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Abstract

Currently, no viable treatment exists for cognitive and olfactory deficits in Down syndrome (DS).
We show in a DS model (Ts65Dn mice) that these progressive non-reproductive neurological
symptoms closely parallel a post-pubertal decrease in hypothalamic as well as extra-hypothalamic
expression of a master molecule controlling reproduction — gonadotropin-releasing hormone
(GnRH), and appear related to an imbalance in a microRNA-gene network known to regulate
GnRH neuron maturation together with altered hippocampal synaptic transmission. Epigenetic,
cellular, chemogenetic and pharmacological interventions that restore physiological GnRH levels
abolish olfactory and cognitive defects in Ts65Dn mice, while pulsatile GnRH therapy improves
cognition and brain connectivity in adult DS patients. GnRH thus plays a crucial role in olfaction
and cognition, and pulsatile GnRH therapy holds promise to improve cognitive deficits in DS.

Keywords

Trisomy; dementia; intellectual disability; cognitive decline; preoptic area; hypothalamic-pituitary-
gonadal axis; anosmia; infertility; microRNA; Otx2

Science. Author manuscript; available in PMC 2023 March 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Manfredi-Lozano et al. Page 3

Introduction

Results

Down syndrome (DS) or Trisomy 21 is the most common genetic cause of intellectual
disability, for which treatment options are few and of doubtful efficacy (1, 2). The extra
chromosome 21 is associated with increased gene dosage and global alterations of gene
expression, disrupting biological homeostasis and contributing to its various clinical and
neurological manifestations (3) (4). Among these, adult DS patients present with cognitive
decline due to an early-onset Alzheimer disease (AD)-like pathology (5-11), and have also
revealed white matter pathology and hypomyelination (12). A progressive loss of olfaction,
typical of neurodegenerative diseases, is also prevalent (13), starting during the prepubertal
period (14), and men with DS may display deficits in sexual maturation (15).

The inability to perceive odors, together with infertility, is also characteristic of
gonadotropinreleasing hormone (GnRH) deficiency in patients with Kallmann syndrome
(16). GnRH, essential for reproduction in all mammals (17), is secreted by specialized
neurons in the hypothalamus and activates the hypothalamic-pituitary-gonadal (HPG) axis to
produce sex steroids (16). However, the first centrally driven gonad-independent activation
of the HPG axis occurs well before puberty, during the infantile period in both humans
and mice (18, 19), a phenomenon known as “minipuberty” that sets in motion the entire
process of reproductive maturation (20). Additionally, the expression of GnRH and its
cognate receptor GNRHR in extrahypothalamic areas not directly involved in reproduction
suggests a role for GnRH in higher brain functions (21-23). In light of these phenotypic
and temporal correlations, we used Ts65Dn mice, which overexpress the mouse genomic
region orthologous to chromosome 21 (chromosome 16) (24) and recapitulate many of the
anatomical, neurobiological, and behavioral phenotypes of human DS (25-27), to examine
whether olfactory and cognitive deficits in DS could stem from GnRH abnormalities, and
could be reversed by its replacement in mice and DS patients.

Ts65Dn mice show Down-like olfactory, cognitive deficits

To explore whether olfactory and cognitive deficits, observed in DS patients, also occurred
in Ts65Dn mice and determine their temporality, we performed habituation/dishabituation
tests to assess odor discrimination (28), and a novel object recognition test (also used

in DS patients (29)) to assess recognition memory, a hippocampus-dependent task (30),

in prepubertal (P35) and young adult (P90) mice (Fig. 1A). While olfactory performance

in Ts65Dn mice was normal at birth (as assessed by milk intake, an olfaction-dependent
behavior in newborns) and the infantile period (assessed using the homing test) (Fig.

S1), olfactory deficits appeared between the second week of life and the juvenile period.
While male and female prepubertal (P35) Ts65Dn mice showed normal habituation (i.e.
reduced sniffing time when an odor was reintroduced), once habituated, they were unable to
distinguish novel from known odors (Fig. 1B), a deficit that persisted in adulthood (Fig. 1C),
phenocopying the prepubertal onset of olfactory deficits in DS patients (14). In contrast,
novel object recognition in prepubertal Ts65Dn mice was comparable to wild-type (WT)
littermates (Fig. 1D) but impaired in young adults (Fig. 1E), revealing an age-dependent
cognitive decline reminiscent of DS. Two alternative explanations for age-related cognitive
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deterioration - neuroinflammation (31) and triplication of the amyloid precursor protein
(App) gene in both DS patients and Ts65Dn mice (24) — were eliminated, as inflammatory
markers were comparable between the two genotypes (Fig. S2), and any changes in the
expression of AD-related proteins occurred in middle-aged (P360) but not young adult (P90)
Ts65Dn animals (Fig. S3), i.e. well after the onset of olfactory and cognitive changes.

With regard to sexual development and reproductive maturation, Ts65Dn mice are known to
show abnormalities (24), with males being infertile and females subfertile (32). We found,
additionally, that males displayed severe hypogonadism in adulthood (Fig. S4), whereas
females showed normal puberty timing and regular estrous cyclicity as young adults, but
became anovulatory at 12 months of age (Fig. S5). These sexually dimorphic phenotypes
also resemble those reported in DS patients (15). To understand whether these changes
stemmed from alterations to the HPG axis, we measured serum gonadotropin levels. Adult
male (Fig. 2A-C) and female (Fig. S51-K) Ts65Dn mice showed normal luteinizing hormone
(LH) pulse frequency but decreased LH pulse amplitude. However, at P12, during the peak
of minipuberty, levels of the gonadotropins LH and follicle stimulating hormone (FSH)
were not markedly altered in female Ts65Dn mice (Fig. S5L). In male Ts65Dn mice at

P12, LH but not FSH levels were higher than in WT mice, while both gonadotropins were
elevated in adulthood (Fig. 2D), a phenomenon also seen in DS men (15, 33). Despite

this, adult male Ts65Dn mice displayed unaltered testosterone levels (Fig. 2D), similar

to DS men (15). However, serum LH levels before, and 14 and 30 days after bilateral
orchidectomy were comparably increased in both groups (Fig. 2E), indicating intact gonadal
steroid communication between the testes and the hypothalamus. Similarly, orchidectomy
did not affect olfactory or cognitive performance (Fig. 1F,G), suggesting that any deficits
were not due to gonadal steroid deficiency or altered gonad-brain communication.

