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Nicotinic regulation of local and long-range input
balance drives top-down attentional circuit maturation
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Cognitive function depends on frontal cortex development; however, the mechanisms driving this process are
poorly understood. Here, we identify that dynamic regulation of the nicotinic cholinergic system is a key driver of
attentional circuit maturation associated with top-down frontal neurons projecting to visual cortex. The top-
down neurons receive robust cholinergic inputs, but their nicotinic tone decreases following adolescence by
increasing expression of a nicotinic brake, Lynx1. Lynx1 shifts a balance between local and long-range inputs onto
top-down frontal neurons following adolescence and promotes the establishment of attentional behavior
in adulthood. This key maturational process is disrupted in a mouse model of fragile X syndrome but was rescued by a
suppression of nicotinic tone through the introduction of Lynx1 in top-down projections. Nicotinic signaling may serve
as a target to rebalance local/long-range balance and treat cognitive deficits in neurodevelopmental disorders.

INTRODUCTION

The protracted nature of the frontal cortex maturation is important
for establishing adult cognitive function, and this process is likely
disrupted in neurodevelopmental and psychiatric disorders (1).
Currently, little is known about the molecular mechanisms driving
this developmental process because of the complexity of frontal
cortex circuits and cognitive behavior. Identification of the drivers
of circuit maturation in the context of cognitive behavior will likely
point to therapeutic targets to reduce cognitive deficits shared
across a range of disorders (2).

Of particular significance among frontal cortical circuits partici-
pating in cognition are top-down projections from frontal to sensory
cortical areas. These neurons are recruited into brain-wide atten-
tional networks conserved across species (3). In mice, frontal-
sensory projection neurons from the anterior cingulate area (ACA)
to the visual cortex (ACAvyis) regulate the ability to detect visual fea-
tures, a hallmark feature of visual attention (4). Attentional processing
likely depends on developmental integration of local microcircuits
and long-range inputs onto top-down frontal-sensory projection
neurons up into adulthood. A recent study demonstrated that local
excitatory drive onto ACAvyjs neurons decreases between adoles-
cence (~p30 to p35) and adulthood (>p60) in mice (5). Attentional
behavior in humans also continues to develop into adulthood (6-8).
Moreover, deficits in frontal modulation of VIS activity are perva-
sively reported in neurodevelopmental disorders and often emerge
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between childhood and adulthood (9, 10). However, the specific
mechanisms driving the maturation of top-down circuit integra-
tion are poorly understood. As murine ACAyjs neurons are known
to causally regulate attention-related processing (4) and undergo a
shift in local and long-range input balance following adolescence
(5), mechanistic exploration of ACAv;s top-down circuit matura-
tion would facilitate an integrated understanding of molecular-,
circuit-, and behavior-level mechanisms. Here, we aim to identify
the molecular mechanism driving maturation of frontal circuitry
associated with top-down ACAvy;s projection neurons in control of
attentional behavior.

Neuromodulatory systems that are crucial for adult brain func-
tions, however, are functionally in place early postnatally (11, 12).
Multiple neuromodulatory regions project directly to the ACA. No-
tably, a recent rabies virus—mediated tracing has revealed that basal
forebrain (BF) region, where cholinergic neurons are located, is a
major input source for adult ACAyjs neurons (13). Here, we use
circuit-selective methods in ACAvyjs neurons to examine the contri-
bution of cholinergic system to top-down circuit maturation and
attentional behavior. We also aim to assess whether these mecha-
nisms are disrupted by a genetic risk of psychiatric disorders with
neurodevelopmental origins and to determine whether targeting
these mechanisms is sufficient to improve attentional function.

RESULTS

Postadolescent suppression of nicotinic tone in ACAys
neurons parallels with nicotinic brake Lynx1 increase

ACAys neurons undergo a shift in local and long-range input bal-
ance between adolescence and adulthood (5). To gain insight into a
possible developmental contribution of the cholinergic neuromod-
ulatory system on this late maturation period of ACAy;s projection
neurons, we first set out to assess in detail the direct inputs from BFs onto
ACAvyis neurons. Rabies virus-mediated input mapping demon-
strated this neuromodulatory site as a monosynaptic input source
for ACAvy1s neurons in the adult mice but did not characterize their

10f16


mailto:hirofumi.morishita@mssm.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

cell type or identify their presence during adolescence (13). We thus
performed detailed characterization of BF neurons projecting to
ACAuy;s neurons through rabies virus-mediated input mapping in both
adolescent and adult wild-type (WT) mice (Fig. 1A). We used a pseudo-
typed and genetically modified rabies virus [RbVAG(EnvA)-eGfg]
to limit uptake to the ACAyis neurons expressing the cognate re-
ceptor, avian tumor virus receptor A (TVA), for cell entry, and rabies
glycoprotein for cell exit (Fig. 1A). We found that both adolescent
and adult mice show robust numbers of enhanced green fluorescent
protein-positive (eGFP") input cells in the BF (Fig. 1B). We fur-
ther demonstrated that most of the inputs from BF were choline
acetyltransferase—positive cholinergic neurons (Fig. 1, C and D).
These results suggest that BF cholinergic inputs are a major neuro-
modulatory source for ACAvyjg projection neurons present in ado-
lescent development and persist into adulthood.

To further investigate the developmental contribution of cholin-
ergic signaling to ACAy;g projection neurons, we next examined
whether cholinergic tone of ACAys neurons changes between ado-
lescence and adulthood. Given that cortical cholinergic tone is lim-
ited at nicotinic acetylcholine (ACh) receptors (nAChRs) in adulthood
(14, 15), we focused on developmental changes in nicotinic re-
sponse. We measured ACh-evoked response in the presence of the
muscarinic AChR blocker atropine in slice preparations (Fig. 2A).
We found that nACh-evoked current detected in adolescent ACAvis
projection neurons became significantly suppressed into adulthood
(Fig. 2, B and C). Previous studies show that nACh tone of cortical
neurons is suppressed after adolescence because of an increased ex-
pression of the glycosylphosphatidylinositol-anchored prototoxin,
Lynx1, which brakes nicotinic signaling through nAChR interac-
tion (Fig. 2D) (14, 16). Thus, we examined the expression of LynxI
in ACAvyjs neurons following adolescence by in situ hybridization
(Fig. 2E). In this experiment, ACAyjs neurons were labeled by
retro adeno-associated virus (AAV) encoding Gfp injected in VIS. We
observed an increase in the percentage of Lynx1-expressing ACAvyig
neurons between adolescence and adulthood (Fig. 2F). Together, these
data demonstrate a dynamic suppression of nicotinic tone in ACAyg

neurons following adolescence, while a nicotinic brake, LynxI,
shows an increase in expression during this developmental period.

Lynx1 suppresses postadolescent nicotinic tone to shift
local/long-range input balance onto ACAy;s neurons

Having observed the increase in Lynx1-expressing ACAys neurons
and decrease in nACh tone following adolescence, we hypothesized
that Lynx1 is a physiological brake of nicotinic tone in ACAvy;s neu-
rons and contributes to the maturation of frontal cortex inputs to
ACAvs projections. We performed whole-cell patch-clamp record-
ings from ACAyjg neurons fluorescently labeled by retrobeads in-
jected into VIS in adult Lynx1 KO mice. Consistent with the known
role of Lynx1 in suppressing nACh tone (16), ACAys neurons in
adult Lynx1 KO mice exhibited an increased nicotinic tone com-
pared to adult WT mice, which is comparable to the level of adoles-
cent WT mice (Fig. 3, A to C). We next sought to determine whether
ACAyjs neurons also maintain adolescent-like input drive in the
frontal cortex of adult Lynx1 KO mice by measuring miniature ex-
citatory postsynaptic current (mEPSC) and miniature inhibitory
postsynaptic current (mIPSC) in ACAyjs neurons. Compared to
adult WT level, ACAy;s neurons in adult LynxI KO mice displayed
significantly greater mEPSC frequency that resembled adolescent
WT levels (5), while the mEPSC amplitude between the groups did
not differ (Fig. 3, D to F). All groups display similar mIPSC fre-
quency and amplitude of ACAvyjs neurons (Fig. 3, G to I). These
data suggest that LynxI deletion results in an adolescent-like hy-
perexcitatory input drive onto ACAyjs neurons maintained even in
adulthood.

