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7 ABSTRACT: Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by persistent deficits in social
8 communication and interaction and restricted, repetitive patterns of behavior, interests, and activities. Various factors are involved
9 in the etiopathogenesis of ASD, including genetic factors, environmental toxins and stressors, impaired immune responses,
10 mitochondrial dysfunction, and neuroinflammation. The heterogeneity in the phenotype among ASD patients and the complex
11 etiology of the condition have long impeded the advancement of the development of pharmacological therapies. In the recent
12 years, the integration of findings from mouse models to human genetics resulted in considerable progress toward the
13 understanding of ASD pathophysiology. Currently, strategies to treat core symptoms of ASD are directed to correct synaptic
14 dysfunctions, abnormalities in central oxytocin, vasopressin, and serotonin neurotransmission, and neuroinflammation. Here, we
15 present a survey of the studies that have suggested molecular targets for drug development for ASD and the state-of-the-art of
16 medicinal chemistry efforts in related areas.

1. INTRODUCTION

17 Autism spectrum disorder (ASD) is a complex neuro-
18 developmental disorder that is typically recognized in early
19 childhood and has a lifelong course. According to the latest
20 diagnostic criteria, it is characterized by two core symptoms:
21 (1) persistent deficits in social communication and social
22 interaction, (2) restricted, repetitive patterns of behavior,
23 interests, and activities.1 The diagnosis is based on clinical
24 observation and further established by standardized testing of
25 the patient with the Autism Diagnostic Observation Schedule-
26 2,2 and/or by parental interview with the Autism Diagnostic
27 Interview-Revised.3 Thus, far, no behavioral, neuroimaging,
28 electrophysiological, or genetic tests can specifically diagnose
29 ASD. Comorbid conditions such as intellectual disability,
30 seizures, and sleep problems are frequent, whereas anxiety,
31 depression, and obsessive−compulsive disorder (OCD) are less
32 frequent.4,5

33 ASD distinguishes from most other behavioral disorders for
34 the impressive clinical and pathogenetic heterogeneity, which
35 has led to the designation with the term ASD of a set of
36 neurodevelopmental disorders with early onset in life, sharing

37autism as a common feature, but caused by separate processes.6

38Originally, ASD was believed to be relatively rare, but the
39prevalence rates have dramatically increased in the past decade,
40from approximately 4/10000 to 1/68 children.7 Various reasons
41have been put forward to account for this dramatic increase,
42including broadening of the spectrum to include even milder
43forms, improved clinical detection, and higher public
44awareness.8 As a result, ASD has recently emerged as a major
45public health issue worldwide.
46Altered neurodevelopment during the first and second
47trimesters of prenatal life is believed to be an underlying
48neuropathological cause of ASD.9 Post-mortem studies have
49unveiled neuroanatomic and cytoarchitectonic aberrations in
50various brain regions, including cerebellum, hippocampus,
51inferior olivary complex, amygdala, entorhinal cortex, fusiform
52gyrus, and anterior and posterior cingulate cortex, with
53increased growth of the frontal lobes, thinner cortical
54minicolumns, and increased dendritic spine density.10 These
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55 aberrations appear to be related to alterations occurring during
56 early pregnancy, such as reduced programmed cell death and/
57 or increased cell proliferation, altered cell migration, abnormal
58 cell differentiation with reduced neuronal body size, abnormal
59 neurite sprouting, and pruning that cause atypical wiring into
60 the brain. In addition, because neurodevelopmental processes
61 are still active into late prenatal and postnatal life, aberrations
62 involve reduced synapse formation and delayed myelination.11

63 The observed abnormal neuronal wiring was previously thought
64 to be characterized by long-range hypoconnectivity and local
65 hyperconnectivity.12 Recent studies have instead shown that
66 abnormal neuronal wiring is characterized by a highly
67 individualized combination of hyper- and hypoconnectivity
68 specific to each ASD patient.13

69 The neurocognitive phenotype of ASD is the result of a
70 complex and highly heterogeneous set of genetic and
71 environmental causes. However, in some patients, the disorder
72 is the result of purely genetic causes due to known
73 chromosomal aberrations or mutations,14 while in other
74 patients, the disorder is more likely related to environmental
75 causes, such as prenatal exposure to chemical pollutants, toxins,
76 viruses, or even drugs.15 To date, hundreds of risk genes have
77 been identified and not a major causative gene, with either rare
78 variants that are highly penetrant or common variants with
79 small effects.14 It is therefore not surprising that this genetic
80 heterogeneity is not associated with a characteristic neuro-
81 pathology for ASD. Finally, neuroinflammation in ASD is
82 receiving attention because of the altered expression of
83 neuroinflammatory markers observed in the amniotic fluid,
84 serum, cerebrospinal fluid, and the brain tissue of ASD
85 patients.16

2. CURRENT PSYCHOTROPIC DRUGS ARE NOT
86EFFECTIVE TO TREAT CORE SYMPTOMS OF ASD

87The use of pharmacotherapy as a component of treatment for
88ASD patients is common. However, psychotropic medications
89alleviate co-occurring psychiatric and behavioral problems, such
90as aggression, self-injury, impulsivity, hyperactivity, anxiety, and
91mood symptoms, but they do not have effect on the core
92symptoms of ASD.17 The observed improvements in social
93interaction is a secondary effect of an overall reduction in
94maladaptive behaviors and not a primary effect of these
95medications.17

96Benefits have been reported with (i) atypical antipsychotics
97for aggression, self-injurious behavior, or temper tantrums, (ii)
98selective serotonin reuptake inhibitors (SSRI) for anxiety and
99repetitive behaviors, and (iii) psychostimulants or opioid
100antagonists for hyperactivity.
101To date, the only approved drugs to treat symptoms in ASD
102 f1patients are compounds 1 (risperidone, Figure 1) and 2
103(aripiprazole, Figure 1), both used to treat aggression, self-
104injury, and severe tantrums. Compound 1 is generally well
105tolerated, with no evidence of extrapyramidal side effects or
106seizures, whereas mild sedation, increased appetite, fatigue,
107dizziness, and drowsiness are frequent side effects. In addition,
108other side effects of this drug are metabolic alterations,
109including increased anthropometric and metabolic parameters,
110such as body mass index, waist circumference, and prolactin
111serum levels.18−20 Compound 2 has similar effects but shows
112milder side effects which involve weight gain, fatigue and
113somnolence, gastrointestinal symptoms, and motor restlessness.
114Before the approval of compounds 1 and 2, the second-
115generation antipsychotic agent clozapine was used for
116aggression and tantrums but has a limited usage because of
117the hematological safety concerns. Ziprasidone has also shown

Figure 1. Antipsychotis and antidepressant drugs that are currently used in pharmacological treatment of ASD.

Journal of Medicinal Chemistry Perspective

DOI: 10.1021/acs.jmedchem.7b00965
J. Med. Chem. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.jmedchem.7b00965


118 some beneficial effects targeting irritability in ASD patients
119 without any significant weight gain or other adverse effect.21,22

120 The SSRI 3 (fluoxetine, Figure 1) has shown various
121 potential benefits, including reductions in rituals, stereotyped
122 and repetitive behaviors in ASD patients. However, compound
123 3 produced effects like disinhibition, hypomania, agitation, and
124 hyperactivity. Also, compounds 4 (escitalopram), 5 (fluvox-
125 amine), 6 (paroxetine), and 7 (sertraline) (Figure 1) displayed
126 the same potential benefits and adverse effects as 3.23 A recent
127 review has highlighted the limited evidence of the effectiveness
128 of SSRIs in adults.24 Tricyclic antidepressants such as 8
129 (imipramine), 9 (nortryptiline), 10 (clomipramine), or 11
130 (tianeptine) (Figure 1) have been used in the treatment of ASD
131 symptoms and comorbidities in ASD patients. However,
132 limited and conflicting evidence emerged about either
133 therapeutic effects or side effects of these medications.25

134 It has been proposed that anticonvulsants may be efficacious
135 in the treatment of irritability and repetitive patterns of
136 behavior in children with ASD (see ref 26 and references
137 therein cited). However, compounds 12 (lamotrigine) and 13

f2 138 (levetiracetam) (Figure 2) did not show efficacy in improving

139 ASD behaviors. On the other hand, compound 14 (valproate)
140 (Figure 2) was found efficacious in the treatment of irritability
141 and repetitive patterns of behavior in children with ASD.26

142 Because deficits in brain cholinergic function have been
143 described in some ASD individuals,27 the use of acetylcholi-
144 nesterase inhibitors 15 (rivastigmine), 16 (donepezil), and 17
145 (galantamine) (Figure 2) has been tested in ASD children.
146 Collectively, these studies reported some improvements in
147 overall ASD behaviors and also in sleep patterns. Side effects
148 include irritability, verbal or behavioral regression, headaches,
149 rash, tremor, sedation, vomiting, and gastrointestinal prob-
150 lems.28

151 Compound 18 (methylphenidate, Figure 2) has been shown
152 to be effective in improving attention deficit hyperactivity
153 disorder (ADHD) symptoms in children with ASD. However,
154 response rates are lower than those seen in typically developing

155children with ADHD. Moreover, discontinuation rates due to
156adverse events are high.29

157The opiate antagonist 19 (naltrexone, Figure 2) has been
158evaluated in ASD patients on the basis of the hypothesis that
159endogenous opioids such as β-endorphin and enkephalins
160modulate social behavior.30 Treatment with 19 improves self-
161injurious behavior, hyperactivity, social withdrawal, agitation,
162and irritability in ASD children.31

3. STRATEGIES TO TREAT CORE SYMPTOMS OF ASD

163ASD has been classified into syndromic and nonsyndromic on
164the basis of clinical criteria. The term “syndromic” refers to
165conditions in which ASD occurs in conjunction with additional
166phenotypes and/or dysmorphic features. The etiology of
167syndromic ASD is known in most cases and can involve
168chromosomal abnormalities or mutations in a single gene. The
169study of syndromic ASD has yielded information on ASD at the
170molecular level on the pathways critical for cognitive and social
171development. Genetically modified mice based on human
172genetic findings have been crucial to deciphering previously
173unknown pathogenic mechanisms (for a recent review on ASD
174animal models see ref 32). These finding have led to the
175identification of potential targets for therapeutic intervention.
176Because new research reveals common features between
177syndromic and nonsyndromic forms of ASD, shared therapeutic
178approaches seem possible for this class of conditions.33 We here
179recapitulate core phenotypes of syndromic forms of ASD that
180can be helpful for the reader.
181Fragile X syndrome (FXS) is the most common genetic
182disorder associated with autism, affecting approximately 1/4000
183males and 1/7000 females. FXS is caused by silencing of the
184FMR1 gene, which encodes for the fragile X mental retardation
185protein (FMRP), an mRNA binding protein that functions as a
186regulator of protein synthesis and translation. FXS is
187characterized by intellectual disabilities, ranging from mild to
188severe, social anxiety and autistic disorders, such as stereo-
189typical movements, increased susceptibility to seizures,
190attention deficit hyperactivity disorder symptoms, and sensory
191hypersensitivity.34 The FXS animal model, the FMR1 knockout
192mice, recapitulates several behavioral and physical phenotypes
193of FXS observed in human patients.35 These mice show
194increased density in dendritic spines, alteration in spine
195morphology,36 and elevated metabotropic glutamate receptor-
196dependent long-term depression (mGluR-LTD). This latter
197observation has led to the mGluR theory of FXS.37 In addition,
198FMR1 knockout mice show enhanced transmission activity of
199group I metabotropic glutamate receptor type 5 (mGlu5)