Together, these results confirm that trisomic Ts65Dn mice also reproduce the olfactory,
cognitive and sexually dimorphic reproductive phenotype of DS patients, and implicate HPG
axis dysregulation as a putative cause of these deficits.

GnRH is progressively lost in Ts65Dn mice

In keeping with our studies in human fetuses (21), three-dimensional (3D) imaging and
analyses of solvent-cleared tissue (iDISCO) from adult WT mice revealed numerous extra-
hypothalamic GnRH projections (Fig. 2F), often in close apposition to the walls of the
lateral ventricles (Movie S1-2). Unilateral stereotaxic injections of adeno-associated viral
vectors encoding Yellow Fluorescent Protein (AAV9.EF1a.D10.eYFP.WPRE.hGH) into the
dorsolateral median eminence, where GnRH neuroendocrine terminals are located, in adult
WT Gnrh:: Cre mice (Fig. S6A) led to YFP labeling not only of GnRH neuronal cell bodies
and processes in the preoptic area (POA) (Fig. S6B,C), but also of processes in the cortex
(Fig. S6D,E), hippocampus (Fig. S6D,F) and paraventricular thalamus (Fig. S6D,F). Thus,
at least some extra-hypothalamic GnRH projections in brain areas controlling cognitive and
social behaviors actually came from hypophysiotropic GnRH neurons in the hypothalamus
(Fig. 2F, S6A). iDISCO analyses of Gnrhr.: Cre; Tau-GFPO®* mice also identified GFP-
labeled neurons expressing the GnRH receptor (GnRHR) promoter in the mouse cerebral
cortex and hippocampus (Fig. 2G, S7A-F), supporting a non-reproductive role for GnRH.
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Using conventional immunohistofluorescence and iDISCO, which provide comparable

and accurate counts of GnRH neurons (21, 34), we found no difference in either the
distribution or the number of GnRH somata at birth (P0) between Ts65Dn and WT mice
regardless of sex, but a profound loss of both hypothalamic and extra-hypothalamic GnRH-
immunoreactive somata and fibers starting after puberty onset in Ts65Dn mice (Fig. 2H,
Fig. S8). In adult (P90) Ts65Dn mice, although GnRH fibers were visible in the median
eminence (Fig. 21), extensive extra-hypothalamic GnRH projections were absent (Fig. 2F,1),
mirroring the age-related deterioration of cognitive performance observed in these mice
(Fig. 1D,E).

microRNA-transcription factor imbalances underlie olfactory, cognitive impairments

HPG axis activation through GnRH expression at minipuberty (P12) is regulated by a
complex switch consisting of several microRNAs—in particular miR-155 and the miR-200
family, as well as their target transcriptional repressor/activator genes, in particular Zeb1
and Cebpb (Fig. 3A) (18). Human chromosome 21 and murine chromosome 16 code for

at least five of these microRNAs (miR-99a, let-7¢c, miR-125b-2, miR-802 and miR-155), of
which all except miR-802 are selectively enriched in GnRH neurons in WT mice around
minipuberty (18). Given the peripubertal loss of GnRH-immunoreactivity in Ts65Dn mice,
we analyzed global microRNA and gene expression in the POA in adult mice and found a
downregulation of miR99a, as well as smaller decreases in let-7c, miR-125b-2, miR-802 and
miR-155 (Fig. 3B). Despite not being located on chromosome 16, miR-200 family members
were reduced by 50% or more (Fig. 3C), accompanied by an upregulation of ZebZ mMRNA
and a consequent marked decrease in Gnrhl expression (Fig. 3D). Real-time PCR analyses
of cell-sorted GNRH neurons from Gnirfr.. gfp; Ts65Dn mice (Fig. S9; Fig. 3E) confirmed that
this increase in Zebl, a Gnrh1 promoter repressor, and a concomitant downregulation of

the Gnrh1 promoter activators Otx2and Kiss1ralready occurred during the infantile period,
i.e. minipuberty (Fig. 3F), initiating decreased Gnrh1 expression (Fig. 3D). Accordingly,
the selective overexpression of miR-200b in the POA of adult (P90) Ts65Dn males using
stereotaxic injections of AAV9-EF1a-mmu-mir200b-eGFP but not a control vector (Fig.
3G,H; Fig. S10A,B), which rescued the capacity to differentiate odors (Fig. 3L) and
recognize novel objects (Fig. 3M), also increased the number of neurons expressing Gnrhl
(Fig. 3I-K, Fig. S10D) and the Gnrh1 promoter regulator Otx2 (Fig. S10C,D, Fig. 31) in

the POA. Conversely, male Gnrh::Cre;Dicer®P'oxP mice, in which miRNA processing (and
thus GnRH expression) is selectively knocked out in GnRH neurons, phenocopied Ts65Dn
mice, displaying impaired olfactory discrimination and cognition (Fig. 3N,O).

Hypothalamic miR-200b overexpression rectifies hippocampal gene expression

To further analyze how miR-200 expression in the POA could influence cognitive function,
we performed RNA-seq and differential gene expression analyses of the POA and
hippocampus dissected from 6-8 month-old WT and Ts65Dn littermates injected in the
POA with control AAV, and from Ts65Dn mice infected with the vector overexpressing
miR-200b (Fig. S11A). While 8 genes were differentially expressed in the POA of Ts65Dn
vs. WT littermates (Fig. S11B), 91 were differentially expressed in the hippocampus

(Fig. 4A-B), many involved in axon ensheathment, myelination and oligodendrocyte
differentiation, as well as in potassium ion transport (Fig. 4C), in agreement with previous
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transcriptomic studies of the hippocampus of autopsied DS patients and mouse models

(35) (12). Downregulated genes were involved in G-protein-coupled receptor signaling,
amino acid transport and neurotransmission (Fig. S11C-D).miR-200b overexpression for