Given that we observed developmental changes in presynaptic
excitatory synaptic drive onto ACAy;s neurons and that Lynx1 has
been previously reported to regulate dendritic spine dynamics
(17, 18), we next assessed the developmental contribution of Lynx1
expression on dendritic spine maturation of ACAvyjg neurons in
Lynx1 KO and WT mice across development. Dendritic spines of
ACAvyis neurons at both adolescent and adult ages were visualized
by an eGfp-encoding AAV with retrograde transduction capacity
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Fig. 1. BF cholinergic neurons provide robust inputs onto top-down ACAys projection neurons. (A) Experimental overview of rabies virus—-mediated input mapping
of BF inputs onto ACAy;s neurons in adolescent and adult mice. (B) Cre-dependent AAVs encoding TVA-mCherry and Rb-G were injected into ACA and retrograde CAV2-Cre
into VIS. After 2.5 weeks, pseudotyped rabies virus was injected into ACA to allow for uptake of rabies virus in ACAys neurons to express GFP in input cells over 1 week.
AAV injections were initiated at p12 to capture inputs during adolescence (p36) and at p60 to capture inputs during adulthood (p84). (B) Number of BF inputs, when
normalized to the number of mCherry + eGFP + starter cells in ACA (t test, t; = 0.5241, P = 0.611; adolescent: seven mice; adult: six mice). n.s., not significant. (C) Repre-
sentative image of immunohistochemical characterization of BF GFP + inputs by choline acetyltransferase (ChAT; red) and parvalbumin (PV; blue). Scale bar, 50 um. LPO,
lateral preoptic nucleus; NDB, nucleus of the diagonal band. (D) Inputs from BF are primarily ChAT* during adolescence (82.5%) and adulthood (78.17%), with a smaller
PV* population (adolescent, 6.775%; adult, 4.467%), and ChAT-PV~ (adolescent, 10.73%; adult, 17.37%). The relative proportion of cell types does not differ between
adolescent and adult groups (t test, ts = 0.4904, P = 0.6446; adolescent: four mice; adult: three mice).
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Fig. 2. Postadolescent decrease of nicotinic cholinergic tone in ACAys neurons parallels with an increase in ACAys neurons expressing Lynx1, a nicotinic brake.
(A to €) nACh tone measurement by whole-cell patch-clamp recordings of ACAys neurons. (A) ACAyis neurons are labeled with retrobeads for whole-cell patch-clamp
slice recordings upon ACh puffing in the presence of atropine in adolescent (~p34: p32 to p36) and adult (~p77: p69 to p91) WT mice. (B) Representative recording traces
of response to ACh puffing. (C) Adolescent ACAyis neurons show larger ACh-induced nicotinic currents compared to adult cells [linear mixed model (rank-based), tsg = 4.05,
***P = 0.0002; adolescent: 23 cells from 10 mice; adult: 28 cells from 10 mice). (D to F) Lynx1 expression analysis. (D) ACAys neurons were virally labeled with Gfp by retro-
grade rAAV2-Gfp injected in VIS to examine expression of a nicotinic brake, Lynx1, in adolescent (p31) and adult (p60) groups. (E) Representative image showing Lynx1
mRNA (blue) in Gfp + ACAyjs neurons (pink) (scale bar, 200 um) by double in situ hybridization of Gfp and Lynx1 in adult mouse. (F) The percentage of Gfp + ACAys neurons
expressing Lynx1 increases between adolescence and adulthood (unpaired two-tailed t test, t; = 2.896, *P = 0.0340; adolescent: three mice; adult: four mice).
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Fig. 3. Lynx1 deletion leads to hypernicotinic tone and excess excitatory inputs onto ACAy;s neurons in adulthood. (A) Experimental design: Whole-cell patch-
clamp recordings from ACAy;s neurons. (B) Representative traces of nACh response of ACAys neurons in adult Lynx7 KO and WT mice. (C) Adult Lynx1 KO mice show
increased nicotinic tone in ACAy;s neurons compared to adult WT mice [linear mixed model (rank-based), tg = 3.33, **P = 0.0025; adult WT: 28 cells per 10 mice; adult
Lynx1 KO: 36 cells per 12 mice]. Shaded region indicates the range of adolescent WT level [one to three quartiles from (5)]. (D) Representative traces of mEPSCs. (E and
F) Adult LynxT1 KO mice show increased mEPSC frequency compared to adult WT mice [(E) linear mixed model (rank-based), t 51 = 2.54, *P = 0.0410] but no difference in
mEPSC amplitude [(F) linear mixed model (rank-based), ts 2, = —0.58, P = 0.5845]. Adult WT: 15 cells per six mice; adult Lynx1 KO: 10 cells per four mice. Shaded region,
range of adolescent WT mice. (G) Representative traces of mIPSCs. (H and 1) No changes in mIPSC frequency (H) or mIPSC amplitude (I) were observed between groups
[linear mixed model (rank-based), t11 6= 1.14, P = 0.2789 for frequency; ts 37 = 0.61, P = 0.5551 for amplitude; adult WT: 17 cells per eight mice; adult Lynx1 KO: 16 cells per
six mice]. Shaded region, range of adolescent WT mice.
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introduced into VIS (Fig. 4A). We observed a significant age (adoles-
cence and adult), genotype (Lynx1 KO and WT), and spine-type
(thin, stubby, and mushroom) interaction in dendritic spine density.
In WT mice, between adolescence and adulthood, mushroom spine
density increases, but thin spine density shows trending yet non-
significant reduction, reflecting a late maturation of spines. However,
in Lynx1 KO mice, mushroom spine density does not increase, while
thin and stubby spine density increases following adolescence.
While a genotypic effect was not apparent at adolescent age, adult
Lynx1 KO mice displayed a higher density of thin and stubby spines
compared to adult WT mice (Fig. 4, B and C), consistent with a
higher excitatory input drive observed in adult LynxI1 KO mice
(Fig. 3E). The distinct developmental trajectory of spine maturation
in Lynx1 KO mice indicates a complex combination of late immatu-
rity and deviation from normal developmental trajectory of spine
maturations.

To next determine the circuit-level sources of increased inputs
onto ACAy;s projection neurons in adult Lynx1 KO mice, we mapped
brain-wide monosynaptic rabies inputs onto ACAyjg neurons in
adult WT and Lynx1 KO mice (Fig. 5A). To allow for a direct quan-
titative comparison, we normalized the number of eGFP+ input cells
by the number of double eGFP* mCherry” starter cells. ACAvys
neurons in LynxI KO adults displayed higher connectivity with lo-
cal inputs from the ACA and adjacent secondary motor cortex
(MOs) (Fig. 5, B and C) but no differences in distal long-range input
connectivity (Fig. 5D) with similar distribution of input sources
(fig. S1). When we calculated the relative percentage of total inputs
coming from local areas compared to all other long-range distal
brain regions for each animal, ACAy;g neurons display a disrupted
local/long-range input balance, with adolescent-like local hyper-
connectivity in the adult LynxI KO mice (Fig. 5E). These data reveal
local hyperconnectivity consistent with an adolescent phenotype
(5), suggesting a failure of ACAyg neurons to reduce local inputs
in the absence of Lynx1. Together, these data suggest that post-
adolescent increase of Lynx1 expression is essential for shifting
the balance of local and long-range input onto ACAvyys projection
neurons following adolescence by reducing excessive local ex-
citatory inputs.
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Lynx1 expression in ACAys neurons from adolescence is
essential for adult attentional behavior

Given that Lynx1 deletion led to excessive local inputs onto ACAy;g
projection neurons, we then set out to determine whether this change
in circuit connectivity is associated with behavioral consequences.
Because ACAvyis projection neurons can enhance the ability to de-
tect visual features in VIS, a hallmark feature of visual attention (4),
we hypothesized that LynxI expression in ACAvyig is necessary to
establish adult top-down visual attentional behavior. We used a
freely moving, visual detection task, the five-choice serial reaction
time task (5CSRTT) (19) (fig. S2). 5CSRTT is known to require
ACA activity (20) and demands more attention compared to a sim-
pler CSRTT with less choice (21). Back-translated from the human
continuous performance attention task in humans, the 5CSRTT has
been extensively used to interrogate visual attention in rodents. This
task assays sustained visual attention by requiring mice to maintain
divided attention across five areas in anticipation of the presenta-
tion of a brief light stimulus that must be nose-poked to release a
reward. Prior studies have shown that attention deficits can be mea-
sured quantitatively by decreases in accuracy (19).