35 and
200GABAergic deficits in several brain areas (cortex, hippocampus,
201amygdala, striatum, and subiculum).38

202Rett Syndrome (RTT) is a rare neurodevelopmental disorder
203that affects 1/15000 women. RTT is due to loss-of-function
204mutations in the X-linked MECP2, a gene encoding a
205multifunctional protein that binds to methylated DNA and
206acts as a key transcriptional regulator. RTT is also associated
207with regression of language, cognitive functions, social and
208motor skills, stereotypies, seizures, and breathing difficulties. At
209the cellular level, the brains of RTT patients are characterized
210by reduced neuronal size, increased cell density in several
211regions, reduced dendritic arborization, low spine density, and
212altered spine morphology.39 In addition, transgenic mice
213studies have reported that MeCP2 deficiency is critical for
214normal activity of GABA-releasing neurons and that

Figure 2. Psychotropic drugs that have been studied for ASD
treatment.
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215 dysfunctions of GABAergic neurons contributes to the altered
216 behavioral phenotypes observed in RTT.40

217 Tuberous sclerosis complex (TSC) is a genetic disorder
218 related to ASD characterized by the formation of hamartomas
219 (tumor-like nodules) in multiple organ systems, including
220 central nervous system (CNS), and affects 1/6000 individuals.
221 TSC is associated with learning abnormalities, intellectual
222 disabilities, developmental delay, autistic features, and epi-
223 lepsy.

41 TSC is caused by mutations in either TSC1 or TSC2
224 genes encoding for hamartin and tuberin, respectively, two
225 proteins that regulate the activity of the mammalian target of
226 rapamycin (mTOR) pathway. In TSC, mTOR is hyperactive,
227 and this translates into abnormal protein synthesis and synaptic
228 plasticity, reduced neuronal connectivity and CNS myelination,
229 and imbalance of synaptic excitatory/inhibitory (E/I) ratio.
230 Moreover, loss of functional TSC1/TSC2 genes affects
231 dendritic spine formation and structure and dendritic
232 arborization.42

2333.1. Targeting Synaptic Dysfunction. Several lines of
234evidence indicate that disrupted synaptic function appears to be
235a basis of ASD pathophysiology. Several genes associated with
236ASD encode proteins that directly or indirectly affect synaptic
237function. Impaired synaptic plasticity might lead to neuronal
238networks with reduced capacity to change their structure and
239function. Therefore, improving neurological deficits by
240enhancing synaptic plasticity in a way that is independent
241from the disorder-specific etiology can represent a valuable
242therapeutic strategy.33

2433.1.1. Excitatory/Inhibitory (E/I) Balance. A widely accepted
244hypothesis on the etiology of ASD proposes that there is E/I
245imbalance in brain neural circuits.43 E/I imbalance may be due
246to an increase of glutamatergic or to a decrease of GABAergic
247signaling and it may give rise to altered synaptic plasticity and
248learning and memory, seizures, neural network oscillatory
249abnormalities, visual system abnormalities, general dyspraxia,
250behavioral changes, and social dysfunction.44 Yizhar et al. have
251demonstrated in mice that increased E/I ratio in the prefrontal

Figure 3. (A) Structure of mGlu5 NAMs that have been studied in ASD models. (B) Structure of mGlu5 PAMs.
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252 cortex is related to behavioral and social impairments relevant
253 to ASD.45 On the other hand, decreased E/I ratio was observed
254 in a mouse model of RTT.46

255 Different pharmacological approaches have been proposed to
256 restore E/I imbalance.
257 Modulation of mGlu5 Receptor. The “mGluR theory” of
258 FXS implicated that blockade of mGlu5 receptor could be
259 useful to treat the neurological and psychiatric symptoms of
260 FXS,37 and preclinical studies have supported this theory (for a
261 comprehensive review see ref 47 and references therein cited).
262 The design of competitive ligands for mGlu receptors has
263 been challenging due to the difficulty to identify selective
264 molecules. Competitive ligands for mGlu receptors are usually
265 polar amino acid-like molecules with reduced ability to cross
266 the blood−brain barrier (BBB). Instead, allosteric modulators
267 of mGlu5 receptor (positive allosteric modulators, PAMs, or
268 negative allosteric modulators, NAMs) are more drug-like small
269 molecules structurally unrelated to glutamate and allow fine-
270 tuning of the signal transduction toward predefined level.48

271 The potent, selective, and brain penetrant mGlu5 NAMs 20
f3 272 (MPEP) and 21 (MTEP) (Figure 3) have been two milestones

273 in this research field.48 In fact, treatment of FMR1 knockout
274 mice with 20 suppressed the audiogenic seizure phenotype,
275 rescued prepulse inhibition, and reduced repetitive autistic-like
276 behavior. In addition, administration of compound 20 rescued
277 the immature morphological phenotype of pyramidal neurons
278 in the somatosensory cortex of neonatal FMR1 knockout
279 mice.47

280 In BTBR mice, a well-validated model of idiopathic autism,32

281 compound 20 significantly reduced repetitive self-grooming
282 without inducing sedation on open field activity but did not
283 improve sociability.49 In the BTBR and C58 mouse strains, the
284 mGlu5 NAM 22 (GRN-529, Figure 3) suppressed repetitive
285 behaviors and social behavior deficits.50

286 In addition, compound 20 normalizes learning measures in
287 BTBR mice (hippocampus-dependent object location memo-
288 ry). In contrast, semichronic treatment with the AMPA
289 receptor PAM ampakine, which facilitates memory in other
290 models of cognitive impairment, had no effect on object
291 location memory in BTBR mice.51 Moreover, compound 20
292 significantly reduced elevated stereotyped, repetitive, and
293 anxiety-like behaviors in the valproic acid mouse model of
294 ASD.52

295 Besides compounds 20 and 21, a number of mGlu5 NAMs
296 have been reported in the literature, showing structures
297 different from the diarylethynyl scaffold (for extensive reviews
298 see refs 53 and 54). Here, the mGlu5 NAMs studied in ASD
299 context are illustrated. Compound 23 (fenobam, Figure 3) was
300 able to rescue abnormalities in neuronal morphology in FMR1
301 knockout mice.55 Using the structure of 23 as a template,
302 Hoffmann-La Roche developed a series of benzoxazolones,
303 exemplified by compound 24 (Figure 3), as mGlu5 NAMs with
304 good pharmacokinetic (PK) properties and activity in anxiety
305 models after oral administration.56

306 Compound 25 (AFQ056 or mavoglurant, Figure 3) was
307 identified by Novartis via an HTS campaign focused on the
308 identification of mGlu5 NAMs structurally different from 20.
309 Compound 25 was characterized as a potent and selective
310 mGlu5 NAM in vitro and demonstrated improved in vivo
311 bioavailability in rats and reduced in vitro clearance in human
312 microsomes as compared to 20.57 Compound 25 was able to
313 rescue dendritic spine phenotype in FMR1 knockout mice.47

314 However, randomized, double-blind, placebo-controlled studies

315with this compound in FXS adults did not allow confirmation
316of the results observed in animal models.58

317Starting from the screening hit 26 (Figure 3), having weak
318mGlu5 activity but potent GABAA agonistic activity, Roche
319identified the compound 27 (RO4917523 or basimglurant,
320Figure 3), which showed potent in vivo activity in preclinical
321models of anxiety, favorable PK properties in rats and monkeys,
322and an excellent preclinical safety profile.59 Also, compound 27
323entered clinical trials for the treatment of FXS, but the results
324did not confirm the results observed in animal models.58

325The results of mGlu5 receptor inhibitors in preclinical studies
326and proof-of-concept clinical trials generated high excitement.
327However, the trials failed to demonstrate sufficient significance.
328As highlighted in a detailed review on the clinical trials with
329investigational drugs for the treatment of FXS,60 the differences
330in outcome between the animal models and humans have
331evidenced the unique challenges of carrying out trials in these
332cognitively and behaviorally challenged individuals as well as a
333paucity of clinically relevant outcome measures for use in these
334trials.
335Results with compound 28 (CDPPB, Figure 3), an mGlu5
336PAM, in animal models of ASD (see below) have revived the
337interest in the development of PAMs. For many years, the
338development of mGlu5 PAMs has not been pursued because
339they can induce potent activation of mGlu5 signaling, which can
340in turn induce epileptiform activity, seizures, and neuro-
341toxicity.61 However, compound 29 (NCFP, Figure 3) was
342found to positively modulate mGlu5 without the induction of
343LTD and LTP in the hippocampus, suggesting that the
344compound stabilizes a unique active receptor conformation.61

345Moreover, the adverse effect liability of mGlu5 PAMs is thought
346to be related to the NMDA receptor. Therefore, the
347identification of PAMs displaying signal bias away from
348potentiation of NMDA activation offers an alternative for
349modulating mGlu5 receptor signaling without inducing neuro-
350toxicity.62 Researchers at Vanderbilt University reported the
351compound 30 (VU0409551, Figure 3) as a potent and orally
352bioavailable mGlu5 PAM that displays robust antipsychotic and
353cognition-enhancing efficacy in the absence of direct
354potentiation of NMDA receptor.63

355Modulation of Group II Metabotropic Glutamate
356Receptors. Group II metabotropic glutamate receptors
357(mGlu2 and mGlu3) have also been proposed as potential
358targets for therapeutic intervention in ASD. Chen et al. have
359reported that activation of mGlu2/3 may underlie the effects of
360N-acetylcysteine on amygdala-associated autism-like pheno-
361types in a valproate-induced rat model of autism.64

362Several classes of compounds have been described as
363modulators of mGlu2 and mGlu3 which have proved to be
364effective in various preclinical models of CNS disorders, such as
365schizophrenia and OCD, but none have been studied in
366preclinical models of ASD (for an extensive review see ref 48
367and references herein cited).
368Orthosteric agonists and antagonists have been developed
369starting from glutamate as lead structure. Eli Lilly described the
370bicyclo[3.1.0]hexane 31 (LY354740 or eglumetad) and its
371closely related ether analogue 32 (LY379268) as prototypical
372 f4mGlu2/3 orthosteric agonist tools (Figure 4).65 Two highly
373functionalized glutamate analogues, compounds 33
374(LY341495) and 34 (MGS0039) (Figure 4), have been used
375to evaluate the potential of mGlu2/3 blockade to treat OCD,
376anxiety, and cognitive deficits.66,67 In addition, several mGlu2/3
377PAMs have been developed as an alternative to orthosteric
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378 agonists. Prototypical mGlu2 PAMs are two structurally
379 unrelated compounds, i.e., the tertiary sulfonamide 35
380 (LY487379)68 and the 2-cyclopentyl indanone 36 (BINA)69

f5 381 (Figure 5). Researchers at Taisho Pharmaceuticals reported the
382 characterization of the selective mGlu2 PAM 37
383 (TASP0433864, Figure 4), which was useful in restoring E/I
384 imbalance underlying schizophrenia.70 Addex Pharmaceutical
385 has developed the compound 38 (ADX71149 or JNJ-
386 40411813, Figure 5), which demonstrated positive effects as
387 adjunctive treatment to antipsychotics in patients with negative
388 symptoms of schizophrenia.71 Astra Zeneca has reported the
389 isoindolinone 39 (AZD8529, Figure 5), which displayed
390 antipsychotic properties in different preclinical models of
391 schizophrenia.72