3 months in the POA of adult Ts65Dn mice reversed the upregulation of 53 of 72

genes in the hippocampus (Fig. 4D), in particular those involved in the aforementioned
biological processes (Fig. S11E), and the downregulation of 6 of 19 genes (Fig. S11D).
This phenomenon was confirmed by qRT-PCR analyses for key genes involved in axon
ensheathment, myelination and oligodendrocyte differentiation, including myelin basic
protein (Mbp) and inhibitor of DNA binding 4 (/d4), and potassium ion transport, such as
the potassium channel KcnjZ3and aquaporin 1 (Agpl) (Fig. 4E, Fig. S11F,G). Additionally,
7 genes upregulated in the Ts65Dn hippocampus are known to be similarly altered in DS
patients (Fig. S12A) (35), and include 4 that are involved in myelination, of which the
upregulation of 3 is reversed by miR-200b overexpression in the POA of Ts65Dn mice (Fig.
S12B). However, while protein levels of two of these, Kcnj13 and Mbp, in the contralateral
hippocampus of the same animals showed an effect of miR-200b, there were discrepancies
in the direction of change between the two analyses, as might be expected given the
complex control mechanisms involved, and the concomitant up- or downregulation of other
transcriptional regulators, such as the known Mbp transcriptional stabilizer Quaking (QKk)
(36) (Fig S11F,G), which can also act as translational repressor depending on the molecular
context (37, 38). Similarly, transcripts for the multifunctional homeoprotein Otx2 (39) were
upregulated in the hippocampal Cornu Ammonis area 1 (CA1) in Ts65Dn mice, in contrast
to the POA (Fig. S10C,B), but normalized by preoptic miR-200b overexpression (Fig.
S12C-E). Regardless of the direction of these changes, they provide a putative molecular
basis for anomalies of brain structure and composition in DS patients (12), and their reversal
by miR-200b infusion in the POA is of both mechanistic and therapeutic interest.

Hypothalamic miR-200b overexpression rectifies hippocampal synaptic transmission

Next, to explore whether the functional basis of recognition memory was altered in

Ts65Dn mice, we assessed basal hippocampal synaptic transmission /n7 vivo by stimulating
commissural fibers from the left hippocampus in anesthetized mice, and for each stimulation
site, recording both population spikes and field excitatory post-synaptic potentials (FEPSPs)
from CA1 stratum radiatum of the contralateral hippocampus (Fig. 4F). Paired-pulse
stimulation (Fig. S13A) revealed similar facilitation of fEPSPs in the CA1 pyramidal cell
layer of WT and Ts65Dn mice (Fig. S13B). However, the stimulus-response curve obtained
by recording both fEPSPs and population spikes in the CA1 (Fig. 4G, Fig. S13C) as well as
the area under the curve (Fig. 4H), were significantly lowered in Ts65Dn compared to WT
mice, suggesting lower dendritic excitability. These changes were diminished by miR-200b
overexpression in the POA (Fig. 4G,H, Fig. S13D). To further examine the relationship
between synaptic input strength and the amplitude and latency to firing of CA1 pyramidal
cells, we analyzed population spike-fEPSP coupling at different stimulation intensities (Fig.
41). The highest and lowest values on the Boltzmann-fitted population spike-fEPSP curve
were lower in Ts65Dn mice than in WT animals, reflecting a lower maximal-minimal spike
amplitude in Ts65Dn mice that was rescued by miR-200b overexpression (Fig. 4J). While
latency did not significantly change (Fig. 4K, Fig. S13 E, F), cellular excitability was
lowered in Ts65Dn mice and partially reversed by miR-200 overexpression (Fig. 4L).
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Together, these results suggest that miR-200 family expression in the POA alters electrical
signal propagation in the hippocampus, and that these deficits can be remotely rescued by
overexpressing miR-200b in the hypothalamus.

Hypothalamic GnRH compensation reverses olfactory and cognitive deficits

We next attempted to rescue olfactory and cognitive function in adult Ts65Dn mice

by GnRH replacement. Stereotactic injection of dissociated cells (18) from the POA

of neonatal WT Gnrh..gfp pups (WT-POA) into the third ventricle (3V) of adult male

and female Ts65Dn mice (Fig. 5A, Fig. S14) (40) completely reversed both olfactory

and cognitive impairments in Ts65Dn males (Fig. 5B) as well as short-term visuospatial
memory assessed in a Y-maze test (Fig. 5C-E). Graft of WT-POA also rescued cognition

in adult Ts65Dn females, but only partly restored olfactory capacity (Fig. 5F). However,
unlike adult hypogonadal mice (40), WT-POA transplantation did not restore fertility in
either Ts65Dn females (Fig. S15) or males (see methods). We next generated Gnrh::Cre,
BoNTBPXP-STOP-IoxP mice in which vesicular GnRH release is selectively silenced by the
GnRH-neuron-specific expression of botulinum neurotoxin B (BoNTB°"™). When neonatal
POA cells from these animals were grafted into adult Ts65Dn males (Fig. 5G), no olfactory
or cognitive rescue was observed (Fig. 5H,1). However, intraperitoneal GnRH injection 6
months post-graft rescued olfactory and cognitive performance in both sham (Fig. 5B) and
BoNTB®"™ POA-grafted Ts65Dn mice (Fig.5H,1), indicating that the effects of the graft
were specifically due to GnRH release.

To determine whether activating endogenous GnRH neuronal activity in Ts65Dn mice

could rescue olfactory and cognitive function, we bilaterally injected adult Gnrh::Cre

and Ts65Dn; Gnrh..:Cre mice with a Cre-dependent neuron-activating hM3Dg-DREADD
(Designer Receptor Exclusively Activated by Designer Drugs) vector into the POA (Fig. 5J).
Unlike vehicle injection (Fig. 5K,M), intraperitoneal clozapine N-oxide (CNO) injections
elicited increased LH levels in both Gnrh.:Cre and Ts65Dn; Gnrh.:Cre males (Fig. 5L,N),
indicating GnRH release. Additionally, they acutely restored olfactory discrimination (Fig.
50) and cognitive performance (Fig. 5P) in Ts65Dn mice. Conversely, when neurons
expressing GNRHR in the hippocampus of WT Gnrhr::Cre mice were infected with an
inhibitory DREADD vector (AAV8-hSYN-DIO-hM4D(Gi)-mCherry) (Fig. 5Q), acute CNO
injection (3 mg/kg) dramatically reduced both cognitive and olfactory performance (Fig.
5R,S).