We first examined whether germline deletion of LynxI affects
attentional behavior in adulthood (>p60). The adult LynxI KO mice
and control adult WT mice first underwent 5CSRTT training ses-
sions to reach the criteria for testing (fig. S3A). During the testing
sessions, we found that the genotype (LynxI KO/WT) and stimulus
duration (2, 1.5, 1, and 0.8 s) interaction for accuracy was suggestive
(P = 0.08) but marginally not significant (fig. S3B). We therefore
performed post hoc statistical tests as a secondary analysis for a hy-
pothesis testing to further understand how genotype effects differed
within subgroups. Post hoc analysis showed a significant reduction
of accuracy in LynxIl KO mice only during 0.8-s stimulus duration
trials, suggesting a preferential role of Lynx1 in the most attention-
demanding condition. We did not observe any significant impact of
Lynx1 deletion in other behavioral readouts (fig. S3, C to H) including
an independent assay to test for motivation, the progressive-ratio
assay (fig. S3I), suggesting that reduced accuracy is not related to a
loss of motivation. Performance deficits cannot also be attributed to
vision deficits as adult Lynx1 KO mice are reported to have normal
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Fig. 4. Lynx1 deletion alters developmental trajectory of dendritic spine maturation of ACAy;s neurons. (A) Experimental approach to examine dendritic spines
selectively in ACAys projection neurons. A cross-sectional approach was applied to both Lynx7 KO and WT mice for adolescent and adult time points. (B) Representative
images of dendritic spines of ACAys neurons. Scale bar, 1 um. (C) Dendritic spine density of ACAys neurons in WT mice and Lynx1 KO mice during adolescence and adulthood.
Doubly repeated measures linear mixed model: spine type X age x genotype interaction; F;206 = 6.42, **P = 0.0068. Thin: adult Lynx1 KO versus adult WT; F 763 = 51.01,
***p =0.0001; adult LynxT KO versus adolescent Lynx1 KO mice; Fy 62, = 12.74, *P = 0.0111; adolescent WT versus adult WT; F; 757 = 3.53, P=0.1010. Stubby: adult Lynx1 KO
versus adult WT; Fy 9 s = 7.45, *P = 0.0215; adult Lynx1 KO versus adolescent Lynx1 KO; F1 912 = 14.02, **P = 0.0045. Mushroom: adolescent WT versus adult WT; Fy 735 = 9.90,
*P=0.0151. Adolescent WT: 68 dendrites per six cells per three mice; adult WT: 56 dendrites per six cells per three mice; adolescent Lynx1 KO: 57 dendrites per six cells per

three mice; adult Lynx1 KO: 64 dendrites per six cells per three mice.
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Fig. 5. Lynx1 deletion leads to excess local inputs onto ACAys neurons resulting in imbalanced local and long-range inputs in adulthood. (A) Experimental design
to examine monosynaptic inputs onto ACAys neurons in adult WT and Lynx1 KO. (B) Representative images of local inputs (green) from ACA and secondary motor cortex
(MOs) onto ACAys projection neurons in white. Scale bars, 100 um. (C) The number of inputs onto ACAy;s is higher from local ACA and MOs brain regions in adult Lynx17 KO
mice compared to adult WT (t test, t;o = 2.356, *P = 0.0402, six mice each) and comparable to adolescent WT level shown as a shaded region (5), (D) but not from long-
range distal brain regions (t test, t1o=0.1515, P = 0.8826, six mice each), leading to (E) disrupted local/long-range balance with excess local connectivity (t test, t;o = 3.264,

**p = 0.0085, six mice each) near an adolescent level shown as a shaded region.

visual acuity (14). Overall, these data support a hypothesis that Lynx1
expression is necessary for proper visual attention behavior.

The mild phenotype in Lynx1 KO mice on task performance may
reflect compensational changes due to germline deletion of Lynx1
throughout life. We thus next sought to determine whether atten-
tional behavior deficits can be induced by a selective knockdown
(KD) of Lynx1 expression in ACAyjs neurons from adolescence,
when Lynx1 expressing-ACAy;s neurons normally increase. We
used an intersectional viral approach to achieve LynxI KD within
ACAy;s projection neurons by bilaterally introducing cre-dependent
Lynx1 KD vector (AAV-DIO-Gfp-Lynx1 KD) into ACA and retro-
grade Cre-encoding virus in VIS (Fig. 6, A and B, and fig. S4A).
Suppression of LynxI expression was confirmed in eGFP" cells
(Fig. 6, C and D). After going through the 5CSRTT training session
(fig. S4B), the KD group showed disrupted visual attentional be-
havior in the 5CSRTT. This was marked by a decreased accuracy
(Fig. 6E) without affecting other behavioral readouts (fig. S4, C
to H) including an independent assay to test for motivation, the
progressive-ratio assay (fig. S4I). These data reveal that expression
of Lynx1 from adolescence in ACAvyg is necessary to establish adult
visual attention abilities. The observed attention deficits can either
be due to the effect of hypernicotinic tone during behavioral testing
in adulthood and/or due to the late developmental role of Lynx1. To
examine the former possibility, we acutely infused nAChR agonist
(nicotine) through a bilateral cannula targeting ACA in adult WT
mice during 5CSRTT. While we used the drug doses known to in-
duce behavioral effect on other behaviors through ACA infusion
(22), acute ACA nicotine infusion did not disrupt behavioral read-
outs of 5CSRTT (fig. S5). Collectively, these results suggest that the
behavioral impact of LynxI KD is less likely due to the ongoing
nicotinic overstimulation during the task but may rather reflect
the role of Lynx1 in regulating the maturation of ACAvyg circuitry
following adolescence.

A mouse model of fragile X syndrome shows local and
long-range input imbalance and attentional deficits

with hypernicotinic tone

Having established that Lynx1-dependent suppression of nACh
neuromodulation is essential for top-down circuit maturation and

Falk et al., Sci. Adv. 2021; 7 : eabe1527 5 March 2021

establishing adult attentional behavior, we next sought to deter-
mine whether the disruption of this process might be implicated in
neurodevelopmental diseases. Informatics-based molecular match-
ing is an effective approach to generate mechanistic hypotheses
(23). We thus mapped the adult LynxI KO cortical transcriptome
signature (23) to publicly available genome-wide association study
(GWAS) gene sets curated for neuropsychiatric diseases (24-32).
(Fig. 7A). We found greatest enrichment of LynxI-related signature
with the gene set implicated in the autism spectrum disorder (ASD)
GWAS dataset (Fig. 7B and table S2). We next sought to determine
whether a tighter overlap of the Lynx1 transcriptome signature exists
with five more specific publicly available gene sets associated with
monogenetic risk of ASD. Notably, there was statistically significant
overlap with fragile X mental retardation protein (FMRP)-associated
gene sets (P < 0.0001) and gene sets associated with Phelan-McDermid
syndrome (Shank3 mutation) (P = 0.0181), with no statistical overlap
with gene sets associated with 22q11 deletion, tuberous sclerosis, or
Rett syndrome (Fig. 7C and table S2).

Given the strongest overlap between LynxI- and FMRP-associated
signatures, we sought to determine whether the loss of function
of Fmrl leads to failed top-down circuit network maturation and
attentional behavior deficits similar to the adult Lynx1 KO mice.
The Fmrl KO mouse is considered as a valid model to examine the
pathophysiology of fragile X syndrome as mutations observed
in humans result in FMRP loss of function. To this end, we exam-
ined local and long-range input balance through rabies input map-
ping and attentional behavior on the 5CSRTT in the adult Fnrl KO
mice (Fig. 7D). After confirming that Fmr1 KO mice displayed sim-
ilar numbers of starter cells to WT mice (P = 0.2674, unpaired
two-tailed ¢ test), monosynaptic input mapping revealed local/
long-range imbalance with excess local connectivity, consistent with
that of adolescent WT or adult Lynx1 KO connectivity states (Fig. 7E).
This balance deficit was driven by combinatorial nonsignificant
changes in an absolute level of local inputs and long-range inputs
[unpaired two-tailed t test, P = 0.2941 (local), P = 0.3425 (long-
range)]. At the behavior level, we found that the adult Fmrl KO
mice display a decrease in accuracy on the attention-demanding
5CSRTT (Fig. 7F and fig. S6). While we also observed an increase
in omission and latency to reward in FmrI KO mice, the progressive
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ratio task showed no difference in break point, suggesting that in-
crease in omission likely reflects attention deficits with lesser con-
tribution of motivation deficits (fig. S6). The observed attention
deficit is consistent with previous studies that collectively support
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Fig. 6. Lynx1 KD in ACAy;s projection neurons from adolescence produces a
visual attention deficit in adulthood. (A) Experimental design: To selectively knock
down Lynx1 expression in ACAys projection neurons, WT mice were injected with
a Cre-dependent AAV for Lynx1 knockdown (KD) (or control cre-dependent Gfp AAV)
into ACA and retrograde CAV2-Cre into VIS at p12, and attentional behavior training
(5CSRTT) was initiated in adulthood. (B) Representative images of vector expression
in ACA and VIS. Scale bar, 200 um. (C) Validation of Lynx1 KD by in situ hybridization.
Representative images of GFP* virus expressing cells with no Lynx7 mRNA. (D) Com-
pared to control vector, expression of KD construct led to decreased Lynx7 mRNA
expression quantified by quantitative polymerase chain reaction (qPCR) (t test,
ts = 6.200, **P = 0.0034; control: three mice; Lynx1 KD: three mice). A.U., arbitrary
units. (E) Lynx1 KD from adolescence decreased accuracy of 5CSRTT [two-way re-
peated measures analysis of variance (ANOVA), group X stimulus duration: F3 51 =
5.723,**P=0.0019; post hoc Sidak’s multiple comparisons test (0.8 s): ***P = 0.0002;
control: 9 mice; Lynx1 KD: 10 mice].
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attention deficits particularly as task difficulty increases in rodent
Fmrl mutant models (33-36) and patients with fragile X syndrome
(37, 38).

