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Thereis an urgent need for efficient and innovative therapies to treat brain disorders
such as psychiatric and neurodegenerative diseases. Immunotherapies have proved
to be efficient in many medical areas, but have not been considered to treat brain
diseases due to the poor brain penetration ofimmunoglobulins*. Here we developed
abivalent biparatopic antibody, made of two camelid heavy-chain antibodies
(called nanobodies)?, one binding to, and the other potentiating the activity of,
homodimeric metabotropic glutamate receptor 2. We show that this bivalent
nanobody, given peripherally, reaches the brain and corrects cognitive deficitsin
two preclinical mouse models with endophenotypes resulting from NMDA receptor
hypofunction. Notably, these in vivo effects last for at least 7 days after asingle
intraperitoneal injection and are maintained after subchronic treatment. Our results
establish a proof of concept that nanobodies can target brain receptors, and pave the
way for nanobody-based therapeutic strategies for the treatment of brain disorders.

The majority of brain diseases are stillin need of new therapies. To date,
mostly small molecules are used and developed for these pathologies,
but they sometimes lack selectivity and/or show off-target binding
resulting in side effects. Alternatively, antibodies are highly specific
for their target, but the brain penetration ofimmunoglobulins (IgGs)
is rather limited'?, such thatimmunotherapy for brain diseases has
seldomly been considered. However, recent efforts to develop inno-
vative treatments for Alzheimer’s diseases highlight the possibility of
using antibodies to target the brain*’. Nanobodies, which are variable
V,;u domains of the camelid heavy-chain antibodies and the smallest
proteins derived from theimmune system?, could be envisioned asan
alternative to target brain diseases. With a molecular mass of 15 kDa
and only three complementarity-determining regions, they are able
to bind to small cavities of their protein target and stabilize specific
conformations to modulate target activity®. Although it is commonly
assumed that nanobodies cannot reach the brain, a few have shown
brain-penetration abilities®®, raising the possibility that some nano-
bodies could be used to treat brain pathologies™.

Over the past decade, anincreasing number of nanobodies targeting
and modulating cell surfacereceptors have beenreported withawide
range of pharmacological profilesincluding allosteric modulations™ ™.
Asderivatives of theimmune system, these allosteric modulator nano-
bodies are hydrophilicand highly selective for their target. Moreover,
whenactingas allosteric modulators of receptor function, they preserve

temporal and spatial patterns of physiological activation. As such, posi-
tive modulator nanobodies are less prone to inducing side effects, in
contrast to small-molecule hydrophobic modulators. They represent an
alternative to small molecules for controlling the activity of cell surface
receptors, including those involved in synaptic transmission™. Notably,
we previously reported DN13—ananobody that functions as a positive
allosteric modulator (PAM) specific for the metabotropic glutamate 2
(mGlu2) receptor homodimer™, whichis considered a target to reduce
glutamatergic tone in brainregions related to schizophrenia™®, Indeed,
several drugs targeting mGlu2 in schizophrenia have been developed
andvalidated in phase Il clinical trials” ., However, they failed in phase
Il trials for multiple reasons, including action on the mGlu3 receptor
and decreased mGlu2 expressionin patients treated with antipsychot-
ics*%. Notably, DN13 binds to only the agonist-bound conformation of
thelarge extracellular domain of the mGlu2 homodimer, withno bind-
ing to other mGlu receptors'*. Moreover, the PAM property of DN13
was confirmed for endogenous mGlu2 receptorsboth ex vivoonbrain
slicesandinvivoinafear-conditioning paradigm after directinjection
into the brain™. Consequently, DN13 appears to be a good candidate
to determine whether ananobody can be used to decrease symptoms
associated with abrain disorder and whether peripheraladministration
leads to central behavioural effects.

Here we establish the proof of concept that an optimized nanobody
potentiating the mGlu2 receptor penetrates the brain after peripheral
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Fig.1| The mGlu2-specific DN13-DN1nanobody potentiates receptor
activation and penetrates the brain. a, Schematic of DN13 and the bivalent
biparatopic DN13-DN1in which the two nanobodies are linked using the hinge
fromIlama heavy-chain antibodies (HcAb). b, Cartoon of the mGlu2 receptor
fusedtoanextracellular SNAP tag (ST) for labelling and the 6 xHis-tagged DN13-
DN1bindingto thereceptor.Intracellular IP1accumulation s a functional
readout of mGlu2 receptor activation. ¢, Saturation binding experiments of
DN13 and DN13-DN1on cells expressing SNAP-mGlu2in the presence of a
saturating concentration of the agonist LY379268 (1 uM). Data are mean
+s.d.of three individual experiments each performed in quadruplicates.

d, Potentiation of IP1accumulationinduced by the indicated nanobodiesin the
presence of LY379268 (EC,,, 0.6 nM). Data are mean + s.d. of three individual
experiments each performedintriplicates. e, Ex vivoimmunofluorescence
analysis of brain sagittal sections from WT (left) or mGlu2”" (right) mice using

administration and corrects behavioural deficits resulting from NMDA
receptor hypofunction. Such effects were observed in two preclinical
models, one resulting from NMDA receptor inhibition with phency-
clidine early during development?, while the second mimics a rare
human disease (GRIN1 disorder) that results from a low expression of
the GluN1subunit?®?¢, Notably, the nanobody stillimproves cognition
and sensorimotor gating 7 days after a single peripheral injection, and
also after subchronic treatment. Together, our observations open
perspectives for nanobody-based immunotherapies for brain diseases.

A bivalent nanobody potentiates mGlu2 receptor

To increase the likelihood of observing a pharmacological effect in
the brain even at alow nanobody concentration, our rationale was to
improve the affinity of the mGlu2 PAM nanobody DN13 that we already
developed". We generated and screened a number of bivalent nano-
bodies using two different linkers to fuse DN13 to the mGlu2 selective
neutral DN1 or to the agonist-PAM DN10 (Fig. 1a,b and Extended Data
Fig.1). This is a well-known strategy to increase the avidity or the resi-
dencetime ofananobody onits target or both. We selected the bivalent
biparatopic DN13-DN1 (Fig. 1a) that showed a tenfold increase in the
apparent affinity (K;) for mGlu2 compared with DN13 alone (0.50 nM
(pK3=9.30 £ 0.25) and 4.10 nM (pK,; = 8.39 + 0.30), respectively) inthe
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mGlu2™"

d2-labelled DN13-DNI1. Scale bar, 1.1 mm. White levels were modified uniformly
(Zen, Zeiss). Representative slices of two technical replicates from three
animals. f, Quantification of the radioactivity presentin the mouse brain
4h,24 h,4 days or7 days afteri.p.administration of PH]DN13-DN1. Data are
mean +s.d. of theindicated number of animals (n). Statistical analysis was
performed using Brown-Forsythe and Welch analysis of variance (ANOVA)
with Dunnett’s multiple-comparison test compared with the vehicle treatment;
*P<0.05,**P<0.01,***P<0.001.g, Immunohistochemical detection of
DN13-DNlinthe ventral tegmental area (VTA) (top) and in the cerebral cortex
(bottom) 24 hafteri.p.administration of DN13-DN1 (right) versus vehicle (left).
Representative slices of four technical replicates from two animals. Scale bar,
50 pm. The diagramin fwas partly generated using Servier Medical Art,
provided by Servier,undera CCBY 4.0 license.

presence of agonist (LY3792681 uM; Fig. 1cand Extended Data Fig. 2a).
Moreover, we detected an almost 2-log increase in PAM potency for
DN13-DN1 (half-maximum effective concentration (EC5,)=1.76 nM;
negative logarithm of the ECs, (pECs,) = 8.75 + 0.40) compared with
DN13 (ECs, =101 nM; pECs, = 7.00 + 0.33) to enhance mGlu2 activation by
agonist LY379268 (Fig.1d) and glutamate (Extended Data Figs.1cand 2b).

Like DN13 and DN1", DN13-DN1 is specific for mGlu2 over the other
mGlureceptors (Extended DataFig.1d). The specificity of DN13-DN1 for
mGlu2 in the brain was validated by ex vivo immunohistofluorescence
analysisusingafar-red d2-labelled DN13-DN1that preservedits binding
properties (Fig.1eand Extended DataFig. 1e). Sagittal brain sections from
wild-type (WT) C57BL/6) mice revealed mGlu2 labelling in regions that
areknown to express this receptor, including the prefrontal cortex, the
hippocampus, the striatum, the cerebellum and the olfactory bulb¥.No
labelling was detected in brain tissue sections from mGIlu2” mice (Fig. 1e).

DN13-DN1reaches the brain

To assess the suitability of the intraperitoneal (i.p.) route to administer
the nanobody in a similar manner to small molecules, we first evalu-
ated the pharmacokinetic profile of DN13-DN1and DN13 in the blood
stream, as they might be quickly eliminated by the kidney due to their
smallsize?®. We developed a time-resolved FRET-based assay (Extended
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DataFig.3a-e) to quantify theamount of nanobodies in blood samples
collected at different times after i.p. administration of 10 mg per kg of
nanobodies. Elimination of DN13-DN1 was significantly slower than
the smaller-sized DN13, and DN13-DN1 was detected for about 8 h.

A fraction of the administered DN13-DN1 penetrated the brain
(Fig. 1f,g), as previously reported for a few other nanobodies®®. To
determine this, we labelled DN13-DN1 with tritium on a single lysine
residue using bacterial transglutaminase and the CBz-GIn-Gly-Lys([*H]
Pr)-OH peptide, a derivatization strategy that preserved the binding
properties onthe mGlu2 receptor (Extended Data Fig. 1f). Afteral0 mg
perkgi.p.administration, P(H]DN13-DN1levels reached their maximum
at4 hafter administration, with 0.08% of the administered radioactivity
detected inthe total brain extracts. Radioactivity was still detected up
to 7 days after injection in mice (Fig. 1f). Considering a homogenous
nanobody distribution in the whole brain volume (about 500 mm?),
we estimated that the DN13-DN1 brain concentration reaches 9.2 nM
at 4 h after administration, which is about 20x the K, and reduces to
1.5nM 7 days after administration, which is still over 3x the K,. The
local concentration could be even higher near mGlu2-expressing
neurons as they would trap the circulating nanobody due to the DN1
domain, therefore limiting the diffusion and potentially leading to a
non-homogenous distribution. For a more qualitative analysis of the
DN13-DNl1braindistribution, we used immunohistochemistry. At 24 h
after DN13-DN1i.p. administration (10 mg per kg) in mice, brains were
fixed and brain sections were labelled using an antibody recognizing
the 6xHis tag of DN13-DN1. DN13-DN1 was detected in various brain
region such as the ventral tegmental area or in the cortex (Fig. g and
Extended DataFig. 3f). Noimmunoreactivity was detected in the brain
of vehicle-injected mice (Fig. 1g and Extended Data Fig. 3f). The cortical
localization of the nanobody was also confirmed by autoradiography
on brain slices of [P(HIDN13-DN1-treated mice 24 h after i.p. adminis-
tration (Extended Data Fig. 3g). Together, these observationsindicate
that DN13-DNI1 penetrates the brain sufficiently to potentiate mGlu2,
concentrates insome brain areas and remains present for up to 7 days.

DN13-DN1improves recognition memory

To assess the efficacy of DN13-DN1in vivo, we used a neonatal phency-
clidine (PCP) mouse model that recapitulates inadult animals cognitive
and other behavioural changes resulting from NMDA receptor hypofunc-
tion, and characteristic of schizophrenia®. In this model, administra-
tion of the NMDA receptor antagonist PCP, at postnatal days 7,9 and
11, induces cognitive deficits that can be measured in adulthood using
the novel-object recognition (NOR) test (Fig. 2a,b). We first found that
intracerebroventricular (i.c.v.) injection of DN13-DN1 directly into the
brain (4 pmolin5 pl) restores anormal cognitive performancein NORin
PCP-treated mice with a 24 hretentioninterval (Fig. 2c). This approach
enables precise control of the nanobody quantity delivered into the
brain (>15 x K;). The DN13-DNI1 effect was similar to that obtained with
the mGlu2/mGlu3 orthosteric agonist LY379268 (1 mg per kg, i.p.). By
contrast, the mGlu2-selective neutral DN1 nanobody at the same dose
(4 pmolin 5 pl) did not ameliorate the discrimination index for NOR in
PCP-treated mice, confirming theimportance of DN13-DN1PAM prop-
erty toobserve abehavioural effect. Moreover, we determined that nei-
ther DN13-DN1nor DN1orLY379268 altered the cognitive performance
incontrol vehicle-treated mice inthe NOR task (Extended Data Fig. 4a).
Notably, DN13-DN1wasinjected only once 24 hbefore the NOR training
phases, that is, 48 h before the NOR test, while LY379268 was injected
twice, 1 hbefore the trainingand1hbefore the NOR test performed the
next day (Fig.2c). Together, these dataindicate that asingle administra-
tion of DN13-DN1 into the brain 2 days before the behavioural experi-
mentisasefficientas anacute administration of the orthosteric mGlu2/
mGlu3 agonist to improve cognitive function in this model.