392As for mGlu2/3 NAMs, Roche reported a series of
393benzodiazepine derivatives exemplified by 40 (RO4491533,
394Figure 5), which proved to be effective in rodent models of
395depression and cognition.73

396Modulation of Ionotropic Glutamate NMDA Receptors.
397mGlu5 receptor and the ionotropic glutamate receptor NMDA
398show a positive reciprocal regulation, where activation of one of
399them potentiates the response elicited by the other one.
400Conversely, blocking one of them indirectly inhibits the
401other.74 Thus, by extension of the findings described above
402for mGlu5 antagonists, the NMDA receptor antagonist 41
403 f6(memantine, Figure 6) (approved by the U.S. Food and Drug
404Administration (FDA) for use in Alzheimer’s disease) has been
405evaluated as pharmacotherapy in ASD. It was shown that either
406NMDA antagonism through compound 41 or mGlu5
407antagonism through 20 was able to rescue social deficits as
408well as NMDA hyperactivity in IRSp53 knockout mice, a gene
409linked to ASD in humans.75 Conversely, in Shank2 knockout
410mice, another gene linked to ASD, which show decreased
411NMDA receptor function, the treatment with either the
412NMDA agonist 42 (D-cycloserine, Figure 6) or an mGlu5
413PAM is able to restore NMDA activity and social behavior.76

414Accordingly, clinical trials have shown that compound 42
415improves social and repetitive behaviors in ASD patients.77,78

416Furthermore, clinical trials in individuals with ASD reported
417improvements with NMDA receptor antagonist 41.28

418Recently, Volkman et al. have described the identification of
419the antagonists 43 (MPX-004) and 44 (MPX-007) (Figure 6)
420as pharmacological tools to study the function of the NMDA
421receptors containing a GluN2A subunit. Both compounds were
422able to antagonize GluN2A-containing NMDA receptors
423expressed in HEK cells. Electrophysiology studies demon-
424strated that maximal concentrations of both compounds

Figure 4. Structures of orthosteric agonists and antagonists of
mGlu2/3.

Figure 5. Structures of mGlu2/3 PAMs and NAMs.
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425 inhibited the whole-cell current (∼30%) in primary culture of
426 rat pyramidal neurons and NMDA receptor-mediated EPSP
427 (∼60%) in rat hippocampal slices, suggesting that both 43 and
428 44 could be useful to study GluN2A involvement in
429 neuropsychiatric and neurodevelopmental disorders.79

430 Modulation of GABAergic Activity. GABA is generally
431 considered as the main inhibitory neurotransmitter that
432 regulates the release of other neurotransmitters and neurons
433 excitation. In 2001, Hussman proposed that several functional
434 deficits in ASD might be linked to the suppression of the
435 GABAergic inhibitory tone in several brain regions and that the
436 loss of inhibitory control from GABAergic neurons might result
437 in hyperexcitation of target neurons or selective vulnerability to
438 glutamate.80 Physiological effects of GABA are mediated

439through the interaction with three different receptor subtypes:
440GABAA, GABAB, and GABAC. GABAA and GABAC are ligand-
441gated ion channels that suppress neuronal excitability. GABAB

442is an unusual G-protein-coupled receptor which is a
443heterodimer of GABAB1 and GABAB2 subunits. These receptors
444can inhibit the release of many neurotransmitters, such as
445dopamine, serotonin, and acetylcholine, via a G-protein-
446dependent inhibition of neuronal voltage-gated Ca2+ chan-
447nels.81

448Experimental evidence from in vitro and in vivo studies in
449animal models or in humans seem to support the hypothesis
450that an imbalance of either GABAA, and GABAB receptor
451signaling may result in increased postsynaptic neuronal
452excitability and altered glutamate release.82,83 Thus, increasing

Figure 6. (A) NMDA antagonists that have studied in ASD animal models. (B) New NMDA antagonists.

Figure 7. (A) Drugs modulating GABA transmission that have been subjected to clinical trials for ASD treatment. (B) GABAB PAMs.
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453 GABAergic transmission might improve behavior by compen-
454 sating a potentially excessive glutamatergic neurotransmission.
455 Both ionotropic and metabotropic GABA receptor subtypes
456 represent potential targets for development of therapeutic
457 agents. Interestingly, pharmacological enhancement of GABA
458 neurotransmission is able to improve the core social interaction
459 deficits in BTBR mice.84 On the basis of these data, Astra
460 Zeneca and NIH have initiated clinical trials of the α2,3-selective

f7 461 PAM of GABAA receptor 45 (AZD7325, Figure 7)85 for
462 treatment of social disability in young adults with ASD
463 (NCT01966679). On the basis of these observations, various
464 clinically approved drugs that modulate GABA transmission,
465 such as 46 (acamprosate), 47 (bumetanide), 48 (flumazenil),
466 49 (riluzole), and 50 (arbaclofen) (Figure 7), have been
467 subjected to clinical trials (for a recent review see ref 86). The
468 clinical trials yielded mixed and inconclusive results. With this
469 respect, the failure of compound 50 in clinical trials has been
470 the major disappointment in ASD research.87,88 The largest
471 clinical trial on compound 50 failed to provide significant
472 difference in the primary outcome measure (ABC-Social
473 Withdrawal score) but provided significant improvement in
474 secondary outcome measures (social impairment among
475 others).87 Possible explanations for the lack of efficacy of
476 compound 50 (and other medications) could arise from the
477 extreme heterogeneity of ASD. In fact, as the symptoms may
478 differ significantly in quality and severity among patients, it
479 could be difficult to measure significant changes with a single
480 outcome.
481 To date, compound 51 (baclofen), Figure 7, is the only drug
482 approved by the FDA which targets the GABAB receptor.
483 However, compound 51 showed severe side effects, which
484 include hypothermia, seizures, sedation, cognitive deficits, and
485 drug tolerance. Compound 51 also exhibits poor brain
486 penetrance and therefore requires high doses for engagement
487 of the GABAB receptor in the CNS, resulting in elevated plasma
488 concentrations and activation of peripheral GABAB receptors
489 on smooth and skeletal muscle. Numerous GABAB agonists
490 have been developed from compound 51 with the aim to
491 improve potency and CNS penetration. Moreover, the scaffold
492 of compound 51 has been manipulated to develop GABAB
493 antagonists, which, however, show poor selectivity. Also for
494 GABAB receptors, PAMs and NAMs have been developed as an
495 alternative to orthosteric agonists and antagonists and tested in
496 different behavioral paradigms. For an extensive review on
497 orthosteric agonists and PAMs of GABAB receptor, see ref 89.
498 Recently, the potent, selective, and brain penetrant GABAB
499 PAM 52 (ADX71441, Figure 7) has been reported, showing
500 efficacy in animal models of anxiety and pain. No data on ASD-
501 relevant behavioral tests were reported.90

502 Glycogen Synthase Kinase 3 (GSK-3) Inhibition. GSK-3 is
503 an evolutionarly conserved serine/threonine kinase highly
504 abundant in the brain and acts as the main suppressor of the
505 Wingless (Wnt)/β-catenin signaling pathway. The Wnt/β-
506 catenin pathway plays a crucial role in the proliferation,
507 differentiation, apoptosis, and outgrowth of CNS cells during
508 embryonic development. Several genes belonging to the Wnt/
509 β-catenin cascade have been genetically associated with
510 ASD.91,92 Moreover, the mood-stabilizing drug lithium inhibits
511 GSK-3, mimicking the activation of the Wnt/β-catenin
512 signaling pathway.93 In addition, Wnt/β-catenin signaling
513 plays a prominent role in the regulation of excitatory synaptic
514 transmission in pre- and postsynaptic compartments, thus
515 contributing to E/I balance. At presynaptic level, Wnt/β-

516catenin signaling modulates cell adhesion, clustering, and
517recycling of synaptic vesicles.94 Abnormalities in the
518presynaptic Wnt/β-catenin signaling translate in defects in
519spine morphogenesis and excitatory synaptic transmission.95 At
520postsynaptic terminals, the Wnt/β-catenin pathway is involved
521in Ca2+ homeostasis through activation of different proteins
522such as L-type voltage sensitive Ca2+ channels, NMDA
523receptors, and CAMKII kinases.96 This translates in a major
524role of Wnt/β-catenin pathway in the establishment of LTP
525and, therefore, the modulation of this signaling pathway
526through GSK-3β isoform could rescue defects in LTP and
527contribute to the fine-tuning of synaptic plasticity.
528GSK-3β is constitutively active, and different upstream
529signaling cascades converge on GSK-3β to inhibit its activity.
530Studies with transgenic mice indicate that postnatal ablation of
531GSK-3β in the forebrain induces anxiolytic and prosocial
532effects,97 whereas GSK-3β overexpression accounts for learning
533deficits.98

534Although lithium has been widely used to manage mood
535disorders symptoms in psychiatric disorders, only a few studies
536have documented the effects of lithium administration in ASD
537patients. For instance, lithium administration to 30 children and
538adolescents diagnosed with ASD through DSM-IV-TR criteria
539improved symptoms such as euphoria, mania, or paranoia on
54043% of patients.99

541Chronic administration of lithium to neonatal rats exhibiting
542ASD-like behaviors abolished symptoms and improved defects
543in neurogenesis and E/I balance.100 In addition, chronic lithium
544treatment reversed the increase in cerebral protein synthesis
545and ameliorated the behavioral abnormalities commonly
546observed in Fmr1 knockout mice.101 In line with these studies,
547pharmacological inhibition of GSK-3β, using the inhibitor 53
548 f8(SB216763, Figure 8), reverses the hippocampus-dependent
549learning deficits and rescues adult hippocampal neurogenesis in
550FMR1 knockout mice, suggesting that modulation of Wnt/β-
551catenin is crucial in reactivating synaptic plasticity, and these
552effects may account for the observed behavioral and learning
553improvements.102 In addition, administration of lithium or
554GSK-3 inhibitor 54 (AR-A014418, Figure 8) reduced

Figure 8. Structures of GSK-3β inhibitors.
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555 audiogenic seizure susceptibility, a well-defined phenotype of
556 FMFr1 knockout mice.103 Finally, it has been proposed that the
557 mGlu5 NAM 20 selectively increases inhibitory GSK-3β
558 phosphorylation in FMF1 knockout mice, mimicking the effect
559 elicited by chronic lithium treatment.104