Given that the circuit and behavioral phenotypes in adult
Fmr1 KO mice are similar to those of adult Lynx1 KO mice, we
speculated that both mouse lines may show downstream molecular
convergence leading to similar circuit and behavior deficits. As
previous studies did not detect significant decreases in LynxI
mRNA and protein expression in Fmr1 KO cortical samples (39, 40),
we hypothesized that the Fmrl KO mice may have an increased
nicotinic tone independent of LynxI expression change in ACAy;s
projection neurons. We therefore performed whole-cell patch-
clamp recording in ACAvyis neurons labeled by retrobeads follow-
ing ACh puffing alongside muscarinic blockade in adult Fmrl KO
mice (Fig. 7G) and found an increased ACh-evoked nicotinic re-
sponse in adult Fmrl KO compared to adult WT mice (Fig. 7,
H and I). To gain insight into the source of hypernicotinic tone, we
additionally performed pharmacological experiments. We found
that an increased nicotinic response was more effectively blocked
by non-a7 nAChR antagonist dihydro-B-erythroidine (DHBE) over
07 antagonist methyllycaconitine (MLA) (fig. S7). This result sug-
gests contribution of heteromeric nAChR signaling to the hypernic-
otinic tone in the ACAyjs neurons of Fmrl KO mice. Together,
these data suggest that Fmr] KO mice have an immature pattern of
local/long-range imbalance with attentional behavior consequenc-
es by accompanying a juvenile-like excessive nicotinic tone even in
adulthood.

Suppression of nicotinic tone in ACAy;s neurons rescues
local/long-range imbalance and attentional deficits in

Fmr1 KO mice

Having established that Fmrl KO mice have an increased nicotinic
tone and display top-down circuit and behavior deficits similar to
Lynx1 KO mice, we hypothesized that Lynx1-mediated suppression
of nicotinic tone in ACAvyjg projection neurons could ameliorate
circuit and behavioral deficits in Fmrl KO mice. An intersectional
viral approach was used to achieve LynxI overexpression within
ACAy;s projection neurons by bilaterally introducing cre-dependent
Lynx1 overexpression vector into ACA and retrograde Cre-encoding
virus in VIS (Fig. 8A). After validating viral overexpression of LynxI
in vivo (Fig. 8, B and C), whole-cell patch-clamp recording was per-
formed from ACAyss projection neurons. We found that this vector
expression in ACAyjs neurons from adolescence resulted in a di-
minished nicotinic tone in FmrI KO mice (Fig. 8D). Adult Fmrl KO
mice were then assessed for local and long-range input balance
by rabies virus-mediated monosynaptic labeling in adulthood fol-
lowing suppression of nicotinic tone in ACAys neurons from ad-
olescence (fig. S8A). We found that adult Fmr1 KO mice selectively
overexpressing Lynx1 in ACAys neurons from adolescence resulted
in normalization of local and long-range input balance through
the reduction of local inputs (Fig. 8E and fig. S8). Moreover,
Fmrl KO mice with top-down LynxI overexpression showed an
increase of accuracy in 5CSRTT compared to Fmrl KO mice in-
jected with a Gfp control vector (Fig. 8F and fig. S9) with no changes
in other performance metrics (fig. S9). Collectively, these results
demonstrated that suppression of nicotinic tone in ACAvy;g projec-
tion neurons by Lynx1 overexpression from adolescence rescues
local and long-range input imbalance and attentional deficits in
Fmr1 KO mice.
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Fig. 7. Adult Fmr1 KO mice displays attention deficits with disrupted local/long-range input balance and hypernicotinic tone of ACAys neurons. (A) Lynx1-related
transcriptional signature (differential expression of adult Lynx7 KO and WT cortex) and GWAS gene sets were analyzed for enrichment. (B) Lynx1 KO signature mapped to
GWAS gene sets (ASD: P = 0.0582; height: P = 0.2007; depression: P = 0.2127; schizophrenia: P = 1.0). (C) Lynx1 KO signature mapped to five autism-related gene sets [fragile
X syndrome-related FMRP target genes: P = 9.7 X 10'10; Phelan-McDermid syndrome (Shank3KO): P = 0.0181; 22911 deletion: P = 0.3664; tuberous sclerosis (Tsc2KO): P =
0.5036; Rett syndrome (Mecp2 null mutation): P = 0.8263]. (D) Adult Fmr1 KO mouse was screened for local/long-range input imbalance onto ACAy;s neurons and atten-
tional deficits. (E) Rabies virus—-mediated input mapping showed increased local input connectivity ratio for ACAys neurons in adult Fmr1 KO mice (t test, to = 2.715, *P =
0.0238; WT: five mice; Fmr1 KO: five mice). (F) Adult Fmr1 KO mice showed reduced accuracy with the 5CSRTT [two-way repeated measures ANOVA, main effect (genotype):
F1,24 = 14.49, ***P = 0.0009; WT: 13 mice; Fmr1 KO: 13 mice]. (G) Adult Fmr1 KO mice were evaluated for their nicotinic tone of retrobeads labeled ACAy;s by whole-cell
patch-clamp recordings. (H) Example trace recordings from ACAy;s neurons upon ACh puffing in the presence of atropine. (I) Adult Fmr1 KO mice show increased nicotin-

ic responses in ACAy;s neurons [linear mixed model (rank-based), ts 04 = 3.40, *P = 0.0116; adult WT: 28 cells per 10 mice; Fmr1 KO: 19 cells per 7 mice).

DISCUSSION

In this study, we set out to determine the mechanisms of frontal
cognitive circuit maturation and found that dynamic regulation of
nicotinic cholinergic tone is a major developmental driver of top-
down attentional circuit and behavior. Further, we demonstrated
that this process is disrupted in Fmr1 KO mice but can be ameliorated
by the top-down circuit-selective suppression of nACh tone (Fig. 9).
Previous studies showed that nicotinic signaling is tightly balanced
through a multilayered set of mechanisms across early develop-
ment. nAChR signaling plays a trophic role in developing cortex
through regulations of fetal choline level (41), cholinergic innerva-
tion from BF (42), and the expression level of nAChRs (43) toward

Falk et al., Sci. Adv. 2021; 7 : eabe1527 5 March 2021

the first three postnatal weeks in rodents (44, 45). However, it was
not clear to what extent the nACh system contributes to later stages
of cortical maturation. An endogenous inhibitor of nAChRs, Lynx1,
provides additional regulation of nicotinic signaling that is neces-
sary to establish cognitive circuit. Our findings emphasize the key
role of Lynx1 in late cortical maturation, extending the previously
reported role of Lynx1 in limiting developmental cortical plasticity
in sensory cortices (14, 17, 18, 46) to establishing cognitive behavior
in frontal association cortex.

At the circuit and behavior levels, our study suggests that Lynx1
acts as a key molecular mediator of late frontal circuit matura-
tion and cognitive behavior. Specifically, we found that a number
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Fig. 8. Lynx1-mediated suppression of nicotinic tone from adolescence in Fmr1 KO mice restores local/long-range input imbalance of ACAys neurons and atten-
tional behavior. (A) Experimental design: A Cre-dependent LynxT overexpression or Gfp control AAV construct was injected in ACA, and retrograde rAAV2-Cre was injected
in VIS at p12in Fmr1 KO mice. (D) nAChR tone, (E) local and long-range input balance, or (F) attentional behavior (5CSRTT) was assessed in adulthood. (B) Representative
images showing GFP + ACAy;s neurons in ACA (scale bar, 200 um) and their terminals in VIS (scale bar, 5 um). (C) Validation of AAV construct for cre-dependent Lynx1
overexpression. gPCR shows cortical overexpression of Lynx7 mRNA in vivo compared to noninjected native control (t test, t, = 22.29,****P < 0.0001, three mice each).
(D) Top: Representative traces of whole-cell patch recording of ACAyis neurons overexpressing Lynx1 or a control vector. Bottom: Nicotinic response in adult Fmr1 KO mice
[linear mixed model (rank-based), t33 = 4.81,***P < 0.0001; +Gfp: 23 cells per seven mice; +Lynx1: 20 cells per five mice]. (E) Rabies virus-mediated monosynaptic input
mapping showed decreased percentage of local connectivity following Lynx1 overexpression from adolescence in adult Fmr1 KO mice (t test, t;3 = 5.453,***P = 0.0001;
+Gfp: seven mice; +Lynx1: eight mice). (F) Adult Fmr1 KO mice with LynxT overexpression in ACAys neurons showed an increase in accuracy [two-way repeated measures
ANOVA, group x stimulus duration: F3 g6 = 5.992, **P =0.0011; post hoc Sidak’s multiple comparisons test (0.8 s): ***P = 0.0006; 1 s: **P = 0.0055; +Lynx1: 12 mice; +Gfp: 12 mice].