When administeredi.p. (10 mg per kg), DN13-DN1also restored the
cognitive capacity of PCP-treated mice, in agreement with its brain

penetration. Indeed, the discrimination index of PCP-treated mice
in NOR was similar to that obtained after LY379268 administration
ori.c.v.administration of DN13-DN1 (Fig. 2c). Importantly, the ben-
eficial effect of DN13-DN1 was completely inhibited by the injection
of the mGlu2/mGlu3 antagonist LY341495 (3 mg per kg) administered
30 min before the injection of the nanobody (Fig. 2c). We also con-
firmed thatthe observed behavioural effect was not linked to changes
inlocomotion (Extended Data Fig. 5a,b), changes in mGlu2 receptor
expression (Extended Data Fig. 6a,b) and that there was no sex differ-
ence (Extended Data Fig. 7a). Importantly, we show that DN13-DN1
stillimproves cognitive performance 7 days after i.p. administration
while the small-molecule agonist LY379268 had no longer an effect,
as assessed in the NOR test with a 7-day-retention period (Fig. 2d and
Extended DataFig.4b). Thisindicates that DN13-DN1 modulates brain
mGlu2 receptor activity and maintains an improved cognitive per-
formance up to 7 days after a single peripheral administration, while
small molecules do not.

DN13-DN1restores working memory and sensory
gating

To confirm the DN13-DN1 behavioural effect in another model of
NMDA receptor hypofunction, we used the GluN1-knockdown (GluN1
KD) genetic mouse model that mimics the rare human genetic disease
GRIN1%2¢, GluN1-KD mice have a hypomorphic mutation of Grinl that
leads to a partial loss-of-function due to the reductionin the amount of
GluN1 containing NMDA receptors uniformly in the brain. The behav-
ioural profile of GluN1-KD mice resembled that of mice treated with low
doses of NMDA receptor antagonist, as previously reported®. GluN1-KD
mice displayed impairmentsin performanceinthe Y-maze behavioural
test, which assesses short-term working memory (Fig. 3a,b). Nota-
bly, asinglei.p.administration of DN13-DN1 (20 mg per kg) markedly
improved working memory 3 h after injection. The effect was similar to
thatinduced by LY379268 (1 mg per kg) injected 1 hbefore the test. The
increased alternations were not due to a drug- or nanobody-induced
augmentation of the GIuN1-KD mouse hyperactivity (Extended Data
Figs.4c,dand5c,d). As a control, we verified that neither DN13-DN1 nor
LY379268 had an effect on WT mice treated under the same conditions
(Fig.3b). Notably, 7 days after administration, DN13-DN1stillimproved
the working memory of GluN1-KD mice, while the mice treated with the
agonist LY379268 no longer showed an effect (Fig. 3c and Extended
DataFig.4e). Theseresults show that DN13-DN1improves short-term
working memory inthe GIluN1-KD mice for atleast 7 days, an effect that
results fromits ability toreach and remainin the brainforup to7 days,
potentiating the mGlu2 receptor activity.

GluN1-KD mice also display deficiency in sensory processing
Sensorimotor gating was evaluated using pre-pulse inhibition (PPI) of
theacoustic startle response. As previously reported®” ', the gating was
impaired inthe GluN1-KD mice (Fig. 3d-fand Extended DataFig. 4f-h).
Theimpairment was reduced when GIuN1-KD mice were treated with a
singlei.p.injection of DN13-DN1(20 mg per kg), an effect observed 3 h
after nanobody administration for an 81 dB prepulse intensity (Fig. 3e).
Notably, and reminiscent of our observationsinthe Y-mazetestandin
NORtestin PCP-treated mice, retesting the animals 7 days later without
additional compound administration showed that DN13-DN1 wassstill
efficient at restoring the PPl of GIuN1-KD mice. Indeed, the nanobody
effect was even stronger at 7 days, as a decreased startle response
was seen for both 69 dB and 81 dB prepulse intensities (Fig. 3f). WT
and vehicle-treated mice showed a similar response in both test days,
indicating that the mice did not show habituation due to the former
experiment. Moreover, on the first testing day, the effect of DN13-
DN1wassimilar to that of the agonist LY379268 injected 1 hbefore the
test (Fig. 3e); however, 7 days later, without further administration of
LY379268, only the group treated with DN13-DN1showed animproved
response (Fig. 3f). DN13-DN1treatment did not modify mGlu2 receptor
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neurodevelopmental PCP-induced mouse model of schizophrenia.

a, Schematic of the experimental timeline. b, Schematic of the NOR protocol
witheithera24 hor7dayretention period between the training and testing
phases (for cand d, respectively). ¢, The discrimination index was determined
using the NOR task 24 h after trainingin control (black, n = 34) or PCP-treated
(green, n=20) mice additionally treated with vehicle, and in PCP-treated
animals additionally treated with DN13-DN1i.c.v. (4 pmol, 5 pl; 48 h after
administration; orange; n=9) ori.p. (10 mg per kg; 24 h after administration;
red; n=21), the negative control DN1(4 pmol, 5 pli.c.v.; brown; n=13) and the
reference mGlu2 agonist (LY379268;1 mg per kgi.p.; 1 h after the second
administration; blue; n =11). The effect of the mGlu2 antagonist LY341495

expression in various brain areas (Extended Data Fig. 6¢) and the
observed behavioural effect is not linked to the sex (Extended Data
Fig. 7d) or the weight of the animals (Extended Data Fig. 8a,b). Taken
together these results show that the bivalent nanobody DN13-DN1
has a long-lasting effect in improving the cognitive deficits and sen-
sorimotor gating impairments of the GIuN1-KD mice, after asinglei.p.
administration, while the effect of small molecules is more transient.

Lack of behavioural effect of alarger antibody

We next examined whether an IgG-like format would show similar
behavioural improvements as nanobodies. To our knowledge there
are no mGlu2 IgGs that increase the receptor activity. We therefore
generated a DN13-Fc construct corresponding to the fusion of two
DN13 nanobodies to a Fc domain of human IgGl leading to an 80 kDa
protein (Fig.4a). Asexpected, DN13-Fcbinds to and exerts a PAM effect
on mouse mGlu2 receptors (Extended Data Fig. 2).

Incontrast to DN13-DN1 (10 mg perkgi.p.), acutei.p.administration
of DN13-Fc (10 mg per kg) does notimprove behavioural impairment
inthe neurodevelopmental PCP mouse model (Fig. 4b and Extended
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(3 mgperkgi.p.) alone (grey; n=12) or with DN13-DN1 (purple; n=13) was
tested.d, Thediscriminationindex was determined using the NOR task 7 days
after training in mice treated with DN13-DN1i.p. (10 mg per kg; red; n=24)
and LY379268 (1mgperkgi.p.; blue; n=10) compared with mice treated with
vehicle and PCP (green; n=23) and mice treated with vehicle control (black;
n=23).Forcandd, dataare mean + s.d. Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s multiple-comparison test
compared with the control mice (black; hash symbols), or compared with the
PCP-treated mice (green) or the indicated groups (all other comparisons).
NS, notsignificant; **#*P<0.0001, ***P < 0.001. Details on statistics and
Pvalues are provided as source data.

DataFig.9a) orinthe genetic mouse model (Fig. 4c,d and Extended Data
Fig.9b) regardless of the sex of the animals (Extended Data Fig. 7b,d).
Moreover, the hyperlocomotion of GluN1-KD mice is significantly
reduced by DN13-DN1, while DN13-Fc has no effect on locomotor activ-
ity as assessed in an open-field test (Extended Data Fig. 5c,d). These
results show that a dose of 10 mg per kg of DN13-DN1 is sufficient to
obtain behaviouralimprovementsin GluN1KD. Importantly, it shows
that the nanobody is superior to IgG-like antibodies to target brain
mGlu2 receptors and correct associated brain deficits.

For these studies, DN13-DN1 was produced in bacteria, which may
result in contamination by endotoxins and, therefore, inflammation
andside effectsin animal after administration. Visual observation of the
animals did not reveal any notable effect of the nanobody. Moreover,
we performed a series of experiments showing no effect of 10 mg per
kg DN13-DN1 on motor coordination, balance and cataleptic behav-
iour in C57BL/6) mice (Extended Data Fig. 8c). To further exclude that
the positive behavioural effects of DN13-DN1 is related to endotoxin
contamination (24.15 £ 7.55 pg lipopolysaccharide (LPS) per mg DN13-
DN1), we performed additional purification steps to reach an almost
endotoxin-free sample (0.19 + 0.18 ug LPS per mg DN13-DN1). Notably,
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the corresponding dose of LPS in animals injected with 10 mg per kg
of nanobody is either 0.24 + 0.07 mg or 0.002 + 0.002 mg (addition-
ally purified sample) (Extended Data Fig. 10a), which are both below
the concentrations reported to alter blood-brain barrier integrity or
induce neurotoxicity®***. Importantly, there is no difference between
the two preparations of DN13-DN1 (the original and additionally puri-
fied) when assessing improvement in working memory in a Y-maze test
of GIuN1-KD mice (Extended DataFig.10b). Together, this confirms that
endotoxins are not responsible for brain penetration of DN13-DN1 or
positive behavioural effects.

Positive effects maintained after subchronic
treatment

After establishing the proof of concept thati.p. administrated mGlu2

nanobody corrects deficits resulting from NMDA receptor hypofunc-
tion in two mouse models, we examined whether the benefits were

d-f, The PPlexperiment.d, Schematic of the experiment. One cohort of mice
wastested in PPlat3 hafter drugtreatment (e) and retested after 7 days (f).

e f, The percentage of PPIwas determined in vehicle-treated (black),
LY379268-treated (blue) and DN13-DN1-treated (red) mice, assessed 3 h (e)
or 7 days (f) after treatment. DN13-DN1had no effect on the acoustic startle
response (ASR; Extended Data Fig. 4f~h). Dataare mean + s.d. The number
of animalsisindicated above the xaxis. Statistical analysis was performed
using three-way repeated-measures MANOVA (rm-MANOVA) followed by
Tukey’s HSD test compared with vehicle-treated WT mice (hash symbols)
and compared with vehicle-treated GIuN1-KD mice (asterisks); P < 0.0001,
**P<0.01,***P<0.001. Details of the statistical analysis and Pvalues are
provided assourcedata.

maintained with a subchronic administration protocol. We adminis-
tered aninitial dose of 10 mg perkgi.p., followed by three doses of 1 mg
perkgi.p. DN13-DN1withalweekintervalinthe neurodevelopmental
PCP modelandinthe genetic GluN1-KD model (Fig. 5a). In this protocol,
subchronic DN13-DN1dosing improved recognition memory (Fig. 5b),
working memory (Fig. 5c and Extended DataFig. 9c) and sensory gating
(Fig. 5d and Extended Data Fig. 9¢c) independent of the sex (Extended
DataFig. 7c,e) or the weight (Extended Data Fig. 8a,b) of the animals.
Subchronic DN13-DN1 dosing also reduced GluN1-KD hyperlocomo-
tion (Extended Data Fig. Se,f).