These data together highlight the possibility that normal cognitive and olfactory function
depends on extra-hypothalamic GnRH neuronal projections and action, which are lost in
Ts65Dn mice during postnatal development, leading to their DS-like phenotype.

GnRH pulsatility is essential for deficit reversal

Finally, we tested whether restoring physiological (i.e. pulsatile) GnRH release in Ts65Dn
mice could reverse cognitive performance using Lutrelef - the native GnRH used to

treat hypogonadotropic infertility (41, 42). Adult Ts65Dn males were implanted with a
subcutaneous programmable mini-pump that delivered either pulsatile Lutrelef (0.25 pg
of GnRH per pulse over 10 min given every 3h), leading to activation of the GnRH
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receptor and the reproductive axis, or continuous Lutrelef infusion (0.25 ug per 3h),

which downregulates the GnRH receptor and blocks the reproductive axis (43), for 15

days (Fig. 6A). Continuous infusion did not improve olfactory or cognitive performance

in male Ts65Dn mice, and had a significant deleterious effect in WT mice (Fig. 6B,C),

in addition to blunting LH pulsatility (Fig. 6D-I). In contrast, pulsatile Lutrelef, which
rescued both olfactory discrimination (Fig. 6B) and cognitive function (Fig. 6C), increased
LH pulse amplitude to WT levels in Ts65Dn males (Fig. 6D). Neither Lutrelef treatment nor
miR-200b overexpression in the POA rescued testicular weight in Ts65Dn mice (Fig. S16).
Bilateral orchidectomy did not affect the rescue of olfaction (Fig. 6J) or recognition memory
(Fig. 6K) by pulsatile Lutrelef, suggesting that the functional improvements observed

were independent of the gonadotropic effects of GnRH, and could instead be due to the
mobilization of cognitive reserves in Ts65Dn mice.

Pulsatile GnRH improves cognition in Down Syndrome patients

Based on compelling results in Ts65Dn mice, we conducted an open-label pilot study to
assess the effects of pulsatile GnRH therapy on cognition in DS patients. Seven DS men
(26.4+2.3 years) who had completed puberty and presented with olfactory defects were
enrolled (Table S1). Despite normal testosterone and inhibin B levels, patients exhibited
mildly elevated LH and FSH levels, and a mild increase in estradiol levels as compared

to controls (Fig. 7A-D, Fig. S17C), yet normal pituitary sensitivity to a GnRH challenge
(Fig. S17A-B). LH pulsatility was not assessed in this vulnerable population. DS patients
displayed normal BMI and no major alteration in biochemical profile except for increased
hsCRP, i.e., systemic inflammation (Fig. 7F, Table S1). Serum neurofilament light chain,

a marker of neuronal damage (44), was within the normal range for age (Fig. S17S).

The Montreal Cognitive Assessment (MoCA) score was used to assess cognition in DS
patients for whom long cognitive battery tests are challenging, given their intellectual
disability, attention deficit and fatigue. The seven DS patients had impaired cognition (Fig.
7G-K), while 4 had altered verbal comprehension (Token test) (Fig. 7L). Using quantitative
relaxometry-based MRI, we observed DS-related loss of myelin along the corticospinal
tract and thalamus, increased iron in the pallidum, and volume loss in the cingulate gyrus,
cerebellum and thalamus, compared to healthy age-matched controls (Fig. 7N, Fig. S17R,
Table S2-3) (45). Resting-state functional magnetic resonance imaging (rs-fMRI) showed
altered default mode network (DMN) in our DS cohort (Fig. 70), as previously reported (46,
47).

Pulsatile GnRH therapy using a LutrePulse pump was given for 6 months at a dose of
75ng/kg/pulse every two hours to mimic the LH pulse frequency observed in healthy men
(41), and was well tolerated (Fig. S17L-M). The reproductive hormonal profile did not
change on GnRH therapy (Fig.7A-C, S17A, Table S1) except for a slight decrease in
serum FSH (Fig.7D). Most metabolic parameters showed a trend towards improvement or
no change (Fig. S17D-K,S, Table S1). Cognitive performance, as assessed by total MoCA
score, increased in 6 out of 7 patients (Fig. 7G), driven by sub-scores for visuospatial
function (Fig. 7H,M), executive function (Fig. 71), attention (Fig. 7J) and a trend for
episodic memory (Fig. 7K). GnRH therapy also enhanced verbal comprehension (Fig.
7L). Olfactory performances (Fig. S17N-Q) and brain anatomical features did not change
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(Tables S2-S3, Fig. S18A-D). However, functional connectivity as assessed by rs-fMRI
increased mainly within a broad network encompassing visual and sensorimotor DMN
regions, while connectivity within the hippocampal regions (ventral DMN) linked to the
amygdala decreased (Fig. 70), approaching control values (46, 48, 49).

Discussion

Our study demonstrates an unexpected role for GnRH in olfactory and cognitive
performance, consistent with the expression of GhnRH and its cognate receptor GnRHR

in extra-hypothalamic areas (21-23). The progressive loss of GnRH expression during
postnatal development precedes the onset of cognitive and olfactory impairments in a
mouse model of DS, which can be reversed by replacing GnRH. Furthermore, in our

pilot study of DS patients pulsatile GnRH therapy improved cognition, consistent with
improved connectivity in the relevant brain regions. This is particularly important given that
translational studies in DS have fallen short, and no pharmacological therapy to date has
significantly improved cognition (1, 50-53).