of ACAy;s projection neurons expressing the nicotinic brake LynxI
increases following adolescence. This suppression of nicotinic tone
is further associated with a late developmental shift in local/long-
range input balance and establishment of adult attentional be-
havior. Previous studies demonstrated that mice lacking nAChRs
show attention deficits (47). Thus, it was, at a glance, unexpected
to observe attention deficits by Lynx1 KD as deletion of Lynx1I is
associated with elevated nAChR signaling (16) and arousal level
(48). However, our series of experiments suggest that dampening of
nACh tone by Lynxl1 is necessary to limit local excitatory inputs
following adolescence, which, in turn, may alter ACAvrg neuron as-
sociated network dynamics. Imbalanced local/long-range circuitry
in the absence of Lynxl may prevent finely tuned local computa-
tions in the frontal cortex necessary to effectively control distal sen-
sory cortex during cognitive processing in a synchronized manner.
As local inputs tend to preferentially target proximal dendrite (49),
irrelevant local circuits may also interfere with a transmission from
some of long-range inputs targeting distal dendrites to the soma. It
should be also noted that attentional behavior deficits caused by
Lynx1 KD in ACAyjs neurons can be due to resulting changes in
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visual input gain in the visual cortex in addition to input balance
changes in ACA. One limitation of our study is that our experi-
ments with LynxI KD or overexpression from adolescence did not
determine whether Lynx1 plays a role during adolescence or/and in
adulthood. More temporally selective manipulations of Lynx1 ex-
pression are necessary to answer these questions. Similarly, future
studies are necessary to examine whether manipulations of LynxI
expression selectively in ACAys projections modulate the local/
long-range input balance onto ACAvyjs to establish a tighter link
between local/long-range input balance and attentional behavior.
Another limitation of this study is that we only assessed attentional
behavior in adulthood due to the lengthy training and testing period
(~2 months) required for touch screen-based 5CSRTT. Future studies
should establish a short training protocol to permit assessment of
attentional behavior during adolescence to examine to what extent
the maturation of ACAyys circuitry is associated with attentional
behavior changes.

Our study provides previously unrecognized insights into the patho-
physiology of neurodevelopmental disorders by identifying that Fmrl
KO mice display failed maturation of the ACAys projection network
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leading to attention deficits due to hypernicotinic tone in ACAyg
projection neurons. Our study pieces together the previous findings
in rodent models of fragile X syndrome ranging from synaptic-level
immaturity (50), connectopathy (51), to late emerging cognitive
deficits (33-36, 52) through shared functional deficits in nicotinic
signaling. Given that FmrI has various functions ranging from reg-
ulating the equilibrium between translation and transcription (53, 54),
trafficking mRNAs to dendrites without affecting the mRNA/protein
level (55), to directing protein-protein interactions (56, 57), fu-
ture study is warranted to tease apart the cause of hypernicotinic
tone in Fmrl KO mice. While cholinergic dysfunctions have been
reported in Fmrl loss of function, it has been attributed to deficits
in muscarinic AChR signaling (58-60). A previous pilot open-label
trial for donepezil, an acetylcholinesterase inhibitor, reported that
cognitive behavioral function of individuals with fragile X syndrome
improved significantly (61), but more recent randomized placebo-
controlled trials collectively support an insufficient effect of
donepezil in improving cognitive behavior in these individuals (62, 63).
Our findings rather point to the dampening of nAChR signaling
from adolescent period as an alternative target and time point for
interventions. Long-range functional connectivity is commonly im-
paired in neurodevelopmental disorders and has been hypothesized
to arise in the context of excessive short-range connections particu-
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larly in the context of ASD (64, 65). Our study stresses a need for
future studies to examine the balance between local and long-range
connectivity across development in the context of neurodevelop-
mental disorders. Further, future studies are warranted to examine
to what extent a regulation of nicotinic tone, perhaps through mod-
ulation of Lynx1-mediated actions, can serve as a possible therapeu-
tic target for impairments of local and long-range input balance in
general.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (Charles River Laboratories), Lynx1 KO mice
(gifted from N. Heintz at Rockefeller University) (16), and Fmrl KO
mice (stock no. 003025, the Jackson Laboratory) were used. Mice
were housed in a temperature and humidity-controlled vivarium
under 12-hour light/dark cycle with ad libitum access to food and
water. For behavior testing, mice were allowed access to water for
2 hours each day and maintained approximately 85 to 90% of re-
spective baseline free-feeding weight (5). All animal protocols were
approved by the Institutional Animal Care and Use Committee at
Icahn School of Medicine at Mount Sinai.

Stereotactic surgery

Following procedures previously described in (5), mice were anes-
thetized with 2% isoflurane and head-fixed on a heating pad in a
mouse stereotactic apparatus (Narishige International USA Inc.).
Mice were isolated after surgery until fully awake and immediately
returned to their home cage. VIS injection sites relative to lambda
are the following: AP (+0.0 mm), ML (+3.0 mm), and DV (-0.4 mm);
AP (+0.1 mm), ML (+2.85 mm), and DV (-0.4 mm); AP (+0.1 mm),
ML (+3.15 mm), and DV (0.4 mm). ACA injections sites relative
to bregma are the following: AP (+0.7 mm), ML (+0.2 mm), and DV
(=0.7 mm); AP (+0.2 mm), ML (+0.2 mm), and DV (-0.7 mm); AP
(-0.3 mm), ML (+0.2 mm), and DV (-0.7 mm). For patch-clamp
recordings, 500 nl of fluorescent retrobeads (Lumafluor Inc.) were
injected into the VIS at least 24 hours before patch recordings to
allow visualization of top-down projection neurons. A total of 350 nl
of AAV5-hsyn-eGfp-WPRE (University of Pennsylvania Viral Core)
was infused into VIS for dendritic spine labeling at p12 for the ado-
lescent group and p60 to p75 for the adult group and allowed to
express for 21 days. For rabies-mediated monosynaptic input map-
ping, 500 nl of a 1:1 volume mixture of AAV8-CA-FLEX-RG and
AAVS-EFla-FLEX-TVAmCherry (University of North Carolina Viral
Core) was injected unilaterally in the ACA, and 500 nl of CAV2-Cre
(Institut de Genetique Moleculaire de Montpellier) (for LynxI KO/WT
analysis) or rAAV2-Cre (Boston Children’s Hospital Vector Core)
(for Fmr1 KO rescue analysis) was injected in VIS. For an introduc-
tion of rabies virus, 2.5 weeks later, 500 nl of pseudotyped EnvA
RVdAG-Gfp (for Lynx1 KO and Fmrl KO study) or pseudotyped
EnvA RVdG-Bfp (for Fmrl KO injected with AAV-Gfp/Gfp-Lynx1
in ACAvys) (Salk Institute Viral Core) was injected into the ACA for
local axonal uptake of rabies or VIS for distal axonal uptake of ra-
bies. Mice were euthanized 7 days later. For behavioral studies, 500 nl
of AAV8-DIO-Lynxl KD or AAV8-DIO-Lynx1 (Custom Prep,
Boston Children’s Hospital) and 500 nl CAV2-Cre (for LynxI1 KD)
or rAAV2-Cre (Boston Children’s Hospital Vector Core) (for Lynx1
overexpression) were injected in the ACA and VIS, respectively,
at p12 or p60.
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Tissue preparation and histology

Following procedures previously described in (5), animals under-
went transcardial perfusion with phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde (PFA) in PBS. For spine analysis,
brains were postfixed in 4% PFA overnight and coronally sectioned
at 35 um for rabies input mapping and viral validation and 100 pm
for dendritic spine analysis on a vibratome (Leica VT1000 S). For
spine analysis, signal was enhanced by immunohistochemistry. Sec-
tions were placed into a blocking solution of 1% bovine serum albu-
min with 0.8% Triton X-100 in PBS on a rotating shaker for 1 hour
at room temperature. The sections were then shaken for 48 hours at
room temperature in primary antibody rabbit anti-eGFP (Invitrogen;
1:500), washed three times in blocking solution, and then shaken
for 3 hours at room temperature in secondary antibody rabbit anti-
Alexa Fluor 488 (Invitrogen; 1:400). The samples were then washed
three additional times, twice in blocking solution and once in
PBS with 0.01% sodium azide. All slices were then mounted on
Superfrost Plus slides using Fluoromount-G mounting medium
(SouthernBiotech) and coverslipped. Brains from rabies input mapping
and AAV-injected brains for behavioral and other experiments
were dissected, postfixed in 4% PFA for 3 hours, and cryoprotected
in 30% sucrose in PBS for 24 to 48 hours before embedding in opti-
mum cutting temperature (OCT; Tissue-Tek) and sectioning into
35-um coronal slices using a cryostat (CM3050, Leica). For rabies
input mapping, free-floating sections were washed in PBS before
undergoing immunohistochemistry by 1-hour incubation in block-
ing solution (1% bovine serum albumin in 0.1% Triton X-100 in
PBS) followed by overnight incubation with rabbit anti-eGFP anti-
body (1:1000 in blocking solution; Life Technologies) at room tem-
perature. Sections were washed three times with blocking solution
followed by incubation with Alexa Fluor 488-conjugated goat anti-
rabbit antibody (Life Technologies) for 2.5 hours, washed three times
in blocking solution, and mounted onto slides with 4',6-diamidino-
2-phenylindole (DAPI) Fluoromount-G (SouthernBiotech). Vi-
ral injections were validated using an LSM780 confocal microscope
(Zeiss) in reference to the Paxinos and Franklin mouse atlas.

