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Brenda C. Shields ® "¢, Haidun Yan®"*¢, Shaun S. X.Lim®",

Sasha C. V. Burwell®?2, Celine M. Cammarata?, Elizabeth A. Fleming?,

S. Aryana Yousefzadeh ®3, Victoria Z. Goldenshtein ®", Elizabeth W. Kahuno',
Purav P. Vagadia®, Marie H. Loughran®, Lei Zhiquan®, Mark E. McDonnell®,
Miranda L. Scalabrino ®2, Mishek Thapa?, Tammy M. Hawley ©?2,

Greg D. Field®'?, Court Hull?, Gary E. Schiltz®*, Lindsey L. Glickfeld ®2,
Allen B. Reitz®°® & Michael R. Tadross ® '

Precision pharmacology aims to manipulate specific cellular interactions
within complex tissues. In this pursuit, we introduce DART.2 (drug acutely
restricted by tethering), asecond-generation cell-specific pharmacology
technology. The core advance is optimized cellular specificity—up to
3,000-fold in 15 min—enabling the targeted delivery of even epileptogenic
drugs without off-target effects. Additionally, we introduce brain-wide
dosing methods as an alternative to local cannulation and tracer reagents
for brain-wide dose quantification. We describe four pharmaceuticals—two
that antagonize excitatory and inhibitory postsynaptic receptors, and two
that allosterically potentiate these receptors. Their versatility is showcased
across multiple mouse-brain regions, including cerebellum, striatum, visual
cortex andretina. Finally, in the ventral tegmental area, we find that blocking
inhibitory inputs to dopamine neurons accelerates locomotion, contrasting
with previous optogenetic and pharmacological findings. Beyond enabling
the bidirectional perturbation of chemical synapses, these reagents offer

intersectional precision—between genetically defined postsynaptic cells
and neurotransmitter-defined presynaptic partners.

Brain circuits are composed of interconnected neurons that exhibit
anintriguing design asymmetry: each neuron releases a limited set
of transmitters yet detects a much broader variety. Even considering
corelease capabilities’, the number of transmitters released by aneuron
is dwarfed by the diversity of receptors expressed. This evolutionarily
conserved asymmetry not only raises questions about the basis of bio-
logical intelligence, but also offers opportunities to develop synapse
manipulation technologies.

Advancesinchemical-synapse manipulation have focused ongenet-
ically encoded tools with exquisite presynaptic cell-type specificity?.

Achieving postsynaptic specificity with this approach remains chal-
lenging. For instance, blocking GABA (y-aminobutyric acid) release
fromagenetically defined presynaptic neuron (Fig.1a) cannot discrimi-
nate among its diverse postsynaptic recipients, which all express the
GABA,R (y-aminobutyric acid receptor). This concern extends to glu-
tamate, whichis sensed by the universally expressed AMPAR (a-amino-
3-hydroxy-5-methylisoxazole-4-propionic acid receptor).

In principle, postsynaptic interventions can exploit the neuro-
chemical asymmetry to provide two forms of synapse specificity. In this
configuration, postsynaptic cells are genetically defined (Fig. 1b), while
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Fig.1| Overview of synapse manipulation tools. a, Presynaptic strategy.
Manipulating presynaptic release from a genetically defined cell (orange
cell) will affect all postsynaptic cells (triangular and circular cells express the
GABA,R). b, Postsynaptic strategy. Manipulating the GABA R in a genetically
defined neuron (cyan cell) alters its GABA inputs (cyan connections) without
influencing GABA inputs to other cells (black connections). Glutamate
signals are also preserved (gray connections). ¢, Technical challenges in
implementing the postsynaptic strategy. Combining cell-type specificity,
endogenous (Endog.)-receptor specificity and acute onset has been difficult.

See Supplementary Discussion for details. d, Overview of DART. Dose-response
relationship defines the key parameters ACy,, CCs, and Tl,,. The example
depictsareagent with AC5, =10,000 nM and CC,,=5,000 nM x min after an
incubation time of £ = 50 min. The cartoon depicts an Rx"**", which is a two-
headed chemical consisting of a drug (Rx, red hexagons) linked toan HTL (cyan
triangle). This HTL moiety is covalently captured by the HTP protein, which is
expressed on cells of interest. Receptor specificity (for GABA,R versus AMPAR)
and the type of manipulation (antagonism versus allosteric modulation) are
inherited from the Rx.

additional precision would be achieved by leveraging receptor specific-
ity. Forinstance, a cell-specific GABA,R antagonist would block GABA
inputs to a given neuron while preserving its AMPAR-sensitivity to
glutamateinputs. The approach would not alter how GABA is released
or sensed by other cells.

Overall, the pre- versus postsynaptic strategies should be viewed
as complementary, with neither supplanting the other. In the above
examples, the presynaptic approach excels if one must differentiate
between subtypes of GABA-releasing neurons (Fig. 1a). Conversely,
the postsynaptic approach offers dual specificity between a geneti-
cally defined postsynaptic cell type and a transmitter-defined set of
presynaptic cells (Fig. 1b).

In this work, we sought to create a toolkit for bidirectional
manipulation of the AMPAR and GABA,R in genetically specified
cells. To accomplish this, we leveraged DART (drug acutely restricted
by tethering)®, a technology that combines cell-type specificity,
endogenous-receptor specificity and acute onset (Fig. 1c, refs. 3-13).
The approach uses cell-type-specific expression of the HaloTag pro-
tein (HTP) in the desired postsynaptic cell type. This empowers the
given cells to capture the HaloTag ligand (HTL) along with its cova-
lently attached drug molecule (Rx), elevating the concentration of
surface-tethered Rx to levels substantially higher than the ambient con-
centration. A crucialinnovationin DART isthat drugs are tethered tothe
cell surfacerather thantothe AMPAR or GABA,R themselves (Fig. 1c).
The HTP does not interfere with mammalian signaling cascades, ena-
bling its viral expression to define the cells of interest without alter-
ing their biology. Weeks later, one can deliver an Rx of choice, which
specifiesthereceptor of interest (the endogenous GABA R or AMPAR)
and mode of action (antagonism or positive allosteric modulation).

We previously developed YM9OKPA®RT, a cell-specific AMPAR
antagonist, and demonstrated its use in behaving mice’. In particu-
lar, we discovered that cell-specific AMPAR antagonism in the stria-
tum is therapeutic in a mouse model of Parkinson’s disease. This was

surprising as analogous manipulations lacking postsynaptic cellular
specificity (forexample, perturbation of presynaptic glutamate release
and traditional AMPAR pharmacology in the striatum) exhibited little
if any behavioral impact™.

Nevertheless, technical challenges have limited the approach to
pharmaceuticals withan overall suppressive effect on neural activity,
for which brief ambient drug effects can clear without consequence.
In contrast, because a GABA,R antagonist elevates neural activity, even
briefambient drug exposure can cause seizures with permanent dam-
age.Arelated concern arises when dosing over large regions, including
up tothewholebrain, asalarger bolus of drug would exacerbate ambi-
enteffectsat thessite of infusion. Finally, allosteric modulation has yet
tobe demonstrated, as would be needed for boosting synaptic weights.

Here, DART.2 solves these challenges by providing three fea-
tures. The first is improved cell specificity (up to 3,000-fold in
15 min), enabling safe delivery of anepileptogenic GABA,R antagonist
in vivo. The second feature provides brain-wide pharmacology via a
lateral-ventricular route of administration, paired with fluorescent
tracersforwhole-braincellular target engagement. The third advance is
extensionto PAM (positive allosteric modulator) drugs for the GABA,R
and AMPAR, enabling their bidirectional interrogation. We validate
thesetoolsacross diverse brain regions and showcase conceptual util-
ity by resolving contradictory findings from previous studies.

Results

Development of the DART.2 platform

AnRxP**Tis a dual-functional chemical comprisingan Rxand HTL con-
nected by a flexible linker. Cellular specificity is governed by two key
parameters: CCs, and AC,, (Fig. 1d). CCs, (cumulative capture 50%)
specifies the concentration and exposure time (nM x min) needed for
half-maximal tethered-drug effects on "HTP cells (expressing func-
tional HTP); this process s irreversible and driven by the HTL moiety.
Conversely, ACs, (ambient concentration 50%) is the concentration
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Fig.2|DART.2 achieves thousandfold cellular specificity. a, HTL.2
development. The top left shows a neuronal CCy,assay: "HTP expression
estimated viadTomato (dark red); captured biotin-PEG,,-HTL (post 15 min
incubation) quantified with streptavidin (cyan). Scale bars, 10 um. The bottom
left shows dose-response data from 16 coverslips (8 concentrations x 2
ligands); the y axis shows normalized biotin-PEG,-HTL capture (mean + 95%
Clfromall neurons on one coverslip via regression-slope analysis). The right
shows the structural model (Protein Data Bank (PDB) 4KAJ) of HTP with HTL.1
(top), HTL.2 (middle) and “HTP mutations (bottom). b, Recombinant assay.
Recombinant HTPimmobilized on an LSPR sensor. HTL applied via digital
micro-fluidics (DMF), 5 min per concentration (O to 10 pM). LSPR traces
(mean ts.e.m., three technical replicates) and binding-model fit (dashed
lines). ¢, Modular chemistry. Rx fragment (Rx-short spacer-alkyne) and HTL
module (azide-long linker-HTL) assembled via alkyne-azide cycloaddition

(for example, gabazine.7*™™ + azide™*"? > gabazine.7>*""2), d,e, AMPAR assay.
ChR2-expressing neurons release glutamate onto cocultured neurons expressing
GCaMPé6s and *HTP/“HTP. The top shows the population dose-response

(error bars, mean + s.e.m. over coverslips). The bottom shows single-neuron
GCaMPé6s waveforms. YM9OK.1P*R™ CC,, =200 nM x 15 min ("HTP 28 cells,n=7
coverslips), ACs, = 6,000 nM (““HTP 144 cells, n = 8 coverslips), Tl;s,, = 30-fold
(d) and YM9OK_.1PR2, CC,, =20 nM x 15 min ("HTP 27 cells, n = 8 coverslips),
ACy,=6,000 nM (““HTP 119 cells, n =9 coverslips), Tl5,, = 300-fold (e).f, GABA,R
assay. ChR2, GCaMPé6s and "HTP/*™HTP coexpressed in the same neuron, with
excitatory synapses blocked. The top shows population dose-response (error
bars, mean + s.e.m. over cells). The bottom shows single-neuron GCaMP6s
waveforms. 10 uM GABA is present throughout the assay. For gabazine.7°*""2,
CCy,=60nM x 15min (‘HTP n=18 cells) and AC,, = 180,000 nM (““HTP n=21
cells), yielding Tl,s,, = 3,000-fold. gbz, traditional gabazine.

(nM) eliciting half-maximal drug effects on "HTP cells (lacking HTP);
thisreversible equilibrium is set by the Rx moiety. The ratio AC,,/CCs,
definesthetherapeutic velocity, TV (infold per min), whichis multiplied
by exposure time to obtain the therapeuticindex, Tl (fold).

To enhance cellular specificity, ourinitial focus was to reduce the
time and concentration needed for cumulative capture (thatis, to mini-
mize CCs). Initial analyses revealed few stabilizing contacts between
HTPandtheoriginal HTL.1(Fig. 2a), indicating potential for shape and/
or charge optimization. Using asynthon-based approach®, we designed
aseries of HTL candidates that combine features from two structurally
distinct ligands known to have affinity for exterior' and interior regions
of HTP”. We focused on an aromatic ring substituent from each of these
(Fig. 2a) and interconnected them with linkers of varying length, com-
positionand points of attachment. We also explored sidechain diversity
onthe inner aromatic ring” (Supplementary Table1).

We synthesized each HTL candidate, fused via a polyethylene
glycol linker (PEG,,) to biotin, and tested capture efficiency on "HTP

neurons in culture (Extended Data Fig. 1a). After 15 min of incubation
with ligand, cells were washed and surface biotin quantified (Fig. 2a).
The best variant, named HTL.2, achieved CC5, =10 nM x 15 min, 40
times better than HTL.1, with CC5, =400 nM x 15 min. Subsequent
surface plasmon resonance assays of recombinant HTP confirmed this
finding, with HTL.2 exhibiting 45-fold accelerated binding compared
toHTL.1(Fig.2b).

We standardized the design of Rx fragments and HTL modules for
efficient coassembly via alkyne-azide click chemistry’ (Fig. 2c and
Supplementary Protocols). Toaccommodate the evolution of reagents,
we introduced an expandable naming convention. Each fragment or
module is named after its precursor, followed by a unique version
number identifying conjugation and spacer details. To enhance clar-
ity, given that many precursor names include numbers, we adopted
the consistent use of a period to clearly separate the version number.
This convention aims to improve readability and reduce confusion
(Supplementary Discussion).