In DS patients, a deviation from neurotypical developmental trajectories leads to reduced
cognitive abilities (54) and AD-like neurodegenerative changes in their forties after a

long preclinical phase (5, 6, 11, 55). Olfactory deficits of prepubertal onset worsen in
adulthood concomitant with the acceleration of cognitive decline (14). In our trisomic
model, which faithfully phenocopies several clinical aspects of DS, cognitive and olfactory
deficits parallel a gradual loss in GnRH expression beginning in childhood and culminating
in adulthood, well before any AD-like changes. The loss of GnRH itself can be traced

even further back, to the perturbation of the minipubertal microRNA-transcription factor
switch in Gnrh1 promoter activity during the infantile period, which integrates multiple
feedback loops (18), and is partially localized on the triplicated region of both the human
and mouse chromosome. Overexpressing miR-200b, one of the effectors of this switch, in
the hypothalamic POA, where most GnRH neuronal cell bodies reside, not only rescues
other genes of the GnRH transcriptional regulation network but remotely normalizes
olfaction and hippocampal synaptic transmission. miR-200 members have multiple targets,
but while an action through other pathways cannot be ruled out, similar effects can be
obtained by directly replacing physiologically relevant GnRH levels. The improvement

in cognitive function induced by pulsatile GnRH infusion is independent of changes in

the sex steroid milieu in both DS patients and Ts65Dn mice. Similarly, in patients with
congenital GnRH deficiency, who show a marked impairment of spatial ability while verbal
abilities remain unchanged, these deficits are not rescued by exogenous androgen therapy
(56). Conversely, inhibiting GnRHR-expressing cells in extra-hypothalamic target regions,
to which hypothalamic GnRH neurons also project, leads to DS-like changes, indicating
that GnRH neurons have two or more sites of action, for reproductive and non-reproductive
functions, respectively.

While gonadotropin-induced gonadal function is not necessary for the cognitive or olfactory
functions of GnRH, its pulsatility, necessary to regulate gonadotropin release, does appear
necessary for these other functions also, and may even regulate age-related cognitive decline
(57). Thus LH serum concentration and pulsatility, while not measurable in our study, may
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still be a useful marker for DS-like changes (58). Similarly, in a mouse model of AD, FSH,
which is elevated in DS patients and reduced by pulsatile GnRH treatment, acts directly on
hippocampal neurons to mediate the AD phenotype, supporting a similar mechanism in DS
(59). In that study, the effects of reducing FSH were mediated by inhibiting C/EBP, the
product of the Cebpb gene, a part of the minipubertal GnRH switch that both directly and
indirectly, through Zeb1, controls GnRH expression (18) (Fig. 3A), and whose expression
was also increased in our adult trisomic mice.

Other than those genes involved in Gnrf1expression, several genes involved in
oligodendrocyte differentiation or myelination, including some that show age-related
dysregulation in human DS brains, were also differentially expressed in Ts65Dn mice
(12). This may explain the myelin loss observed, even though decreased brain volume and
hypocellularity in DS are often attributed to a neurogenesis deficit (60). During human
brain development, myelin content increases during adolescence in the cortical grey matter
and to some extent in white matter (61), concomitant with improved cognition (62). Given
that miR-200 in the POA normalizes the expression of myelination-related genes in the
Ts65Dn mouse hippocampus, it is tempting to suggest that pulsatile GnRH secretion at
puberty, a crucial hypothalamic event, could also be a signal for overall brain maturation.
Some animal models of dementia, including AD, also show an upregulation of myelination
genes (63) that overlap with those found in Ts65Dn mice (Fig. S19A), while genes
involved in GnRH signaling are among the most downregulated in discrete cortical areas
of post-mortem AD patient brains (64), as well as being dysregulated in the hippocampus
of the THY:: TAUZ2 mouse AD model (65), which progressively develop a hippocampal
Tau pathology in parallel with cognitive deficits (66, 67). Like adult Ts65Dn mice (Fig.
2A-C), 12-month-old male 7HY:: TAU22 mice showed normal LH pulse frequency (Fig.
S19B) but decreased LH pulse amplitudes (Fig. S12C). Pulsatile Lutrelef infusion rescued
odor discrimination (Fig. S12D,E) and object recognition memory (Fig. S12F) in these
mice, confirming that olfactory and cognitive deficits in other neurodegenerative disorders
could also be caused by the loss of GhnRH and reversed by its replacement, perhaps
through the same molecular pathways. Strengthening the parallels between DS and AD,
Afg3/2, a mitochondrial gene downregulated in the Ts65Dn hippocampus, prevents both
demyelination and Tau hyperphosphorylation, linking it to the AD-like phenotype observed
in DS (68, 69). Additionally, mutations in DUSP6 have been identified in patients with
hypogonadotropic hypogonadism (70), but it is also hypermethylated in AD and prevents
Tau hyperphosphorylation (71, 72). The differentially modulated genes identified in Ts65Dn
mice thus lie at the interface between reproductive dysfunction, AD-like cognitive and
neurodegenerative alterations much like the phenotype of DS patients themselves, making
these mice a valuable DS model.

In terms of neuronal activity, cognitive deficits in Ts65Dn mice could result from alterations
of synaptic plasticity and neurotransmission (73). Aberrant GABAergic signaling has been
previously observed in Ts65Dn mice (74), as has altered long-term potentiation associated
with increased hippocampal GABA release (75) and GABAergic inhibition (76, 77).
Synaptic transmission in the hippocampus of our Ts65Dn mice was partly normalized by
miR-200b overexpression in the septal POA, with which it is reciprocally connected (78)
and which is a source of hippocampal GABAergic neurons during embryogenesis (79).
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GABA is known to activate CA1 pyramidal cells in adult Ts65Dn mice, accompanied by a
positive shift in the reversal potential of GABAA receptor-driven CI- currents and increased
hippocampal expression of the cation-Cl-cotransporter NKCC1 in both Ts65Dn mice and
DS individuals (80). This suggests that the excitation-inhibition balance of hippocampal or
other neuronal circuits may be perturbed in DS, resulting in impaired cognition, and that
restoring physiological GnRH signaling somehow reestablishes this balance, even after the
end of the developmental period. One possible molecular player underlying this mechanism
is the homeoprotein Otx2, which acts as a microRNA-regulated Gnrh1 promoter activator
in the POA (18), and where it has long been suspected to play a role in maintaining GnRH
expression in the adult hypothalamus as well (81). Otx2 has also been described to modulate
the opening and closure of critical developmental windows for cortical GABAergic neurons
at the end of the infantile period (39), raising the possibility that POA-derived Otx2 during
the minipubertal GnRH switch could influence neocortical development and function. To
summarize, our results provide the rationale to launch a randomized multicentric study

to confirm the efficacy of pulsatile GnRH therapy in correcting the neurodevelopmental
trajectory and age-related cognitive decline seen in DS and other conditions, such as AD,
that share similar molecular or functional underpinnings.