Monosynaptic input mapping

Following procedures previously described in (5), samples were
imaged using an LSM780 confocal microscope (Zeiss). All slices
around the ACA injection regions were stained for starter cell anal-
ysis. One of every eight serial sections was stained for input analysis.
ImageJ [National Institutes of Health (NIH)] were used to process
and analyze all images. Starter cells were defined as both mCherry"
(>50% of soma pixels above 2 SD of the mean image mCherry fluores-
cence intensity) and eGFP* (>50% of soma pixels above 3 SD of the
mean image GFP fluorescence intensity). Input cells were defined
as eGFP" (>50% of soma pixels above 3 SD of the mean image eGFP
fluorescence intensity). To determine the brain region location for
all input and starter cells, all brain slices were registered to corre-
sponding Allen Brain Institute coronal maps using anatomical
landmarks visualized by DAPI counterstaining and tissue autofluo-
rescence. First, we identified a coronal reference from the Allen
Brain Atlas, which is a closest representation of each image. By vi-
sually comparing each image with a corresponding atlas, we then
manually registered each brain region to each image by drawing
boarders to each image using Image]. In a small minority of cases,
assignment of input neurons to specific brain nuclei may be ap-
proximate if eGFP* cell bodies were located on borders between
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regions or when anatomical markers were lacking between directly
adjacent regions. However, quantitative analyses of input tracing
results were performed on anatomical classifications that were at
least one hierarchical level broader (as specified by the Allen Brain
Atlas) than the discrete brain regions to which input cells were as-
signed. Notably in many of these cases, directly adjacent nuclei fall
together into the same hierarchical group. Both eGFP" input neu-
rons and eGFP" mCherry" starter cells were manually counted us-
ing the “Cell Counter” plug-in in Image]J. For the input analysis, we
normalized the total number of input neurons in each brain to the
total number of starter cells because the efficiency of rabies uptake
by helper cells differed slightly across animals. The investigator per-
forming these analyses remained agnostic of the group identities of
animals during image analysis. For input mapping of Fmrl KO mice
injected with AAV-Gfp-Lynx1 or AAV-Gfp, quantification of input
neurons was done with blue fluorescent protein™ cells.

Slice electrophysiology

Following procedures previously described in (66), animals were
decapitated under isofluorane anesthesia. Brains were quickly re-
moved and transferred into ice-cold artificial cerebrospinal fluid
(ACSF) of the following composition: 210.3 mM sucrose, 11 mM
glucose, 2.5 mM KCl, 1 mM NaH,POy, 26.2 mM NaHCO3, 0.5 mM
CaCl,, and 4 mM MgCl,. Acute coronal slices of ACA (300 um)
contained both hemispheres. Slices were allowed to recover for
40 min at room temperature in the same solution but with reduced
sucrose (105.2 mM) and addition of NaCl (109.5 mM). Following
recovery, slices were maintained at room temperature in standard
ACSF composed of the following: 119 mM NacCl, 2.5 mM KCl,
1 mM NaH,POy, 26.2 mM NaHCOs3, 11 mM glucose, 2 mM CaCl,,
and 2 mM MgCl,. Patch-clamp recordings were performed from
fluorescently labeled ACA neurons using borosilicate glass electrodes
(3 to 5 megohms). Whole-cell voltage-clamp recordings were obtained
with the internal solution containing 120 mM Cs-methanesulfonate,
10 mM Hepes, 0.5 mM EGTA, 8 mM NaCl, 4 mM Mg-adenosine
triphosphate (ATP), 1 mM QX-314, 10 mM Na-phosphocreatine,
and 0.4 mM Na-guanosine triphosphate (GTP). Current clamp re-
cordings and ACh-evoked currents were obtained with the inter-
nal solution containing 127.5 mM K-methanesulfonate, 10 mM
Hepes, 5 mM KCl, 5 mM Na-phosphocreatine, 2 mM MgCl,, 2 mM
Mg-ATP, 0.6 mM EGTA, and 0.3 mM Na-GTP. Neurons were in-
cluded in the analysis if input resistance, series resistance, and
membrane potential did not change more than 15% during the
course of recordings. mIPSC and mEPSC were recorded in the
presence of tetrodotoxin (TTX; 1 uM; Abcam). Miniature IPSC
and EPSC were separated by holding the neuron at the reversal
potential for EPSC or IPSC. To activate nicotinic receptors, ACh
(1 mM) was dissolved in ACSF and loaded into a glass pipette
connected to a Picospritzer II (Parker Instrumentation, Chicago,
IL). Brief localized pulses of ACh (30 ms) were applied with a
60-s interpulse interval close to the soma of recorded neurons
(within 50 to 60 pm) using a pressure of 10 psi. To block musca-
rinic ACh receptors, 1 pM atropine was bath-applied during the
entire time of recordings. ACh-evoked currents were averaged
across three applications and quantified as the distance between
the local peak current and the baseline; the net ACh-evoked
charge flow through the membrane was calculated by integrat-
ing the area above the baseline-subtracted postsynaptic current
after ACh application. For pharmacological experiments, TTX,
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MLA, and DHBE were diluted in ACSF to 1, 0.1, and 100 uM,
respectively, and bath-applied.

Double fluorescence in situ hybridization

Following procedures previously described in (67), cloning for
developing RNA probes for in situ hybridization was performed in
a pBluescript II SK(-) vector using a polymerase chain reaction
(PCR)-based isothermal DNA assembly method. Briefly, primers
were designed to linearize the vector and create nonoverlapping
overhang sequences. A second set of primers was used to amplify
the gene of interest from complementary DNA (cDNA) derived
from mouse cortex and create overhangs that were antisense to the
vector overhang sequences. Assembly was achieved using Gibson
Assembly master mix (New England Biolabs), and the resulting
vector was used to transform NEB 5-alpha (New England Biolabs)
competent cells. Positive (white) colonies were picked and cultured
for miniprep. All miniprep DNA was subjected to restriction digest
using Xho I enzyme (New England Biolabs) and examined for insert
by gel electrophoresis. Properly inserted colonies were then ampli-
fied by 50-ml culture and subsequent midiprep using the HiSpeed
Plasmid Midi Kit (QIAGEN). Plasmid DNA was then linearized
using Xho I restriction digest and purified via phenol-chloroform
and ethanol precipitation. Probes were synthesized using T3 RNA
polymerase (Roche), the probe for LynxI was labeled with fluores-
cein (fluorescein isothiocyanate; Roche), and the probe for Gfp was
labeled with digoxigenin (DIG; Roche) for double in situ hybridiza-
tion. Primers used for cloning include the following: Lynx1 (forward),
CCGCTCGAGATCCTGTTACCCTGCGTGTG; LynxI (reverse),
CGGGATCCGCTTCCTCACATC CCACAG; Gfp (forward), GG-
TATCGATAAGCTTGATATCGTGAGCAAGGGCGAGGA; Gfp
(reverse), CCCCGGGCTGCAGGAATCAGCTCGTCCATGCCGA.
In situ hybridization of LynxI and Gfp was performed as described
previously (67). Briefly, mice were anesthetized with isofluorane
and cervically dislocated. The brain was removed under ribonuclease-
free conditions and quickly frozen in a standard mold with OCT in
a chamber of 2-methylbutane on dry ice. After freezing, brains were
transferred to —80°C until sectioning. Sectioning was performed on
a cryostat at a thickness of 7 pm, and sections were immediately
placed onto Tissue Path Superfrost Gold Plus slides (Thermo Fisher
Scientific). Sections were allowed to dry and then stored in slide
boxes at —80°C. For immunohistochemistry, anesthetized mice were
transcardially perfused with cold 4% PFA dissolved in 0.1 M phos-
phate buffer. The brains were postfixed in 4% PFA at 4°C and cryo-
protected in 30% sucrose solution. The frozen brains were sectioned into
40-pm coronal sections using a cryostat. Frozen sections on slides
were thawed and fixed in 4% PFA. Following fixation, slides were
washed in PBS and incubated for 10 min in acetylation buffer (0.2%
HCI, 1.5% triethanolamine, and 0.28% acetic anhydride). Slides were
again washed in PBS and then acclimated to hybridization buffer
(50% formamide, 5x SSC, 2.5% yeast transfer RNA, 5% salmon
sperm DNA, and 10% Denhardt’s solution) in a humidity chamber.
Following acclimation, the buffer was replaced with new hybridiza-
tion buffer containing RNA probes and incubated overnight at
72°C in the humidity chamber. The next day, slides were washed
3 x 30 min in 0.2x SSC at 72°C and blocked in milk solution
[tris-buffered saline (TBS) with 0.05% Tween 20 and 1% milk]. Slides
were then incubated with milk containing anti-fluorescein-horse-
radishperoxidase antibodies (1:2000) for 2 hours at room tempera-
ture. Following incubation, slides were washed, subjected to TSA
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Plus dinitrophenyl (DNP) signal amplification (PerkinElmer), and again
washed. Next, slides were again blocked with milk solution and incu-
bated in milk solution containing anti-DIG-alkaline phosphatase and
anti-DNP-keyhole limpet hemocyanin-488 (both 1:1000; Roche) for
2 hours at room temperature. Following incubation, slides were washed
and acclimated to TBS (pH 8.0) and then incubated in fast red solution
(Roche) for 1 hour at room temperature. Last, slides were washed in
water and coverslipped using CC/Mount solution (Sigma-Aldrich).