Nature Methods | Volume 21| July 2024 | 1288-1297

1290


http://www.nature.com/naturemethods
https://doi.org/10.2210/pdb4KAJ/pdb

Article

https://doi.org/10.1038/s41592-024-02292-9

Finally, toimproverigor of control experiments, we developed an
inactive HTP that cannot capture an Rx"**", enabling measurement of
ambient drug effects (AC,,) while controlling for effects of HTP expres-
sion. Initial attempts to mutate the D106 residue, to which HTL forms
acovalentbond, led to either disrupted surface trafficking in neurons
(forexample, D106A) or residual capture (for example, D106E). We thus
exploreddistributed mutations of the catalytic triad, combining D106E
with W107G and N41E mutations. We further obstructed access to the
catalyticsite withbulky sidechains V245L and L246R (Fig.2a), yielding
a‘double dead’ ““HTP, which retains neuronal surface trafficking while
exhibiting zero measurable HTL.2 capture (Fig. 2a,100 pM).

AMPAR and GABA R antagonism with improved cell
specificity

We synthesized an Rx fragment (YM90K.1*®") and two HTL modules
(azide™®™ and azide™*™?). Following click-chemistry assembly, we
obtained YM90OK.1°*"™ and YM9OK.1”*®"2, which differ only in their
HTL.1versus HTL.2 moieties (Supplementary Table 2). In side-by-side
neuronal assays of synaptic AMPAR signaling (Fig. 2d,e), both reagents
exhibited similar off-target effects with an AC;, = 6 pM, as expected
given theiridentical YM90OK.1 moiety. In contrast, on-target effects dif-
fered considerably with YM9OK.1°*"™ requiring CC5, =200 nM x 15 min
(therapeutic index at 15 min, Tl;s,, = 30-fold), and improved
YM9OK.1PAR"2 with CCy, = 20 nM x 15 min (Tl,s,, = 300-fold).

We next focused on gabazine, a selective GABA,R antagonist.
Given its epileptogenic nature, we anticipated that AC;, would be
a critical parameter. We thus developed several variants, including
gabazine.1”*"2 (2-butyricacid, 5-H), gabazine.5"**™2 (2-pentanoicacid,
5-H) and gabazine.7°*""? (2-pentanoic acid, 5-CH;). Assaying endog-
enous GABA,Rs in primary neuronal culture (Fig. 2f) revealed that
the most potent gabazine.1”*™ displays a Tl,s,, = 400-fold, the inter-
mediate gabazine.5"*"?yields Tl,s,, =1,700-fold and the attenuated
gabazine.7”**"2 achieves Tl;s,, = 3,000-fold, which is our maximum
so far (Fig. 2f, Extended Data Fig. 2 and Supplementary Discussion).

Invivo GABA R antagonism of cerebellar granule cells

In exploring GABA R pharmacology in behaving mice, we focused on
theinputlayer ofthe cerebellar cortex, which transforms glutamatergic
mossy-fiberinputonto alarger number of granule cells. This transfor-
mation, central to the Marr-Albus theory of cerebellar learning'*,
is not fully understood, particularly regarding GABA’s influence on
granule cell activity”. While traditional presynaptic tools would inhibit
GABArelease ontoall cellsinthe microcircuit, DART affects how granule
cells respond to GABA, while preserving natural GABA release and its
impact on neighboring cells (Fig. 3a).

To specifically target granule cells, we made adeno-associated
virus (AAV) expression dependent on Cre recombinase and used
BACa6Cre-C mice®. To adhere to the 4.7 kb packaging capacity of
AAV, we replaced the transmembrane anchor from previous designs®
withashorter glycosylphosphatidylinositol (GPI) anchor, reducing the
construct from5.2to 4.5 kb and enhancing AAV packaging (Extended
DataFig.1c). We further selected an AAV,,, ¢ serotype, which we found
improved expressionin this cell type. We validated potency and cellular
specificity of these AAV-DIO-"HTP, and AAV-DIO-““HTP, reagentsin
acute cerebellar slices, using whole-cell electrophysiology to measure
tonic GABA,R current® (Fig. 3b). On*HTP cells, gabazine.1°**"? antag-
onized GABA R signaling at CCs, = 20 nM x 15 min, while off-target
effects on “HTP cells required ACs, of roughly 1,000 nM (Extended
DataFig. 3a).

Tooptically record neural activity, we used the same AAV reagents
in BACa6Cre-C x Ail48 mice?, which express genetically encoded
calcium indicator (GCaMP6f) in granule cells, using an imaging win-
dow and cannula to visualize granule cell activity before and after
drug delivery (Fig. 3¢). Infusing gabazine.1°**™2 in awake "HTP mice
caused a pronounced roughly ninefold increase in granule cell activity

(Fig. 3¢,d). The same infusion had no effect in ““HTP mice, indicating
nomeasurableimpact of the ambient compound (Fig. 3c). These find-
ings not only validate the cell-type specificity of gabazine.1”**™ but
also reveal a pronounced role of GABA,Rs in modulating granule cell
activity, supporting predictions of optimal signal-to-noise encoding®.
Inacompanionstudy, we elaborate how suchmanipulations caneluci-
date population-level sensory information processing, advancing our

understanding of Marr-Albus cerebellar learning.

Anunexpected locomotor role for GABA,R~>VTA,, signaling
Investigating GABA’s influence on ventral tegmental area dopamine
(VTAp,) neurons, we observed that infusing gabazine.1”*f™2into the VTA
induced behavioral impairments in control mice, suggesting height-
ened sensitivity of this brain region to ambient drug. Consequently, we
switched to the attenuated gabazine.7”**™2 to minimize ambient effects.
Tovalidate efficacy, we performed VTA,, neuron electrophysiologyin
acute midbrain slices prepared from DAT::Cre mice expressing either
AAV-DIO-"HTPg, 0r AAV-DIO-%HTP,,,. Gabazine.7°**2 potently blocked
evoked GABA,R current onto *HTP VTA,, neurons without affecting
4HTP cells (Fig. 3e), underscoring its cell specificity. Additional tests
confirmed that gabazine.7>**™?, when tethered onto "HTP cells, did not
alter pacemaker firing rate or action potential waveform (Extended
DataFig. 3b,c), confirming receptor specificity for the GABA,R.

We next looked for behavioral effects of the manipulation, using
the same viral parameters along with an implanted cannula. Infusing
gabazine.7°"""2had noimpact onlocomotionin “HTP animals, nor any
other observable behavioral effects. In contrast, the same infusion pro-
ducedasignificantincrease inrunning speedin "HTP mice, indicative of
cell-specific potency (Fig. 3f). This locomotor effect persisted the next
day, roughly 26 hours after the infusion, without an additional dose.

To substantiate our findings, we conducted two sets of analyses.
First, in vivo pulse-chase experiments revealed that cell-surface HTP
has a half-life of 1.5 £ 0.3 days (mean + 95% confidence interval (CI) via
nonlinear least squares fitting, Extended Data Fig.3d,e). This turnover
ratealigns with the persistent behavioral effects seenin our locomotor
assay (Fig. 3f).Second, we undertook quantitative histology to scruti-
nize the influence of incidental spread to the neighboring substantia
nigra pars compacta, home to canonical locomotor dopamine neu-
rons. This analysis demonstrated no correlation between locomotor
effectsand incidental expression in the substantia nigra pars compacta
(Extended Data Fig. 3f,g). Together, these data confirm that GABA
receptorson VTA,, cells suppress locomotion (Fig. 3f), anunexpected
insight elaborated in the discussion.

Quantitative cellular target engagement
Inaddition to answering key biological questions, abehavioral differ-
ence between manipulated and control animals often serves to establish
technical validity. However, the absence of a behavioral effect casts
doubt on technical validity. While histology can validate AAV expres-
sion, pharmaceutical interventions require further verification to
confirmadequate ligand delivery in each subject.
Addressing this challenge, we developed tracer reagents,
crafted to emulate an Rx"*®™2 in terms of diffusion and capture effi-
ciency, but featuring a dye in lieu of the drug. We hypothesized that
mixing these in a consistent one-to-ten ratio would allow each trac-
er®RT2 molecule to serve as a visible proxy for ten Rx**f™2 molecules
nearby. Critically, for this ratiometricapproach tobereliable, the mixed
reagents must behave identically with regard to diffusionand capture.
We first examined whether DART reagents with different payloads
diffuse equally in the brain. We synthesized physically diverse payloads
amenable to fluorescence—Alexa488.1°*%™? and Alexa647.1°*%™2 for
direct visualization, and biotin.1°**"2 as a smaller, non-fluorescent
variant (Supplementary Table 2). When coinfused into mice express-
ing "HTP,,, disparities in diffusion would manifest as varying fluo-
rescence ratios with distance from the infusion site. In contrast, we

DART.2
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Fig.3|Safe delivery of epileptogenic drugs in behaving animals. a, Cerebellar
circuit motivation. Gabazine.1”*®™2 exclusively antagonizes GABA,,Rs on

granule cells without altering how GABA is released by Golgi cells. b, Cerebellar
gabazine.1”**slice validation. Application of gabazine.1®**"2 (100 nM). Top,
dataare mean *s.e.m., cells normalized (norm.) to baseline. The bottom shows
exemplar data fromone cell. ¢, Cerebellar in vivo application. Top left shows a
schematic of experimental setup. Baseline GCaMP6f granule cell recordings
were succeeded by an infusion of 1 ul of ACSF with 1 uM gabazine.1”**"2, After
a20 mininterval,imaging was repeated (sensory stimuli absent throughout).
The top right shows a representative field of view. The bottom shows example
calcium traces (AF/F) in a"HTP mouse before (saline) and after (1 pul of 1uM
gabazine.1**"2) infusion. d, Summary cerebellar in vivo data. Error bars indicate
mean +s.e.m. over cells. Each symbol represents one cell before (saline) and after

(gabazine.1®*™?) infusion. *HTP cells exhibited a significant increase in GCaMP
signals after gabazine.1”*™2 (n =1,707 cells from six mice, P= 0.0001, two-sided
paired t-test), while ““HTP cells showed no significant change (n =1,084 cells
from four mice, P= 0.76, two-sided paired t-test). e, VTA gabazine.7>*""*slice
validation. The top shows the evoked-IPSC configuration. The bottom shows
300 nM gabazine.7°**"2 on ““HTP neurons versus *HTP cells over assay duration
(*HTP =86 + 4% block). Data are mean + s.e.m., cells normalized to baseline ("HTP
n=10 cells; ““HTP n = 8 cells). Example traces to right. f, VTA in vivo application.
Infusion of 1.2-1.8 pl of 10 pM gabazine.7>**"2into the VTA, locomotor speed in
VTA,, "HTP mice (blue trace, n = 18 mice) versus ““HTP control mice (black trace,
n=20mice). Data were normalized to baseline speed. Solid line and shading are
mean *s.e.m. over mice (P=3 x 107, two-sided unpaired ¢-test of "HTP versus
Y“HTP mice, day 1-2 wheel-speed average). ***P < 0.0001; NS, not significant.

observed uniform pixel-wise correlations across the three color chan-
nels (Extended DataFig. 4a-c), indicating equal diffusion.

Another pivotal requirement is equivalent capture efficiency
across reagents, a characteristic not typically seen in commercial
HaloTag reagents, for which capture is highly payload sensitive”. We
scrutinized this assumption using a pulse-chase assay in cultured
hippocampal neurons, first performing a dose-response with either
an Alexa®"2 or various Rx"*®"2 reagents followed by a chase with
biotin.1”*®™2to label the remaining unbound HTP. This strategy revealed
that CCy,isidentical for all tested reagents (Extended DataFig. 4d-h),
affirming the equal-capture assumption.

We conducted behavioral experiments in the dorsal striatum, a
key region for locomotion, to assess the effectiveness of the tracer®"2
strategy. Building on our previous work with YM9OKP*"™ delivery to
Drdla neurons in this brain region, we injected AAV-DIO-"HTPg;, or
AAV-DIO-%HTP,, in Drdla-Cre mice and implanted a cannula in the
left dorsal striatum (Fig. 4a). We performed open-field behavior, both
before and after infusion of a one-to-ten mixture of Alexa488.1°f"2 +Y
M90K.1°*"™2 (3 uM dye + 30 uM drug, infusion: 1 plin 10 min), quanti-
fying turning via automated video tracking. Subsequent histological
analysis measured dye capture in each animal (Fig. 4b), correlating
it with behavioral data (Fig. 4c). Three key findings emerged. First,
the turning bias seen only in "HTP but not ““HTP mice confirms cell
specificity of manipulation. Second, the tight correlation between
behavioral effects and histological dye capture validates tracer®®™as a
reliableindicator of technical efficacy. Third, the exclusion of technical

failures allowed for a more precise quantification of the behavioral
effect (Fig. 4d), revealing it to be threefold larger than estimated in
earlier studies’.