560 Numerous chemical scaffolds have been reported as small-
561 molecule GSK-3β inhibitors mostly acting by competing with
562 the ATP binding site of the kinase, while there are also known
563 inhibitors which do not target the ATP binding site.105 The first
564 generation of ATP competitive inhibitors, such as compound
565 55 (staurosporine), lack suitable selectivity over other kinases.
566 3-(7-Azaindolyl)-4-arylmaleimides, exemplified by 53 and 56
567 (ING-135, Figure 8), benzo[e]isoindole-1,3-diones (compound
568 57, Figure 8), and phenylmethylenehydantoins (compound 58,
569 Figure 8) belong to the second generation of GSK-3β endowed
570 with good selectivity. 5-Imino-1,2,4-thiadiazole derivatives,
571 exemplified by 59 (tideglusib, Figure 8) are reversible non-
572 ATP competitive and substrate competitive inhibitors of GSK-
573 3β.105 Compound 59 is currently in phase II clinical trials for
574 the treatment of adolescents with ASD (NCT02586935).
575 3.1.2. Dendritic Spine Morphology. In recent years, it has
576 become evident that many psychiatric and neurologic disorders,
577 including ASD, are linked to alterations in synapse structure
578 and function and in dendritic spine morphology.106 In addition,
579 many of the genes associated with ASD encode proteins
580 involved in synaptic transmission.107 Dendritic spines are small

581membrane protrusions that contain the postsynaptic machi-
582nery, including glutamate receptors and the postsynaptic
583density (PSD) components, and contribute to the transmission
584of electrical signals. It is becoming increasingly apparent that
585synapse function and spine morphology are intimately linked.
586In fact, smaller spines have smaller synapses and this translates
587into reduced synaptic transmission. Abnormalities in spine
588density and morphology have been evidenced in ASD patients.
589A study on post-mortem ASD human brains has revealed an
590increase in spine density on apical dendrites of pyramidal
591neurons in frontal, temporal, and parietal lobes.108 The
592observed increased spine density was inversely correlated with
593cognitive function. These findings are in line with the emerging
594hypothesis that the brains of ASD patients are characterized by
595hyperconnectivity in local circuits and hypoconnectivity
596between brain regions.109 Spine dysgenesis is a common
597feature of syndromic forms of ASD. As an example, in FXS
598patients, spine morphology has been described as “immature”
599with long and tortuous spines, whereas in RTT individuals
600lower spine density and decreased proportion of mushroom-
601type spines in the cortex and hippocampus have been
602described.36,40 In TSC mouse models it was observed a deficit
603in spinogenesis in early of postnatal life followed by impaired
604spine pruning, which led to higher spine densities in one-
605month-old mice.42 It is therefore conceivable that converging
606deregulated signaling pathways downstream of the dysfunc-

Figure 9. Structures of mTOR inhibitors.

Journal of Medicinal Chemistry Perspective

DOI: 10.1021/acs.jmedchem.7b00965
J. Med. Chem. XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.jmedchem.7b00965


607 tional genes and upstream of dendritic spine formation and
608 maturation exist.
609 PI3K/mTOR Pathway. PI3K/mTOR pathway regulates
610 protein translation in dendrites near excitatory synapses and
611 is being studied as a convergence point in syndromic forms of
612 ASD. In FXS, FMRP is a regulator of protein translation in
613 dendritic spines and modulates components directly down-
614 stream of the PI3K/mTOR pathway. In TSC, loss-of-function
615 mutations in TSC1 and TSC2 proteins result in higher activity
616 of mTOR. In MeCP2-deficient mice, a mouse model of RTT,
617 the levels of mGlu receptors and BDNF, which are upstream in
618 PI3K/mTOR pathways, are lower and this causes a decrease in
619 levels of the serine/threonine kinase Akt and mTOR. In
620 addition, mTOR activity increases dendritic protein translation,
621 whereas in TSC, heightened mTOR activity impedes the
622 synthesis of proteins required for stabilization of mGluR-
623 dependent Ltd.110 Therefore, it has been proposed that the
624 level of mTOR activity should be within an appropriate range
625 in order to support synaptic plasticity. In support of this
626 hypothesis TSC and RTT, which are characterized by impaired
627 mTOR-dependent protein translation, show impaired LTD,
628 while FXS, which is characterized by sustained dendritic protein
629 translation, displays elevated LTD.111 In addition, mTOR
630 inhibitors such as compounds 60 (rapamycin) and 61

f9 631 (everolimus) (Figure 9) have been used to treat behavioral
632 and molecular abnormalities in TSC deficient mice.112 The
633 positive results in preclinical studies mentioned above opened
634 the way for randomized placebo-controlled trials of mTOR
635 inhibitors for neurocognitive deficits in children with TSC
636 (NCT01730209, NCT01289912, NCT01954693). A case
637 report has described a 27 years-old female patient with TSC,
638 autism, and renal angiomyolipomas, in whom treatment with
639 compound 61 was associated with improvements in irritability,
640 stereotypic behavior, and inappropriate speech.113

641 Abnormal mTOR activation has also been found in other
642 neurodevelopmental disorders characterized by defective
643 synaptogenesis or connectivity,114 but the observed link could
644 be epistatic or be caused by downstream effects of the defective
645 gene rather than related to mTOR signaling per se.115 In BTBR
646 mice, compound 60 improved several measures of sociability
647 (but not stereotypic behaviors), suggesting that mTOR
648 overactivation represents a therapeutic target that mediates or
649 contributes to impaired sociability in this mouse model of
650 ASD.116 One recent study has also implicated mTOR in ASD in
651 humans: post-mortem analysis of brain tissue from ASD
652 patients revealed increased density of dendritic spines on layer
653 V pyramidal cells as well as aberrant mTOR activation and
654 reduced autophagy.117 However, whether mTOR is a key
655 pathway in all types of autism or only in syndromic forms
656 remains to be established. Moreover, translating the findings
657 from preclinical models to humans will be challenging because
658 the optimal temporal frame of the treatment is not known.115

659 Finally, it has been reported that withdrawal of mTOR
660 inhibitors leads to recrudescence of clinical symptoms.118 In
661 addition, because mTOR inhibitors might display potentially
662 serious adverse effects, such as immunosuppression, mucositis,
663 hyperlipidaemia, and dysmenorrhea, long-term treatment could
664 be problematic.
665 To date, different chemical classes of PI3K/mTOR inhibitors
666 have been reported in the literature, and numerous compounds
667 have been advanced to clinical trials to treat brain cancer and
668 even approved by the FDA. However, none of them has been
669 studied in preclinical or clinical models of ASD, except 60 and

67061. BBB penetration is one of the main issues in the
671development of mTOR inhibitors because of unfavorable
672physicochemical properties or strong interaction with BBB
673efflux systems, as for compound 61 and the analogue 62
674(sirolimus) (Figure 9). Compound 63 (buparlisib) and 64
675(pamolid 529) (Figure 9) are two examples of mTOR
676inhibitors with favorable PK properties that are able to
677accumulate into the brain and to inhibit mTOR activity.
678Another approch to modulate PI3K/mTOR activity is the
679inhibition of the upstream Akt kinase. Also in this case,
680although different inhibitors have been reported, the main issue
681in the optimization is the brain penetrance.119

682Insulin-Like Growth Factor-1. Insulin-like growth factor 1
683(IGF-1) is a peptide hormone belonging to a superfamily of
684hormones termed insulin-like peptides. IGF-1 is synthesized
685and secreted by the liver in response to the growth hormone
686and acts on a broad range of cell types. IGF-1 is also produced
687in the CNS where it has a crucial role in growth, development,
688and maturation of both neuronal and glial cells and neuronal
689plasticity.120 In the CNS, IGF-1 exerts its action by binding to
690IGF-1 receptor (IGF1R), a heterotetrameric glycoprotein
691expressed in both neural stem cells and all neural cells
692throughout the lifespan. When IGF-1 binds to IGF1R, the
693tyrosine kinase domains on the β subunits activate PI3K/Akt
694kinase and Ras-Raf-MAP pathways to induce downstream
695effects. Relevant downstream effectors of PI3K/Akt pathway
696are mTOR, GSK-3β, and β-catenin. Downstream effectors of
697Ras-Raf-MAP pathway are Erk1/2 and p38 MAPK, which are
698important in cellular maturation and survival (see ref 121 and
699references therein cited). During CNS development, IGF-1 is
700crucial for the differentiation and proliferation of neuronal cells
701as well as for their structural and functional integration into pre-
702existing neural circuitry, regulating changes in morphology,
703synaptic efficacy, and cellular organization. These effects are
704mediated by a myriad of mechanisms that include modulation
705of glutamatergic receptor units, alteration in Ca2+ channels
706conductance, modulation of E/I balance in neural circuitry,
707effects on synaptic proteins, and interactions with other
708neurotrophic factors.121 As for the effect on spine morphology,
709Igf1−/− knockout mice display shorter dendrites, reducing
710dendritic spine density.122 Once released in the serum, IGF-1 is
711cleaved into the active amino terminal glycine−proline−
712 f10glutamate (GPE) tripeptide 65 ((1−3) IGF-1, Figure 10)

713and the truncated IGF-1 form called des-N-(1−3) IGF-1.
714Compound 65 is capable of crossing the BBB and retains
715strong neurotrophic and behavior-modifying activities.123

716Compound 65 displays neuroprotective effects as well as
717effects on excitatory synaptic markers, recapitulating many of
718the effects of IGF-1 on synaptic maturation and plasticity.124

719The effects of compound 65 may be different in neuronal and
720non-neuronal cell populations. Corvin et al. demonstrated that
721compound 65, differently from IGF-1, is able to activate PI3K
722in glial cells and this reflects on synaptic markers because glial

Figure 10. Structures of compounds 65 and 66.
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723 cells play a role in the formation and maintenance of
724 synapses.124 In addition, the same study proposed that
725 compound 65 may indirectly activate the IGF-1 receptor by
726 increasing the release of endogenous IGF-1.124

727 The therapeutic potential of IGF-1 and compound 65 in
728 neurodevelopmental disorders such as RTT, FXS, as well as
729 idiopathic ASD has been explored. Administration of
730 compound 65 in Mecp2 mutant mice (a mouse model of
731 RTT) led to an increase in brain size and excitatory synaptic
732 markers, indicating that compound 65 promotes synapse
733 maturation and influences synaptic plasticity. An increase of
734 dendritic spine formation was also observed, and electro-
735 physiology studies showed increased excitatory synaptic
736 transmission in the sensorimotor cortex.125 Moreover, admin-
737 istration of both IGF-1 and compound 65 in Mecp2 mice was
738 able to improve social behavior.126