Changesinreceptor expression level are often observed after along
andrepeated activation. Notably, subchronic DN13-DN1administration
did not change the mGlu2 expression level in the brain areas that were
testedinboth animal models (Extended DataFig.11). This indicates that
nanobody treatment does not promote downregulation of the receptor
expression and would therefore be compatible for repeated dosing.
Moreover, no toxicity was detected by visual observation of the animals
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Fig.4|Absence of acute behavioural effects of DN13-Fcin the two mouse
models of schizophrenia. a, Schematic of DN13-Fc, whichis a fusion of two
DN13 nanobodies to the humanIgGl Fc domain. b, The discriminationindex
was determined using the NOR task 24 h after trainingin vehicle control mice
(black; n=18) orin PCP-treated mice that were additionally treated with vehicle
(green; n=32),DN13-Fc (10 mg perkg, i.p.; 24 h after administration; blue;
n=23)and DN13-DN1(10 mg per kg, i.p.; 24 hafter administration; red; n=10).
Dataare mean *s.d. Statistical analysis was performed using Kruskal-Wallis
tests followed by Dunn’s multiple-comparison test compared with the control
mice (hash symbols) or compared with the other groups (other comparisons);
##P<0.01,**P<0.01.c, The percentage of spontaneous alternations3 h

after treatmentin vehicle-treated (black), DN13-Fc-treated (blue) and

after subchronic administration of DN13-DN1 and locomotion of WT
mice was also not altered (Extended Data Fig. Se,f). Taken together,
these dataindicate that DN13-DN1 may be a promising candidate for
further translational studies.

Discussion

Here we describe an optimized bivalent biparatopic nanobody
potentiating mGlu2 and show that it reaches the brain and restores
cognition and sensorimotor gating in two mouse-models of NMDA
receptor hypofunction leading to schizophrenia-like symptoms.
This nanobody penetrates the brain during the first hours after i.p.
injection and has a long-lasting residency in the brain, up to 7 days.
Restoration of behavioural deficits is observed after both acute and
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DN13-DN1-treated (red) WT and GluN1-KD mice. Dataare mean +s.d. The
number of animalsisindicated at the bottom of the bar. Statistical analysis was
performed using two-way MANOVA followed by Tukey’s HSD test compared
with vehicle-treated WT mice (hash symbols) and compared with vehicle-
treated GIuN1-KD mice (asterisks); ***P < 0.001,***P< 0.001.d, The percentage
of PPIwas assessed 3 hafteri.p. injection of vehicle-treated (black), DN13-
Fc-treated (blue) and DN13-DN1-treated (red) mice. Dataare mean *s.d.

The number of animalsisindicated above the x axis. Statistical analysis was
performed using three-way rm-MANOVA followed by Tukey’s HSD test
compared with vehicle-treated WT mice (hash symbols) and compared with
vehicle-treated GIuN1-KD mice (asterisks); “P< 0.05,*P< 0.05,***P < 0.001.
Details of the statistical analysis and Pvalues are provided as source data.

subchronic administration protocols, with an absence of side effects
onmeasures such aslocomotion and on visual observation of animals.
Importantly, this study reveals the advantage of the nanobody format
over small-molecule drugs that are known to have short-term effects.
Our dataalso show the value of nanobodies compared with larger anti-
body fragments that show no behavioural-improvement effects. Such
along-lasting action of nanobodies could be particularly relevantin
therapeutical interventions.

We show here that, although only 0.1% of DN13-DN1 injected i.p.
reaches the brain after 4 h, the levels are sufficient to exert beneficial
behavioural effects for up to 7 days. Although the percentage of the
bivalent DN13-DN1 nanobodies entering the brain is similar to that
reported for brain entry of IgGs'?, IgGs stay in the peripheral circula-
tion for few days or more, in contrast to nanobodies, which are rapidly
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multiple-comparison test compared with PCP-treated mice (bottom);
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eliminated from circulation in less than 6 h. This reveals a fast brain
entry of nanobodies and suggests that prolonging their blood stability,
through fusion to an albumin-binding motif, for example®*, could fur-
ther enhancebrain penetration by lengthening the circulating half-life.
In support of a better brain access of our nanobody over IgG, when
combined with an Fc domain to generate an IgG-like antibody, DN13
nanobody has no effect in the animal models, further illustrating the

atthe bottom of the bar. Statistical analysis was performed using two-way
MANOVA followed by Tukey’s HSD test compared with vehicle-treated WT mice
(hash symbols) and compared with vehicle-treated GluN1-KD mice (asterisks);
###p<0.001,**P<0.01.d, The percentage of PPIwas assessed 3 h after the last
injection of the subchronictreatmentin vehicle-treated (black) and DN13-
DNIl-treated (red) WT and GluN1-KD mice. Dataare mean +s.d. The number of
animalsisindicated above the x axis. Statistical analysis was performed using
three-way rm-ANOVA followed by Tukey’s HSD test compared with vehicle-
treated WT mice (n =8) (hash symbols) and compared with vehicle-treated
GluN1-KD mice (n=10) (asterisks); “*P< 0.01,**P < 0.01, ***P< 0.001. Details
ofthe statistical analysis and Pvalues are provided as source data. The diagram
inawas partly generated using Servier Medical Art, provided by Servier, under
aCC4.0license.

advantage of the small size of nanobodies. Considering the quantity of
molecule administered to mice (from1to20 mg per kg for DN13-DN1,
3to25 mgperkgforlgG) and their size difference (30 kDaand 150 kDa,
respectively), alarger number of nanobody molecules is present in
the brain. In the case of our Fc construct (80 kDa), the size difference
isless than the difference in the dose injected (10 mg per kg, versus as
low as 1 mg per kg for the nanobody) such that this difference cannot
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explain per se the absence of effect of the Fc construct. The mechanism
of nanobody brain penetration is not fully elucidated®. It has been
proposed that abasic value of nanobody isoelectric point may facilitate
brain penetration. However, our preliminary study offers evidence of
apassage through the fenestrated vessels, aroute that cannot be used
by proteins larger than 60 kDa, including IgGs (Supplementary Fig. 1).
We also observed a similar brain penetration of these nanobodies in
mGlu2” mice, demonstrating that this target is not involved in the
trafficking through the blood-brain barrier (Supplementary Fig. 2).
Moreover, thanks to their small size, nanobodies have better tissue
penetration than large antibodies, allowing an easier access to their
target?®>¢, The small size also confers on nanobodies access to small
cavities, revealing additional epitopes compared with IgGs*. Other
advantages of nanobodies are their low immunogenicity®**, stability,
easy expression and low-cost production*’.

Our data show that DN13-DN1 can still exert in vivo effects 7 days
afterasinglei.p.injection, consistent with the detection of the tritiated
nanobodyinthebrain1weekafteritsinjection.Suchalong-term effect
of the nanobody is a clear advantage over the use of small-molecule
agonists of mGlu2, which showed effects only acutely and no effect
when tested 7 days after administration.

The mGlu2receptorisatarget that was already highly studied for the
treatment of symptoms associated with schizophrenia ., Despite the
failure of the mGlu2/mGlu3 agonists* or mGlu2 PAMs***?in phasell or
phasellltrials due to lack of efficacy, a post hoc analysis indicates that
an epigenetic downregulation of mGlu2 receptor expression occurs
after antipsychotic treatment?. It is possible that mGlu2 downregu-
lation precluded the beneficial effect of the mGlu2/mGlu3 ligands in
patients who were treated with antipsychotics, while other patients
showed positive effects to mGlu2 ligands, providing new perspectives
for mGlu2 targeting compounds in schizophrenia®. Our present results
suggest that DN13-DN1 represents an interesting alternative to small
molecules. Behavioural tests indicate that the nanobody is as efficient
as the mGlu2/3 agonist LY379268 for restoring cognition and senso-
rimotor gating in two mouse-models with schizophrenia-like symp-
toms resulting from NMDA receptor hypofunction. Compared with
LY379268, DN13-DN1 has the advantage of being selective for mGlu2
homodimers and potentiates their activation only where and when
the endogenous ligand is present, thereby avoiding overstimulation
and desensitization, which is often a major side effect of full agonists*.
Indeed, we found that acute and subchronic treatment with DN13-DN1
had no effect onthe mGlu2 receptor expression in various brain regions.
Compared with small-molecule PAMs, the nanobody has the advantage
of being hydrophilic, limiting potential off-target binding, which was
reported for hydrophobic small-molecule PAMs***, Moreover, the
effect of the small-molecule PAMs on the mGlu2-containing heterodi-
mers is largely not known and may contribute to side effects*t. Taken
together, our data show that targeting mGlu2 homodimers selectively,
not heterodimers or other mGlu receptors, is efficient in restoring
behavioural deficits resulting from NMDA receptor hypofunction.
This further supports mGlu2 homodimers as a specific target to treat
patients with GRIN disorders, as well as those with schizophrenia associ-
ated with animportant deficitin the glutamatergic system.

Despite the promise of nanobodies as possible therapeutic tools,
more work will have to be done to minimize any possible adverse effects.
The possibleimmunogenicity of nanobodies has already been studied
andappearstobelimited due tothe very high conservation with human
V, class 3 (reviewed previously®). However, immunogenicity has been
reported for some nanobodies*. With only 12 residues different between
nanobodies and humanV,,, humanization canbe envisioned**, with the
limitation of residues within complementarity-determining regions.
Regardless, two nanobodies are already on the market***°, including
one thatis fused to an anti-albumin nanobody to largely increase its
residence time in the blood circulation, a situation that would favour
immunogenicity. Possible peripheral effects of DN13-DN1 cannot be
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excluded asmGlu2 expression has been reported in some non-neuronal
tissues, such as the lungs®. However, due to the short half-life of the
nanobody in the periphery, such side effects will likely be limited in
time?®. Furthermore, it remains to be clarified which is the best format
for therapeutic development of the nanobodies and which route of
administration (i.v., subcutaneous or intranasal) will be preferable.

Together, our study opens new routes for the clinical management
of brain diseases with nanobody-based immunotherapies using
low-frequency, peripheral administration. Moreover, DN13-DN1 will
help usto understand cognitive deficits resulting from NMDA receptor
hypofunction, such as those leading to schizophrenia or those respon-
sible for the rare human genetic GRIN disorders, and ascertain the
relevance of mGlu2 receptor activation in patient care.
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Methods

Ethics

Animal care and surgical procedures were performed according to
the Directive 2010/63/EU of the European Parliament, which had
beenapproved by the Ministry of Agriculture, France. The project was
approved by the French National Ethics Committee for Animal Experi-
mentation (CEEA) under the number APAFIS 36241-2022032518526906
v4 (for PCP procedure), APAFIS 4111-2016021613253432 v5 (for tritiated
nanobodies) and APAFIS 31981-2021060423426200 v3 (for nanobody
pharmacokinetics in blood). Behavioural pharmacology in GIluN1-KD
mice was approved by the Faculty of Medicine and Pharmacy Ani-
mal Care Committee at the University of Toronto in accordance with
Canadian Council on Animal Care (CCAC) guidelines. All experiments
were performed in accordance with relevant named guidelines and
regulations.

Animals

C57BL/6) WT mice (21.5 + 0.3 g) were purchased from Janvier Labs.
GIuN1-KD mice (Grinl KD) were generated as previously described®.
Congenic C57BL/6) GrinI"~ and 129 x 1/Sy/GrinI”~ mice were inter-
crossed to produce experimental mice (GrinI** (WT) and Grinl-KD)
mice as recommended and based on other studies®** to minimize the
confound of homozygous mutations on each parental strain. Animals
were housed underal2 h-12 hlight-dark cycle,at22 +1°Cand 55 +10%
of relative humidity. Allanimals had access to water and food ad libitum.

Reagents, celllines, antibodies and plasmids

HEK293 cells (ATCC, CRL-1573) were cultivated in DMEM or DMEM-
GlutaMAX (Life Technologies) complemented with 10% (v/v) fetal
bovine serum (Sigma-Aldrich). Absence of mycoplasmawas routinely
checked using MycoAlert Mycoplasma detection kit (LT07-318, Lonza)
according to the manufacturer’s protocol. The pRK5 plasmid encoding
WT rat mGlu2 receptor subunit, with an HA-tag and a SNAP inserted
just after the signal peptide, was previously described®. All drugs
(LY379268 and LY341495) were from Tocris (Bio-techne). HTRFIP-One
Gq Detection Kit (62IPAPEB), HTRF anti-6xHis monoclonal antibody
d2-conjugate (61HISDLA), Tag-lite SNAP-Lumi4-Tb Labelling Reagent
(SSNPTBD), HTRF d2-NHS (65D2SABA) were gifted by Revvity. Mono-
clonalrabbit-anti-6xHis, 3-3’-diaminobenzidine chromogen solution
(DAB) peroxidase substrate kit and ABC peroxidase kit (anti-rabbit-HRP)
were purchased from Invitrogen and Vector Laboratories, respectively.