Brain-wide dosing
We explored whether the improved capture kinetics of DART.2 could
circumvent the need for cannulation directly into the investigated
brain region. In preliminary experiments, we tested dosing via the
cisterna magna, which showed rapid bio-distribution to the cortex?.
However, we opted for lateral ventricle cannulation due to its more
reliable stereotactic coordinates and mechanical stability. We char-
acterized ambient pharmacokinetics in "THTP mice by implanting a
cannulainoneventricle and glass window over the contralateral visual
cortex (Fig. 4e). Infusion of Alexa647.1°*"™2into the ventricle produced
an ambient fluorescence signal through the window, which peaked
atroughly 2 hours and cleared by 24 hours (Extended Data Fig. 5a).
We targeted somatostatin interneurons (SOM cells) in the
visual cortex using AAV-DIO-"HTP, in SOM::Cre mice, along with
pan-neuronal AAV-GCaMP8s to record activity in all cells. We pre-
sented oriented visual gratings to mice before and after infusion of
0.3 nM Alexa647.1°"""2 + 3 nM YM9OK.1°*R"2 (2 pul volume) into the
contralateral ventricle. Alexa647.1°*%"2 accumulation was evident in
the virus-expressing region (Fig. 4f). Animals with dense viral expres-
sionappeared tolabel "HTP cells on the outer perimeter of expression
before those in the center, suggesting ligand-limited dynamics. In
animals with sparse expression, capture rose uniformly throughout
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Fig. 4| Quantitative target engagement and brain-wide dosing. a, Striatum
experiment design. Mice with *HTP or ““HTP in Drd1a cells of left dorsal striatum.
Open field (1 hrecording) was performed before and immediately after infusion
of Alexa488.1°*""2 + YM9OK.1°*""2 (3 uM dye + 30 uM drug, 1 ulin10 min).

b, Striatum histology. Histology performed 24 h after infusion, showing dTomato
expression (red) and Alexa488.1°*"™2 capture (cyan) in one representative "HTP
mouse (top) and one representative ““HTP mouse (bottom). ¢, Striatum behavior
versus histology correlation. Open-field turning versus dye capture relationship.
Net turns (left turns minus right turns per hour) are graphed as a function of dye
capture (integrated Alexa488.1°*%", arbitrary fluorescent units, AFU) for each
*HTP mouse (cyan symbols). Of 14 "HTP mice, four were excluded for failed dye
capture (cyan symbols outside the shading). Error bars are mean + s.e.m. over the
included mice (n =10 *HTP mice with successful dye capture; n = 8 “HTP mice).
d, Turn-diameter analysis. Histogram of turn diameter (1 cm bins) with left turns
(upward histogram) tallied separately from right turns (downward histogram).
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Data are mean +s.e.m. over the ten "HTP mice that met histology inclusion
criteria. Turn-diameter analysis was performed after saline infusion (black) and
following Alexa488.1°*%"2 + YM9OK.1°*""2infusion (cyan) in the same mice.

e, Visual cortex experiment design. Mice expressing pan-neuronal GCaMP8s
with SOM-specific "HTP. Window over V1. Ligands delivered via the contralateral
ventricle. f, Visual cortex histology. In vivo and ex vivo histology from one
representative mouse. L, lateral; M, medial; P, posterior; A, anterior. g, Visual
cortex neural activity. Mice presented oriented visual gratings, 2P Ca®* imaging
obtained before (black traces) and 5-6 h after (cyan traces) infusion of 0.3 nmol
Alexa647.1°"%"2 + 3 nmol YM9OK.1°**"2 (2 ul volume) into the contralateral
ventricle. Datashow mean + s.e.m. of cells from three mice. Following the
manipulation, responsesin ‘HTP SOM cellsis reduced (P=0.01, n = 26, two-sided
paired t-test) and responses in "HTP, putative pyramidal cellsincreased (P = 0.04,
n=223,two-sided paired t-test). *P < 0.05; **P< 0.01.

the virus-expression region, suggesting an excess of ambient ligand,
with capture plateauing after roughly 4 hours (Extended Data Fig. 5b).
Given that CC5, =300 nM x min for this reagent (Fig. 2e), we estimate
thatambientlevelsinthe cortex remained in thelow nanomolar range
(2.5 nM). Finally, we performed a pulse-chase experiment, which con-
firmed that a single bolus via the lateral ventricle suffices to saturate
HTPinthe cortex (Extended Data Fig. 5¢,d).

Examining functional effects, "HTP SOM cells displayed an attenu-
ated response to visual gratings following drug delivery (Fig. 4g), con-
sistent with antagonized sensitivity to glutamate excitation. Conversely,
“HTP cells, primarily pyramidal cells, exhibited a small but significant
(P=0.04, two-sided paired t-test) increase in response (Fig. 4g). This
is consistent with the role of SOM cells in cortical inhibition, and thus
disinhibition of adjacent cells. The impact of YM9OK.1°**"2 was most
pronounced incells withthe highest baseline responsiveness (Extended
Data Fig. 5e). Because YM9OK.1”*f™2 alters glutamatergic inputs onto
SOM cellswithoutdirectly perturbing their voltage, it offers adistinction
from previous research®*° and a topic for further exploration.

PAM design

Having developed competitive antagonists, our focus shifted to
allosteric modulators. We started with the benzodiazepine site of the
GABA,R, which accommodates a spectrum of ligands ranging from
negative allosteric modulation to PAM. We chose diazepam, a clinically
relevant full-strength PAM, which adopts a GABA R binding pose featur-
ingasolvent-accessible amide®. We conjugated an alkyne to this amide
and assembled diazepam.1”**? using click chemistry (Supplementary
Table 2). In our all-optical neuronal assay, diazepam.1°**™ showed
excellent cellular specificity, with an AC5, =38 uM on ““HTP neurons,
CCso =50 nM x 15 minon *HTP neurons and Tl,5,, = 760-fold. Critically,

its maximum allosteric effect matched that of traditional diazepam
(Extended DataFig. 6a), indicating that the tether does not disruptits
conformational impact (Supplementary Discussion).

To complete the toolkit, we explored AMPAR PAMs, which modu-
late the receptor by binding to the dimeric interclamshell interface.
Considering that most variants of this class (for example, cyclothi-
azide) require two drugs to bind in close proximity*’, we focused on
newer scaffolds that bridge both sites. We chose CMPDA (phenyl-
1,4-bisalkylsulfonamide) for its potent allosteric effects (stronger
than cyclothiazide®) and available atomic structure. We synthesized
CMPDA.1?™" using a short PEG spacer to span the distance from the
binding site to free solution (Methods). While CMPDA.1?" retained
its ability to positively modulate the AMPAR, its function was lost on
conversion to a full-length CMPDA.1°**" (Extended Data Fig. 6¢). The
reagent did not occlude other AMPAR PAMs, suggesting alack of bind-
ing. Further structural analyses revealed anegative surface potential in
the predicted path of the spacer, likely incompatible with our original
electronegative PEG spacer design. We thus performed computational
docking to design an electropositive amine-rich spacer, which we
incorporated into CMPDA.2°*""2, This design gained the ability to bind
and produce positive allosteric modulation of the AMPAR (Extended
DataFig. 6d and Supplementary Discussion).

Bidirectional synaptic manipulationsin the retina

We next explored bidirectional modulation of the AMPAR and GABA,R
inaretinawhole-mount preparation®. We used an established combi-
nation of viral serotype and mouse strain to express "HTPp or “HTP,
inparvalbumin-positive retinal ganglion cells (RGCs) (Fig. 5a) We then
prepared whole-mount retinaand measured evoked synaptic currents.
Each recording established a stable baseline, followed by 15 min of
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b, Whole retina preparation. Neurotransmission evoked (stim) and recorded
(voltage-clamp) with conditions isolating AMPAR or GABA ,R. Following 15 min
0f 300 nM RxPRT2 + 30 nM Alexa647.1°*%"2, tethered dye envelopes *HTP cell
(onerepresentative slice). c, AMPAR structural model. Cylinder depicts the
cellmembrane; structure is acomposite of PDB SWEO, 3RNN and 1IFTL (PyMol
rendering). The right shows that YMOOK.1”**"2 binds the orthosteric site. The left
shows that CMPDA.2"*""2binds the interclamshell interface. d, CMPDA.2°%"2
physiology. The right shows an example EPSC at baseline (gray) and after
CMPDA.2P*""2 (pink); shading depicts EPSC integral (nA x ms = pC). The left
shows atime course of EPSC integral (baseline normalized; mean + s.e.m. over
cells), which reaches 2.6 + 0.3 for *HTP cells versus 0.9 + 0.04 for ““HTP cells;
P=1.6 x107® (two-sided unpaired t-test). e, YM9OK.1*R"? physiology. The right
shows an example EPSC at baseline (gray) and after YMOOK.1°*"™2 (cyan).
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The left shows a time course of EPSC peak (baseline normalized; mean +s.e.m.
over cells), decreasing to 0.07 + 0.02 for *HTP cells versus 0.87 + 0.03 for

44HTP cells; P=1.9 x 10 (two-sided unpaired t-test). f, GABA,,R structural
model. Structure is acomposite of PDB 6HUP and 6HUK (PyMol rendering).
The left shows diazepam.1°**"2binds the /5 interface. The right shows

that gabazine.1®*"2binds the orthosteric a/p interface. g, Diazepam.1°*k™2
physiology. The right shows an example IPSC at baseline (gray) and following
diazepam.1”**™2 (pink); shading depicts IPSC integral (nA x ms = pC). The left
shows the time course of IPSC integral (baseline normalized; mean + s.e.m. over
cells), which reaches 1.5+ 0.1 for *HTP cells versus 0.9 + 0.04 for ““HTP cells;
P=5.4x10"°(two-sided unpaired t-test). h, Gabazine.1”**"2 physiology. The right
shows an example IPSC at baseline (gray) and following gabazine.1”**"2 (cyan).
The left shows the time course of IPSC peak (baseline normalized; mean +s.e.m.
over cells), which drops to 0.26 + 0.04 for "HTP cells versus 0.89 + 0.02 for
44HTP cells; P=1.7 x 107 (two-sided unpaired t-test).

application of a given Rx"**""2 (300 nM) + Alexa647.1°*"™2 (30 nM).
Postexperiment imaging of Alexa647 confirmed ligand capture on
*HTP cells (Fig. 5b).

AMPAR reagents (Fig. 5c) were functionally characterized via
evoked EPSC (excitatory postsynaptic current) recordings, with con-
ditions isolating the AMPAR. CMPDA.2”*""2 enhanced EPSCs in "HTP
RGCs, both by increasing peak amplitude and prolonging decay time
(Extended Data Fig. 6f), culminating in a nearly threefold increase in
integrated charge transfer relative to baseline (Fig. 5d). No impact
of CMPDA.2PAR"2 was seen in analogous experiments in ““HTP RGCs
(Fig.5d). Insamples expressing the same viral reagents, application of
YM9OK.1”*R"2plocked the AMPAR-mediated EPSC exclusively in "HTP
RGCs with noimpact on “HTP cells (Fig. 5¢).

The GABA,R toolset (Fig. 5f) was evaluated for its effects on
GABA,R-mediated IPSCs (inhibitory postsynaptic currents). Follow-
ing diazepam.1°*f2application, IPSCs were potentiated on *HTPRGCs:
peak amplitude increased and decay time prolonged (Extended Data
Fig. 6e), yielding an integrated charge transfer roughly 1.5 times the
baseline (Fig. 5g). Finally, we confirmed that gabazine.1®**"? blocked
the GABA,R-mediated IPSC (Fig. 5h). Across all reagents, maximal
effects took hold within 15 min in "HTP RGCs, while no effects were
seenon “HTPRGCs.

Transcellular specificity of DART.2 pharmacology

Giventhat cellular membranes closely juxtaposein the brain, tethered
drugs on the cell surface have the theoretical potential to act tran-
scellularly. For instance, it remains unclear whether axon-tethered
YM9OK.1°R"2 could act transcellularly to block the AMPAR. We
previously proposed a theoretical model of the ‘HTP membrane
juxtaposed with a "HTP membrane, separated by a synaptic cleft of
varying height, h (Fig. 6a). This model predicts asteep decline inthe
tethered-drug concentration as a function of h, obeying a length
constantof 1.8 nm, roughly an order of magnitude too short to span
the synaptic cleft’.

Giventheimportance of this question, we performed an empirical
test of transcellular specificity. We favored a paired-patch configura-
tion to maximize sensitivity, reasoning that transcellular effects might
only become detectible in axons with high levels of "THTP expression.
Inasubset of recordings, we observed reciprocal glutamatergic con-
nectionsinbothdirections (Fig. 6b). Initial microscopy images depict
the two neurons under dual-patch clamp, with the "HTP neuron marked
by a cytosolic dTomato and the ““HTP neuron identified via nuclear
dTomato. Following Alexa647.1°**"2 + YM9OK.1°**"? incubation and
washout, the "HTP neuronis enveloped in dye, while the ““HTP neuron
remains untouched (Fig. 6b).