Imaging and quantification

For in situ hybridization colocalization analysis of LynxI and Gfp,
imaging was performed using LSM780 confocal microscopes (Zeiss)
and was processed and analyzed using Image] software (NIH). A
threshold of light intensity value 9509 was set to define LynxI signal
and 710 to define Gfp signal. Gfp" cells were counted as LynxI" if
they contained one or more puncta of LynxI signal. Percentage of
colocalization of LynxI and Gfp was calculated by LynxI* Gfp*
cells/total number of Gfp* cells. This analysis was done for eight
images per animal, from three to four individual mice in each
group. For the viral spread validation of mice, mice that had com-
pleted behavior testing underwent transcardial perfusion, and slices
were collected at specific bregma areas (from 2.06 to —1.78) using
the Allen Brain Atlas to analyze the anterior-posterior spread of
virally infected cells. Images were acquired using the EVOS FL Im-
aging System (Thermo Fisher Scientific). Slices were imaged using a
4x lens, and, to ensure consistency across imaging sessions, power
was set at 100%. To generate viral spread diagrams, all groups were
assigned two levels representing increasing levels of signal intensity.
The first level represented the minimum number of mice showing
signal in a given area, namely, n = 1. The second level represented
more than 50th percentile of mice with overlapping signal in a given
area. Using the GNU Image Manipulation Program (GIMP), areas
with fluorescent signal were delineated on templates taken from the
Paxinos and Franklin mouse atlas. For the validation of AAV spread
focused around ACA, we used the Paxinos and Franklin atlas to
identify the boundaries of the ACA on any given slice, while the
Allen Brain Atlas was used for our whole-brain rabies virus-based
input mapping, which allowed us to define anterior-posterior spread
better as it has a higher granularity of coronal slices.

Dendritic spine imaging and characterization

Images were acquired using an upright LSM780 Confocal micro-
scope (Carl Zeiss). Following procedures previously described in
(5), a nonbiased, whole-neuron approach was taken to characterize
dendritic spines. Specifically, two neurons per animal were imaged
on both the apical and basal dendrites. To qualify for spine analysis,
whole neurons were selected that met the following requirements:
(i) The neuron had to be filled and display spines at least up to 200 um
away from the soma on both apical and basal dendrites and (ii) display
no overlapping of dendritic processes with other neuron processes.
For the chemogenetic study, mCherry* and mCherry™ neurons
were defined as having >50% of soma pixels above 3 SD and below
2 SD of the mean image mCherry fluorescence intensity, respective-
ly. Images were taken of sections from two basal dendrites and
two apical dendrites from each neuron. Dendritic segments were
imaged using a 100x lens (numerical aperture of 1.4; Carl Zeiss) and
a zoom of 3.0. Images were taken with a resolution of 1024 x 300,
pixel dwell time was 1.58 um/s, and the line average was set to 8.
Pixel size was 0.03 um in the x-y plane and 0.01 um in the z plane.
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To assure consistency of imaging across difference confocal ses-
sions, power was consistently set to 3.0%, and gain was adjusted
within the range of 600 to 800 units to achieve consistent light in-
tensity values within the same set of neurons. Images were decon-
volved using a three-dimensional resolution enhancement with
AutoDeblur software (Media Cybernetics) and then run through
the dynamic range filter in Neuron Studio. For quantification, Neuron
Studio was used to classify spines as thin, mushroom, or stubby on
the basis of the head-to-neck ratio. Spines whose head-to-neck ratio
was less than 1 were classified as thin spines, spines whose head-to-
neck ratio was approximately 1 were classified as stubby spines, and
spines whose head-to-neck ratio was greater than 1 were classified
as mushroom spines. To accurately detect dendritic spines from
background noise, puncta were only counted as spines if they
moved into and out of the z plane with the dendritic branch. Spine
density was calculated as the total spine count/dendritic length. All
imaging and analysis were all performed by an author who remained
agnostic to the group conditions until the analysis was completed.

Behavior: 5CSRTT

Behavior was conducted following procedures previously described
in (5) using black plastic trapezoid Bussey-Saksida touch screen
chambers [walls: 20 cm high by 18 cm wide (at screen-magazine) by
24 cm wide (at screen) by 6 cm wide (at magazine) (Lafayette In-
strument)]. Stimuli were displayed on a touch-sensitive screen
(30.7 cm, screen resolution of 600 x 800) divided into five response
windows by a black plastic mask (4.0 x 4.0 cm, positioned centrally
with windows spaced 1.0 cm apart and 1.5 cm above the floor) fitted
in front of the touch screen. Schedules were designed, and data were
collected and analyzed using ABET II Touch software (Lafayette In-
strument). The inputs and outputs of the multiple chambers were
controlled by WhiskerServer software (Lafayette Instrument). Be-
fore training on 5CSRTT, mice were initially trained to touch the
screen. Mice were acclimated to the chambers for 3 days in 30-min
sessions. During this habituation phase, the food magazine was illu-
minated, and diluted sweetened condensed milk (Eagle Brand) was
dispensed every 40 s. Mice were then trained to touch the response
windows. If the mouse touched the stimulus, then the milk re-
ward was delivered in conjunction with a tone and magazine light.
Touches to nonstimuli had no consequence. After reaching criteri-
on on this phase (20 touches in 30 min for two consecutive days),
mice moved onto 5CSRTT training phase. Mice were tested 5 days
a week, 100 trials a day (or up to 30 min). Each trial began with the
illumination of the magazine light. When the mouse made a nose
poke in the food magazine, the stimulus was delivered after an in-
tertrial interval (ITI) period of 5 s. If a mouse touched the screen
during this ITT period, then the response was recorded as prema-
ture, and the mouse was punished with a 5-s time-out (house light
on). After the time-out period, the magazine light illumination and
house light switch off signaled onset of the next trial. After the ITI
period, a stimulus appeared randomly in one of the five response
windows for a set stimulus duration (this varied from 32 to 2 s). A
limited-hold period followed by the stimulus duration was 5 s,
during which the stimulus was absent but the mouse was still able to
respond to the location. Responses during stimulus presence and
limited-hold period could be recorded either as correct (touching
the stimulus window) or incorrect (touching any other windows). A
correct response was rewarded with a tone, as well as milk delivery,
indicated by the illumination of the magazine light. A failure to re-
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spond to any window over the stimulus and limited-hold period
was counted as an omission. Incorrect responses and omissions
were punished with a 5-s time-out. In addition, animals could make
perseverative responses that are screen touches after a correct or
incorrect response. Animals started at stimulus duration of 32 s.
With a goal to baseline mice at a stimulus duration of 2 s, the stim-
ulus duration was sequentially reduced from 32, 16, 8, 4, to 2 s. An-
imals had to reach a criterion (<50 trials, <80% accuracy, and >20%
omissions) over two consecutive days to pass from one stage to the
next. After reaching baseline criterion with the 2-s stimulus dura-
tion (five consecutive days), mice were challenged with an increased
attentional demand by reducing the stimulus duration to 2, 1.5,
1, and 0.8 s (reduced stimulus test). They then underwent 4 days
of testing. Attention and response control were assessed by measur-
ing the following performance: percent accuracy [100 x correct re-
sponses/(correct responses + incorrect responses)], percent omis-
sion [100 x omissions/(omissions + correct responses + incorrect
responses)], percent premature response [100 x premature
responses/(omissions + correct responses + incorrect responses)],
percent perseverative response [100 x perseverative responses /
(correct responses + incorrect responses)], latency to correct re-
sponse, and latency to reward collection after correct choices.