Plasmid of nanobodies constructs

Bivalent nanobodies were obtained by fusing one copy of DN1, DN10 or
DN13toeither the N or C terminus of DN13 using one of the two linkers.
A 6xHis-tag was inserted at the C terminus of the second nanobody
for purification purposes. The sequences of the linkers are as follows:
hinge HcAb (EPKIPQPQPKPQPQPQPQPQPKPQPKPEP) or (GGGGS);:
GGGGSGGGGSGGGGS. The bivalent DN13-DN13 constructs with the
two different linkers were synthesized by Genecust and cloned between
Ndeland Xholin amodified pHEN1 vectorinwhich the sequence coding
for the G3P protein has been removed. The bivalent biparatopic con-
structs were generated by PCR and subcloned through silent restriction
sitesinsertedinto the framework regions FR1and FR4. To generate the
cDNA of DN13-Fc, the monomeric DN13 sequence was inserted into
the pcDNA3.1(+) vector with the secretory signal peptide from human
interleukin (IL-2) fused to its N terminus and the sequence encoding
the Fc region of human IgGl at its C terminus.

Production and purification

Forlarge scale nanobody production, plasmids encoding nanobodies
were transformed in E. coli BL21DE3 strain (Life technologies). A single
colony was grown in10 ml of LB, supplemented with 100 pg ml™ ampi-
cillin, 1% (w/v) glucose, overnight at 37 °C with shaking. Then 11 of LB

supplemented with around 10 ml of the preculture was incubated until
anoptical density at 600 nm (OD,,,) of 0.6-0.7. The nanobody expres-
sion was induced with 1 mM isopropyl 3-D-1-thiogalactopyranoside
and bacteria were grown overnight at 28 °C with shaking. Bacteria
were collected by centrifugation for 10 min at 5,000g, resuspended
in10 mlper1lculture ofice-cold TES buffer (0.2 M Tris, 0.5 mM EDTA,
0.5Msucrose, pH 8) and incubated for at least 1 h at 4 °C on shaking
platform.Then,20 mlperlof culture of TES/4 (TES buffer diluted four
times in water) were added to the solution and further incubated for
atleast 45 min at 4 °C on a shaking platform. The periplasmic extract
was recovered by collecting the supernatant after centrifugation of
the suspension for 30 min at 10,000g at 4 °C.

To produce DN13-Fc, HEK293F cells (Expi293 Expression System
Kit, A14635, Thermo Fisher Scientific) were cultured at a density of
0.6 x 10° per ml with 180 mlfresh mediumina2 I culture bottle at 37 °C
and 5% CO,, shakenat200 rpm, as previously described for DN42-Fc**.
Ofthecells,1-1.5 x 10° cells per ml were transfected with DN13-Fc plas-
mid (225 pg in 12 ml OMEM) and PEI (675 g in 733 ml OMEM). Cells
were cultured for 4-7 days at 37 °C and 5% CO, with 200 rpm shaking.
Thesupernatant was collected after a10 min centrifugation at2,000g
and4°C.

The His-tagged nanobodies from bacteria and HEK293F cells were
purified fromthe periplasmic extract or cell supernatants using Ni-NTA
purification (Qiagen) according to the manufacturer’s instructions.
Desalting was performed using disposable PD-10 desalting columns
(Cytiva) according to the manufacturer’s instructions to obtain the
nanobodies in phosphate buffer solution. Endotoxins were removed
using Proteus NoEndo S (Generon) according to the manufacturer’s
instructions before administration of the nanobodies to animals.
Part of DN13-DN1 produced followed a second step of purification
by size-exclusion chromatography using gel filtration (AKTA, Cytiva)
before administration of the nanobodies to animals toreduce further
endotoxin content.

LPS quantification

E. coli LPS contamination was assessed by targeted quantification
of 3-hydroxy myristic acid (3-OHC14:0) as previously described>
with modifications®. In brief, protein aliquots (100 pl, 200-500 pg)
were spiked with 20 pmol of 3-hydroxytridecanoic acid (30H-C13:0,
1pmol pl™in ethanol) used as an internal standard (IS). The sam-
ples were then hydrolysed with 8 M hydrochloric acid (300 pl) for
3 h at 90 °C. Released fatty acids were extracted with 600 pl of
endotoxin-free water and ethyl acetate:hexane 3:2 (v/v; 5ml). The
organic phases were dried in vacuo. Dried extracts were finally solu-
bilized in 50 plethanol and 3 pl were injected into aliquid chromatog-
raphy-tandem mass spectrometry system as described previously*°.
Calibration standards (100 pl PBS) containing 0, 0.5,1, 2, 4, 8,16, 32
and 64 pmol 30H-C14:0 were treated as samples. The area under the
curves for30HC14:0 and 30H-C13:0 (IS) was determined, and the area
ratios 30H-C14:0/IS were calculated. A linear calibration was used
for the calculations. LPS concentration was calculated assuming a
molecular mass 0f12,000 g mol™and that each LPS molecule contains
four molecules of 30H-C14:0. One endotoxin unit (EU) is considered
to be equivalent to 0.1 ng of LPS.

Binding experiments based on TR-FRET

HEK293 cells were transfected with cDNA encoding rat, human or
mouse SNAP-tagged mGlu2receptors and the high-affinity glutamate
transporter EAACI. Then, 24 h after transfection, cellswere labelled in
150 mm cell culture plates with100 nM Tag-lite SNAP-Lumi4-Tb Label-
ling Reagentin DMEM-GlutaMAX for1hat37 °C,and washed three times
with Krebs buffer (10 mM HEPES pH 7.4,146 mM NacCl, 4.2 mM KCl,
1mM CaCl,, 0.5 mM MgCl,, 5.6 mM glucose and 0.1% BSA). Cells were
detached using cell-dissociation buffer (Sigma-Aldrich) transferred
at 10,000 cells per well in a white 384-well plate (Greiner bio-one, PS,



F-bottom, small volume). Increasing concentrations of 6xHis-tagged
nanobodies, together with either 1 uM LY379268 (agonist) or 1 pM
LY341495 (antagonist) and with 200 nM of HTRF anti-6xHis monoclonal
antibody d2-conjugate, were applied to Lumi4Tb-labelled cellsin afinal
volume of 20 pl overnight at 20 °C.

To determine the selectivity of the DN13-DN1 nanobody for the
mGlul-8receptors, HEK293 cells were transfected with cDNA encoding
for human SNAP-tagged mGlu receptors and transferred at 10° cells per
wellin ablack 96-well plate (Greiner bio-one, PS, F-bottom), as previ-
ously described®. Then, 24 h after transfection, cells were labelled with
100 nM Tag-lite SNAP-Lumi4-Tb Labelling Reagent in DMEM-GlutaMAX
for1hat37°C,and washed three times with Krebs buffer. Next,200 nM
of 6xHis-tagged DN13-DN1and 300 nM of anti-6xHis-d2, and the ago-
nists (1 uM quisqualic acid for mGlul and mGlu5; 1 pM LY379268 for
mGlu2and mGlu3;100 pM L-AP4 for mGlu4, mGlu6, mGlu7 and mGlu8)
or the antagonist (10 pM LY341495) were added to the cells in a total
volume of 60 pl per well, and incubated overnight at 20 °C.

FRET signals were determined by measuring the sensitized accep-
tor emission (665 nm) and Tb donor emission (620 nm) using a 50 ps
delay and 450 ps integration time after excitation at 337 nmon a
PHERAstar FS plate-reader (BMG LabTech) using PHERAstar control
software v.5.41. TR-FRET ratio (665 nm/620 nm x 10*, patent Cisbio
Bioassays, US5,527,684) was calculated for preventing interferences
due to medium variability and chemical compound or to normalize
experiments when using cells expressing different receptor levels.

Measurements of inositol phosphate

HEK293 cells were co-transfected by electroporation with plasmids
encoding rat, human or mouse SNAP-tagged mGlu2receptors, EAAC1
and GqTop to allow efficient coupling of mGlu2 to the phospholipase
C pathway. Intotal, 100,000 cells were used per wellin ablack 96-well
plate (Greiner bio-one, PS, F-bottom). Then, 24 h after transfection
at 37 °C, cells were washed and stimulated with EC,, LY379268 (for
human, 0.48 nM; mouse, 0.63 nM; rat, 0.6 nM) or EC,, glutamate (for
human, 3.58 uM; mouse, 10.18 pM; rat, 5.42 pM) and various concen-
trations of nanobodies and incubated for 30 min at 37 °C and 5% CO,.
The measurement of IP1accumulation was determined using the HTRF
IP-One Gq Detection Kit (Revvity) according to the manufacturer’s
recommendations.

Fluorescent nanobody labelling

Nanobodies were dialysed overnight at 4 °C in carbonate buffer
(0.1 mM, pH 9) and incubated (250 pg nanobodies at 2 mg ml™) with
the fluorophore HTRF d2-NHS (Revvity) in phosphate buffer (100 mM
pH7) ataratio of 6 (fluorophore/nanobody), for 45 min at 25 °C; or in
phosphate buffer (50 mM pH 8) and incubated with Lumi4-Tb-NHS
(Revvity) in phosphate buffer (100 mM pH 7) ataratio of 12 for 30 min
at 25 °C.Nanobodies were purified by gel filtration column (NAP-5, GE
Healthcare) in phosphate buffer 100 mM pH 7. The final molar ratio of
fluorophores per nanobody was calculated as the fluorophore concen-
tration/conjugated nanobody concentration, and the conditions were
setup foraratio of between2 and 3. The concentration of fluorophores
inthelabelled fraction was calculated for each fluorophore asthe OD/e
(ODyspand £=225,000 M cm™ford2,and OD,,,and £=26,000 M'cm?
for Lumi4-Tb), while that of nanobodies was determined by the OD,g,.
The conjugated concentration was calculated as OD g, — (ODgyo/R,max)/€
nanobody with R, = ODg,,/OD,s,. The average number of fluoro-
phoresis 2.5 per DN13-DN1. The purified labelled fraction was sup-
plemented with 0.1% BSA and kept at 20 °C.

Histological processing of brains

WT C57BL/6) mice were purchased from Janvier Labs. Brains from
mGlu2” mice were provided by J. Gonzalez-Maeso (Virginia Common-
wealth University). Mice were anaesthetized (Euthasol Vet 8%, Alcyon)
and euthanized by a cardiac perfusion of 4% paraformaldehyde (PFA).

Brains were extracted and fixed in a 4% PFA solution (Euromedex)
overnightat4 °C. The brains wererinsed in PBS and cryoprotected in
a30%sucrose solution for 4 daysat4 °C. The brainswere then added
to OCT (Tissue-Tek, Sakura Finetek), quickly frozenin acetone chilled
ondryiceandconservedat-80 °Cuntil use. The frozenbrainsin OCT
were moved to-20 °C 24 hbefore cryo-sectioning. They were mounted
onto a cryostat (Leica) and 16 pum sagittal sections were performed
and directly mounted on Superfrost Plus glass slides (Sigma-Aldrich)
and kept at 20 °C until use. Forimmunofluorescence experiments,
sagittal brain tissue sections of WT and mGIlu2” mice were blocked
1hat25°Cwithablockingsolution (3% BSA, 0.1% Triton X-100 in PBS)
and incubated with DN13-DN1-d2 (200 nM), overnight at 4 °C, to
label mGlu2 receptors. The sections were washed with PBS, then with
distilled water and mounted using Fluoroshield containing DAPI to
stain nuclei (Sigma-Aldrich). Images were taken using a slide scan-
ner Axio scan Zl microscope (Zeiss, Jena) by performing full-section
mosaic with a 20x enlargement with Zeiss Zen software 2.3 light.
For immunohistochemistry experiments, C57BL/6) female WT mice
were injected i.p. either with 10 mg per kg of DN13-DN1 or with an
equivalent volume of PBS (150 pl) as a negative control. Then, 24 h
afterinjection, mice were anaesthetized (Euthasol Vet 8%) and eutha-
nized as described above. Ten glass slides per animal, each containing
five braintissue sections, with 80 um spacing between each section,
were rinsed with Tris-buffered saline (TBS) and incubated 1 hat 25 °C
with a blocking solution (5% normal goat serum, 0.1% Triton X-100
in TBS). The sections were then incubated with a monoclonal rabbit
anti-6xHis (1:500, Life Technologies) 2 h at 25 °C and washed in TBS.
After blocking endogenous peroxidase (3% H,0, solution, 20 min
at 25 °C), the sections were incubated with a goat anti-rabbit bioti-
nylated antibody (1:100, ABC peroxidase kit, Vector Laboratories).
Labelling was revealed using the DAB peroxidase substrate kit (Vector
Laboratories). The sections were then washed in distilled water and
mounted using Fluoroshield with DAPI. Images were taken using a
slide scanner Axio scan Z1 microscope by performing full-section
mosaics with x20 enlargement.