Nature Methods | Volume 21| July 2024 | 1288-1297

1294


http://www.nature.com/naturemethods
https://doi.org/10.2210/pdb5WEO/pdb
https://doi.org/10.2210/pdb3RNN/pdb
https://doi.org/10.2210/pdb1FTL/pdb
https://doi.org/10.2210/pdb6HUP/pdb
https://doi.org/10.2210/pdb6HUK/pdb

Article

https://doi.org/10.1038/s41592-024-02292-9

a
‘UTP ddpyp . [Rx](h) = expl-B2x h?)
) PP
o Npes 1/B
‘§ = 36 1.8nm
= 72 2.5nm
& 180 3.9 nm
o, ‘
0 20
h (nm)
c Alexa647.10ART2
+ YM9OK 1PART2
P ddyp
14 &? ;# Qés? ??&Eg (post)
° H n=6
-~
©
| i
2>
[%2]
[
wl
3
Seifo *HTP
Sefempgengy (POS1)
P

10 min

Fig. 6 | Transcellular specificity in DART.2 pharmacology. a, Theoretical
tethered-drug distribution within synaptic cleft. We modeled an “HTP membrane
opposite a“’HTP membrane, separated by variable synaptic cleft height (h).

b, Experimental verification of transcellular specificity. Representative data

from one reciprocally connected pair of patch-clamped neurons. Cells are
identified as *HTP (cytosolic dTomato marker) and ““HTP (nuclear dTomato
marker), shown before (left) and after (right) delivery of a1:10 mixture of
Alexa647.1°*k"2 + YM9OK.1”*R"2, postdelivery, the "HTP neuron is enveloped in dye
across all cellular compartments, in contrast to the dye-free ““HTP neuron (top
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row). Electrophysiological data demonstrate that synaptic transmission from
the *HTP to ““HTP neuron remains unimpeded postdelivery (middle row), while
reciprocal transmission from the “HTP to *HTP neuron s abolished (bottom
row). ¢, Summary data. Data are mean + s.e.m. over independent paired-patch
recordings, normalized to baseline unitary excitatory postsynaptic potential
(UEPSP) peak amplitude. Synaptic transmission from ““HTP to *HTP neurons
following drug application (blue data) versus transmission in the reverse
direction, from *HTP to ““HTP neurons (brown data). High levels of presynaptic
*HTP dye capture were confirmed in all replicates.

Complementing these visual observations, our electrophysi-
ological datareveal that synaptic transmission from this "HTP neuron
to the “HTP counterpart remains intact after drug delivery (Fig. 6b).
By contrast, for the same pair of neurons, synaptic transmission from
Y“HTP to *HTP was entirely abolished (Fig. 6b). The latter finding con-
firms high levels of "THTP expression on this specific neuron, thereby
solidifying the former finding that axon-tethered drugs do not act
transcellularly. The results are corroborated over several replicates
(Fig. 6¢), for which we confirmed high levels of presynaptic *HTP dye
capture. These findings support predictions of the tethered-diffusion
model (Fig. 6a), and underscore the remarkable cell-specificaction of
DART.2 over nanoscale dimensions.

Discussion

Intherapidly advancing field of causal neuroscience, established meth-
odstypically manipulate action potentials or neurotransmitter release
capabilities of genetically defined neurons. Inthis study, we introduce
anapproach that shifts the focus from neuronal output to the synaptic
inputsreceived by agiven neuron.

Tounderscore the capabilities of the approach, consider our study
of GABAinthe VTA. Previous studies, manipulating GABA secretionin
the VTA or using localinfusions of GABA R pharmaceuticals, offered an
incomplete view due to GABA’s broad action on diverse VTA cell types.
These studies suggest that, when activated collectively, GABA,Rs in
the VTA accelerate locomotion®~¢, Our work diverges markedly from
this narrative. By narrowing the focus to VTA,, cells, we reveal that
GABA,Rs on these cells function not as a ‘gas pedal’ but rather as a
locomotor ‘brake’. This finding is especially striking when juxtaposed
with past studies, wherein direct optogenetic stimulation of VTA,
neurons did not overtly alter locomotion®. At first glance, this might
seem discordant, as optogenetic excitation and GABA,R antagonism

shouldbothincrease VTA,, neuron activity. However, adeeper appre-
ciation of VTA, dynamics offers reconciliation. For instance, widefield
optogenetic stimulation would likely cause VTA,, neurons to exhibit
synchronous burst-firing®*’, In contrast, GABA,R antagonism on these
cells may prevent the occurrence of synaptically mediated pauses,
which are known to be heterogeneous across the VTAp, population*.
In emphasizing these distinctions one can begin to appreciate the
complementary nature of these tools, which cannot readily substitute
for one another.

Regarding technical insights, we were surprised that ambient
effects of gabazine could be soseverely attenuated (a15-fold increase
inAC,,) without major tradeoffs in tethered effects (atwofold increase
in CCs,, while maintaining 75% max efficacy). Although initially unex-
pected, the findings are in quantitative agreement with a model of
tethered diffusion, which offersinsightsinto the development of future
reagents (Extended Data Fig. 2 and Supplementary Discussion).

We recognize the importance of addressing prevalent questions
and uncertainties, particularly those pertaining to DART’s apparent
divergence from conventional pharmacology principles. One preva-
lent query involves the role of ambient drug concentration, which is
a critical parameter that must be carefully optimized in a standard
pharmacological study. By contrast, the precise ambient concentration
of an Rx"*"" is not critical at low concentrations (well below ACy). In
thisregime, ambient concentration only determines how long it takes
to reach saturation, while the ultimate strength of the manipulation
becomes solely determined by the level of "HTP protein expression.
Given these considerations, optimization of in vivo dosing requires
only thatsaturationis achievedin *HTP animals at adose thatis safein
control mice. Once dosingis determined for agiven Rx"**™2, one canrely
on theidentical diffusion and capture characteristics of the reagents
to expedite dosing-optimization for other Rx*f™2 ligands.
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These properties have additional benefits with regard to slice
experiments and their interpretability in comparison to in vivo work.
First, DART.2 allows researchers to streamline slice experiments by
focusing on a single dose, typically 300 nM, which reliably achieves
"HTPsaturationin under 15 min. The focus can then shift toward char-
acterizing theimpact of the tethered drug. Moreover, by maintaining
a consistent one-to-ten ratio of a given tracer®®"2 one can leverage
fluorescence asametric of equivalence across experiments. Thus, ina
divergence from traditional pharmacology, tracer®*™ can establish a
quantitative comparison between drug-tethering to ‘HTP cellsin vivo
and ex vivo, regardless of the ambient concentration.

Finally, it is important to note remaining limitations of the tool,
whichwe hope to addressinfutureiterations. Foremost among these
is the challenge inherent in systemic delivery across the blood-brain
barrier, particularly given that a PEG,, linker is unlikely to traverse cel-
lular membranes. To this end, certain modifications to the PEG,, linker
may promote blood-brain-barrier crossing*, while branched ligands*
could improve stoichiometry by delivering multiple drugs per mole-
cule. Another desired feature isreversibility: photo-controlled versions
of DART are possible**** and are of interest for millisecond precision
over optically accessible brain volumes. Conversely, light-independent
reversibility would simplify use over greater brain volumes. With regard
to subcellular precision, appending trafficking motifs to the genetic
element could restrict drug delivery to the axon, soma or distal den-
drite, whichwould be of interest given preferential innervation of these
locales by distinct GABA-releasing cell types®. For finer-scale precision,
anintersectional protein-based switch may one day target drugs to the
synaptic contact between genetically defined pre- and postsynaptic
neurons*. Finally, the method can be extended to pharmaceuticals that
modulate abroader set of ionotropic receptors, metabotropic recep-
torsandion channels. Insum, the technologies described herein—and
the conceptual questions now within reach—represent exciting areas
of untapped promise.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Experimental model and subject details

Allanimal experiments were approved by the Duke Institutional Animal
Care and Use Commiittee, an Association for Assessment and Accredita-
tion of Laboratory Animal Care accredited program registered with the
United States Department of Agriculture Public Health Service and the
NationalInstitutes of Health (NIH) Office of Animal Welfare Assurance,
and conform to all relevant regulatory standards (Tadross protocols
A160-17-06, A113-20-05 and A091-23-04).

Rats

Timed-pregnant female Sprague-Dawley rats (Charles River) were
individually housed in a standard temperature (20.5-25.5 °C (69 °F
minimum-78 °F maximum)) and humidity (30-70% minimum-
maximum) environment, under anormal 12-h light-dark cycle and with
food and water ad libitum.

Mice

Drdla-Cre (GENSAT EY262, striatum D1 medium spiny neuron),
DAT-Ires-cre (Jackson Laboratories, cat. no. 006660, VTA dopamine
neuron), SST-Cre (Jackson Laboratories, cat. no. 013044, V1 SOM
interneuron), PV-Cre (Jackson Laboratories, cat. no. 017320, RGC),
BACa6Cre-A (Hatten Laboratory, Rockefeller, cerebellar granule cell)
and Ail148D (Jackson Laboratories, cat. no. 030328, GCampé6f). Mice
were group housed by age and gender (maximum of five per cage) ina
standard temperature (20.5-25.5 °C (69 °F minimum-78 °F maximum))
and humidity (30-70% minimum-maximum) environment, under
anormal 12-h light-dark cycle and with food and water provided ad
libitum.

Quantification and statistical analysis

Reported values are mean + s.e.m. Statistical tests were performed via
Student’s t-test (paired or unpaired), or nonlinear regression (MATLAB
2018b curvefitting toolbox). The statistical test, sample size and Pvalue
areindicated in each figure legend. No statistical methods were used
to predetermine sample size. All experiments involving a quantitative
comparison of an experimental parameter were performed in aman-
ner to counterbalance uncontrolled sources of variability. In cultured
neurons, data obtained to compare two or more reagents (for example,
YMO9OK.1P*" versus YM9OK.1”*R"2) was obtained with experimen-
tal groups tested side by side, such that all comparison groups were
equally represented in each batch of cells. For slice, retinaand mouse
behavior, positive versus negative groups (for example, HTP* versus
Y“HTP mice) were interleaved and run side by side, using cage mates
when possible, and balancing groups to minimize confounding differ-
ences (for example, animal sex, experimenter, time of year), with the
goal of isolating the experimental variable of interest.

Chemical synthesis
See Supplementary Protocols for further details of chemical synthesis.

Genetic construct design
Genetic elements were concatenated via PCR, restriction digest,
ligation and sequence verification, as follows:

+ aavCAG-DIO-"HTPg;-2A-dTomato-WPRE. Coding, SS,,-"HTP-
(GGSGG)g Thylg2A-dTomato. SS,,, the signal peptide
(residues 1-49) of mouse neuroligin-1; “HTP, optimized
variant of the HTP'; (GGSGG)8, linker with eight repeats of
gly-gly-ser-gly-gly; Thylg, from Addgene_163696. Marker
of Expression, 2A-dTomato, P2A ribosomal skip sequence
and dTomato. Backbone, aavCAG-DIO-WPRE vector is from
Addgene_100842.

+  aavCAG-DIO-“HTPg,-2A-dTomato-WPRE. Coding, SS,,-*'HTP-
(GGSGG),-Thylp2A-dTomato. “HTP is the HTP with N41E,

D106E, W107G, V245L and L246R mutations. Other elements
asabove.

+ aavCAG-DIO-"HTPgp-IRES-dTomatoF-W3SL. Coding, SS,,-
"HTP-(GGSGG)s-Thylgp-IRES-dTomatoF. IRES is the internal
ribosomal entry site. dTomatoF is dTomato followed by the
Farnesylation sequence KLNPPDESGPGCMSCKCVLS. W3SL is
from Addgene_61463. Other elements as above.

+ aavCAG-DIO-%“HTP,-IRES-dTomatoF-W3SL. Coding,
SSng**HTP-(GGSGG)sThylgy-IRES-dTomato. Elements all as
above.

« aavSYN-ChR2-HA-dsfGFP-WPRE. Coding, ChR2(H134R)-
HA-dsfGFP. ChR2(H134R) is the optogenetic channelrhodop-
sin2; dsfGFP is superfolder green fluorescent protein (GFP)
with T65G and Y66G mutations to eliminate fluorescence.
Backbone, aavSYN-WPRE vector is from Addgene_100843.

*  aavCAG-"HTPy cu364gerx-2A-d Tomato-WPRE. Coding,
SSuig"HA-"HTP- NLG(432-648)-ERXL. HA, the hemagglutinin
epitope tag; NLG(432-648), the esterase-truncated 71-residue
extracellular domain, the 19-residue predicted transmem-
brane domain and the 127-residue C terminus of mouse
neuroligin-1 (ref. 46); ERXL, the peptide sequence KSRITSE-
GEYIPLDQIDINVGGSGFCYENEYV, a fusion of the trafficking and
endoplasmic reticulum export signals from Kir2.1 (ref. 47).
Other elements as above.

+  aaVCAG-"“HTPy cus-645erx-2A-dTomato-WPRE. Coding:
SS, g HA-““HTP- NLG(432-648)-ERXL. Elements all as above.
LSPR
Localized surface plasmon resonance (LSPR) data was collected on
Nicoya Alto-16 instrument using single-sequence kinetic (SSK) sur-
face capture titration protocol, where the surface-bound protein
(GFP-tagged HTP) was presented with the analytes (biotin-PEG,,-HTL.1
or biotin-PEG,,-HTL.2) sequentially with threefold increased concen-
tration for 5 min per dose. A total of four cycles were performed on
16-channel carboxyl cartridge (Nicoya) with the single dissociation and
surface regeneration steps between the cycles. Each sample channel
was coupled with a negative control reference (““HTP).