Methods Summary

Animals

Male and female Ts65Dn mice (P9-P360) and their wild-type (WT) littermates were housed
under specific pathogen-free conditions in a temperature-controlled room (20-21°C) with
12h light/dark cycle and ad libitum standard chow and water. Several additional transgenic
mouse lines were used in this study. Animals studies were approved by the Institutional
Ethics Committees for the Care and Use of Experimental animals of the Universities of Lille
and Lyon 1, and the French Ministry of National Education, Higher Education and Research
(APAFIS# 29172-2020121811279767 v5 and APAFIS#10164-2017060710541958 v4).

Ts65Dn mouse phenotyping—Sexual maturation and postnatal acquisition of
reproductive, olfactory and cognitive impairments were assessed throughout life using
external signs of puberty, hormonal profiling, olfactory discrimination, novel object
recognition and visuospatial memory tests etc.

Imaging—The distribution of GhRH-immunoreactive neuronal cell bodies and projections
in the brain, as well as the neocortical distribution of cells expressing the GnRH

receptor promoter were assessed using both classical neuroanatomical approaches
(immunofluorescence and multiplex fluorescent /n situ hybridization) and advanced three-
dimensional imaging and analysis of solvent-cleared tissue (iDISCO) methods.

Functional studies—Pharmacological (intraperitoneal administration of GhnRH or CNO),
viral (stereotaxic infection of the preoptic region or the hippocampus with adeno-associated
viral vectors expressing Cre-dependent activatory or inhibitory DREADDS, or untargeted
miR-200b) and cellular approaches (grafting dissociated newborn preoptic region cells into
the hypothalamus of adult mice) were used to characterize the role of GnRH neurons and
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Patients

secretion in the postnatal acquisition of olfactory and cognitive deficits in Ts65Dn mice.
RNAseq, quantitative RT-PCR, fluorescent in situ hybridization, western blotting and /n vivo
CAL1 field recordings in anesthetized mice were used to further investigate the molecular and
cellular mechanisms underlying these processes.

Pulsatile GnRH treatment—Ts65Dn mice were subjected to LH pulsatile release
evaluation, olfactory habituation/dishabituation and object recognition tests 1 month before
and following 2 weeks of pulsatile GnRH therapy (Lutrelef®, Ferring SA, Switzerland) via
a programmable subcutaneous micro-infusion pump, at a rate of 0.25 pg at 3-hr intervals to
mimic the LH pulse frequency seen in male WT mice (SMP-300, iPRECIO, Japan).

Seven French-speaking men with Down syndrome (20-50 years of age) were enrolled

in an open-label pilot study at Lausanne University Hospital (CHUV, Switzerland)

to assess the effect of 6-month pulsatile GnRH therapy on cognitive and olfactory

function (clinicaltrials.gov, NCT04390646). Written informed consent was obtained from
all participants and their legal representatives prior to inclusion (Ethics Committee of
Vaud, 2020-00270). Patients were subjected to baseline clinical evaluation (detailed history,
physical examination, hormonal and cognitive profiling, MRI analyses) before and after
6-month pulsatile GnRH therapy via a subcutaneous pump at a rate of 75 ng/kg/pulse at 2-hr
intervals (LutrePulse® manager and LutrePod®, Ferrring SA, Switzerland) to mimic LH
pulse frequency in normal men. Six age-matched healthy male controls were also recruited
to compare baseline parameters.

Imaging studies comprised structural MRI and resting-state functional MRI using a
3T wholebody MRI system using a 64-channel radiofrequency head and body coil for
transmission (Magneton Prisma, Siemens Medical Systems, Germany).

Statistics—Data were assessed for normality and statistical differences evaluated using
appropriate parametric or non-parametric tests for two or more groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Novel object recognition test
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Fig. 1. Ts65Dn mice show age-dependent olfactory, cognitive loss.
(A) Experimental design to evaluate olfactory and visual discrimination during postnatal

development. (B-E) Habituation/dishabituation test to assess the ability of P35 and adult
Ts65Dn mice and WT littermates to differentiate between two distinct odors (P35: B: WT

male dishabituation vs. Ts65Dn male dishabituation, t(4s) =

3.67, P=0.003, n=6,5; WT

female dishabituation vs. Ts65Dn female dishabituation, t(105) = 6.10, P<
Adult: C: WT male dishabituation vs. Ts65Dn male dishabituation, t(4s) =
n=6,5; WT female dishabituation vs. Ts65Dn female dishabituation, t(16) =

0.0001, n=6,5.
4.19, £=0.0006,
5.42, P=0.0002,

n=5,5); or recognize new objects in their environment (P35: D: WT male vs. Ts65Dn male,
t9) = 1.02, =0.33, n=6,5; WT female vs. Ts65Dn female, t;6) = 1.278, P=0.22, n=9,9. E:
WT male vs. Ts65Dn male, t(10) = 4.8, £=0.0007, n=6,6; WT female vs. Ts65Dn female,
t(0) = 4.93, P=0.0006, n=6,6). Values represent means + SEM. Unpaired Student’s t-test
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to compare 2 conditions; two-way repeated-measures ANOVA followed by Sidak’s post hoc
test for = 3 conditions. **/<0.01; ***/,<0.001.
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Fig. 2. Ts65Dn mice progressively lose GnRH expression, function.
(A) LH pulsatility assessment by serial blood sampling. (B) LH pulse frequency (n=8,8

mice). (C) LH pulse amplitude (n=5,6 mice). (D) Circulating levels of LH, FSH (at P12 and
in adults) and testosterone (in adults) (WT n=8,12,8,13,15 mice; Ts65Dn n=5,12,9,14,20
mice). (E) Effect of orchidectomy on LH levels 14 days (14D) and 30 days (30D) after
surgery (WT: n=8,4,4,4,4 mice; Ts65Dn: n=9,4,4,5,5 mice). (F) GhRH-immunoreactive
neuronal fiber tracing, pseudocolored projection pathways. Green: GnRH neurons and
projections to median eminence (ME); magenta: neuronal projections to the anterodorsal
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amygdala (MEAad); blue: neuronal projections to the paraventricular thalamus (PVT).