Nanobody quantification in the blood

A quantitative test assessing nanobody concentration has been
developed based on the TR-FRET-binding assay on cells expressing
SNAP-tagged mGlu2 receptor. To determine the linearity of the assay,
increasing concentrations of DN13 or DN13-DN1were added to10,000
cells expressing Lumi4Tb-labelled SNAP-tagged mGlu2,200 nM of
anti-6xHis-d2 antibody and 1 uM LY379268 in a 384-well plate. After
3 hincubation at 20 °C, the HTRF signal was recorded on a Pherastar
FS plate reader and the linearity determined using GraphPad Prism.
C57BL/6) WT mice (Janvier Labs) were treated by i.p. administration
of 10 mg per kg of DN13, DN13-DN1 or an equivalent volume of PBS
(150 pl) and blood samples were collected at different timepoints (1 h,
2h,4h,6h,8h,10 h,12hand 24 h). The plasma was extracted using a
microvette CB 300 K2E (Sarstedt) and frozen until use. Plasma (3 pl)
was applied to cells expressing mGlu2 receptor, labelled with Tag-lite
SNAP-Lumi4-Tb Labelling Reagentin the presence of 200 nM of HTRF
anti-6xHis monoclonal antibody d2 conjugate. The FRET signal was
determined as indicated for the saturation binding assay.

Nanobody radiolabelling

DN13-DN1 was radiolabelled using bacterial transglutaminase and a
synthetic peptide tag, CBz-GIn-Gly-Lys-OH synthetized using manual
solid-phase peptide synthesis on a microwave synthesizer (CEM)
accordingtoastandard Fmoc-based synthesis protocol. Starting from
the Fmoc-Lys(Boc)-Wang resinloaded at 0.32 mmol g™ (Novabiochem),
the synthesis was performed on a 0.015 mmol per reactor scale. Pro-
tected amino acids Fmoc-Gly-OH and CBz-GIn-OH (5 eq.) were coupled
using HATU (4.5 eq.) and iPr,EtN (10 eq.) in DMF for 20 min at 60 °C.
The Fmocgroup was deprotected by three successive treatments with
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20% piperidine in DMF for 3 min. The peptide was then deprotected
and cleaved from the resin by a treatment with trifluoroacetic acid/
H,O/triisopropylsilane (95/2.5/2.5) for 2 h at 25 °C. The peptide was
then precipitated by dilution into anice-cold diethyl ether solution,
recovered by centrifugation and washed twice with diethyl ether.
CBz-GIn-Gly-Lys-OH was tritiated using the following procedure. To a
solution of the CBz-protected peptide (87 nmol, 1 eq.) in DMF (50 pl)
at25°Cwasadded iPr,EtN (870 nmol, 10 eq.) and [*H]N-(propionyloxy)
succinimide (87 nmol, 1 eq.). The mixture was stirred at 25°C for 2 h.
Thelabelled productwas purified on a high-performance liquid chro-
matography system equipped with a Luna Omega C18 (150 x 4.6 mm;
3 um) column (Phenomenex) with a gradient of 0-100% buffer B in
buffer A over 20 min with a flow rate of 1 ml min™ (buffer A: 0.1% formic
acid in H,O; buffer B: 0.1% formic acid in acetonitrile). The radiolabel-
ling of DN13-DN1 through lysine conjugation was carried outin PBS
buffer at pH 7.4 using 1 U per 20 nmol of bacterial transglutaminase
(Zedira), 2 eq. of theradiolabelled peptide tagand 80 uM of DN13-DNI.
The mixture was thenincubated for 2 h at 25 °C. After incubation, the
labelled protein was purified on Protino Ni-NTA resin (Macherey-Nagel)
and then the buffer was exchanged to 0.9% (w/v) NaCl using an Amicon
centrifugal filter (Merck) for in vivo experiments. Part of the labelled
DN13-DN1was digested by trypsin to identify Lys121 of the ERK motifin
the hinge HcAb, as the conjugation site by MALDI-TOF (Thermo Fisher
Scientific) analysis.

Invivo cerebral quantification and localization of the tritiated
nanobody and autoradiography

Experiments were conducted on adult female WT C57BL/6) mice
(18.8 £ 0.2 g) purchased fromJanvier Labs. Mice were injectedi.p. with
10 mg per kg of [’HIDN13-DN1(3 uCi) or vehicle in 50 pl. The mice were
euthanized 4 h, 24 h,4 days or 7 days after administration (only at 24 h
for vehicle group), perfused with 0.9% (w/v) NaCl (10 ml per mouse,
200 ml h™) for brain collection and freezing. Brains were used for either
tissue quantification or cerebral localization of 3-radioactivity. Quanti-
fication of B-radioactivity containedin total brain homogenate was per-
formedusingaliquid scintillation analyzer (Tri-Carb2100TR, Packard
BioScience) using QuantaSmart (v.5.2). Brain tissue sections (thickness,
20 pum) were prepared on aslicing microtome (Leica Microsystems) to
performimaging and observe cerebral localization by digital autoradi-
ography with a high-performance 3-Imager (Biospace Lab) using Beta-
Acquisitionsoftware (v.9.4.12.219) allowing real-time [*H] radioactive
imaging through direct 3-particle counting in dried tissue sections
(detection threshold of 0.007 cpm mm™).

NOR test on a neurodevelopmental mouse model of
schizophreniainduced by PCP administration

Male and female mice used were C57BL/6) mice (Janvier Labs) and were
injected subcutaneously with 10 mg per kg of phencyclidine (PCP mice)
(Sigma-Aldrich, ANSM authorization, A-2018-3-330-S) or with asaline
solution (0.9% (w/v) NaCl) (control mice) at postnatal day 7 (P7), P9
and P11. Atadulthood, 1 week before the test, the mice were extensively
handled by the operator: thefirst 2 days, the operator put his hand on
the home cage of the animals to familiarize the animals to his presence
and, the following days, the animals were handled few minutes per day.
NOR testing was carried out in an open field, consisting of four com-
partments of 50 x 50 cm, each containing one mouse, placedinadimly
litroom with clearly visible contextual cues (black on white patterns)
onthe surrounding walls. Each mouse was habituated to the arena for
10 min the day before the training session. Mice then performed the
NOR task. After a 5-min training session, a 24-h or a 7-day retention
intervalwas observed, during which the mice were transferred back to
the home cage and the arena and objects were cleaned. During the test
session, the animals were placed back into the arena in the presence
of anidentical copy of one of the familiar objects and a novel object
and allowed to explore the objects freely for 5 min. The objects were

plastictoys (approximately 3 cmwidth, 3 cmlength, 5 cm height) and
were cleaned with 10% ethanol between sessions. The experiments
were video-recorded (EthoVision XT 13.0, Noldus; Logitech Capture
v.2.08.11) and exploration times (nose in contact or sniffing at <1 cm)
were measured by a blinded observer using a virtual timer (XNote
Timer v.1.12.0.0). Mice with a total time exploration of less than 3 s
in the test session were excluded. Discrimination indexes ((explora-
tion time of novel object — exploration time of familiar object)/total
object exploration time) were compared between groups. For acute
treatment, i.p. administration of LY379268 (1 mg per kg) wasdonelh
before the training and testing session; i.p. administration of DN13-
DN1 (10 mg per kg) was done once 3 hbefore the training session with
the objects; and LY341495 (3 mg per kg) was applied 30 min before
DN13-DN1 administration. The second test was performed after a
7-day interval without further compound administration. i.c.v.admin-
istration of DN13-DN1or DN1 (4 pmolin5 pl) was done 24 hbefore the
training session through a cannula that was implanted 7 days earlier.
Cannulaimplantation was performed on mice anaesthetized with a
mixture of ketamine (Imalgene 500, 50 mg ml™, Merial) and xylazine
(Rompun 2%, 20 mg ml™, Bayer) diluted in 0.9% (w/v) NaCl solution
(saline) (2:2:1,i.p., 0.1 ml per 30 g) and mounted onto a stereotaxic
apparatus using flat skull coordinates®. Stainless steel guide cannula
(22 gauge, 5.00 mm, World Precision Instruments) were implanted
in the ventricle (anteroposterior = —-0.5 mm; mediolateral =1.1 mm;
dorsoventral =-2.2 mm). Cannulas were implanted vertically in the
coronal planeto avoid damage to the wall of the lateral ventricle. The
guide cannula was fixed to the skull with anchor screws and dental
acrylic (AgnTho’s). Mice could recover for aminimum of 7 days before
behavioural testing. Subchronic drug administration consisted of
aninitiali.p. administration of DN13-DN1 (10 mg per kg) followed by
threeinjections at1 mg per kg, eachinjection spaced 1 week apart. The
lastinjection was performed 24 hbefore the training sessionand 48 h
before the testing session with the objects.

Y-maze test on the genetic mouse model GluN1-KD mice
GluN1-KD mice and their WT littermates’ mice were injected i.p. with
LY379268 (1 mg per kg) or DN13-DN1 (20 or 10 mg perkg)1hand3 h
before the test, respectively (cohort1). Independent cohorts of mice
were treated with these compounds (LY379268 and DN13-DN1) 7 days
before the behavioural test (cohort 2). Subchronic drug administra-
tion consisted of an initial i.p. administration of DN13-DN1 (10 mg
per kg) followed by three injections at 1 mg per kg, each injection
spaced 1 week apart. The last injection was performed 3 h before
the behavioural test. Working memory was assessed in a Y-maze as
described previously®. The Y-maze consisted of three equivalent arms
(38 x 7.6 x12.7 cm; San Diego Instruments) that were symmetrically
disposed at120° angles from each other. The maze floor and walls were
constructed from opaque-white Plexiglas and posters with distinctive
geometric shapes (6 x 9 cm) were placed at the end of each arm of
the Y-maze. Amouse was initially placed into one arm and the sequence
(such as ABCCAB) and the number of arm entries were recorded for
5 min. Results were collected semiautomatically using video-tracking
software (Biobserve Viewer v.2.0). Arm entries were defined as all
four paws entering the arm. Spontaneous alternation refers to vis-
iting all three arms in sequence (that is, ABC or CAB but not CBC).
The percentage of alternations was defined according to the follow-
ing equation: percentage alternation = [(number of alternations)/
(total arm entries — 2)] x100. The number of arm entries serves asan
indicator of ambulation.

PPl of the acoustic startle response test on the genetic mouse
model GluN1-KD mice

The test was performed twice on the same cohort of GluN1-KD mice
(cohort 3): the first test was performed on the days of LY379268 and
DN13-DN1administration and the second test was performed after a



7-day interval without further compound administration. LY379268
(1 mg per kg) and DN13-DN1 (20 or 10 mg per kg) were administered
i.p.onlyoncelhand3 hbeforethefirsttest, respectively. Subchronic
drug administration consisted of an initial i.p. administration of
DN13-DN1 (10 mg per kg) followed by three injections at 1 mg per kg,
with each injection spaced 1 week apart. The last injection was per-
formed 3 h before the behavioural test. The PPl was measured in four
sound-attenuated chambers (SR-LAB ABS System, San Diego Instru-
ments) as described previously*®*® and using SR_LAB Analysis software
(SanDiego Instruments, 6300-0000-Y). Pulse-only trials consisted of a
single white noise burst (120 dB, 40 ms). Prepulse + pulse trials (PP69P,
PP72P and PP81P) consisted of a prepulse of white noise (20 ms at 69 dB,
72 dBand 81 dBrespectively) that was followed 100 ms after prepulse
onsetbyastartling pulse (120 dB, 40 ms). No-stimulus trials consisted
of background noise only (65 dB). The sessions were structured as
follows: 1) 5-min acclimatization at background noise level; (2) five
pulsetrials; (3) ten blocks each containing all eight trials (Pulse, PP69;
PP69P, PP72, PP72P, PP81; PP81P, No-Pulse) in pseudorandom order;
and (4) five pulse trials. The force intensity for each trial was recorded
asthestartlinglevel. The percentage of PPlinduced by each pre-pulse
intensity was calculated as [1 - (startle amplitude on prepulse trial)/
(startleamplitude on pulse alone)] x 100%. The same cohort of mice was
testedin PPl after 3 hand retested 7 dayslater as post-drug-treatment
intervals, as PPl is not affected by retesting®®.