Proteins were prepared as follows: pRSET T7 expression vec-
tors containing GFP-“HTP/GFP-HTP and HisTag sequences were
transformed into chemically competent E. coli cells and plated on
carbenicillin-Luria-Bertani agar plates overnight at 37 °C. A100 ml of
MagicMediaE. coli expression media (Invitrogen) containing100 mg |
carbenicillin disodium salt (Sigma) were inoculated with the E. coli
colony. The cultures were incubated at 32 °C and shaking at 300 rpm
forupto72h. Thefluorescent GFP tag was used as indicator for protein
expression. The cultures were aliquoted into 15-ml tubes. The GFP-HTP
and GFP-%“HTP proteins were purified using Capturem His-Tagged
Purification Maxiprep kit (Takara) according to manufacturer’s pro-
tocol. The elution buffer was exchanged to PBS-T buffer (Nicoya) and
the samples were concentrated using Amicon 10K Centrifugal filters
(Millipore). Protein concentration was measured via Qubit using Qubit
Protein Assay kit. Volumes of 100 pl of 2 uM of GFP-HTP and GFP-““HTP
samples were prepared in PBS-T.

Surface capture binding and/or regeneration conditions were as
follows: VHH:GFP (Chromotek 1g1™) was diluted 20 times in 10 mM
sodium acetate, pH 5.5, and immobilized onto EDC/NHS-activated
carboxyl sensors for 5 min, according to Nicoya surface modification
protocol. Then, 2 uM GFP-tagged HTP wasintroduced into the VHH:GFP
modified channels for 10 min and washed with PBS-T for 13 min. The
regeneration of the sensor was performed by removing the GFP-HTP
protein using 10 mM Glycine HCI, pH 1.5, for 5 min. The regenerated
VHH:GFP surface was incubated with 2 uM GFP-tagged HTP protein
for the next SSK cycle.

Analytes were prepared as follows: HTL.1: 37.5 pl of 120 pM
biotin-PEG,,-HTL.1 was incubated with 2.5 pl of 1 mg ml™ SA (Nicoya)
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in PBS-T buffer for 60 min at room temperature. During the SSK titra-
tion protocol, the analyte was sequentially applied to the sensor at
concentrations ranging from 370 nM to 30 uM (5 min per dose, via
digital micro-fluidics). HTL.2: 50 pl of 3.5 pM biotin-PEG,,-HTL.2 analyte
in PBS-T buffer was incubated with 2.5 pl of 1 mg mI™ SA for 60 min at
room temperature. During the SSK titration protocol, the analyte was
applied to the sensor at concentrations ranging from1.36 nMto 1.1 pM
(5 minper dose, viadigital micro-fluidics). Data were fit to a first-order
binding model, providing an estimate of the association constant
(showninFig.2).

Hippocampal cultured neurons

Mixed glial and neuronal cultures were prepared from the hippocam-
pus of postnatal day O to1Sprague-Dawley rat littermates. Pups were
decapitated and brains quickly excised intoice-cold neural dissection
solution (NDS), consisting of HEPES-buffered HBSS, pH 7.4 (Sigma,
cat. no. H3375; Gibco, cat. no. 24020-117). Hippocampal tissue was
dissected and transferred to a separate petri dish containing ice-cold
NDS, quartered and washed several times with freshice-cold NDS. The
hippocampal pieces were collected and incubated in papain enzyme
(Worthington, cat. no. PAP2; 105 U per preparation in NDS) in a 37 °C
water bath for 25-35 min, inverted to mix twice during incubation.
The papain solution was decanted, and the tissue was washed three
times in plating medium, consisting of MEM (Gibco, cat. no. 51200-
038) with10% (v:v) heat-inactivated fetal bovine serum (HyClone, cat.
no. SH30071.03) and 27.8 mM glucose, 2.4 mM NaHCO,, 0.1 mg ml™
transferrin, 0.025 mg ml™ insulin and 1% (v:v; 2 mM) L-glutamine plus
1% (v:v) penicillin-streptomycin. The tissue was further dissociated via
mechanical trituration through a 10 ml serological pipette, followed
by two fire-polished glass pipettes and the final cell suspension was
filtered through a 0.22 pm cellulose acetate membrane.

Cellswere nucleofected (Lonza, cat. no. V4SP-3096) with a selec-
tion of high-quality plasmid constructs (0.8-1 ug DNA per cuvette).
AfteralO-minrecovery period, cells were plated individually or mixed
with a different pool of cells (for cocultures). Cells were cultured
on coverslips (Deckglaser) pretreated with high molecular weight
poly-D-lysine (Sigma, cat. no. P7405; 0.05 mg ml™) in 24-well plates and
maintained in NbActiv4 (BrainBits, NB4) at 37 °C, 5% CO,. Media was
changedby halfatday invitro (DIV) 3 or DIV4 and then weekly thereaf-
ter; experiments were performed between DIV16 and 18.

For all neuronal assays, coverslips were first rinsed briefly in a
resting Tyrode solution containing (inmM): 4 KCl, 2 CaCl,, 2 MgCl,, 150
NaCl, 10 HEPES, 10 glucose, pH 7.4, before transfer to a glass-bottom,
24-well imaging plate (Cellvis, cat. no. P24-1.5H-N). Live cell imaging
was performed on an Olympus IX83 inverted fluorescent microscope
(UPlanSApo x10 objective, numerical aperture (NA) 0.40) with Spectra
X light emitting diode (LED) illumination and filter cubes as follows:
(1) DAPI (4,6-diamidino-2-phenylindole): LED 395/25, excitation 387/11,
Dic-409, emission 447/60; (2) GFP: LED-470/24, excitation 472/30,
Dic-495, emission 520/35; (3) TRITC: LED-550/15, excitation 543/22,
Dic-562, emission 593/40 and (4) Cy5: LED-640/30, excitation 628/40,
Dic-660, emission 692/40.

Cultured neuronal assays

Biotin-HTL. Neurons were nucleofected with aavCAG-"HTPy ¢ u32-643)
rx-2A-dTomato-WPRE, plated and cultured for 2 weeks. A dilution
series was made for the biotin-PEG,,-HTL.1 and biotin-PEG,,-HTL.2
compounds in Tyrode solution containing 1% BSA, representing 12
final concentrations (in pM) between 10 and 0.001. After a brief rinse
in Tyrode +BSA to acclimate the live neurons to room temperature,
each coverslip was incubated in one of the 12 dilutions for 15 min,
washed twice in Tyrode +BSA, then incubated in a 1:500 dilution of
Streptavidin-AlexaFluor488 (2 mg ml™; Life Technologies, cat. no.
S11223) for 15 min. The neurons were rinsed four times then transferred
toaglass-bottomimaging plate containing Tyrode +BSA. Each coverslip

was imaged in its entirety by stitching together several x10 images
(TRITC at 10 ms; GFP at 100 ms) using the Olympus CellSens software
stitchingalgorithm. A dose-response curve was created using a custom
MATLAB algorithm, involving two steps: segmentation and estimation
of the fraction of HTP bound to HTL, as follows.

Regarding segmentation, we used an automated method given
the number of cells per coverslip (thousands). We used the red dTo-
mato channel (genetic expression) for segmentation, reserving the
green streptavidin channel (surface HTL) asthe readout. The dTomato
intensity was first normalized to a O to 1 scale, with gamma of 0.4 to
enable detection of dim cells. We performed adaptive background
subtraction (90-pixel radius), applied afixed threshold of 0.15to obtain
abinary mask, applied an openradius of 9 pixels, and detected regions
with the ‘regionprops’ command from the MATLAB Image Processing
Toolkit. This typically yielded >1,000 regions per coverslip. The quality
of segmentation was confirmed by visual inspection; ~-80% of regions
corresponded to individual neuronal cell bodies, with the remaining
being cell clusters or processes. For each region, we calculated the
mean dTomato (red, R) and streptavidin (green, G) intensities.

With regard to estimating the fraction of HTP bound to
HTL, data from coverslips that had been incubated in high-dose
biotin-PEG,;,-HTL.2 (=300 nM x 15 min) appeared to be fully saturated,
and were used to estimate the relationship betweenred (R) and green
(G), whichfitwellto G = G, X R/(R + R,,r). We interpret this equation to
reflect surface trafficking of HTP, which saturates as genetic expression
rises. Because all coverslips used the identical genetic construct, we
took the estimates of G,,,, and R, from the saturated coverslips as a
constant (held fixed for all coverslips). We then fit data from each cov-
erslip tothe equation G = HTP;,,cgound X Gmax X R/(R + Ry5¢). We used the
‘fit’ command from the MATLAB Curve Fitting Toolbox, which provides
anonlinear regression estimate of the only free parameter, HTP,cgoung-
This estimate includes a95% CI, which we plot as the error barsin Fig. 2a.

Rx*®T with biotin-DART chaser. Hippocampal neurons were
nucleofected and cultured similar to the HTL assay above. A dilution
series was made for YMOOK.1P*"™2 CMPDA.2 PRT2 gabazine.l PART2,
diazepam.1®*"™2 as well as Alexa647.1°*%"2, representing seven final
concentrations (in M) between 1 and 0.001. Coverslips contain-
ing the "HTP cells were incubated in one of the seven dilutions for
15 min, washed once in Tyrode +BSA, incubated in a1 uM solution of
biotin®*f"2for 15 min, washed twice, then incubated in a1:500 dilution
of Streptavidin-AlexaFluor488 (2 mg mI™) for 15 min. The neurons were
rinsed twice and then transferred to aglass-bottomimaging plate con-
taining Tyrode +BSA. Each coverslip wasimaged and results analyzed
inasimilar way to that described above.

All-optical cultured-neuron AMPAR assay
Two pools of dissociated neurons were nucleofected separately to
express either:

(1) aavSYN-ChR2-HA-dsfGFP-WPRE (ChR2)
(2) aavCAG-"HTPy cus2eas)erxi-2A-dTomato-WPRE +
aavCAG-GCaMP6s-WPRE (HTP/GC)

The ChR2 transfected cells were then mixed equally with the HTP/
GC cells, plated and cultured for 16-18 days. The assay was performed
in Tyrode (described above) supplemented with 10 uM CPP (NMDAR
antagonist) and 10 M gabazine (GABA R antagonist). This recipe iso-
lates the AMPAR, and is thus named Tyrode*“"*%, The assay is synaptic
and AMPAR-specific because we ensure that ChR2 and GCaMPé6s are
expressedinseparate cells, such that light must first stimulate ‘presynap-
tic’ChR2 neuronstorelease glutamate, whichthenactivates ‘postsynap-
tic’ HTP/GC neurons only viathe AMPAR (isolated via Tyrode*"®), Thus,
light-evoked HTP/GC activity is a proxy for postsynaptic AMPAR function.

We performed assays 12 coverslips at atime. Plates were removed
from the incubator, coverslips briefly rinsed in Tyrode*M™R and
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transferred to aglass-bottom imaging plate with 500 plof Tyrode*V"A®

per well. A parallel drug plate with 500 pl of Tyrode*™™® per well was
used to add reagents via manual pipetting. Between dosing rounds,
eachwell of the drug plate was mixed withits corresponding wellin the
imaging plate (add, gently triturate once, remove). Thus, the imaging
plate maintained a set volume, and we had independent control over
drug additions in each well. Overall, we performed six dosing rounds.
We began with two controls (no Rx"*®T, with mixing) to assess assay
stability, followed by three drug rounds (YM9OKP*®T, with mixing) and
a final wash (mix six times with fresh Tyrode*"®), The entire assay
lasted ~2 h (20 min per dose x 6 dosing rounds). We settled on three
YM90KP*®T concentrations per coverslip tobalance throughput and cell
health. To obtainanine-point dose-response, we distributed doses 1:9
over coverslipsA,B,C(withA=1,4,7;B=2,5,8;C=3,6,9).

Each 20-min dosing round involved roughly 4 min of pipetting,
4 min of waiting and 12 min of optogenetic imaging. The optogenetic
protocol visited each well once every 2 min for 12 min (that is, six rep-
etitions), and thus there were 72 stage movements (12 wells x six rep-
etitions). After each stage movement, we obtained a dTomato image
(TRITC channel) followed by an optogenetic pulse train (GFP channel,
16 pulsesat3 Hz, 50 ms per pulse). We typically saw arise in the GCaMP
signal over the16-pulse (5 s) train, with dynamics that were largely repro-
duced oneach ofthesix repetitions. As described below (‘Dataanalysis’),
response variability over repetitions provided a quality-control metric,
and we used the average of the last four repetitions to correspondtoa
roughly 15-min Rx®*®" incubation (since pipetting midpoint).

Analysis was performed in custom MATLAB code in four steps.
First we performed image alignment using the dTomato channel to
account for stage jitter and coverslip drift. Second, cell bodies were
segmented using a staticimage composed of dTomato and AF/F from
the first control dosing round. Thus, segmentation was performed
without knowledge of the GCaMP6s changes over subsequent doses.
We used acombination of automated and manual segmentation, and we
proofread each cell to ensure exclusion of pixels wherein cells overlap.
Third, we calculated the GCaMPé6s waveform for each cell by obtaining
the raw trace (mean over segmented pixels of each frame), baseline
subtracting (to define 0), and normalizing (to define 1). We accounted
for asmallamount of photobleaching by allowing the baseline to vary
with time (a linear fit to the first timepoint of each pulse train). We
also accounted for assay rundown so that the three YM9OKP*®" doses
on a coverslip could be compared fairly. The correction factors were
mild: 0.92, 0.84 and 0.82 (1.0 would reflect no rundown), and were
estimated from mock assays with no Rx***", Fourth, we applied inclu-
sion criteria torestrict analysis to cells with GCaMP expression within
1x10°-1x10* AFU and with <50% change in activity in the two control
doses. Cells with dTomato >1 x 10*° AFU were designated *HTP and
used to determine CCs, curves Fig. 2d,e. Cells with dTomato <1 x 10%*
AFU were designated "HTP. A subset of experiments were performed
with aavCAG-“"HTPy cus2.64serx-2A-d Tomato-WPRE (“HTP); we saw no
difference between “HTP and "HTP data, and the data were combined
to produce the AC,, curvesinFig.2d e.