Behavior: Progressive-ratio task

Following procedures previously described in (5), behavior was
conducted after the completion of the 5CSRTT in touch screen
chambers. In initial operant training, mice were trained to nose-
touch the visual stimulus (white square, 100% luminance) at the
center screen one time in each trial to receive a diluted sweetened
condensed milk (Eagle Brand) reward as dispensed in the 5CSRTT.
Touches to nonstimuli had no consequence. After reaching criteri-
on of at least 30 completed trials in 30 min, mice moved onto fixed-
ratio training. In fixed-ratio training, mice were trained to nose-touch
the visual stimulus two, three, and then five times to get a reward.
Mice were required to reach criterion for 1 day for fixed ratios of 2:1
and 3:1 and for 3 days for a fixed ratio of 5:1 before proceeding to
progressive-ratio training and testing. Task parameters were identi-
cal for progressive-ratio training, except completion of each trial;
the number of touches required to receive a reward was increment-
ed on a linear +4 basis (i.e., 1, 5, 9, etc.). If no stimulus response or
magazine entry in the presence of a delivered reward was detected
for 5 min, then the session ended and the animal was removed from
the chamber. Otherwise, the session ended after 30 min. Mice had to
achieve a stabile “breakpoint” defined as the number of target loca-
tion responses in the last successfully completed trial for 2 days be-
fore proceeding to progressive-ratio testing. In progressive-ratio
testing, mice performed the progressive-ratio task using the same
parameters as progressive-ratio training but were allowed 60 min
to complete the session. Mice were baselined on Monday with
progressive-ratio training to ensure consistent performance and tested
for four consecutive days. Breakpoint across the 4 days was averaged
to give each mouse on breakpoint score.

AAV vector construction

Lynx1 was amplified from a cDNA library derived from mouse
cortex and subcloned into a pcDNA3.1(-) vector for an overex-
pression vector. For Lynx1 KD vector, following procedures pre-
viously described in (68), we used short hairpin RNA (shRNA)
vector with limited reported off-target effects, in which shRNA is
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embedded into a larger endogenous microRNA loop that allows ro-
bust expression from RNA polymerase 2 promoters of an AAV vec-
tor to avoid the recently reported potential off-target effect by the
use of acute short hairpin-based KD. Two oligonucleotides in-
cluding shRNA sequence for Lynx1 were subcloned into pcDNA6.2-
GW/EmGfp-miR using BLOCK-iT Pol II miR RNAi Expression
Vector Kit with EmGFP (Life Technologies). Subclonings were per-
formed using an isothermal DNA assembly method (Gibson As-
sembly; New England Biolabs) and transformed into Escherichia
coli. Colonies with correct insert were identified through DNA se-
quencing (Genewiz), cultured, and then isolated using the HiSpeed
Midiprep Kit (QIAGEN). Expression was first examined by trans-
fection of N2A cells in vitro to identify one of four sets of sShRNAs
for the robust LynxI KD (CCTGTGAAGCAGTTGTCCATTGT-
GTCAGTCAGTGGCCAAAACACAATGGAGACAACTGCTTCACT-
GCTGTGAAGCAGTTGTCTCCATTGTGTTTTGGCCACT-
GACTGACACAATGGACAACTGCTTCA,; Life Technologies). To
create the pAAV vector, an inverted bicistronic 2A sequence was
inserted into pAAV-Efla-DIO-eGfp-WPRE-pA (Addgene no. 37084)
upstream of eGfp by PCR linearization and overhang production on
PAAYV vector. The pcDNA3.1(-)-Lynx1 vector was used as a tem-
plate for the LynxI insert, which was subsequently inserted into the
PAAV-DIO-eGfp-2A vector as described above to create a pAAV-DIO-
eGfp-2A-Lynx1-WPRE-pA vector (Lynx1 overexpression). pcDNA6.2-
mGfp-miR-Lynx1 vector was subcloned into pAAV-DIO-eGfp-2A-
Lypd6-WPRE-pA vector to generate pAAV-DIO-mGfp-miR-Lynx1
(LynxI KD) vector. After sequence verification, a large culture and
Maxiprep isolation produced a purified vector that was sent to the
University of North Carolina viral core for viral packaging using an
AAV8 serotype. To assay overexpression or KD of LynxI through
quantitative PCR (qQPCR), RNA was isolated using the RNeasy Lipid
Tissue Mini Kit (QIAGEN), and cDNA was produced. The cDNA was
subjected to qPCR analysis using a TagMan assay (Life Technologies) at
the Icahn School of Medicine at Mount Sinai Quantitative PCR
CORE facility to quantify LynxI mRNA and B-actin mRNA.

Cannula infusions

Mice were trained on the 5CSRTT before guide cannula implanta-
tion surgeries. During surgery, burr holes targeting ACA on both
hemispheres (A/P, +0.2 mm and M/L, +0.2 mm relative to lambda)
were made. Twenty-two-gauge guide cannulas (C313GS, Plastics
One) were then implanted at the cortical surface and secured using
Metabond (Parkell). Dummy cannula were placed into the guide
cannula to prevent clogging. Nicotine hydrogen tartrate salt (Sigma-
Aldrich, St. Louis, MO) was fully dissolved in physiological saline.
Immediately before the 5CSRTT, 500 nl of nicotine solution (0.09 or
0.35 pg per side) or saline was infused bilaterally in ACA at a rate of
500 nl/min through a 28-gauge internal cannula (C313IS, Plastics
One) that projected 0.7 mm below the dura. Following infusion, in-
ternal cannula was left in place for 1 min to allow for diffusion of
drug from infusion site and reduce backflow.

Enrichment analyses

Transcriptomic data of adult Lynx1 KO (>P60) and adult WT C57BL/6
(>P60) mice (n = 3, each group) primary visual cortex (V1) were down-
loaded (GSE89757), background-corrected, quantile-normalized, and
log,-transformed with Limma, and then differential expression was
calculated using RankProd. Differentially expressed genes at a false
discovery rate of <0.25 were mapped to human using the Mouse
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Genome Informatics homology reference to yield a 332 genes Lynx1 KO
signature. GWAS and autism subtype gene sets were curated from
the literature (table S2). The likelihood of genes shared between
the Lynx1 KO signature and a given GWAS/autism gene set was
assessed by hypergeometric tests (HT SanalyzeR R package), using
the intersection of all human orthologous genes expressed on the
Lynx1 KO microarray and all human genes (9656 genes) as a back-
ground. Enrichment analyses were conducted in R (version 3.2.2).

Statistical methods

Statistical analyses were performed using Prism 6.0 (GraphPad)
and SAS v9.4 (SAS). The linear mixed models were used for experi-
ments using patch-clamp recordings and dendritic spine analysis to
evaluate the genotype or age differences that involved repeated mea-
sures within animals. Specifically, doubly repeated measure-mixed
models with respect to neuron and dendrite were used for the den-
dritic spine models, which included main effects genotype (WT versus
KO), age group (adult versus adolescent), spine type (thin, stubby,
or mushroom), and the relevant two- and three-way interaction
terms. Because the three-way interaction term was highly signifi-
cant, stratified results by spine type were presented subsequently.
For electrophysiological recordings, ranks were used instead of the
actual data because of having excess close to zero values. Animals
were treated as random effects. In all these models, the variances
were allowed to be heterogeneous across different subgroups, as the
descriptive data suggested. Degrees of freedom were adjusted on
the basis of the Satterthwaite method. For 5SRTT behavior data, the
animal specific accuracy rate and omission rate were first summa-
rized for each of the four stimulus durations (2, 1.5, 1,and 0.8 s) and
were analyzed using a linear mixed model using a two-way repeated
measures analysis with stimulus duration (2, 1.5, 1, and 0.8 s) as
within-subject factors, followed by Siddk’s multiple comparisons
test. In the analysis of other 5CSRTT data and progressive-ratio
testing, an unpaired two-tailed ¢ test was used. For input mapping
and ratio comparisons, input numbers were first normalized to the
number of starter cells within each animal before analyses. Input
mapping analyses were completed by a two-way brain region by
genotype models with repeated brain measures. Whenever ¢ test
was performed, unpaired two-tailed ¢ test was used. All data are ex-
pressed as means + SEM, and circles represent » values.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/10/eabe1527/DC1

View/request a protocol for this paper from Bio-protocol.
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