Locomotor activity

For the neurodevelopmental mouse model of schizophrenia, horizontal
activity was measured for 60 minin a non-stressful environmental, in
acircular corridor (Imetronic). Counts for horizontal activity were
incremented by consecutive interruption of two adjacent beams (mice
moving through one-quarter of the circular corridor). Locomotor activ-
ity was assessed at 3 h after injection of the different nanobodies. For
the genetic mouse model GIuN1-KD mice, an open-field test was used
to assess the locomotor activity as previously described® under dim
light (30 Lux). Test mice were placed into a novel environment—clear
Plexiglas chambers measuring 20 x 20 x 45 cm—for1h. Theirlocomo-
toractivity was recorded and tracked by digital activity monitors from
Omnitech Electronics through infrared beam sensors. The distance
travelled was analysed in 5 min bins to assess locomotor activity.
Locomotor activity was assessed 3 h after injection of the different
nanobodies.

Inclined platform

A mouse was placed onto a wire platform (1 cm x 1 cm mesh), which
was then inclined to 45°. The time it took for a mouse to traverse the
entire 24 cmlength of the platform was recorded. Mice that fell offthe
inclined platform were assigned a time of 120 s (ref. 62).

Rotarod

Mice were placed onto an accelerating rotarod (Ugo Basile) and were
observed ataninitial speed of 4 rpm for 30 s. The rod was then gradu-
allyaccelerated atarate of 0.2 rpm s™. The latency to fall was recorded
with a cut-off time of 3 min. Mice were given 3 trials with 10 min rests
between trials. The latency to fall for each mouse was counted by aver-
aging over the three trials®.

Pinch-induced catalepsy

Pinch-induced catalepsy was induced as originally described®®. Amouse
was firmly pinched by the scruff of the neck with a thumb and a fore-
finger for 5s. The mouse thenwas gently placed onto parallel wooden
bars (diameter 0.5 cm), withits front paws positioned at 45° angle above
the hind paws and elevated for 8 cm above the experimental table. The
duration of freezing (catalepsy) was recorded for up to 2 min per trial.
Each animal was tested in 3 trials with 2 min intervals. The average
duration of catalepsy was analysed.

Brain tissue preparation and cell dissociation

After acute or subchronic treatment, mice were euthanized by cervical
dislocation, and the brains were collected and dissected in cold PBS
(pH 7.4) as previously described’. For each brain, different regions
were dissected: olfactory bulbs, prefrontal cortex, cortex, striatum,
hippocampus, cerebellum and midbrain. Samples were collected in
al.5mlcryogenic tube (Thermo Fisher Scientific) in1 ml cold cryo-
preservation medium (DMEM-GlutaMAX supplemented with 10% FBS
and 10% DMSO), frozen at —80 °Cin a freezing box and kept at -80 °C
until use. On the day of the experiment, the samples were rapidly
thawed in a water bath at 37 °C and tissues were washed twice with
DMEM-GlutaMAX and twice with cold PBS. Tissues were then digested
with 200 pl Versene solution (Thermo Fisher Scientific) for 20 min at
20 °C, and the cells were dissociated by pipetting several times. Several
rounds of cell dissociationin DMEM-GlutaMAX were performed to get
the maximal number of cells. Dissociated cells were then centrifuged
at3,000gfor 5 min, and the cell pellet was washed with1 ml of cold PBS
and resuspended in 200 pl cold PBS.

Relative quantification of mGlu2 expression by TR-FRET

The TR-FRET protocol was performed as previously described. In
brief, 10 pl of dissociated cells were added in a low-volume 96-well
microplate (Revvity) and incubated with 10 pl DN10-d2 (25 nM), 10 pl
DN1-Tb (25 nM) and 10 pl LY379268 (10 pM), to reach a total volume
of 40 pl. Plates were incubated overnight at 22 °C and the sensitized
acceptor emission (665 nm) was measured after excitation at 337 nm
onthe Pherastar FS plate-reader, in the optimal window as previously
described®’. The resulting acceptor ratio window W2 (50-100 ps)/
window W3 (1,200-1,600 ps) multiplied by 10* was then plotted. In
parallel, the total amount of proteins was determined using the BCA
proteinassay (Sigma-Aldrich). Absorbances were measured using the
Infinite M200 system.

Animal experiment sample size determination, randomization
andblinding

The sample size was determined through previous experience for
the neurodevelopmental model®; through power calculations using
experimentally identified s.d. values and anticipated meaningful effect
sizes for the genetic model®; and using the free application developed
by Data’Stat for the in vivo cerebral quantification (http://appsonline.
idele.fr/CalculEffectif/). Randomization principle was used to assign
experimental mice to treatment groups to avoid bias and spurious
conclusions inall of the animal experiments®. In the neurodevelopmen-
tal model, all pregnant female mice (Janvier Labs) were not reused to
generate new litters. At weaning, each mouse was labelled with aunique
ear tag. Within a cage, mice were randomly assigned to the different
treatments tested. Thus, mice from differentlittersreceived the same
treatment for a given cohort. Investigators were blinded to all of the
experimental conditions whenever possible during data collectionand
they wereblinded during data analysis. Further details are providedin
the Reporting summary.

Statistical analyses

Data are expressed as the mean + s.d. unless notified otherwise in the
figure legend. The main experimental findings are representative
of at least two independently performed experiments. The distribu-
tion of data in each set of experiments was initially analysed using
Shapiro-Wilk’s normality test using GraphPad Prism v.10.4.2 (Graph-
Pad software). When datasets were normally distributed, parametric
tests were performed: one-way ANOVA or Brown-Forsythe and Welch
followed by post hoc Dunnett’s multiple-comparison test. Behavioural
analysis using GluN1-KD mice was analysed using two- or three-way
ANOVA with or without repeated measures (rm-MANOVA and MANOVA)
where necessary with further post hoc analysis (Tuckey’s HSD test).
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When datasets were not normally distributed, non-parametric Kruskal-
Wallis tests were used followed by a Dunn’s post hoc analysis. P < 0.05
was defined as asignificant difference for all statistical analyses. Statis-
tical analyses were performed with GraphPad Prism v.10.4.2 or TIBCO
Statistica (v.14.0.0.15, TIBCO).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Comparison of mGlu,bivalent nanobodies.

a-b, Schematicrepresentation of theindicated mGlu, nanobodies and linkers
(a) used to generatealibrary of mGlu,bivalent nanobodies (b). b, Binding
affinity on active (left) orinactive (centre) conformation of the mGlu, receptor
and PAM potency (right) of all the bivalent nanobodies. Binding affinity for
mGlu, receptor was determined ina FRET-based assay where the active and
inactive conformations of the receptor were stabilized with saturating
concentrations of LY379268 (1uM) or LY341495 (1 uM), respectively. The dotted
linesindicate the Kd values of DN13 binding (left panel) and of DN1binding
previously reported" (middle panel) and the bars highlight the difference from
thesereference values. The PAM potency was evaluated by measuring the
accumulation of IP, in the presence of an EC,, concentration of LY379268

(0.6 nM).Eachdata pointrepresents the mean + SD of theindicated number
(n) ofindependent experiments performed intriplicates. Statistics are
calculated using one-way ANOVA followed by a Dunnett multiple comparison
test.*p <0.05,**p<0.01and ***p <0.001 compared to DN13.NB, no binding.
¢, Potentiation of IP,accumulationinduced by the indicated nanobodies in

presence of EC,, of glutamate (5.42 uM). Data are mean + SD of three individual
experiments each performedintriplicates.d, Binding of DN13-DN1onthe
different SNAP-mGlu receptor subtypes transfected in HEK293 cellsin the
presence of asaturating concentration of their respective agonists. Dataare
mean +SD of three individual experiments each performed in triplicates.

e, Cartoon depicting DN13-DN1labelling on native lysine residues using a
N-hydroxysuccinimide fluorophore (d2-NHS). Saturation binding experiments
for the labelled DN13-DN1-d2 on mGlu, expressing HEK293 cells, and comparison
withnanobodies. Dataare mean + SD of four individual experiments each
performedintriplicates.f, Cartoon depicting the bacterial transglutaminase
(BTG) derivatization of DN13-DN1using and CBz-GIn-Gly-Lys-OH peptide under
controlled conditions to reach derivatization on asingle lysine121in the linker
HcAb as determined by mass spectrometry. Saturation binding experiments
for the DN13-DN1cold, derivatized as for the tritiated version, and comparison
withthe other unlabelled nanobodies. Values are amean + SD of two experiments
each performedin quadruplicate. For details on statistics and p-values, see
Source data.
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: Nanobody Species Human mGlu2 Rat mGlu2 Mouse mGlu2
(pKd) State Active* Inactive** Active* Inactive** Active* Inactive**
DN1 8.80+0.14 828+012 837+0.03 824+0.02 836+0.02 824+0.06
DN13 8.39£0.13 NB 8.39 £0.03 NB 8.25+£0.07 NB
DN13-DN1 969+0.18 8.16+0.07 9.30+009 866+052 9.24+0.01 8.18+0.09
DN13-Fc 8.56 + 0.08 NB 8.31+0.05 NB 8.35+0.14 NB
b
Nanobody Species Human mGlu2 Rat mGlu2 Mouse mGlu2
(PECs0) Agonist LY379268 Glutamate LY379268 Glutamate LY379268 Glutamate
DN1 Inactive Inactive Inactive Inactive Inactive Inactive
DN13 7.38+0.12 642+0.10 7.00+007 6.39+0.07 7.10+0.14 6.22+0.38
DN13-DN1 871+0.14 824+027 875+010 842+0.16 877+042 8.18+0.06
DN13-Fc 752+028 633+030 7.07+0.10 6.35+0.06 7.57+0.18 6.36+0.07

Extended DataFig.2|Pharmacological properties of DN1, DN13, DN13-
DN1and DN13-Fcondifferent mGlu, orthologues. a, Affinity of DN1, DN13,
DN13-DN1and DN13-Fc for various mGlu, orthologues. pKd values determined
by binding experiments of theindicated nanobodies-derivatives on HEK293
cellsexpressing the indicated SNAP-mGlu, orthologue in the presence of a
saturating concentration of the agonist LY379268 (1 uM) or the antagonist
LY341495 (1uM). Dataare mean + SD of three individual experiments each

performedintriplicates.b, PAM potency of DN1, DN13, DN13-DN1and DN13-
Fcforvarious mGlu, orthologuesin the presence of an EC,, of agonist. PAM
potency (pECs,) values determined inan IP,accumulation assay on cells
expressing theindicated SNAP-mGlu, orthologue. Potentiation was assessed
inthe presence of EC,,0fLY379268 or EC,, of glutamate. Data are mean + SD
ofthreeindividual experiments each performed intriplicates. For details on

statistics and p-values, see Source data.
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Extended DataFig.3|Pharmacokineticsinformation onmGlu,nanobodies.
a, Schematic representation of the FRET-based quantification assay of 6His-
tagged nanobodies. Cells expressing Lumi4Tb-labelled mGlu, receptors were
incubated with a 6His-tagged nanobody in the presence of an anti-6His
antibody coupled to the FRET acceptor d2. Under binding of the nanobody,
FRET occurs. b, Linearity range of the assay for DN13-DN1 assessed using a
known concentration of nanobody. ¢, Schematic representation of the
nanobody quantificationinthe blood stream. Afteri.p. administration of the
nanobody, the blood was collected over time and the plasma extracted. Samples
werethenusedinthe FRET-based quantification assay.d, Time course
determination of DN13-DN1(red) in the blood stream after i.p administration
of10 mg/kg. Each data pointis the mean +s.e.m. from three animals. e, Kinetics
of DN13-DN1 (red) and DN13 (black) elimination from the blood stream.