739 Deacon et al. have demonstrated that prolonged admin-
740 istration of compound 66 (NNZ-2566, Figure 10), an analogue
741 of 65, in FMR1 knockout mice was able to rescue of MAPK/
742 ERK and PI3K/mTOR signaling abnormalities and to correct
743 dendritic spine morphology. In addition, compound 66 in
744 FMR1 knockout mice reduced anxiety levels and hyperactivity,
745 improved short-term and long-term memory and learning, and
746 normalized social recognition and behaviors.127 The lack of
747 adverse events and positive therapeutic profile in preclinical
748 studies with FMR1 knockout mice provided evidence of the
749 potential therapeutic effects of IGF-1 in FXS. A phase 2
750 industry-led clinical trial has been completed using compound
751 66, with clinical improvement in many of the core symptoms in
752 FXS patients (NCT01894958).
753 The studies illustrated above make IGF-1 a potentially
754 attractive target for the treatment of ASD. In a study using
755 neural cells derived from idiopathic ASD individuals, it was
756 shown a partial rescue of deficits in neuronal networks
757 (neuronal spike number and activity) on application of IGF-
758 1.128 At present, clinical trials are ongoing with the aim to use
759 IGF-1 to treat the core symptoms of ASD (NCT01970345).
760 SHANK Proteins. Cumulative gene analysis in ASD subjects
761 have identified several mutations in SHANK3 gene, suggesting
762 that abnormalities in this gene could be related to the
763 neuropathology of ASD.129 Moreover, mutations in SHANK3
764 is a causable gene of Phelan−McDermid syndrome (PMDS)
765 that is characterized by severe speech and expressive language
766 deficits, global developmental delay, and autistic behavior.130

767 SH3 domain and ankyrin repeat containing protein
768 (SHANK) proteins are major scaffolding proteins and have a
769 major role in neuronal development. The SHANK family
770 comprises three members: SHANK1, SHANK2, and SHANK3
771 proteins. SHANK3 is mainly localized in the PSD and is
772 involved in cytoskeleton-associated signaling complex.131

773 SHANK3 gene encodes a multidomain protein containing
774 ankyrin repeats, SH3 domain, PDZ domain, a proline-rich
775 region, and the sterile alpha motif (SAM) domain.132 Through
776 these domains, SHANK3 can bind and interact with a wide
777 variety of proteins, including modulators of small GTPases,
778 such as RhoA and Cdc42, actin binding proteins, and actin
779 modulators.131 Dysregulation of SHANK proteins alters actin
780 dynamics, and this translates in alterations in dendritic spine
781 morphology and synaptic activity. Moreover, dysregulation of
782 SHANK proteins leads to alteration in NMDA and AMPA
783 receptors trafficking and, consequently, to alteration in the
784 balance between E/I signals.131

785It has been hypothesized that restoration of synaptic
786dysfuntion caused by abnormality of SHANK3 gene may
787serve as a useful therapeutic strategy for ASD. IGF-1 has been
788proposed as a candidate molecule to restore synaptic
789dysfunctions related to SHANK3 abnormalities. Daily intra-
790peritoneal injections of IGF-1 for 2 weeks in SHANK3-deficient
791mice reversed deficits in hippocampal LTP, AMPA signaling,
792and motor performance.133 Moreover, treatment of neurons
793differentiated from induced pluripotent stem cells (iPSC) from
794PMDS patients promotes the formation of mature excitatory
795synapses by increasing AMPA and NMDA receptors and
796corrects defects in excitatory synaptic transmission.134 In a
797double blind, placebo controlled phase 2 trial, IGF-1 treatment
798significantly improved social impairment and restrictive
799behaviors.135

800It has been proposed that enhancement of glutamate
801receptor activity may be of therapeutic relevance for the
802treatment of ASD related to alterations in SHANK proteins. In
803fact, SHANK3 is essential in mediating mGlu5 receptor
804signaling by recruiting the scaffolding protein Homer1b/c to
805the PSD in the striatum and cortex.136 A mGlu5 PAM should
806enhance NMDA receptor function via mGlu5 activation, and
807this would translate in improvement of synaptic plasticity. To
808this end, the mGlu5 PAM 28 (Figure 3) was able to rescue
809behavioral deficits in SHANK3 knockout mice.137

810ROCK Kinases. The Rho family of GTPases is a family of
811small signaling G proteins belonging to the Ras superfamily.
812RhoA, Cdc42, and Rac1 belong to the Rho family of GTPases
813and are currently studied because they are regulators of actin
814dynamics and greatly influence dendritic spine biology and
815synaptic plasticity.138 Active, GTPbound RhoA is a potent
816inhibitor of spine outgrowth through its main downstream
817effectors, Rho-associated coiled-coil containing protein kinases
818(ROCK) 1 and ROCK2, which are ubiquitous serine/threonine
819kinases.139 Inhibition of both ROCK1 and ROCK2 with
820 f11compound 67 (hydroxyfasudil, Figure 11) improved learning

821and working memory in aged rats.140 At the cellular level,
822ROCK1 and ROCK2 inhibition by compound 68 (Y-27632,
823Figure 11) increases the number and the proportion of thin
824spines, which are considered as precursors of mature spine.
825These results suggested that ROCK inhibition may enhance the
826capacity for synapse formation and structural plasticity in
827hippocampal neurons141 and may be used to treat those CNS
828disorders characterized by altered dendritic spine morphology,
829such as ASD. It has also been proposed that dual inhibitors of
830ROCK1 and NADPH oxidase might be used to treat
831neurological diseases, including ASD.142 To date, a large
832number of nonselective ROCK1/2 inhibitors have been
833reported (for a review see ref 143) and numerous compounds
834have entered in clinical trials for ophthalmic applications. Only
835a small number of nonselective ROCK1/2 inhibitors has

Figure 11. Structure of the ROCK inhibitors that can modulate
dendritic spines morphology.
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836 entered clinical development for other applications, including
837 CNS disorders, because of their narrow therapeutic window. In
838 fact, ROCK1 inhibition has been related to cardiovascular
839 adverse effects. Thus, selective ROCK2 inhibitors have been
840 proposed as potential drugs to treat CNS disorders.143 To date,
841 selective ROCK2 inhibitors have not been described in the
842 literature.
843 3.2. Targeting Central Neurotransmission Systems.
844 3.2.1. Serotonin System. The serotonin (5-hydroxytryptamine,
845 5-HT) system is involved in many neurobiological processes,
846 including brain development. Disturbances in 5-HT neuro-
847 transmission have been indicated as an underlying cause of
848 several neuropsychiatric disorders including ASD. Platelet
849 hyperserotonemia was one of the first biochemical changes
850 observed in ASD individuals, with 50−70% increase of the level
851 of 5-HT in platelet compared to the normal value
852 demonstrated in ∼30% of patients.144 Variants in genes
853 involved in the 5-HT system (the serotonin transporter gene
854 SLC6A4) or in its degradation (the monoamine oxidase A
855 gene) have been proposed to be related to ASD in
856 humans.145,146 In support of this, mice with mutations in the
857 above genes show abnormal serotonergic transmission and
858 social deficits.147,148 In addition, developmental manipulations
859 targeting 5-HT signaling in mice have indicated that excess 5-
860 HT clearance during early stages of neurodevelopment could
861 influence neuronal migration, axonal projections, and synapse
862 development (see ref 149 and references therein cited). Thus, it
863 is reasonable that defects in 5-HT system would affect circuits
864 relevant for ASD-related behaviors.
865 As already illustrated above, SSRIs are used to treat
866 depression, anxiety, and obsessive-compulsive behaviors in
867 ASD individuals. However, the treatment with an SSRI has not
868 shown to improve the core features of ASD nor other noncore
869 aspects such as self-injurious behavior.150 In contrast, a study in
870 adults showed that compound 3 (Figure 1) gave significantly
871 greater improvement in repetitive behaviors than placebo.151 It
872 is likely that the variability of SSRIs responses is a result of
873 dysfunction of the 5-HT system at distinct levels (receptor,
874 transport, processing, etc.).149 Thus, the possibility of
875 developing drugs acting on 5-HT system at more specific
876 levels is being explored.
877 A clinical trial has determined the efficacy of the 5-HT1A

f12 878 receptor partial agonist 69 (buspirone, Figure 12) on core
879 symptoms and associated features in young children with ASD.
880 Analyses of the main outcome of the study indicated that
881 treatment with compound 69 did not result in decreased overall
882 symptoms of ASD. On the other hand, secondary outcome
883 measures demonstrated significant improvement in repetitive
884 and restricted behaviors. The authors suggested that this
885 treatment might be considered as an adjunct therapy to treat
886 restrictive and repetitive behavior in association with early
887 behavioral intervention.152

888 BTBR mice show reduced SERT density in various brain
889 regions and increased 5-HT1A receptor activity in the
890 hippocampus.153 In these mice, compounds 3 and 69 enhanced
891 social interactions. Compound 1, which is a dopamine D2/5-
892 HT2 receptor antagonist, reduced marble burying, but had no
893 effect on sociability in BTBR mice.154 Also, in wild- type mice,
894 drugs targeting 5-HT receptors, particularly 5-HT1A and 5-
895 HT2A receptors, have shown promise for increasing social
896 interaction or decreasing cognitive rigidity, which are behavioral
897 phenotypes relevant to ASD.155,156

898Preclinical and clinical studies have suggested that altered 5-
899HT2A receptor signaling contributes to ASD symptoms.147,149

900To this end, systemic administration of the selective 5-HT2A
901receptor antagonist 70 (M100907, Figure 12) in BTBR mice
902facilitates set-shifting and alleviates both a reversal learning
903deficit and elevated grooming behavior, suggesting that
904increased 5-HT2A receptor activity in certain brain regions
905may contribute to repetitive behaviors of these mice.157,158

906Moreover, because compound 1 can cause unwanted side
907effects due to dopamine D2 antagonism, treatment with a
908selective 5-HT2A receptor antagonist has been proposed to
909improve cognitive flexibility in individuals with ASD.157 In
910addition, microinfusion of 70 into the dorsomedial striatum
911alleviated a reversal learning impairment and attenuated
912grooming behavior, whereas the microinfusion into the
913orbitofrontal cortex increased perseveration during reversal
914learning and potentiated grooming. Consequently, it was
915suggested that elevated 5-HT2A receptor activity in the
916dorsomedial striatum may contribute to behavioral inflexibility
917and stereotyped behaviors of BTBR mice. It was therefore
918suggested that systemic treatment with 70 principally acts on
919dorsomedial striatum to attenuate repetitive behaviors at least
920in BTBR mice.159

921The involvement of 5-HT7 receptors during brain develop-
922ment has emerged recently. It was demonstrated in mouse
923hippocampal neurons that activation of 5-HT7 receptors
924stimulated the small GTP-ases RhoA and Cdc42 and enhanced
925neurite elongation, dendritic spine density, and the number of
926synaptic contacts. In addition, activation of 5-HT7 receptors
927increased the expression of AMPA receptors and this led to
928increased synaptic efficacy.160,161 Consistent with these data,
929stimulation of 5-HT7 receptors by the agonist 71 (LP-211,