With regard to the statistical unit, neurons on a coverslip were
highly correlated, such that most of the variance was at the level of
coverslips rather than cells. This likely reflects the synaptic nature of
the assay, wherein cells are highly interconnected. As such, we defined
astatistical unit as the coverslip, and we weighted the n of each cell so
thateachcoverslip could contribute at most n =1to the ACy,curve, and
n=1tothe CC,,dataset. Thedatathusrepresented mean +s.e.m. over
coverslips. All data were obtained with experimental groups tested
side by side, such that comparison groups were equally represented
ineach batch of cells.

All-optical cultured-neuron GABA R assay
Dissociated neurons were nucleofected with aavCAG-"HTPycus»-64)erxt”
2A-dTomato-WPRE + aavSYN-ChR2-HA-dsfGFP-WPRE + aavCAG-GCaM

P6s-WPRE. Thus, all three elements (HTP, ChR and GC) were in the
same cell. Neurons were plated on coverslips and cultured until the
assay was performed at 16-18 DIV. We used Tyrode (described above)
supplemented with10 uM CPP (NMDAR antagonist) and 10 uM NBQX
(AMPAR antagonist) and 10 uM GABA (low-dose GABA ,R agonist). This
combinationisolated and further activated endogenous GABARs and
was thus named Tyrode®®**°_The underlying principle of the assay
is that ChR2 is the only source of excitation for a cell (all excitatory
synapses blocked) yet endogenous GABA,,Rs largely overpower ChR2.
Wethustookblunted light-triggered activity asanindication of active
endogenous GABA,Rs, and the reinstatement of light-triggered activ-
ity as an indication of GABA,R antagonism. The assay was otherwise
similar to the AMPAR assay.

With regard to dosing, we performed two control rounds (no
Rx"**T with mixing) to establish stability, and three drug rounds
(gabazine™*®T, with mixing). However, in lieu of awash, we used a high
dose of regular gabazine (30 uM) as the sixth dosing round to serve
as a calibration for the maximal neural activity (and thus the lowest
GABA,R function). Imaging was identical to the AMPAR assay, with a
dTomatoimage (TRITC channel) followed by optogenetic stimulation
and/or recording (GFP channel, six pulses at 3 Hz, 50 ms per pulse), with
all 12 stage positions visited six times during a single dosing round.
Analysis was performed in custom MATLAB code, following the same
procedure for the AMPAR assay. The key difference is in regard to the
statistical unit, as we found that neurons on a coverslip were not cor-
related, such that most of the variance was at the level of neurons rather
than coverslips. This likely reflects the cell-autonomous (nonsynaptic)
nature of the assay, wherein all excitatory synapses are blocked. Hence,
we define a statistical unit as the neuron, and plot mean + s.e.m. over
neurons. As before, experimental groups were tested side by side, such
that comparison groups were equally representedin each batch of cells.

To assay GABA,R PAMs, we used a modified Tyrode®A"*3 with a
lowered 3 uM GABA level so that ChR2 was not overpowered tostart, but
became overpowered on positive allostery of the GABA,R. Regarding
the dosing scheme, we performed only one control round (no Rx™*",
with mixing) and three drug rounds (diazepamP**", with mixing). We
next applied regular diazepam (1 uM) to establish a positive control
for a full-strength PAM, followed by the sixth and final dose in which
we applied gabazine (30 pM) to block all GABA ,Rs. Imaging alignment,
proof-reading and analysis were performed in a similar fashion to the
GABAR assay using MATLAB. As with the gabazine assay, a statisti-
cal unit was a neuron, and we plotted mean + s.e.m. over neurons.
Experimental groups were tested side by side, such that comparison
groups were equally represented in each batch of cells. In particular,
given a lower overall signal to noise in the GABA,R PAM assay, we ran
side-by-side groups wherein Rx®*" was replaced with anegative control
(no drug) or positive control (regular diazepam) to account for assay
stability over time (Extended Data Fig. 6a).

Dual-patchrecording

The unitary excitatory postsynaptic potentials were recorded in cul-
tured hippocampal neurons 3 weeks after plating, with dual-patch
recording configuration. To elicit postsynaptic unitary excitatory post-
synaptic potentials (UEPSP), the two cells were both under whole-cell
current-clamp mode, induced one single action potential at presynap-
tic cell (““HTP or *HTP) to stimulate neighboring cell ("HTP or ““HTP)
that synaptically connected with presynaptic cell.

Recombinant adeno-associated viral vectors

Allcustom viral vectors were produced by the Duke Viral Vector Core.
Humanembryonickidney 293 cells were transfected with a triple tran-
sient transfection protocol of the adenovirus helper plasmid, the AAV
helper plasmid and the inverted terminal repeat transgene cassette
plasmid. The adenovirus helper cassettes encodes the adenovirus
proteins (EI1A, E1B, E4 and E3A) and the adenovirus virus-associated
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RNAsrequired for helper functions. The AAV helper plasmid encodes
the wild-type AAV genome lacking inverted terminal repeats. The
recombinant adeno-associated viral vector was harvested from the
nucleiof transfected cells 48-72 h after transfection and purified from
the cell homogenate using a double round cesium chloride gradient
protocol. Genome titers were estimated using real time PCR.

Acute brainslice preparation

DAT-IRES-Cre mice (six males, three females, 8-10 weeks) were injected
with either AAV,;,;,-CAG-DIO-"HTP¢y-2A-dTomato-WPRE or AAV,,,
»-CAG-DIO-%“HTP,-2A-dTomato-WPRE (2 x 102 VG ml™, 100 nl per
site at —3.2 mmanteroposterior, +0.5 mm mediolateral, -5.0/-4.5 mm
dorsoventral). After 3-5 weeks for expression, mice were deeply anes-
thetized withisoflurane and euthanized by decapitation. Coronal brain
slices (300 pm) containing VTA were prepared by standard methods
using a Vibratome (Leica, VT1200S), in ice-cold high sucrose cutting
solution containing (in mM): 220 sucrose, 3 KCI, 1.25 NaH,P04, 25
NaHCO;, 12 MgS0,.7H,0, 10 glucose and 0.2 CaCl, bubbled with 95%
0, and 5% CO,. The slices were placed into modified artificial cerebro-
spinal fluid (ACSF) containing (inmM):120 NaCl, 3.3KCl, 1.23 NaH,PO,,
1MgSO0,,2 CaCl,, 25NaHCO; and 10 glucose at pH 7.3, previously satu-
rated with 95% O, and 5% CO,. For recovery, the slices were incubated at
33 °Cfor40-60 minin the bubbled ACSF solution and then allowed to
cooltoroomtemperature (22-24 °C) until the recordings were initiated.

Retinal whole-mount preparation

PV-Cre mice (22 males, 38 females, 12-24 weeks) were intravitreally
injected with either AAV,,,s-CAG-DIO-"HTP,-2A-dTomato-WPRE or
AAV,,-CAG-DIO-“HTP,,-2A-dTomato-WPRE (4.4 x 10" VG mI™, 1.0 pl
pereye). After 8-12 weeks, the mice were euthanized by cervical disloca-
tion. Both eyes were removed and dissected under astereo-microscope.
Retinas were isolated from the eyecups and placed in oxygenated (95%
0, and 5% CO,) cold-Ames medium (Sigma-Aldrich), supplemented
with 21 mM NaHCO,. After the vitreous body was removed, a retina
was cut into three pieces, leaving each retina piece attached to afilter
paper with2-mm hole by retinaganglion cell-side down. The pieces of
retinawere stored inbubbled Ames solution at roomtemperature, then
transferred to the recording chamber with retinaganglion cell-side up
forrecording.

Acute brain slice and retina electrophysiology

Thebrainslices or retinas were perfused with bubbled ACSF at 29-30 °C
with a2 ml min™ flow rate. Recordings were made by whole-cell patch
recording techniques using a Multiclamp 700B amplifier (Molecular
Devices, Axon InstrumentsInc.). The signals were filtered at 10 kHz and
acquired using a Digitate 1440A and pClamp 10.7 (Molecular Devices).
The recording pipettes (4-6 MQ) were filled with internal solutions.
To measure GABA,R IPSC, the pipettes were filled with a cesium
chloride-based internal solution (inmM): 135 CsCl, 2 MgCl,, 0.5EGTA,
10 HEPES, 4 Mg-ATP, 0.5Na-GTP,10 Na,-phosphocreatine and 4 QX314
(lidocaine N-ethyl bromide), pH adjusted to 7.3 with CsOH (290 mOsm).
For AMPAR-mediated EPSCrecording, the pipette solution contained
(inmM) 130 CsMeS, 1MgCl,, 0.5EGTA, 10 HEPES, 4 Mg-ATP, 0.5 Na-GTP,
10 Na,-phosphocreatine, and 4 QX314, pH adjusted to 7.3 with CsOH
(290 mOsm). Evoked-IPSC or -EPSC signals were elicited by electri-
cal stimuli of 0.3 ms duration and 150-300 pA (60-70% maximum
responses), with arepetitioninterval of 15 s. The stimulating electrode
was placed 60-100 pm from the recorded neuron. GABA,R-mediated
IPSCs were isolated in the presence of DNQX (20 pM, AMPAR antago-
nist) and AP-V (50 uM, NMDA antagonist) in the bath solution. For
AMPAR-mediated EPSCs, picrotoxin (50 uM, GABA,R antagonist) and
AP-V (50 pM, NMDAR antagonist) were added to the bath solution. For
current-clamp recording, the pipette solution contained (in mM) 130
K-gluconate, 5KCI,2MgCl,, 0.2EGTA, 10 HEPES, 4 Mg-ATP, 0.5Na-GTP
and10 phosphocreatine, pH adjusted to 7.3 with KOH (290 mOsm). The

liquid junction potential was estimated to be 15.9 mV for the normal
ACSF solution and was not corrected. Our inclusion criteria required
that cells maintain stable access and holding currents for at least 5 min.
Inparticular, series resistance is monitored using 5-10-mV hyperpolar-
izing stepsinterleaved with our stimuli, and cells are discarded if series
resistance changed more than roughly 15% during the experiment.
The stored data signals were processed using Clampfit v.10.7 (Axon
Instruments). All averaged data are presented as mean = s.e.m. and n
represents the number of cells tested per condition. Statistical signifi-
cance was determined using Student’s tor one- or two-way analysis of
variance tests. IPSC or EPSC decay time constants were obtained by
fitting a single-exponential function, /(t) = lexp"" + I, where I(t) is
the amplitude of the current at time ¢ and /s is the steady-state cur-
rent, /is instantaneous current subtracted from /s and ¢ is the time
constant of decay.

Cerebellum experiments

BACa6Cre-C x Ail48D-Cre mice (six males, four females, P50-60) were
givena3-mmdiameter craniotomy over Crus latapproximately 3.0 mm
lateraland 4.3 mm posterior tolambda. CrusIwasinjected (WPIUMP3)
with 150 nl of either AAV,,,s-CAG-DIO-"HTP;-2A-dTomato-WPRE
(1x102 VG ml™) or AAV,s-CAG-DIO-%“HTP,-2A-d Tomato-WPRE
(1x102VG ml™) at arate of 30 nlmin™ and a depth of 350 pm at 2-3
sites. Glass windows consisting of two 3-mm coverslips bonded to a
5-mm coverslip (Warner Instruments No. 1) withindex-matched adhe-
sive (Norland No.1) wereinstalled in the craniotomy using Metabond.
Imaging mice receiving saline and drug infusions received a plastic
cannula (Plastics One; C315GS/PK length 0.5 mm) positioned imme-
diately rostral to the imaging window and attached with Metabond.
All mice were individually housed after cannula placement and given
8 weeks to allow viral expression, including 1-2 weeks of habituation
to headrestraint.

Imaging was performed with a resonant scanning microscope
(Neurolabware) equipped with a x16 water-immersion objective
(Nikon CF175 LWD 16xW 0.8 NA). The cerebellum was scanned with a
TI:Sapphire laser tuned to 920 nm (SpectraPhysics, Mai Tai eHP Deep-
See) usingaresonant galvanometer (8 kHz, Cambridge Technology) ata
framerate of 30 Hzand afield of view of 278 x 117 um (796 x 264 pixels).
Data were collected through a green filter (510 £ 42 nm band filter
(SEMrock)) onto GaAsP photomultipliers (cat. no. H10770B-40,
Hamamatsu). Throughout imaging, a polymer (MakingCosmetics,
0.4% Carbomer 940) was used to stabilize the immersion solution.
Images were processed using the open-source Python toolbox for
large scale calcium imaging data analysis CalmAn*® and custom written
MATLAB code, as previously described?. Cerebellar slice prepara-
tion and granule cell voltage-clamp recordings were performed as
described previously? using tissue from BACa6Cre-C mice injected
with the same AAVs used for in vivo experiments (above) to drive 'HTP
and “HTP expression.