Eachdatapointisthe mean +s.e.m.fromthree animals. f,Representative
immunohistochemicallabelling with an anti-6His antibody of a sagittal slice
fromamouse intraperitoneally administrated with either PBS (top) or 10 mg/kg
of DN13-DN1 (bottom) and sacrificed 24 h after administration. DN13-DN1
containsa C-terminal 6His tag. Boxesindicate areas that were magnified in
Fig.1g.Representative slices of four technical replicates from two animals.
VTA, ventral tegmental area. g, Autoradiographic signalin mouse brainslices
4 hafteri.p.administration of [?’H]-DN13-DN1at 10 mg/kg (3 pCi/ mouse).
Autoradiographicimages were superimposed with transmissionimages of
thesamebrainslices. Experiment performed in one animal. For detailson
statistics and p-values, see Source data. Panel awas partly generated using
Servier Medical Art, provided by Servier, licensed under a CC4.0.
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Extended DataFig.4|Acute DN13-DN1treatment does not alter
discriminationindex of control animalin NOR and ambulation or acoustic
startleresponseinwild-type or GluN1KD mice. a, b, Discriminationindexin
the NORtest performed 24 h (a) or 7 days (b) after the training session. a, Index
obtainedin control mice (black, n=34) further treated with DN13-DN1i.c.v
(orange,n=38)ori.p.(red,n=12), DN1i.c.v. (brown, n = 8), mGlu, agonist
(LY379268, blue, n = 6), mGlu, antagonist alone (LY341495, grey, n =11) or with
DN13-DNL1i.p. (purple,n=13) and in PCP-treated mice (green, n =20). b, Index
obtainedin control animals (black, n =23) further treated with DN13-DN1i.p.
(red,n=19) and LY379268 (blue, n = 8) and PCP-vehicle animals (green, n =23).
Barsrepresent means + SD. Statistics are calculated using one-way ANOVA. ns,
non-significantand #### p < 0.0001 compared to control mice. Note that
vehicle- (black) and PCP-injected mice (green) are the same as those used in

experimentsillustratedin Fig. 2. c-e, Y-maze. Number of entriesin Y-maze after

acuteinjectionat3 h (d) and 7 days (e) as post-treatment period in vehicle
(black),LY379268 (blue) and DN13-DN1 (red)-treated mice. Bars represent
mean £ SD. The number of animalsisindicated at the bottom of the bar.

###p <0.0001in comparison with vehicle-treated WT; ***p <0.001in
comparisonwith vehicle-treated GluN1KD mice in two-way MANOVAs followed
by aTukey HDS test. f-h, Acoustic startle response (ASR) determined on vehicle
(black),LY379268 (blue) and DN13-DN1-treated (red) mice assessed 3 h (g)

or 7days (h) after treatments. LY379268 (blue) increased startle response in
both WT and GIuN1KD mice after 3 h of treatment but not seven days after
treatment. Bars represent mean + SD. The number of animalsisindicated above
the X-axis. ### represents p < 0.01in comparison with vehicle-treated WT
mice; *p < 0.05and **p < 0.01in comparison with vehicle-treated mice within
eachgenotypeintwo-way MANOVAs followed by a Tukey HDS test. For details
onstatistics and p-values, see Source data.



a Neurodevelopmental model PCP — cyclotron b 1500

150 Acute 10 mg/kg c % ’L‘
5 5 :
= < ns
B < 100 = 1000 .
=5 =
g3 g + 3
£+~ 50 © 500 e 2
8 g i
© : HmEIH
2 2 3 z
2 B 2 a8
g 2 g 2
Control: -e- Vehicle -e- DN13-DN1 % g
PCP: -+ Vehicle --- DN13-DN1
Control PCP
© __Gensti madel GhiN1 KD — open-fekd d 40000 L%
£ 2500 cute 10 mg/kg
= 7 1 i E .
8 2000 ! © 30000 .
c
£ 1500 g S ¥
5 £ 20000
3 1000 2
T 500 3 10000 :
s [
L 0 8
Lomme |
S
3¢z 3¢z
$283 5¢3
>z 2 >z g
o i i -2 2
Wild- | = Vehicle GIuNT -= Vehicle & &
type | o DN13-Fc KD |~ DN13-Fc
-=- DN13-DN1 -+~ DN13-DN1 Wild-type GIuN1 KD
e i — fi f
Genetic model GIuN1 KD — open-field 40000
Subchronic: 10 mg/kg; 3x 1 mg/kg i kil
£ 3000 £
5 S 30000 e
§ § +| o
§ 2000 £ 20000 s
3 5 *
8 10004 § 10000 L
[
>
o
= 0 od...... E%@] ......... .
(i  a A
[} = [} p
s 12 s z
g o s 9
g2 o I
Time (min) z z
Wild-[ -o* Vehicle  GIuN1 [~ Vehicle . e e
type | -o- DN13-DN1 KD | - DN13-DN1 Wild-type GIuN1 KD

Extended DataFig.5|Locomotor activity measured in the two mouse models
after acute or subchronic treatment. a-b, DN13-DN1acute treatment (red)
does not modify the locomotor activity across 5-min bins (a) or total activity
over 60 min (b) of control or PCP-treated mice, usingacyclotron. Dataare
presented asmean ts.e.m.(a) or mean = SD (b) and analysed using the one-
way ANOVA followed by a Dunnet post-hoc analysis, ns: non-significantin
comparison with vehicle-treated mice c-f, Both DN13-DN1acute (c, d) and
subchronic (e, f) treatment decrease the hyperlocomotor activity of GIuN1KD
mice assessed in an open-field using the travelled distance across 5-min bins
(c,e) ortotal distance (d, f). Data are presented as mean + s.e.m. (c, e) or
mean +SD (d, f). ### p < 0.001 and #### p < 0.0001in comparison with
vehicle-treated WT; ***p < 0.001in comparison with vehicle-treated GluN1KD
mice; ns: non-significant; using two-way MANOVAs followed by a Tukey HDS
test. The number of animalsis indicated above the X-axis. For details on
statistics and p-values, see Source data.
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Extended DataFig. 6| mGlu, relative expression measured after acute
treatment with DN13-DN1in the two mouse models of schizophrenia.
a,Schematicrepresentation of the FRET-based assay for quantification of
mGlu, receptors expression using DN1nanobody coupled to adonor (DN1-Tb)
and DN10 coupled toanacceptor (DN10-d2). b, No significant differences
were observed on therelative quantification of mGlu, receptorsinthe cortex,
hippocampus, striatum, cerebellum and midbrain of control and PCP-treated
miceinjected with either LY379268 (1 mg/kg, light blue), DN13-DN1 (10 mg/kg,
red), DN13-Fc (10 mg/kg, dark blue), or with vehicle (black). ¢, No variationin

themGlu,relative expression was also observed between WT and GIuN1KD
miceinthe prefrontal cortex, cortex, hippocampus and midbrain, after an
acute treatment with DN13-DN1 (10 mg/kg, red), DN13-Fc (10 mg/kg, blue)
orwith vehicle (black). The signalindicates the slope values of the relative
FRET linear range in the quantification experiments. Data are presented as
mean + SD and analysed using the one-way ANOVA followed by a Dunnet
post-hocanalysis. The number of animalsisindicated above the X-axis. For
detailsonstatistics and p-values, see Source data. Parts of panel awere created
inBiorender. Lafon, P. (2025) https://BioRender.com/w77j520.
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Extended DataFig.7 | Absence of sex-dependency of both acute and KD mice (d,e), upon treatment with DN13-DN1 (acute or subchronic), DN13-
subchronic DN13-DN1 positive behavioural effect. Animalsusedin the Fc,LY379268 or vehicle. Statistics were calculated using unpaired Student’s
experimentsillustrated in Fig. 2c (a), Fig. 4b (b), Fig. 4c,d (d), Fig. 5b (c) and t-test or Mann-Whitney test (a-c) or three-way MANOVA (Y-maze) or three-way
Fig.5c,d (e) were separated according to their sex and analysed for potential rm-MANOVA (PPI) followed by a Tukey HDS test (d-e), ns: non-significant.
sex difference. Nosignificant differences were observed when comparing The number of animalsisindicated above the X-axis. All dataare mean + SD.

males (M) and females (F) for the neurodevelopmental model (a-c) and GluN1 For details onstatistics and p-values, see Source data.
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a

Treatments

WT

GluN1 KD

Male

Female

Male

Female

Acute administration (n = 60). Figure 3e-f

Vehicle
LY379268

275+ 1.5 (n=5)
29.8 + 0.6 (n = 6)

DN13-DN1 287+1.1(n=3)

20.6 £ 0.5 (n = 5)***
21.9£0.5 (n = 5)
22.8+0.9 (n=4)

21.6£0.3 (n=4)#*
21.8+03(n=7)
22.7+£0.3 (n=5)

20.0 £ 0.4 (n = 5)
20.9 0.7 (n = 6)
21.2+0.8 (n=5)

Acute administration (n = 56). Figure 4d

Vehicle 292+£12(n=7)
DN13-Fc 284 +£1.1(n=4)

DN13-DN1 31.7+0.7 (n=4)

23.3+£0.4 (n=6)*
21.9+£0.8 (n=3)
22.8+1.3(n=3)

222+04 (n=7)%*
23.1+0.4 (n=3)
22.8+0.3 (n=4)

20.9 0.4 (n = 8)
214 £0.5 (n=3)
20.9 £ 0.5 (n = 4)

Subchronic administration (n = 33). Figure 5d

Vehicle 29.9 £2.5 (n = 4)

DN13-DN1 29.8+0.5(n=3)

22.1£0.8 (n = 4)**
21.9£0.4 (n=4)

20.9 £ 0.4 (n = 4y
21.9+£0.4 (n=3)

20.2£0.2 (n = 6)
21.9+£0.7 (n=5)

Body weight, g

PPl at 69 dB, %

PPl at 73 dB, %

PPl at 81 dB, %

ASR

Acute administration (n = 60). Figure 3e

R=0.14,p=0.25

R=0.18;p=0.19

R=0.09; p=0.49

R=-0.31;p<0.05, *

Acute administration (n = 60). Figure 3f

R=0.28;, p=0.42

R=0.26; p=0.06

R=0.21;p=0.11

R=-0.25;p <0.05, *

Acute administration (n = 56). Figure 4d
R=0.32; p=0.31

R=0.27,p=0.12

R=0.16;p=0.25

R =-0.53; p <0.001, ***

Subchronic administration (n = 33). Figure 5d

R=0.33; p=0.07

R=0.28;,p=0.11

R=0.22;p=0.23

R=-0.52; p<0.01, *

Test Perarster Vehicle DN13-DN1
n =7 (3F/4M) n =7 (3F/4M)

Inclined platform

Latency, sec 271+25 26.1+26
Rotarod

Latency, sec 87.6+39 85.0+26
Pinch-induced catalepsy

Immobility, sec 43.6+53 47.0+3.0

Extended DataFig.8|Absence of body weightinfluence on PPIresults and
absence of DN13-DN1effect onlocomotion and catalepticbehaviourin
control mice. a, Recapitulation of body weight of animals used in experiments
illustrated in Figs.3,4 and 5.***p <0.001in comparison with PBS-treated
males within genotype; **#p <0.001in comparison with PBS-treated WT mice.
b, Pearson’s correlations among body weight, percentage of pre-pulse
inhibition (PPI, %) at various pre-pulses and acoustic startle response (ASR)
acrossallexperiments. No correlation was found between body weight and
PPI, however, anegative association was found between body weight and ASR,

attributed totheincreasedstartle responsein GluN1KD mice with lower
body weight. ¢, Effects of DN13-DN1acute treatment (10 mg/kg) on motor
coordinationand balance (inclined platform and rotarod), and cataleptic
behaviour (pinch-induced catalepsy) in WT mice. Dataare presented as
mean +s.e.m.and analysed by atwo-way MANOVA (a) or three-way MANOVA
(c) followed by a Tukey HDS test and Pearson’s correlation (b). The numbers
ofanimalsareindicatedin the panels. For more details on statistics, see
Source data.



a  Neurodevelopmental model — acute administration

b Genetic model GIuN1 KD — acute administration
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Extended DataFig.9|Acute DN13-Fc and subchronic DN13-DN1treatment
donotalter discriminationindex of controlanimalsinNOR and ambulation
oracousticstartleresponseinwild-type or GluN1KD mice. a, Discrimination
indexinthe NORtest performed 24 h after the training session. DN13-DN1

and DN13-Fc were administered 3 hbefore the training session, respectively.
Neither DN13-DN1 (10 mg/kg, i.p., red) nor DN13-Fc (10 mg/kg, i.p., blue)
modified the discrimination score compared to vehicle treated animal (black).
Barsrepresent means + SD. Statistics were calculated using Kruskal-Wallis

test followed by aDunn’s multiple comparison test, ns: non-significantand
###p <0.001compared to control mice. Note that vehicle- (black) and PCP-
injected mice (green) are the same as those used in experimentsillustratedin

Fig.5b.b, Effect of acute administration of DN13-Fc (10 mg/kg, i.p., blue)

or DN13-DN1 (10 mg/kg, i.p., red). Left panel. Number of entries in Y-maze:
DN13-DN1(red) but not DN13-Fc (blue) reduced ambulationin Y-maze.