Figure 12. Serotonergic drugs and ligands that have been studied in
ASD.
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930 Figure 12) enhanced neurite outgrowth in embryonic neuronal
931 primary cultures from hippocampus, cortex, and striatum by
932 activating signaling transduction pathways that converge on the
933 reorganization of cytoskeletal proteins.162−164 These studies
934 have proposed 5-HT7 receptor as one of the key mediator of
935 the well-known 5-HT effects in the correct establishment of
936 neurites projections during critical periods of embryonic
937 neuronal wiring. Very recently, it was also shown that the
938 expression level of 5-HT7 receptor in hippocampus pro-
939 gressively decreases during the postnatal development, wheres
940 it is stable in cortex and striatum during the whole postnatal
941 development.165,166 Thus, it is very likely that the 5-HT7
942 receptor participates in reorganization of neuronal networks
943 and modulation of neural plasticity also during the later
944 developmental stages and in adulthood. These data seem to be
945 linked to the beneficial effects of 5-HT7 receptor stimulation
946 seen in mouse models of RTT and FXS. In a mouse model of
947 RTT, 5-HT7 receptor activation by compound 71 substantially
948 rescues the neurobehavioral phenotype.167−169 This effect may
949 be linked to the capacity of 5-HT7 receptor agonist to activate
950 mTOR pathway. As for FXS, 5-HT7 receptor activation
951 reversed mGluR-mediated endocytosis of AMPA receptors
952 and mGluR-LTD in both FMR1 knockout and wild-type
953 mice.170,171 In addition, systemic administration of the mixed 5-
954 HT1A and 5-HT7 receptor agonist 72 ((+)-5-FPT, Figure 12)
955 reduced or abolished stereotypy in three different mouse
956 models of stereotypy but not altered locomotor behavior on its
957 own. Moreover, agonist 72 also enhanced social interaction.172

958 It has been suggested that blockade of 5-HT6 receptors may
959 be effective for individuals who suffer from working memory
960 deficits such as in ASD because the selective 5-HT6 receptor
961 antagonist 73 (PRX-07034, Figure 12) was able to enhance
962 working memory and cognitive flexibility in rats.173 Interest-
963 ingly, 5-HT6 receptors are expressed early during brain
964 development, and more direct evidence of their morphogenic
965 role are being accumulated.174,175

966 5-HT receptor subtypes have long been objects of intense
967 research with the aim to discover potent and selective agonists
968 and antagonists. Over the last 30 years, hundreds of papers have
969 been published on this topic. Several extensive reviews on the
970 structure−activity relationships of 5-HT1A, 5-HT2A, 5-HT6, and
971 5-HT7 receptor agonists and antagonists may be recommended

972to those who have more interest in these topics.176−180 While
973clinical candidates that could target selectively 5-HT1A, 5-HT2A,
974and 5-HT6 receptors are available, this is not the case for 5-HT7
975receptor. On the other hand, the studies illustrated above
976suggest that targeting more than one 5-HT receptor subtype
977could represent an approach to treat different behavioral
978features of ASD as, at least in part, shown by the study of Canal
979et al.172 As targeting multiple 5-HT receptors has been pursued
980for other therapeutic purposes, the identification of serotoner-
981gic agents having an activity profile adequate to treat core
982symptoms of ASD can be envisaged.
9833.2.2. Cholinergic System. Several post-mortem studies have
984evidenced abnormalities in the expression of cholinergic
985binding sites in brain areas of ASD individuals. In particular,
986the reduced expression of the gene encoding the α4β2 nicotinic
987receptor in the cerebral cortex is a major feature of the
988neurochemical pathology of ASD, while post-transcriptional
989abnormalities of α4β2 and α7 nicotinic receptor subtypes are
990apparent in the cerebellum.27 Moreover, cholinergic neurons
991project throughout the brain and contribute to the modulation
992of attention, learning, memory, cognitive flexibility, and
993sociability. Cholinergic projections are also critical for the
994maintenance of the E/I balance.181 The evidence for
995cholinergic deficiencies has prompted the investigation of
996compound 16 (Figure 2) in animal models of ASD. Chronic
997administration of compound 16 in BTBR mice and in
998valproate-treated mice offspring improved cognitive flexibility
999in different behavioral paradigms, social behavior, and social
1000recognition memory but did not induce any effect on repetitive
1001behaviors. Initial outcomes of clinical trials with 15 and 17
1002(Figure 2) support further exploration of cholinergic
1003intervention for the treatment of core and associated symptoms
1004of ASD.182

1005It has been proposed that α7 nicotinic acetylcholine receptor
1006(α7 nAChR) may be a valuable target in ASD. In fact,
1007microdeletions in the proximal region of chromosome 15q
1008between breakpoint (BP) 3 or BP4 and BP5 (15q13.3)
1009encompassing CHRNA7, the gene encoding the α7 nAChR, are
1010associated with several neuropsychiatric disorders, including
1011intellectual disability, schizophrenia, and ASD, suggesting that
1012α7 nAChR plays a crucial role in the developing brain and in
1013the normal processes of attention, cognition, memory, and

Figure 13. (A) Structures of α7 nACh agonists. (B) Structures of α7 nACh PAMs.
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1014 behavior throughout life.183 The α7 nAChR is the most highly
1015 expressed nicotinic receptor subtype in the human brain, with
1016 particularly high levels in the cerebral cortex and the
1017 hippocampus. Within the hippocampus, α7 nAChRs facilitate
1018 the release of glutamate and GABA transmitters at the
1019 presynaptic level, whereas mediate fast synaptic transmission
1020 postsynaptically.184

1021 Several drug discovery programs have targeted α7 nAChRs
1022 for neuropsychiatric disorders leading to the identification of
1023 brain penetrant full or partial agonists (for an extensive review
1024 see ref 185). Several α7 nAChR agonists, such as 74 (DMXB-

f13 1025 A), 75 (SSR180711), and 76 (EVP-6124) (Figure 13), have
1026 shown to enhance cognitive functions and to elicit
1027 antipsychotic-like effects in preclinical models. However, no
1028 data have been reported yet in ASD animal models.186

1029 It has also been proposed that the development of α7
1030 nAChR PAMs may provide several advantages for therapeutics
1031 development. In fact, a key concern for α7 nAChR competitive
1032 agonists is the possibility that chronic administration may result
1033 in limited or diminished efficacy because of in vivo receptor
1034 desensitization and adverse effects due to the activation of other
1035 nicotinic receptor subtypes. Instead, PAMs require the
1036 endogenous ligand to elicit the activation of the nicotinic
1037 receptor and thus would maintain the natural temporal phasic
1038 stimulation pattern of the receptor. Several α7 nAChR PAMs
1039 have been developed, such as 77 (PNU120596)187 and 78 (A-
1040 867744)188 (Figure 13), and proved to be effective in
1041 preclinical models of cognitive and behavioral deficits

1042associated with schizophrenia.186 These results leave room for
1043a potential application of α7 nAChR PAMs in ASD.
10443.2.3. Oxytocin System. In recent years, oxytocin (OT) is
1045receiving increased attention as a potential treatment for social
1046deficits in ASD. OT is a hypothalamic neuropeptide linked to
1047numerous social behaviors in mammals such as emotional
1048bonding, maternal care, affiliation, and social attachment.189,190

1049Altered OT concentrations have been reported in individuals
1050with ASD, indicating that disturbances in OT levels lead to
1051social and communicative dysfunction and suggesting that
1052exogenous OT administration may be effective in reversing
1053these symptoms.191 It has been observed that ASD children
1054have lower average levels of blood OT and higher OT
1055precursors levels in comparison with typically developing age-
1056matched children.191,192 In addition, several genetic studies
1057have suggested that ASD is linked to alteration of the genetic
1058background of the OT receptor.193 Finally, genetic variation in
1059CD38, a transmembrane protein with ADP ribosyl cyclase
1060activity involved in OT release, has been recently associated
1061with differential response in social eye cues in children.194

1062Various randomized controlled trials of OT interventions in
1063ASD patients have been carried out.195 The outcomes of these
1064studies demonstrate that, overall, OT is well tolerated and
1065induces generally mild side effects either after intranasal or
1066intravenous administration. The trials yielded potentially
1067promising findings in neuropsychological measures of emotion
1068recognition and eye gaze, whereas no significant improvements
1069for repetitive behaviors were observed. The studies evidenced

Figure 14. Peptidic and nonpeptidic oxytonergic ligands.
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1070 also a certain degree of variability among patients, although the
1071 effectiveness of OT was classified, in most of the cases, of
1072 medium size as compared to placebo. Only one study
1073 evidenced that the improvement in emotion recognition was
1074 maintained after 6 weeks of treatment with intranasal OT.
1075 However, various concerns have been raised about the
1076 validity of these clinical trials, with respect to the unreliability of
1077 small clinical trials (median of the recruited patients was 15),
1078 questionable statistical analysis, and methodologic weak-
1079 nesses.196 In addition, only a very little fraction of the huge
1080 amounts of OT administered intranasally or intravenously
1081 reaches the cerebrospinal fluid and the brain. Instead,
1082 peripheral OT concentrations increase to supraphysiologic
1083 levels with likely side effects on peripheral organs.196 Therefore,
1084 further studies are needed to establish OT as a treatment for
1085 individuals with ASD.
1086 To circumvent the limitations of OT administration, efforts
1087 have been made to identify compounds with improved PK
1088 properties. Wisńiewski et al. have reported a series of potent
1089 and selective peptidic OT receptor agonists, exemplified by

f14 1090 compound 79 (FE 202767, Figure 14), which shows excellent
1091 selectivity versus the related V1a, V1b, and V2 vasopressin
1092 receptors and improved PK properties as compared to OT.197

1093 No data on behavioral efficacy have been reported.197

1094 Nonpeptide small-molecule OT agonists or partial agonists
1095 could offer advantages over peptides because they can be
1096 designed to modulate potency, selectivity over the structurally
1097 similar vasopressin receptors, CNS penetration, and oral
1098 bioavailability.198 Among nonpeptide agonists, compound 80
1099 (WAY-267464, Figure 14) showed high affinity at both human

1100and mouse OT receptors (Ki = 58.4 nM and 51.6 nM,
1101respectively) and was characterized as an agonist in CHO-K1
1102cells stably expressing human or mouse OT receptor (EC50 =
110361.3 and 29.0 nM, respectively). Moreover, compound 80 is
1104100-fold selective over V1a, V2, and V1b vasopressin
1105receptors.199 The compound produces OT receptor-mediated
1106anxiolytic effects in rodent behavioral paradigms similar to
1107those elicited by OT. In the social preference test, compound
110880 significantly improved social cognition.199 Ferring Pharma-
1109ceuticals developed a series of potent nonpeptide agonists
1110exemplified by compound 81 (TC-OT 39, Figure 14), which
1111maximally stimulated OT receptor to the same extent as OT
1112and was 25-fold selective over vasopressin V2 receptors.