VTA,, locomotion experiments

Adult DAT-IRES-cre mice (20 males, 18 females; 10-20 weeks old)
were anesthetized and stereotactically injected with 400 nl of either
AAV,,;-CAG-DIO-"HTP,-2A-dTomato-WPRE or AAV,;,-CAG-DIO-%
HTP,-2A-dTomato-WPRE (2 x 102 VG ml™, 100 nl per site, two tracks
with two depths per track: —=3.2 mm anteroposterior, 0.5 mm ML,
-5.0/-4.5 mmdorsoventral) andimmediately implanted with a bilateral
metal cannula above the VTA (P1Tech; C235G-1.0) lowered to—3.75 mm.
Mice were fitted with a plastic head bar adhered to the skull with ultra-
violetglue and dental cement, enabling head fixation to facilitate drug
infusions in awake animals. Assays were performed at least 3 weeks
afterviralinjection to allow for recombinant protein expression. Mice
were singly housed postsurgery, inal2-hreverselight cycle, withfood
and water provided ad libitum. Mice were acclimated to head fixation
for three consecutive days before behavioral experiments.
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Mice were head fixed on around plastic treadmill (Delvie’s Plastics,
8-inch plexiglass disk covered with silicone rubber) attached toarotary
encoder to collect rotation data (US Digital, cat. no. H5-100-NE-S).
Rotary encoder data was collected by a National Instruments card
(NIUSB-6351 X Series DAQ) and a custom MATLAB script. Mice were
water restricted to 80-85% body weight and delivered occasional
sucrose rewards (Lee Company solenoid, cat. no. LHDA1233315H
HDI-PTD-Saline-12V-30PSI) to induce motivation to run. Behavior
sessions consisted of 1 h per day on consecutive days. After ten baseline
runningsessions to fully acclimate to the treadmill, mice had reagents
infused into the brain via the cranial cannula as previously described’.
DART reagents were freshly thawed and diluted in sterile ACSF to 10 uM
gabazine.7”*""2 +1 uM Alexa647.1°*f"2, with 0.6 or 0.8 nl per hemisphere
infused atarate of 0.1 ul min™. Mice were then recorded on the tread-
millat2and 24 h postinfusion. Wheel speed was analyzed by acustom
MATLAB script, and was normalized per mouse to their average wheel
speed during the final training session.

Open-field turning assay

Adult (10-20 weeks old) Drd1a-Cre mice (six males, eight females)
were anesthetized and stereotactically injected with 960 nl of
AAV,,;,-CAG-DIO-*HTP,-2A-dTomato-WPRE or AAV,,,,-CAG-DIO-%
HTP_,-2A-dTomato-WPRE (2 x 102 VG ml™, 80 nl per site, four tracks
with three depths per track: 0.55 mm anteroposterior, —1.7 mm medi-
olateral, -2.8/-2.3/-1.8 mm dorsoventral; 1.35 mm anteroposterior,
-1.3 mmmediolateral, -3.0/-2.5/-2.0 mm dorsoventral; 1.45 mm anter-
oposterior, —2.1 mm mediolateral, -3.1/-2.6/-2.1 mm dorsoventral;
0.65 mm anteroposterior, —2.5 mm mediolateral, -3.1/-2.6/2.1 mm
dorsoventral); we found that distributed injections of lower volumes
ofvirus resulted in consistent and robust expression without toxicity.
Mice wereimmediately implanted witha plastic (peek) cannula (P1Tech,
C315G/PK) at -1.9 mm mediolateral and 1.0 mm anteroposterior low-
eredto-2.5 mm; peek was favored for these experimentsto eliminate
the hypothetical possibility that nitroaromatic compounds such as
YM90K could be reduced by iron-containing surfaces. Mice were fit-
ted with a plastic head bar adhered to the skull with ultraviolet glue
and dental cement, enabling head fixation to facilitate drug infusions
inawake animals.

Reagents were infused into the brain via the cranial cannula as
previously described®. Following infusion, mice were placed into
open-field chambers (27 x 27 cm) in the dark, and behavior was
recorded usinginfrared video. The positions of the nose, tail and center
of mass of each mouse were tracked using Noldus Ethovision XT 10, and
analyzed offline in custom MATLAB scripts. Changes in orientation of
the vector pointing from tail to nose were analyzed to identify vector
rotations of atleast 360° with no more than 25% cumulative rotationin
the opposite direction (for example, a400° rotationto the right could
containnomore than100° cumulative hesitations to the left). Rotations
were normalized (for example, 400°/360° = 1.11 turns). False rotations
attributed to nose to tail assignment flips were eliminated by excluding
framesinwhich the nose-tail distance decreased to less than half of the
median value. Left and right rotations were separately tallied, and net
turns (for example, Fig. 4c) is total left minus right turns per hour. For
analysis of rotations binned according to turn diameter (for example,
Fig.4d), asliding-window analysis was performed over each 360° por-
tionof aturn; diameter was defined as the maximum Euclidean distance
between all center of mass positions. Separate histograms were tallied
forleftandright turns.

Dorsal striatum histology

Mice were deeply anesthetized withisoflurane and fixed by transcardial
perfusion of 15 ml of PBS followed by 50 ml ice-cold 4% paraformal-
dehyde (PFA) in 0.1 M PB, pH 7.4. Brains were excised from the skull,
further postfixed in 50 ml of 4% PFA at 4 °C overnight then washed
three times with PBS. Brains were embedded in 5% agarose and sliced

alongthe coronal axis at 50 pM (Leica, cat.no.VT1200S). Sections were
mounted onto glass slides (VWR, cat. no. 48311-703) and coverslipped
with Vectashield mounting medium (Vector Laboratories, cat. nos.
H-1400 or H-1800). Fluorescentimages (DAPI, GFP, TRITC, Cy5) were col-
lected at x10 magnification with either an Olympus IX83 inverted micro-
scope or an Olympus VS200 slide scanner. Images were analyzed for
pixelintensity using MATLAB. For each coronal section, the striatumwas
manually segmented in both hemispheres. Background fluorescence
(median oftheright, control hemisphere) was subtracted. Dye capture
in the left hemisphere was calculated via a pixel-wise summation over
25 coronal sections (cannula center +12 sections; 50 um per section).

Visual cortex surgeries

SOM::Cre mice (2 males, 1 female, for two-photon experiments) of
a50% CBA/Ca) background, or CBA mice (two males, for ambient
pharmacokinetic experiments) aged >P45 were administered dexa-
methasone (3.2 mg kg™, subcutaneously (s.c.)) <2 h before surgery.
Mice were anesthetized withisoflurane (1.25-2%in100% O,), ketamine
(200 mg kg™, intraperitoneal (i.p.)) and xylazine (30 mg kg™, i.p.), then
an incision was made in the scalp and the dorsal side of the skull was
scraped clean of remaining tissue. A guide cannula (cat. no. F11552, P1
Technologies) with acomplementary dummy cannula (cat. no. F11372,
P1Technologies) was directed to the right lateral ventricle using the fol-
lowing coordinates from bregma: 1.10 mm lateral, 0.20 mm posterior
and 2.30 mm from the skull surface. The cannula was secured to the
skull with Metabond (Parkell).

Within the same surgery, a custom titanium headpost was
cemented to the skull with Metabond and a 4.5-mm craniotomy was
made over the left visual cortex centered on the following coordinates
from lambda: 3.10 mm lateral and 1.64 mm anterior. The craniotomy
was fit with a custom-made glass window composed of a 6-mm cover-
slip bonded to two 4.5-mm coverslips (Warner, no. 1) with refractive
index-matched adhesive (Norland, no. 71), and the window was fixed
in place with Metabond. Buprenorphine (0.05 mg kg™) and cefazolin
(50 mg kg™) were delivered s.c. for 48 h following surgery. Following
at least 7 days recovery from the implantation surgery, mice were
gradually habituated to head restraint. Mice to be used for two-photon
experiments then underwent retinotopic mapping using widefield
autofluorescence imaging® to locate the primary visual cortex within
the cranial window, which served as the target for viral injections.

The mice used for two-photon imaging underwent an additional
surgery for viral injection. Dexamethasone (3.2 mg kg™, s.c.) was
administered at least 2 h before surgery. After anesthesia with isoflu-
rane (1.25-2% in 100% O,), the cranial window was removed. AAV,,o-
CAG-DIO-"HTP,-IRES-dTomatoF-W3SL (9 x 10 VG ml™) mixed with
AAV,-SYN-jGCaMP8s-WPRE (2.8 x 10" VG ml™) inal:1ratiowasinjected
viaaglass micropipette mounted onaHamiltonsyringe, driving expres-
sion of HTP and dTomato in somatostatin+ interneurons while driving
GCaMP expressioninall neurons. Two hundred nanoliters of virus were
injected at170-230 pM below the pia (30 nl min™); the pipette was left
inthe brain foranadditional 3 min to allow the virus to infuse into the
tissue. Following injection, a new coverslip was sealed in place with
Metabond. We then waited a minimum of 2 weeks for viral expression
to mature before performing two-photon experiments.

Lateral ventricle pharmacokinetics
For YM90OK.1”*""2 and Alexa647.1°**" delivery, mice were head fixed on
arunning wheel and the dummy cannularemoved. Aninternal cannula
(cat.no.F11373,P1 Technologies) connected toa Hamilton syringeonan
infusion pump wasinserted into the guide cannulaand securedinplace.
Compounds were delivered at 100 nl min™, followed by a 10-20-min
waiting period before the internal cannula was removed. The dummy
cannulawas thenreinserted and secured.

We visualized Alexa647.1°*"™ through the cranial window using
widefield microscopy. An excitation wavelength of 624 + 40 nm was
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delivered through the cranial window and emitted light was filtered
at 692 + 40 nm. Images were collected using a CCD camera (Rolera
EMC-2, Qlmaging) through a five air-immersion objective (0.14 NA,
Mitutoyo), using Micromanager acquisition software (NIH) and were
analyzedinimageJ (NIH) to qualitatively (for two-photon experiments)
or quantitatively (for ambient pharmacokinetics experiments) meas-
ure changed in fluorescence.

Lateral ventricle pulse-chase with biotin.1°Ak"2

We performed an acute local injection of biotin.1°**™2 either 24 h
after ICV (intracerebroventricular) infusion of YM90K.1”R"2 and
Alexa647.1°*"™2, or in animals that had never received an ICV bolus.
Having determined the location of HTP expression in visual cortex
using widefield imaging, we used vasculature landmarks to target the
biotin.1”*®™2injection to the center of this region. Dexamethasone
was administered at least 2 h before surgery and animals were anes-
thetized with isoflurane (1.2-2% in 100% O,). The cranial window was
removed and a glass micropipette was filled with biotin.1°**"2 (30 pM
in sterile ACSF), mounted on a Hamilton syringe and lowered into the
brain. Then1 plofbiotin.1”*™wasinjected 200-300 pm below the pia
(100 nl min™); the pipette was left in the brain for an additional 10 min
to allow the drug to infuse into the tissue. Following injection, a new
coverslip was sealed in place. Animals recovered from anesthesia for
approximately 1 h to allow DART binding, then were euthanized via
intracardial perfusion with 4% PFA and the brains extracted. Brains were
postfixed in 4% PFA for 24 h then cut into 50-um sections. To visualize
biotin.1*f™2pinding, slices wereincubated ininstreptavidin-Alexa750
(2 pG ml™in phosphate buffered saline) for1 hat room temperature with
gentle agitation, then washed three times in phosphate buffered saline.

Visual cortex 2P imaging and analysis

Images were collected using a two-photon microscope controlled by
Scanbox software (Neurolabware). A Mai Tai eHP DeepSee laser (New-
port) was directed into a modulator (Conoptics) and raster scanned
onthevisual cortex using resonant galvanometers (8 kHz; Cambridge
Technology) througha x16 (0.8 NA, Nikon) water-immersion lens. Emit-
ted photons were directed through a green filter (510 + 42 nm band
filter; Semrock) or ared filter (607 + 70 nm band filter; Semrock) onto
GaAsP photomultipliers (cat. no. HL0770B-40, Hamamatsu). Frames
were collected at 15 Hz. At the start of each experiment, an excitation
wavelength of 1,040 nm was used to visualize dTomato fluorescence,
allowingidentification of "HTP cells. All subsequentimaging employed
an excitation wavelength of 920 nm. Mice were head fixed on run-
ning wheel, and locomotion was monitored with a digital encoder
(US Digital, cat. no. H5-32-NE-S) at 10 Hz. Full-field drifting gratingsin
eight directions (from O to 315° in intervals of 45°) at three contrasts
(25,50 and 100%; data shown are for 50% contrast) were presented to
therightvisualfield; each trial constituted a 2-s stimulus presentation
and a 4-s interstimulus interval. Data were collected at 180-250 uM
below the cortical surface.

Custom code writtenin MATLAB (MathWorks) was used to analyze
two-photon data. To adjust for x-y motion, we registered all frames
from each imaging session to a stable reference image selected out
of several 500-frame-average images, using Fourier domain subpixel
two-dimensional rigid body registration. We manually segmented cell
bodies, first using the dTomato fluorescence to segment and iden-
tify *HTP cells, then segmenting all other visible cells from images
of the average AF/F signal during presentation of each stimulus, a
time-averagedimage of the full stack and alocal correlation map. These
later two segmentation strategies allowed detection of cells that were
active only weakly visually responsive. All segmented cells that were
not identified based on dTomato fluorescence were labeled as "HTP
and assumed to be putative pyramidal cells.