CX: cortex; HIP: hippocampus; MS: medial septum; OB: olfactory bulb; OV: organum
vasculosum laminae terminalis; PVT: paraventricular thalamus. Scale bars: sagittal 350
um; frontal 500 um. (G) Three-dimensional imaging of solvent-cleared organs (iDISCO)
showing Cre-dependent Tau-GFP expression in mouse neurons of the CX and HIP,

under the control of the GnRH receptor (Gnrhr) promoter. Scale bar: 200 um (H)
GnRH-immunoreactive cell bodies in the preoptic region of WT and Ts65Dn mice at
different postnatal ages assessed by conventional neuroanatomical analyses (WT, n=9,6,8,8
mice; Ts65Dn n=8,8,7,6 mice). (I) Representative horizontal view of whole-mount GhRH
immunoreactivity in adult (P90) Ts65Dn and WT littermates followed by iDISCO. Scale
bars: 600 um (panels 1, 2: 300 um).

Values represent means + SEM. */<0.05; **/< 0.01; ***/<0.001. Unpaired Student’s ~test
(C,D,Eeg-asterisks,.H) or Mann-Whitney U test for comparison between 2 conditions (B,D);
one-way ANOVA followed by Tukey’s post hoc test for = 3 conditions (E). Red asterisks
indicate a comparison between genotypes.
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Fig. 3. GnRH transcriptional machinery disequilibrium underlies cognitive impair ments.
(A) Putative microRNA-transcription-factor network regulating hypothalamic GnRH

promoter activation during postnatal development (adapted from (18)). (B-D) RT-PCR
analysis of expression levels of microRNAs located on chromosome 16 (B) and miR-200
family members (C), as well as hypothalamic GnRH promoter modulators (D) in

the preoptic region (POA) of adult WT and Ts65Dn littermates (B: n=11,10,10,11,10

WT mice; n=9,8,8,9,8 Ts65Dn mice; C: n=8,9,7,9,9 WT mice; n=6,6,6,6,6 Ts65Dn

mice; D: n=11,11,9,10,11,11,7,11,11,8 WT mice; n=9,9,9,9,9,9,6,9,9,6 Ts65Dn mice). (E)
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Generation of Gnrh::Gfp; Ts65Dn reporter mice, which express GFP under an ectopic

Gnrh promoter. GnRH-GFP neurons were FACS-isolated from the POA of Gnrh..Gfpand
Gnrh::Glp,Ts65Dn littermates at P12. (F) RT-PCR analysis of gene expression in FACS-
sorted GnRH-GFP cells (n=10,10,11,11,10,11 WT mice; n=9,7,9,9,9,10 Ts65Dn mice). (G)
Experimental design to evaluate the functional involvement of miR-200 family members in
odor discrimination and novel object recognition in Ts65Dn mice. Red dot: viral injection
site; LV, lateral ventricle; MePO, median preoptic nucleus; OVLT, organum vasculosum
laminae terminalis. (H) Effect of viral overexpression of miR-200b in the POA on miR-200
family member expression (n=4,5,5 mice). (1-M) Effect of viral miR-200b overexpression
in the POA on the number of neurons expressing Gnirfitranscripts in the OVLT (1,J) and
the proportion expressing Otx2 (1 ,K), as assessed by fluorescent in situ hybridization, as
well as odor discrimination (L) and novel object recognition (M) in Ts65Dn mice (J,K;
n=4,4,4 mice; L ,M: n=5,5,6 mice). (N,O) Odor discrimination (N; n=6 per group) and novel
object recognition (O; n=6 per group) in 12-month old male mice selectively lacking Dicer
in GnRH neurons.

Values represent means £ SEM. *£<0.05; **£<0.01; ***/F<0.001. Unpaired Student’s-test
or Mann-Whitney U test (B-D,F), paired Student’s-test or Wilcoxon matched-pair test
(L,M) and Kruskal-Wallis test (H) for comparisons between 2 conditions, one-way (J,K)

or two-way repeated measures (N,O) ANOVA followed by Tukey’s and Sidak’s post hoc
tests for = 3 conditions.
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Fig. 4. Hypothalamic miR-200b over expression rescues hippocampal transcriptome, connectivity.
(A)MA plot of gene expression changes (estimated log, fold changes as a function of

the mean of normalized counts; Pagj<0.05) in the hippocampus of adult male (P180)
Ts65Dn (n=3) vs. WT mice (n=4). (B) Pie chart of the number of differentially regulated
genes between Ts65Dn and WT littermates in the hippocampus (/P,gj<0.05). (C) STRING
protein network analysis of upregulated genes. (D) UpSet plot showing the intersection
between differentially up-regulated genes in the Ts65Dn hippocampus and genes rescued
by miR-200b. (E) Quantitative RT-PCR confirmation of RNA-seq data. (F) Schematic
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diagram illustrating in vivo electrophysiological recordings in the dorsal hippocampus

of adult WT (n=8), Ts65Dn (n=7) and Ts65Dn mice with miR-200b overexpression

(n=7). Field excitatory postsynaptic potentials (fEPSPs) and population spikes were evoked
in the hippocampal CA1 area by stimulating commissural fibers in the contralateral
hippocampus. (G) Synaptic input-output (1/0) curves indicating the relationship between
fEPSP amplitude at increasing stimulus intensities (200-1000 pA). Insert: Representative
fEPSP recording with measurement of latency (blue line) and amplitude (red line). (H)
Area under the curve (AUC) of fEPSP responses. (1) Boltzmann-fitted fEPSP-population
spike coupling. Insert: schematic showing both fEPSP and population spike recording in
the CAL1 pyramidal layer (CA1 pyr) following the same commissural path stimulation.