200 In a
1113subsequent study, it was shown that compound 81 was only 2-
1114fold selective over V1a receptor.201 Behavioral efficacy of
1115compound 81 has not been reported. Hoffmann-La-Roche
1116reported in a patent application a series of OT agonists with 5-
1117sulfonamidopyrazole scaffold, exemplified by compound 82
1118(Figure 14). The compounds were specifically designed to treat
1119CNS disorders related to OT dysfunction, but no data on either
1120PK properties or behavioral efficacy of the compounds were
1121disclosed.202

1122An alternative approach to modulate OT system is targeting
1123receptors and pathways that affect OT levels. For instance, the
1124neuropeptide galanin modulates OT release by acting on
1125hypothalamo-neurohypophysal system.203 The OT system can
1126be also enhanced by inducing CD38 enzyme transcription. All-
1127trans-retinoic acid (ATRA) is a potent inducer of CD38 and
1128thus presumably of OT release. In a study on lymphoblastoid
1129cell lines of ASD patients and their parents, ATRA increased

Figure 15. (A) Modulators of oxytonergic transmission. (B) Structure of the brain penetrant V1a antagonist 86.
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1130 CD38 mRNA expression, suggesting that molecules capable to
1131 induce CD38 transcription may be potential therapeutic
1132 candidates.204

1133 Stimulation of melanocortin receptors located on oxy-
1134 tocinergic neurons of the supraoptic neurons is able to induce
1135 central, but not peripheral release of OT in rats. This effect can
1136 be blocked by the administration of a melanocortin 4 receptor
1137 (MC4R) antagonist.205 The administration of compound 83

f15 1138 (Ro27-3225, Figure 15), a selective MC4R agonist in Cntnap
1139 knockout mice, restores social behavior.206 Therefore, MC4R
1140 agonists could presumably increase central OT release,
1141 bypassing the limitations of peripheral peptide administration.
1142 The tone of OT system is also modulated by 5-HT.
1143 Serotoninergic neurons and receptors are localized on the
1144 oxytocinergic supraoptic nucleus and paraventricular nuclei of
1145 the hypothalamus, where they control the release of neuro-
1146 hypophyseal hormones.207 Several papers have highlighted the
1147 complex interaction between the OT and 5-HT systems. As an
1148 example, 5-HT1A receptor agonists, such as 69 or 8-hydroxy-2-
1149 (di-n-propylamino)tetralin (8-OH-DPAT), substantially in-
1150 crease plasma OT levels and promote OT-dependent prosocial
1151 behaviors.208,209 On the other hand, stimulation of 5-HT1B
1152 receptor induces deficits in sociability in mice, preference for
1153 social novelty, and nonselective attention that can be reversed
1154 by administration of OT.210

1155 These evidence indicate that there are potentially numerous
1156 druggable receptors on oxytocinergic neurons that could be
1157 targeted to increase OT release. This will require a systematic
1158 characterization to identify the target(s) leading to the greatest
1159 efficacy and the lowest off-target effects.
1160 Finally, because extracellular OT is degraded by amino-
1161 peptidases, OT levels could be enhanced by limiting its
1162 enzymatic degradation. High levels of placental leucine
1163 aminopeptidase (P-LAP), which degrades OT, have been
1164 found in selected olfactory regions, hippocampus, and
1165 hypothalamus, co-localized with OT and vasopressin neurons,
1166 suggesting that P-LAP contributes to regulate OT levels in the
1167 brain.211 Recently, competitive peptide P-LAP inhibitors 84
1168 (amastatin) and 85 (angiotensin IV) (Figure 15) have been
1169 identified. As these molecules facilitate memory in different
1170 behavioral paradigms,212 P-LAP inhibition may represent a
1171 viable strategy to enhance OT brain levels. However,
1172 aminopeptidases are not specific for OT and, therefore,
1173 potential side effects arising from the reduced degradation of
1174 other neuropeptides must be taken into account.
1175 Vasopressin System. Besides OT, vasopressin has also been
1176 implicated in the regulation of social behavior in animals and
1177 humans.213 Vasopressin interacts with three G-protein coupled
1178 receptors which are classified into V1 (V1a), V2, and V3 (V1b)
1179 receptor subtypes. In the rodent brain, vasopressin release
1180 increases during stress which causes passive coping behavior.
1181 This effect is reduced by the administration of peptidic V1
1182 vasopressin receptor antagonists which, injected in the
1183 amygdala, reduce passive coping behavior.214 A functional
1184 neuroimaging study in humans showed that vasopressin
1185 administration can modulate medial prefrontal cortex−
1186 amygdala circuitry during emotion processing.215 In humans,
1187 V1a receptors are expressed in brain limbic areas and in cortical
1188 areas.216 This pointed to a role of vasopressin in increasing the
1189 brain response to socially threatening stimuli in humans. It was
1190 postulated that V1a antagonists may have prosocial effects due
1191 to the modulation of the social brain, and therefore they may
1192 have potential for the treatment of psychiatric disorders related

1193to social emotional dysfunction, including ASD.217 Researchers
1194at Roche, through an extensive medicinal chemistry campaign,
1195identified the brain penetrant V1a antagonist 86 (RG7713 or
1196RO5028442, Figure 15), devoid of V2 and OT receptors
1197blocking properties.218 A multicenter, randomized, double-
1198blind study in adult male high-functioning ASD patients
1199assessed the effects of 86 on behavioral and clinical measures of
1200social cognition and communication. The results provided
1201initial evidence that treatment with compound 86 provides
1202subtle improvements in social communication surrogates in
1203adults with high-functioning ASD, supporting further clinical
1204exploration of V1a receptor antagonism as a therapeutic
1205approach to treat core symptoms in ASD.218

12063.3. Targeting Neuroinflammation. The presence of
1207inflammation in ASD is a concept that is receiving momentum.
1208Neuroinflammation is emerging as a common element in
1209numerous neurological and neuropsychiatric disorders such as
1210schizophrenia, bipolar disorder, and major depression.219 This
1211posed the question if neuroinflammation is a contributing
1212mechanism in the development of ASD and if neuro-
1213inflammation is a causal or reactive process.
1214The hypothesis of a role of early (prenatal) inflammation in
1215the etiology of ASD was initially based on the high correlation
1216of ASD with the occurrence of viral epidemics evidenced by
1217several epidemiological studies. Since then, maternal viral and
1218bacterial infections and autoimmune diseases have been shown
1219to be associated with the development of ASD. During brain
1220development, cytokines and chemokines, which contribute to
1221modulate neuronal and glial cell migration, differentiation, and
1222synaptic maturation, are expressed at very low levels.220

1223Maternal immune activation increases the levels in the maternal
1224blood of specific brain chemokines and/or cytokines that could
1225reach the fetal brain and affect brain development. As an
1226example, increased concentration of IL-1β, IL-6, and TNF-α in
1227the chord blood have been related to perinatal complica-
1228tions.221,222 Additionally, it is not known how permeable is the
1229developing BBB to antibodies and how maternal antibodies can
1230reach fetal brain.223

1231Clinical and post-mortem studies show that in ASD
1232inflammatory processes are not limited to the perinatal period.
1233In fact, chronic inflammatory conditions and the abnormal
1234response to infection have been described in ASD children and
1235adults.224

1236Abnormal inflammatory processes may be an etiological
1237factor in ASD that affects behavior and other symptoms
1238throughout the life of ASD patients, as demonstrated by
1239astrogliosis and microglial activation, along with increased
1240expression of pro-inflammatory mediators, such as IL-6, TNF-
1241α, TGF-β1, IFN-γ, IL-8, and other genes associated with the
1242immune response in the brain and in the cerebrospinal fluid.225

1243Astrocyte pathophysiology can be critical in the progression
1244of neurodevelopmental disorders. Astroglia organize the
1245architecture of the brain, nurture synapses and perceive
1246synaptic activity, participate in neurotransmission, neuron−
1247astrocyte metabolic coupling, and cytokine secretion. As a
1248result, astrocytes affect all processes associated with brain
1249development, maturation, and aging.226−228 Microglial cells are,
1250on the other hand, the resident immune cells within the CNS
1251that detect damage to the nervous system, secrete cytokines,
1252and control neuroinflammation.229 Thus, abnormal microglial
1253activation or alteration of the physiological role of microglia in
1254synapse removal may be crucial in neurodevelopmental
1255disorders, including ASD.
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1256 Different neuroinflammatory targets have been proposed for
1257 developing novel therapeutic strategies to target neuro-
1258 inflammation in ASD.
1259 In addition to the role in synaptic plasticity discussed above,
1260 mGlu5 receptor is involved in the modulation of neurotrophic
1261 effects as well as proliferation and inflammatory responses of
1262 glial cells. mGlu5 receptors are located on microglia where they
1263 are involved in neuronal−glial communication and contribute
1264 to the maintainance of neuronal homeostasis by controlling
1265 glutamate release and uptake by astrocytes.230 It has been
1266 demonstrated that in primary microglia cultures the selective
1267 mGlu5 receptor agonist (RS)-2-chloro-5- hydroxyphenylglycine
1268 (CHPG) can attenuate microglial activation as well as
1269 associated neurotoxicity following exposure to lipopolysacchar-
1270 ide (LPS).230,231 Accordingly, studies in mouse models
1271 demonstrate that mGlu5 receptor activation have neuro-
1272 protective effects by inhibiting microglial activation and
1273 proliferation.230,232 Thus, there is evidence that mGlu5 agonists
1274 may dampen down possible neuroinflammatory processes in
1275 ASD. However, considering the complex role of mGlu
1276 receptors in neuronal excitability and the cross-talk between
1277 metabotropic and ionotropic glutamate receptors, further
1278 studies are required to elucidate if chronic administration of
1279 selective mGlu5 agonists may induce adverse effects, such as
1280 epileptic activity or seizures, and if mGlu5 PAMs may also exert
1281 neuroprotective effects by inhibiting microglial activation.
1282 It has been proposed that inflammasome activation through
1283 Toll-like receptor (TLR) 3- or TLR4-mediated pathways may
1284 underlie well-known animal models of ASD, such as LPS- or
1285 poly(I:C)- or group B streptococcus-induced maternal immune
1286 activation.233−235 TLR3 and TLR4 are expressed in astrocytes
1287 and microglia, and it seems that the response of astrocytes to
1288 TLR3 and TLR4 agonists is dependent on the presence of
1289 functional microglia.236 At the molecular level, TLR4 activation
1290 by the agonist LPS is related to the increased production of
1291 inflammatory cytokines/chemokines and ROS by activation of
1292 NFκB pathway.234

1293 Modulation of TLR4 signaling pathway has been recently
1294 proposed as a new therapeutic approach to reduce the
1295 inflammatory burden in ASD children.237 TLR4 signaling was
1296 explored in peripheral T cells of ASD patients. TLR4
1297 expression was upregulated in ASD children as compared to
1298 normal controls. The activation of TLR4 signaling was
1299 associated with increased expression of NOX-2 and ROS
1300 generation, which was reduced by inhibition of NFκB
1301 pathway.237 These findings are in agreement with previous
1302 studies reporting that stimulation of peripheral blood
1303 mononuclear cells of ASD children with LPS enhanced
1304 proinflammatory cytokine production and that NFκB ex-
1305 pression was shown to be elevated in ASD patients in both
1306 peripheral blood and CNS.238

1307 In recent years, the elucidation of the crystal structure of the
1308 complex formed by TLR4 and accessory proteins has strongly
1309 supported progresses in the design of small-molecule TLR4
1310 antagonists. Several chemical classes of TLR4 antagonists have
1311 been described and studied in different models of peripheral or
1312 central inflammation.239 Among these, the β-aminoalcohol

f16 1313 derivatives 87 and 88 (Figure 16) have proved to be effective
1314 suppressor of TLR4 activation with good solubility and PK
1315 properties.239 Compound 89 (TAK-242, Figure 16) suppresses
1316 TLR4 activation by blocking the formation of TLR4−accessory
1317 proteins complex and thus the activation of the downstream
1318 pathways related to the production of pro-inflammatory