Right panel. Acoustic startle response (ASR) was not altered by treatment.
Barsrepresentmean + SD. ¢, Effect of subchronic administration of DN13-DN1
(10 mg/kg, 3x1 mg/kg, i.p., red) onnumber of entries in Y-maze (left panel) or
ASR (right panel). Bars represent mean = SD. Inb, ¢, ### p < 0.01in comparison
with vehicle-treated WT mice; ** p < 0.01in comparison with vehicle-treated
mice withineach genotype intwo-way MANOVA followed by a Tukey HDS test.
Ina,b,cthe numbers ofanimals areindicated in the panels. For details on
statistics and p-values see Source data.
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Extended DataFig.10|LowLPS contamination of DN13-DN1is not
responsible for nanobody brain-penetration or behavioural effect.

a, Evaluation of LPS amountinjected into animals during DN13-DN1
administration. The content of LPSin each nanobody sample was assessed
by mass spectrometry (n =3 biological samples). Along DN13-DN1 purified in
the standard protocol (Immobilized-metal affinity chromatography - IMAC)
administration, around 0.25 mg/kg LPS are injected into animals which s
below the threshold reported toinduce toxicity (0.5 mg/kg). A further size
exclusion chromatography (SEC) purification step reduces thisamount to
0.002 mg/kg. Resultsin DN13-DN1 nanobody with almost no endotoxin
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(below 0.19 pg/mg nanobody) still have an acute effect in the genetic mouse
model of schizophrenia. b, Y-maze. Percentage of spontaneous alternations
and number of entries 3 h after the acute injection of 10 mg/kg (i.p.) of DN13-
DN1either purified in one-step IMAC or purified in two steps IMAC followed

by SEC. No difference was observed between DN13-DN1samples, and both
samplessignificantly corrected the working memory deficitin GluN1KD mice.
Barsrepresent mean + SD. ### p < 0.001in comparison with vehicle-treated
WT mice;***p <0.001in comparison with vehicle-treated GluN1KD micein
two-way MANOVA followed by a Tukey HDS test. The numbers of animals are
indicated in the panels. For details on statistics and p-values, see Source data.
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Extended DataFig.11| mGlu,relative expression measured after
subchronic treatment with DN13-DN1in the two mouse models of
schizophrenia. a, Nosignificant differences were observed on the relative

alsoobserved between subchronic administration of DN13-DN1 (10 mg/kg,
3 x1mg/kg, red) or vehicle (black) inboth WT and GluN1KD mice. The signal
indicates the slope values of the relative FRET linear range in the quantification

quantification of mGlu, receptorsinthe prefrontal cortex, cortex, hippocampus,  experiments. Dataare presented as mean +SD and analysed using the one-

striatum, cerebellum and midbrain of controland PCP-treated mice treated
with DN13-DN1 (red) or vehicle (black) subchronic protocol detailed in Fig. 5a
(10 mg/kg, 3 x1 mg/kg). b, No variation in the mGlu, relative expression was

way ANOVA followed by a Dunnet post-hoc analysis. The number of animals
isindicated above the X-axis. For details on statistics and p-values, see
Source data.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

{| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XL X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX [ [0 OX O] L0

oo

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All FRET measurements (TR-FRET and HTRF) were acquired using PHERAstar control software version 5.41 (BMG LabTech).
Image aquisition was done using ZEN slidescan Zen 2.3 Lite (Zeiss). Images were processed and exported as TIFF using ZEN 3.2 blue edition
(Zeiss).
Beta-radioactivity was quantified using QuantaSmart program (QuantaSmart program: version 5.2 on Windows® 10, 64-bit for the Tri-Carb
Liquid Scintillation Analyzer series of instruments) and imaged on BETA-Imager using BetaAcquisition software version 9.4.12. 219 which
seamlessly control the entire system and its modules, and manage the imaging experiments.
For NOR experiments, the animals were videotracker using Ethovision software XT 13.0 (Noldus) or Logitech capture : 2.08.11
and blind analysis was done using a virtual timer (xntimer 1.12.0.0)
For Y-maze, behavioral results were collected semi-automatically using video-tracking software (Biobserve Viewer2.0 tracking software).
PPI data were collected using SR-Lab Analysis software 6300-0000-Y.

Data analysis Data were plotted and statistically analyzed using Prism 10.4.2 (Graphpad software) except for Y-maze and PP| data that were statistically

analyzed using TIBCO Statistica 14.0.0.15 software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Source data and protocols are provided with this paper. All other requests for materials will be promptly reviewed by the corresponding authors to determine
whether they are subject to intellectual property.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No involvement of human participants, their data or biological material

Reporting on race, ethnicity, or  No involvement of human participants, their data or biological material
other socially relevant

groupings

Population characteristics No involvement of human participants, their data or biological material
Recruitment No involvement of human participants, their data or biological material
Ethics oversight No involvement of human participants, their data or biological material

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Pharmacology: Sample size for each experiments were determined based on standards for experimental cell biology, with a minimum of n =3
biological independent replicates with sufficient reproducibility. All the presented data are mean + SEM or representative results for at least
three experiments performed independently in triplicate or quadruplicate. Information on the number of replicates and independent
experiments that were performed for each measurement is provided in the manuscript.

Animal experiments:

Neurodevelopment model: The sample size for behavioral studies using the PCP pharmacological model of schizophrenia was based on
previous experiments carried-out in P. Marin's team on this same model (Rogliardo et al., in preparation) and on the model of chronic
consumption of THC during adolescence (Berthoux et al, EMBO Molecular Medecine, 2020, doi: 10.15252/emmm.201910605).

Genetic model: Group sizes were determined through power calculations, utilizing experimentally identified standard deviations and
anticipated meaningful effect size, as recommended (Krzywinski, M., Altman, N. Power and sample size. Nat Methods, 2013, 10, 1139-1140,
doi: 10.1038/nmeth.2738).

Radioactivity experiments: Sample size were determined thanks to a free application developed by Data’Stat (http://appsonline.idele.fr/
CalculEffectif/)

Data exclusions  For in vitro experiments, some individual outliers were excluded from the analysis.
For NOR behavioral testing, mice with total time exploration of less than 3 sec in the test session were excluded.
For mGlu2 quantification some outlyers and some samples bellow the limit of detection were excluded.

Replication Number of independent experiments and replicates are indicated in the legends to the figures.

Randomization Randomization principle was used to assign experimental mice to treatment groups to avoid bias and spurious conclusions in all animal
experiments (Hirst JA., Howick J., Aronson JK., Roberts N., Perera R., Koshiaris C., Heneghan C. The need for randomization in animal trials: an
overview of systematic reviews. PLoS One, 2014, 9(6):e98856, doi: 10.1371/journal.pone.0098856).

More specifically for neurodevelomental model, to avoid any bias in the treatment attribution: all pregnant females were ordered from
Janvier Labs, the females were not reused to generate new litters, at weaning, each mouse was labelled with a unique ear tag, within a cage,
animals were randomly assigned to the different treatments tested. Thus, animals from different litters received the same treatment for a
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given cohort.
For radioactivity experiments, animals were allocated to groups using a computerized randomization procedure.

Blinding For all animal experiment (NOR, Y-maze, PPI, locomotion, radioactivity measurment, blood quantification, mGlu2 expression quantification)
investigators were blind to all the experimental conditions whenever it was possible during data collection and they were blind during data
analysis. This was notably done by assigning mice a digital identifier (code) and division of tasks (genotyping, treatment delivery, phenotyping
and data analysis) between group members as recommended (Hirst et al., 2014). Genotyping was difficult to blind since Grin1 knockdown
mice express pronounced hyperactivity and stereotypy.

For pharmacology experiments, inverstigators were aware of the samples identity.

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.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[ 1IX Antibodies [ ] chip-seq

|:| Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| Animals and other organisms

|:| Clinical data

X |:| Dual use research of concern

g |:| Plants

Antibodies

Antibodies used Home made nanobodies: DN1, DN10, DN13 and the various bivalent combinations described in the article (several production were
necessary to perform the behavioral experiments. All lots were pharmacologically validated prior to their use in animals).
MADb Anti 6HIS-d2 (Revvity, #61HISDLF, lot :34B, and 40A)
6x-His Tag Recombinant Rabbit Monoclonal Antibody (Life technologie, clone RM146, #MA5-33032 , lot: YE3940631 and YB3826421)
biotinylated goat anti-rabbit IgG (Vector Laboratories, #BA-1000-1.5, lot: ZH0106 for the antibody; 2J0214 and ZJ0909 for DAB kit)

Validation The specificity of DN1, DN10 and DN13 was previsouly reported (Scholler et al. Nat Comm (2017), dpo: 10.1038/
s41467-017-01489-1). The specificity of DN13-DN1 was assessed in this study (Figure 1e and Extended data 1d).
Commercial primary antibodies used in this study are widely used and have been validated by the respective manufacturer:
Mab Anti 6His-d2 : https://resources.revvity.com/pdfs/rvty_Is_manual_61HISDLF-61HISDLA-61HISDLB.pdf
6x-His Tag Recombinant Rabbit Monoclonal Antibody : https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_primary&productld=MA5-33032&version=Local.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293 cells (ATCC, CRL-1573), HEK293F cells (Expi293™ Expression System Kit, Thermofischer scientitic, #A14635).

Authentication HEK293 cell line was obtained from ATTC and HEK293F cell line from Thermofisher scientific and used without further
authentication.

Mycoplasma contamination Putative Mycoplasma contamination was assessed monthly and no contamination was reported.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(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 C57BL/6J mice either wild-type or GIuN1 KD were used.
For NOR behavioral experiments, pups were treated at P7, P9 and P11 and the behavioural was perform at P60 or P67.

Wild animals The study did not involve wild animals.

Reporting on sex Sex was not considered in the initial study design and gender analysis was performed (Extended data 7).
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Field-collected samples

Ethics oversight

The study did not involve samples collected from field.

Animal care and surgical procedures were performed according to the Directive 2010/63/EU of the European Parliament, which had
been approved by the Ministry of Agriculture, France. The project was approved by the French National Ethics Committee for Animal
Experimentation (CEEA) under the number APAFIS #36241-2022032518526906 v4 (for PCP procedure),
APAFIS#4111-2016021613253432 V5 (for tritiated nanobodies) and APAFIS #31981-2021060423426200 v3 (for nanobody
pharmacokinetics in blood). Behavioural pharmacology in GIuN1 KD mice was approved by the Faculty of Medicine and Pharmacy
Animal Care Committee at the University of Toronto in accordance with Canadian Council on Animal Care (CCAC) guidelines. All
experiments were performed in accordance with relevant named guidelines and regulations.

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

Plants

Seed stocks

Novel plant genotypes

Authentication

No plants were used

No plants were used

No plants were used
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	Nanobody therapy rescues behavioural deficits of NMDA receptor hypofunction
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