We derived fluorescence time courses by averaging all pixelsina
cell mask. To exclude signal from the neuropil, we first selected shell

around each neuron (excluding neighboring neurons), then estimated
the neuropil scaling factor by maximizing the skew of the resulting sub-
traction and finally removed the identified component fromeach cell’s
time course. Time courses were then splitinto 6-sepochs correspond-
ing to stimulus trials, and visually evoked responses were measured
astheaverage AF/Finthe 2-sstimulus period (where Fwas designated
atthe mean fluorescence in the 1-s period preceding the stimulus).

For eachmouse we performed a baseline imaging session the day
before YMOOKP*®T ICV delivery, then re-identified the same imaging
field of view in a second imaging session after delivery. We matched
cells across imaging sessions using a custom MATLAB script; briefly,
afterregistrationtheimage stack fromthe baseline session was rotated
to fully align with the image stack from the session following drug
delivery, then foreachcell foundin the post-ICV session we examined
a small field of view in the corresponding region of the stack from
the baseline session to determine whether the cell was visible in the
baseline session. Among cells that we could identify in both imaging
session, we included for analysis any cell that was visually responsive
(demonstrated a statistically significant elevation in AF/F during the
stimulus period for at least one stimulus condition as defined by a
Bonferroni corrected paired t-test) in at least one of the sessions. We
thenfoundthe preferred direction of visual grating for each celloneach
day, and analyses were performed on the subset of trials at that grating
direction for each cell. We further restricted the present analyses to
stationary periods (wheel speed <2 cms™).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source dataare provided for electrophysiology experiments at https://
github.com/tadrosslab/DART.2. Due to their large size, raw imaging
datasets are available upon request and will be fulfilled by the cor-
responding author.

Code availability
Codes that support the findings of this study are available at https://
github.com/tadrosslab/DART.2.
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Extended Data Fig. 1| Genetic construct design. (a) Constructs for
electroporation (cultured neuron experiments). M3810 (GenBank PP719192)
contains "HTP anchored to a transmembrane NLG 43, ¢45) domain, a 2A ribosomal
skip sequence, and a WPRE element’. M6374 (GenBank PP719194) is the ““HTP
version of this design. (b) Individual color channels. Corresponds to Fig. 2a.
Scale bar 10 pm. (c) Constructs for AAV packaging (slice and behavioral work).
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M3844 (not used in this study) is a Cre-dependent version of the NLG 43.¢4,/
2A/WPRE design (5.2 kb length)®. X0117A (GenBank PP719197) and M6360D
(GenBank PP719193) use a GP1/2A/ WPRE design (4.5 kb length). M6771A
(GenBank PP719195) and M6829B (GenBank PP719196) use a GP1/IRES / W3SL
design (4.5 kblength).
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Extended Data Fig. 2| Gabazine series and nanodomain model. Nanodomain
tethered-drug model. (a) Key model parameters. The model considers only the
gabazine molecules tethered to HTP proteins within 16 nm of the GABA ,R. Ny and
Ny are the number of gabazine molecules bound and unbound to the GABA,R,
respectively. C is the effective concentration of gabazine in the nanodomain.
Dose-response curve depicts hypothetical reagent with ACs, = 540 puM, for

which CCy, occurs when N, =1 (for half-block) and N, = 3 (for Cgr = 540 pM).

See Supplementary Discussion. (b-d) Gabazine®**" series. Chemical structure

of each gabazine variantis shown on the top left. Dose-response relationship

overlays raw data (means + SEM of cells) with model fits shown in dashed
(ambient) and solid (tethered) curves. Numerical values of Ny, Ny, and Cyer

are provided along the tethered dose-response curve. For gabazine.7°f"2,
CCso=60nM x 15 min (‘*HTP: n=18 cells), AC5, =180,000 nM (““HTP: n =21 cells),
Tl = 3,000-fold. For gabazine.5°*""2, CC, = 42 nM x 15 min ("HTP: n =25 cells),
AC5,=72,000 nM (“HTP: n =23 cells), Tl,5,, =1,700-fold. For gabazine.1®**"?,
CCs,=30nMx 15 min ("HTP: n =62 cells), ACs, = 12,000 nM (““HTP: n = 63 cells),
Thsm=400-fold.
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Extended Data Fig. 3 | Supporting datafor gabazine behavioral experiments.
(a) Cerebellar gabazine.1”**™2 dose-response. Each symbol is anindependent
granule cell; error bars are mean + SEM over cells. CCs, - 20 nM x 15 min (‘HTP
cells); ACs, - 1,000 nM (“HTP cells). (b, ¢) Gabazine.7°**™>and VTA,, action
potentials. Exemplar in panel b shows spontaneous action potentials of a

VTA,, neuronin the presence of picrotoxin (GABA, blocker), DNQX (AMPA
blocker) and APV (NMDA blocker). Panel c quantifies action potential firing

as afunction of injected current; performed before (black) and after (cyan)
gabazine.7”*""2was tethered in each cell. Error bars are mean + SEM overn=9
*HTP cells. Representative traces shown above. (d, ) HTP turnover estimation.
Protocol and exemplar images (panel d): a pulse of 1.2 puL of 30 pM biotin.1*%™2
was administered and subsequently chased (after intervals ranging from
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surface biotin®®"? remaining vs infusion interval (panel e): each symbolis an
independent mouse; error bars are mean + SEM over mice. The data were fitted
to an exponential, revealing a half-turnover of HTP protein at 1.5 + 0.3 days
(mean +95% Cl via nonlinear least squares fitting). (f) Quantifying VTA versus
SNcligand capture. Histology from one exemplar mouse showing dTomato
expression ("HTP, red) and Alexa647.1°™2 capture (cyan). Segmentation of the
VTA (white outlined region) and SNc (yellow outlined region). (g) Locomotion
vs SNcligand capture. Locomotor effects (RPM ratio) plotted against capture
of Alexa647.1°*"2in the SNc of each mouse (n =18 "HTP mice). There was not a
significant correlation (Pearson’s r2 = 0.01467; P= 0.6321).
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Extended Data Fig. 4 | Diffusion and capture of diverse DART.2 reagents. (a-c) initially executed, followed by a chase with biotin.1”**"2, Images in panel d show
Histological measure of diffusion. A mixture of DART reagents (Alexa488.1°*""2,  representative raw images (scale bar 10 um). Fach dose-response shows data
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over pixels from two mice. (d-h) Pulse-chase capture in cultured hippocampal CC,yvalues areindicated by gray vertical shading.
neurons. A dose-response with Alexa647.1°*"™2 or various Rx"*®"? reagents was
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Extended Data Fig. 5| Lateral ventricle pharmacodynamics. (a) Ambient
ICV pharmacokinetics. Two mice, not treated with AAV, received a bolus of
Alexa647.1°"""2 (2 uL over 20 min) into the contralateral ventricle and were
imaged through the cranial window. Fluorescence intensity within a specific
region of interest (ROI) was analyzed over time and normalized to its maximum
and minimum values. (b) Tethered ICV pharmacokinetics. Two SOM::Cre mice
with sparse AAV-DIO-"HTPg,, expressionin the visual cortex received an ICV
bolus of 0.3 nmole Alexa647.1°*f"2 + 3 nmole YM9OK.1°**"2 (2 uL volume) into
the contralateral ventricle. Tethered reagent was estimated via background-

subtracted fluorescence (orange virus-expressing region minus blue control

region) and was plotted as a function of time since bolus. (c-d) Pulse-chase
experiment. Injection of biotin.1”**"2 directly into the cortex of AAV-DIO-"HTPg,
mice. One mouse with (panel ¢) and one mouse without (panel d) a prior ICV
bolus of 0.3 nmole Alexa647.1°*f™2 + 3 nmole YM90K.1°*%"2, (e) Visual-grating
experiments. Traces to the left are reproduced from Fig. 4g. To the right are
scatterplots comparing each cell’s response before vs after YM9OK.1°A%"2
administration. Each symbolis one cell, with error bars indicating the grand
mean + SEM (red), and the binned mean + SEM for low-activity (brown), mid-
range (blue) and high-activity (purple) subsets.
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Extended Data Fig. 6 | Design and function of positive allosteric modulators.
(a) GABA,RPAM assay. ChR2, GCaMPé6s and "HTP/*“HTP co-expressed in the
same neuron, with excitatory synapses blocked. Low-dose GABA (3 uM) partially
activates endogenous GABA,Rs (=0 on vertical axis); maximum allostery
calibrated with 1 uM diazepam for each cell (=1on vertical axis). Error bars

are mean + SEM over cells. For diazepam.1°**"2, CC,, = 50 nM x 15 min (red,

*HTP: n=40 cells) and ACy, = 38,000 nM (black, ““HTP: n =14 cells), yielding

Thsy = 760-fold. Traditional diazepam (orange; *HTP/““HTP:n =17/ 6 cells).
Negative control was performed with no drug (gray; "HTP/%HTP:n=65/24
cells). (b) Flumazenil.1°**™2 is a full-strength PAM. Assay as in panel a; data
ismean + SEM over cells (blue, *HTP: n = 24 cells; black, “HTP: n = 24 cells).

(c) CMPDA derivatives. Structure and ACs, of CMPDA, CMPDA.1°%", and
CMPDA.1°*’", (d) CMPDA spacer model. Top: design of CMPDA.2 spacer

(PDB3RNN). Electropositive (blue atoms) and predicted hydrogen bonding to
S108. Bottom: Structure and ACs, of CMPDA.2°R"2, (e) Peak and time-constant
analyses for diazepam.1°**™2, Left: IPSC peak (baseline normalized; mean + SEM
over cells) reaches 1.4 + 0.06 for "'HTPvs 0.9 + 0.02 for “HTP; p=1.4 x 10~
(two-sided unpaired t-test). Right: IPSC time constant (exponential fit of IPSC
decay). Baseline-normalized values (after / before ratio; mean + SEM over cells)
are2.0+0.2for *HTPvs 1.0 + 0.03 for “HTP; p=2.7 x 10~ (two-sided unpaired
t-test). (f) Peak and time-constant analyses for CMPDA.2P*R"2 | eft: EPSC
peak (baseline normalized; mean + SEM over cells) reaches 1.6 + 0.2 for "HTP vs
0.95 +0.03 for “HTP; p = 0.005 (two-sided unpaired t-test). Right: EPSC time
constant (exponential fit of EPSC decay). Baseline-normalized values (after /
before ratio; mean + SEM over cells) are 2.1+ 0.3 for "HTP vs 1.0 + 0.03 for ““HTP;
p=0.007 (two-sided unpaired t-test).
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neuronal assays) and for individual mice (in behavioral work) to quantify the extent of viral expression and/or tracer-DART capture. This
allowed individual samples to be binned according to the efficacy of the manipulation.

Replication Detailed in methods. All attempts at replication over multiple neuronal preparations and multiple mice were successful.

Randomization  Detailed in methods. In cultured neurons, data obtained to compare two or more reagents (e.g., YM90OK.1DART.1 vs YM9O0K.1DART.2) was
obtained with experimental groups tested side-by-side, such that all comparison groups were equally represented in each batch of cells. For
slice, retina, and mouse behavior, positive vs negative groups (e.g., +HTP vs ddHTP mice) were interleaved and run side-by-side, using cage-
mates when possible, and balancing groups to minimize confounding differences (e.g., animal sex, experimenter, time of year), with the goal
of isolating the experimental variable of interest.

Blinding Detailed in methods. Blinding was not included in this study, however all analyses were automated in a manner that prevented experimenter
bias and influence on the resulting outcomes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Cell line source(s) Cell lines were only used for AAV prep. The cell lines and their authentication was performed by the Duke Viral Vector core
and Vector Builder.

Authentication See above. Authentication was performed by the Duke Viral Vector core and Vector Builder.

Mycoplasma contamination Duke Viral Vector Core and Vector Builder have verified that cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  n/a
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Detailed in methods. Rats: Sprague-Dawley (mixed multiple males and females used for primary neuronal cultures, postnatal day O to
1). Mice: Drd1a-Cre (6 males, 8 females, 10-20 weeks old), DAT-Ires-cre (26 males, 21 females, 8-20weeks old), SST-Cre (2 males, 1
female, P45-60), PV-Cre (22 males, 38 females, 12-24 weeks old), BACa6Cre-AxAi148D (6 males, 4 females, P5S0-60).

Wild animals No wild animals were used in this study.

Reporting on sex Detailed in methods. Relevant details related to sex and gender is provided above. Sex was considered in study design with regards to
balanced representation in each of the experiments, and was determined based on vivarium assignment followed by experimenter
verification. No sex-based differences were seen.

Field-collected samples  No field collected samples were used in the study.

Ethics oversight Detailed in methods. All animal experiments were approved by the Duke Institutional Animal Care and Use Committee, an AAALAC
accredited program registered with the USDA Public Health Service and the NIH Office of Animal Welfare Assurance, and conform to
all relevant regulatory standards (Tadross protocols A160-17-06, A113-20-05, A091-23-04).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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