, seizures occur in repeated
4-8-day clusters with 5-20 seizures per day; clusters are
separated by more than a week during which there are
few to no seizures (Supplementary Fig. 3). Overall, aver-
age aggregate seizure frequencies are approximately 1-3/
day (Supplementary Fig. 3). In the present studies, we
were unlikely to significantly affect seizure severity as we
activated the DREADDs focally and acutely (over a period
of hours). The DREADDs were expressed only in the
dorsal dentate gyrus (Supplementary Fig. 2), and the ven-
tral hippocampus may be involved more implicitly in seiz-
ure generation (discussed below). Furthermore, we took
steps to minimize the probability of seizure occurrence
during behavioural testing periods. We attempted to
select mice that were in an inter-seizure cluster period;
mice evidencing seizures during preliminary handling,
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habituation, or testing periods were not included in ana-
lyses as they likely were mid-seizure cluster. Additionally,
mice continued to display seizures even when we recruited
dorsally-expressed inhibitory DREADDs acutely (during
behavioural training/testing, Supplementary Fig. 6) or
over several days (Supplementary Fig. 7).

This does not preclude the possibility that DREADDs
were subtly affecting pathological-related activity during
the behavioural studies; in addition to seizures, epileptic
activity includes interictal spikes, which are known to dis-
rupt cognitive performance (Shatskikh e al., 2006). It is
possible that inhibitory DREADDs improved behavioural
outcomes in part by blocking interictal burst activity.
However, we do not believe the behavioural rescue was a
function of seizure/interictal spike suppression. If such sup-
pression were responsible for the improved performance,
we would expect the ‘high® KORD ligand dose to support
successful behavioural outcomes, as it would be more ef-
fective in suppressing interictal activity. Instead, the ani-
mals, which performed well with the moderate dose,
failed to discriminate with the higher dose (Fig. 3B), sug-
gesting that modulating ongoing pathological activity was
not the primary cause for the behavioural rescue.

However, the potential for both seizure and behavioural
therapies suggests future studies: perhaps multifocal seizure
models can be managed by discretely targeting multiple
nodes within the propagation network. TLE patients and
rodent models show damage in the substantia nigra (Turski
et al., 1986), which is commonly recruited as seizures gen-
eralize. Other examples of affected regions include the
amygdala (Turski et al.,, 1986; Bertram, 1997) and peri-
rhinal cortex (Kelly and Mclntyre, 1996; Vismer et al.,
2015). Within the hippocampus, seizures in patients pref-
erentially affect the anterior hippocampus, the region
analogous with the ventral hippocampus in rodents.
Several groups have found that TLE seizures more com-
monly start in the ventral hippocampus and propagate up
the septotemporal axis to recruit dorsal regions (Racine
et al., 1977; Toyoda et al., 2013); therefore, even within
the hippocampus, one needs to target both dorsal and ven-
tral DGCs to manage seizure propagation successfully.
Encouragingly, chemogenetics have already proven success-
ful in modulating seizure activity in focal epilepsy models
(Kitzel et al., 2014) and in hippocampal interventions that
span the septotemporal axis (Zhou et al., 2018). With
modulatory techniques like chemogenetics, each circuit
could be targeted and modified as needed, providing
more personalized treatment and comprehensive behav-
ioural and seizure management.

Several features make DREADDs an attractive and po-
tentially translational therapeutic approach. For one, dir-
ected and deliberate DREADD expression coupled with
the ligand’s specificity for the designer receptor minimize
potential side-effects. Furthermore, these synthetic ligands
possess no endogenous biological activity, but are highly
bioavailable and can cross the blood-brain barrier. CNO
has been found to back-metabolize to clozapine at higher
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rates than desired, making it a less selective ligand than
originally expected (Gomez et al., 2017). However, mul-
tiple groups continue to engineer and to test alternative
ligands that can interact with muscarinic DREADDs, to
date validating Compound 21 and perlapine as CNO alter-
natives (Chen et al., 2015; Thompson et al., 2018).

The FosTRAP studies highlighted another important fea-
ture: how DREADDs modulate neural activity. Activating ex-
citatory DREADDs with 10 times the CNO dose we used in
behavioural tasks did not induce spontaneous activity when
mice remained in familiar environments (Fig. 7E). Rather, the
DREADD:s only enhanced DGC activity when there were be-
haviourally relevant stimuli, i.e. exposure to a novel environ-
ment (Fig. 7C). This suggests that instead of forcing activity,
DREADDs merely modulated the probability that DGCs
would fire in response to endogenous afferent inputs. This
proves interesting as effective, long-term treatment of cognitive
symptoms in patients would require that the circuit can adapt
to various contexts as needed, i.e. retain flexibility. Thus, inter-
ventions can not be overly deterministic. Rather than dictating
neuronal responses, chemogenetics act to modulate the circuit
to function within a window of activity, recruiting cell re-
sponses to endogenous inputs.

Further studies are needed to determine if circuit-based
therapies like chemogenetics are a viable translational ther-
apy. One could explore how dentate gyrus tuning restor-
ation affects coding in downstream structures, like CA1 or
more downstream cortical regions, and if this circuit correc-
tion can positively affect more complex cognitive functions
than the spatial task we used. Regarding chemogenetics spe-
cifically, it is important to note that we activated DREADDs
acutely to improve behavioural deficits. DREADD-express-
ing neurons may develop compensatory changes in response
to prolonged activation, which may decrease their effective-
ness. However, to date, studies lasting several months have
not shown such compensatory changes to sustained
DREADD activation (Urban and Roth, 2015).

Many complex mechanistic alterations contribute to dis-
ease-related circuit disruptions and their corresponding be-
havioural phenotypes. This study demonstrates that the
aggregate sum of these disruptions results in net changes
in circuit excitability such that the disease-altered circuit
moves away from a set activity point, which normally sup-
ports the successful coding of behavioural responses.
Furthermore, our data highlight that restoring the circuit’s
principal cell outputs to this appropriate activity point is a
viable therapeutic option, as it restores circuit and behav-
ioural functionality irrespective of the mechanisms under-
lying the disease-related deviation. In conclusion, this study
demonstrates that restoring circuit tuning with circuit-based
therapies can provide promising therapeutic results.
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