(J) Top and bottom Boltzmann-fitted parameters of fEPSP-population spike coupling as a
measure of intrinsic excitability of CA1 pyramidal neurons. (K) Relationship between the
mean fEPSP latency and population spike latency at different stimulus intensities (200-1000
MA). Insert: schematic showing both fEPSP and population spike recording in the CA1
pyramidal layer (CAL pyr) following the same commissural path stimulation. (L): Slopes of
the fEPSP-population spike relationships. Data represent means + SEM. *P< 0.05; **P<
0.01;***<0.001. Kruskal-Wallis ANOVA and Mann-Whitney U test (G) for comparisons
between two conditions, one-way ANOVA followed by Tukey’s post hoc test (E,H,L) or
two-way ANOVA (J) for = 3 conditions.
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Fig. 5. Restoring GnRH neurons/function rever ses olfactory, cognitive deficits.
(A) Cell therapy by grafting enzymatically dissociated cells from the POA of WT neonatal

mice (P0-P2) into the third ventricle of adult Ts65Dn mice. (B-F) Effect of WT-POA
grafts in Ts65Dn males on olfactory and cognitive performance (B: n=10,9,5 male mice;
F: n=7,5,5 female mice) and short-term visuospatial memory assessed by the Y-maze test
(C-E) 3 months after surgery (D: n=5,6,7,5,7 male mice; E: n=5,6,7,5,6 male mice). (G)
Experimental design to graft POA cells from neonatal mice with exocytotis-incompetent
GNRH neurons (Gnrh::Cre; BoNTBPXP-STOP-loxPy (L |y After a 3-month recovery period,
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effect of BoNTBS"N-POA grafts and acute intraperitoneal GnRH injection on odor
discrimination (H) and object recognition (1) (H,I: n=4,5 mice). (J) Experimental design to
study LH pulsatility, cognitive and olfactory performance after the chemogenetic activation
of GnRH neurons by injecting adult Gnrh..:Cre and Ts65Dn; Gnrh..:Cre mice with an hM3Dq
DREADD viral vector followed by CNO (clozapine N-oxide solution; 1mg/kg of body
weight) (n=5,5 mice). Red dots: virus injection sites. 3V: third ventricle; LV: lateral
ventricle; MePO: median preoptic nucleus; OVLT: organum vasculosum laminae terminalis.
(K-N) Representative graphs for LH pulsatility; (O) odor discrimination; (P) novel object
recognition. (Q) Experimental design to study olfactory and cognitive performance before
and after the chemogenetic inhibition of GnRH-R expressing neurons in 6-month old
Gnrhr::Cre mice by injection of an hM4D(Gi) DREADD viral vector. Red dots: virus
injection sites. (R) Odor discrimination; (S) novel object recognition (n=3,3 mice).

Values represent means + SEM. * £<0.05,** A<0. 01,***P<0.001; paired Student’s £test

or Wilcoxon matched-pair test (F); one-way ANOVA (D,E) or oneway (R,S) or two-way
(B,H,I,0,P) repeated-measures ANOVA followed by Tukey’s or Sidak’s post hoc tests,
respectively.
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Fig. 6. Olfactory, cognitive deficit reversal requires GnRH pulsatility.
(A) Schematic of pharmacotherapy with Lutrelef, a clinically-used GnRH peptide, in adult

Ts65Dn mice. Mice were implanted with osmotic pumps to receive a continuous infusion
of vehicle or Lutrelef (0.25 pg/3h over 2 weeks), or with a programmable mini-pump
(iPRECIO), to receive pulsatile Lutrelef infusion (0.25 ug/10 min every 3 hours over 2
weeks). (B-I) Effect of treatments on odor discrimination (B; n=4,8,3,5,6 mice), object
recognition (C; n=4,9,4,4,8 mice) and LH pulsatility (D-1) (D: n=4,9,3,4,8 mice; each dot
represents one subject). (J-K) Effects of Lutrelef in orchidectomized (ORX) mice (n=4).
Values represent means = SEM. * £<0.05,** A<0. 01,***P<0.001; paired Student’s #test or
Wilcoxon matched-pair test (B,C), unpaired Student’s £test or Mann-Whitney U-test (D) or
a two-way repeated-measures ANOVA followed by Sidak’s post hoc test (J,K).
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Fig. 7. Pulsatile GnRH improves patient brain connectivity, cognition.
(A-F) Biochemical profile at baseline (BL, blue dots, n=7) and after 6-month pulsatile

GnRH therapy (6M, blue triangles, n=7), compared to healthy age- and sex-matched
controls (C, open circles, n=5 for inhibin-B and n=6 for all the other parameters). (G-L)
Results of cognitive tests in male Down syndrome patients (n=7) at BL (blue dots) and

after 6M of GnRH therapy (blue triangles): MoCA total score, visuo-spatial index, executive
index, attention index, memory index and Token test score. (M) 3D-drawings representing

a cube and a bed, part of visuospatial index score of the MoCA at BL and 6M for each
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subject (S1-S7). S2, S3, S5 and S7 improved at 6M. (N) Statistical parametric maps

of brain anatomy differences between DS patients (h=8) and age-matched male controls
(n=44) after peywe<0.05 correction for multiple comparisons at the whole-brain level. Voxel-
based quantification of magnetization transfer (MT) saturation maps reveal volume loss

in the cerebellum, anterior cingulate cortex, supplementary motor cortex, substantia nigra,
thalamus, insula and primary motor cortex M1, and loss of myelin content in the thalamus,
primary sensorimotor cortex S1/M1, angular gyrus, insula, and superior frontal and temporal
gyri bilaterally. (O) Resting-state functional MRI comparison of functional connectivity in
DS (n=7) at BL and after 6MGnRH therapy in the visual (including all occipital regions,

the lingual gyrus and the cuneus) and sensorimotor (pre- and post-central gyri, middle
frontal gyrus) default-mode network (DMN), connected to the superior parietal lobule, the
superior temporal gyrus, some prefrontal areas and part of the anterior DMN (increased;
FDR-corrected p<0.0005); as well as within the hippocampal regions of the ventral DMN
linked to the amygdala (reduced; FDR-corrected p<0.0005). *p<0.05, **p<0.01. MoCA:
Montreal cognitive assessment; FDR: false discovery rate; FWE: family-wise error; GM:
grey matter; WM: white matter.
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