1319cytokines.239 Compound 89 was able to decrease neuro-
1320inflammation in rat frontal cortex after stress.240 No data in
1321animal models of ASD have been reported to date. It has been
1322also reported that tricyclic antidepressants, such as 90
1323(amitriptyline), 91 (mianserin), and 92 (desimipramine)
1324(Figure 16), have showed varying degrees of inhibition on
1325TLR4 activation in different cell lines, including murine
1326microglial BV-2 cells.241

1327Besides the role in the modulation of synaptic plasticity and
1328OT release, 5-HT may also have a role in the modulation of
1329neuroinflammation. Serotonin functions not only as a neuro-
1330trophic factor controlling brain development, but it also
1331modulates immune response.242 In fact, 5-HT modulates a
1332wide variety of immune functions, such as inflammation,
1333phagocytosis, T cell migration, and cytokine production.243 To
1334date, the intercommunication between serotonergic events and
1335abnormalities of immune responses in autistic phenotypes has
1336not been elucidated. High levels of 5-HT can directly influence
1337innate and adaptive response of the immune system and
1338influence overproduction of cytokines and chemokines, which,
1339in turn, can enter the brain influencing neuronal maturation in
1340the developmental stages. Increased reuptake results in reduced
13415-HT levels, which are important for proper function of the
1342immune system.244 On the other hand, the increased expression
1343of pro-inflammatory cytokines regulates SERT function
1344through p38 mitogen activated protein kinase (MAPK)
1345signaling pathway and induces behavioral changes.245 It is
1346therefore evident that a better understanding of the relation
1347between serotonergic transmission and immune system can
1348open new therapeutic perspectives to address behavioral deficits
1349in ASD.
1350Starting from the observation that children with ASD show
1351increased levels of neurotensin (NT) in the serum,246 Patel and
1352co-workers have reported that NT is able to activate primary
1353microglia cultures obtained from human brains as well as the
1354immortalized human microglial cell line SV40.247 They showed
1355that NT increases gene expression and release of the pro-
1356inflammatory cytokine IL-1β and chemokines CXCL8, CCL2,
1357and CCL5 by activating sortilin and not neurotensin receptors
13581 or 2. Sortilin is a type I membrane receptor belonging to the
1359vacuolar protein sorting 10 protein (VPS10P) family of sorting
1360receptors248 and is mainly expressed in CNS during embryonic

Figure 16. (A) Structures of TLR4 agonists. (B) Tricyclic
antidepressants that can inhibit TLR4 activation.
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1361 development and inflammatory processes.249,250 On such basis,
1362 it has been suggested that inhibiting sortilin may provide novel
1363 therapeutic approaches for ASD. However, challenging sortilin
1364 signaling could induce several adverse effects due to the
1365 important role of sortilin in numerous physiological functions
1366 in the body.251 Researchers at Lundbeck have recently disclosed
1367 the orally bioavailable small-molecule sortilin inhibitor 93

f17 1368 (AF38469, Figure 17).252 However, the compound exhibits

1369 poor CNS exposure because of the presence in the molecule of
1370 a carboxylic group, and hence it is not useful to study sortilin
1371 biology in CNS in vivo. In a subsequent study, using fragment-
1372 based and structure-based drug design approaches, N-
1373 substituted 1,2,3-triazol-4-one/ol was identified as a template
1374 for the development of sortilin inhibitors because it acts as a
1375 carboxylic acid isostere and allows crucial interactions with
1376 sortilin. Compounds 94 and 95 were identified as cell
1377 permeable sortilin inhibitors, albeit with modest potency
1378 (Figure 17).253

1379 Matrix metalloproteinases (MMPs) is a group of proteases
1380 involved in neuroinflammation and neurodevelopment pro-
1381 cesses and, as such, they have been indicated as possible players
1382 in the etiopathology of ASD. For example, MMPs can either
1383 promote or suppress inflammation through proteolysis of
1384 cytokines and chemokines.254 However, despite the biologic
1385 plausibility of the involvement of MMPs in ASD,255 further
1386 investigations in this area are needed. Interestingly, it has been
1387 reported that FMR1 knockout mice show abnormal elevated
1388 expression of MMP-9 in the brain which can be downregulated

f18 1389 by treatment with compound 96 (minocycline, Figure 18), a

1390 tetracycline antibiotic with MMP-9 inhibitor activity. Down-
1391 regulation of MMP-9 rescues either immature dendritic spine
1392 morphology and abnormal behavior.256 In addition, high
1393 plasma activity of MMP-9 was observed in FXS patients.
1394 Thus, subsequent trials showed that activity levels of MMP-9
1395 could be lowered by administration of compound 96 and that,
1396 in some cases, changes in MMP-9 activity were positively
1397 associated with improvements of clinical measures.257 These
1398 findings might be relevant also for ASD because elevations of
1399 MMP-9 in amniotic fluid samples in ASD cases have been
1400 reported.255 Thus, MMP-9 inhibitors might be pursued for
1401 treatment of ASD. Several efforts have been done in order to
1402 develop selective inhibitors of MMPs, leading to the
1403 identification of different chemical classes of inhibitors. As for

1404MMP-9 inhibitors, however, compound 96 is the only small
1405molecule able to cross the BBB available to date.

4. CONCLUSIONS AND FUTURE PERSPECTIVES

1406Over the past few years, more and more data have become
1407available on the etiology of ASD. As the neurobiology
1408underlying ASD is being discovered, targeted drug therapy is
1409becoming possible, at least in theory. The very high clinical and
1410etiological variability between individuals with ASD indicates
1411that no single treatment will benefit every ASD patient.
1412Identifying the genetic causes of ASD has proven to be elusive,
1413as ASD is believed to be polygenic. However, the “many genes,
1414common pathways” hypothesis suggests that the many genes
1415associated with ASD will converge, through different molecular
1416mechanisms, onto common processes in the brain responsible
1417for the core symptoms of ASD.258 The elucidation of these
1418common pathways will likely lead to the development of
1419therapies to treat core symptoms of ASD. However, to estimate
1420whether a target may be useful for large patient groups it is
1421important to understand how different etiologies converge on
1422specific molecular mechanisms and how they map onto
1423difference in circuit-level brain, cognitive development, and
1424behavioral symptom profiles.
1425Animal models of syndromic and nonsyndromic forms of
1426ASD have greatly advanced the understanding of the
1427biochemical pathways involved in ASD and have provided the
1428opportunity to study developmental changes or expression of
1429genetic variants in different brain areas and to manipulate brain
1430regions and circuits to test their precise functions. However,
1431animal models fail to recapitulate many aspects of ASD due to
1432species differences and to the possible contribution of
1433epigenetics in the pathophysiology of ASD.32 In addition,
1434some neocortical regions affected in humans are not obtainable
1435from mouse brain, and brain development of mice does not
1436perfectly reflect the development of the human brain.259

1437Therefore, clinical studies in human populations are crucial for
1438understanding the genetic and nongenetic contributions to
1439ASD and for validating potential drug targets. With this respect,
1440iPSCs technology is providing a remarkable alternative tool to
1441bridge the translational gap between animal models and human
1442clinical trials for the study of human brain diseases through the
1443scalable, manipulable production of human neural cells derived
1444directly from ASD patients. Recent progress in iPSC
1445technology as well as in the techniques for in vitro neural
1446differentiation have allowed to functionally characterize
1447neurons and to analyze cortical development during neural
1448differentiation contributing to the understanding of the
1449pathogenic mechanisms of ASD and to identify molecular
1450biomarkers for patient stratification and personalized medi-
1451cine.259

1452As illustrated in the present perspective, synaptic dysfunction
1453is receiving much attention. Imbalance between excitatory and
1454inhibitory transmission is a common mechanism in ASD that is
1455responsible for learning and memory, cognitive, sensory, motor
1456deficits, and seizures. E/I imbalance can be corrected by acting
1457on mGlu, NMDA, or GABA receptors or by inhibiting GSK-3β
1458signaling. Medicinal chemistry efforts have eventually led to the
1459identification of molecules targeting mGlu, NMDA, and GABA
1460receptors that have entered clinical trials. As for GSK-3β
1461inhibitors, promising candidates have been identified. Devel-
1462oping highly selective allosteric modulators or targeting the
1463intracellular pathways downstream of glutamatergic receptors

Figure 17. Structures of sortilin inhibitors.

Figure 18. Structure of compound 96.
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1464 may open new therapeutic perspectives because they can
1465 enhance neuroplasticity without inducing neurotoxicity.
1466 Another strategy to correct synapse disfunction is targeting
1467 abnormalities in dendritic spine morphology and density.
1468 mTOR is probably the most studied and promising target, and
1469 the inhibitors 60 and 61 have entered clinical trials for
1470 treatment of ASD core symptoms. The outcomes of clinical
1471 trials will answer the question if targeting mTOR will translate
1472 into clinical improvements. ROCK1 and ROCK2 kinases have
1473 also been proposed as valuable target in this context but
1474 inhibitors targeting the brain have not been identified yet.
1475 However, it has been pointed out that challenging ubiquitous
1476 targets such as mTOR or ROCK kinases may be associated
1477 with potentially serious adverse side effects that can negatively
1478 impact on long-term tolerability and compliance.
1479 Targeting IGF1 system is another strategy to correct
1480 dendritic spine abnormalities. Early clinical evidence obtained
1481 with compound 66 (Figure 10) are encouraging. However, how
1482 compound 66 exerts its effects is still not completely elucidated.
1483 Once this will be clarified, it will be possible to design new
1484 analogues of compounds 65 and 66 that will likely open new
1485 perspectives in drug development.
1486 Besides glutamatergic and GABAergic transmission, the
1487 therapeutic potential of other neuronal transmission systems,
1488 such as OT, vasopressin, acetylcholine, and serotonin, have
1489 been explored in ASD field. OT has become a focus of
1490 investigation because of its role in social behavior and the
1491 ongoing clinical trials will contribute to assess the therapeutic
1492 potential of addressing oxytonergic system. However, the
1493 efficacy of long-term OT administration as well as potential
1494 detrimental effects related to overstimulation of this system are
1495 still to be fully elucidated. An alternative approach could be
1496 targeting receptors and pathways that modulate OT levels. In
1497 this respect, it has been proposed that targeting galanin or
1498 melanocortin receptors could deserve investigation. While
1499 small-molecule melanocortin agonists have been identified so
1500 far,260 the same does not apply for galanin receptors.
1501 Central serotonin neurotransmission may also be targeted for
1502 treatment of ASD. It has been shown that 5-HT1A receptor
1503 agonists or 5-HT2A receptor antagonists act on neural circuits
1504 relevant to ASD, whereas 5-HT7 agonists or 5-HT6 antagonists
1505 play a role in synaptic plasticity by acting on RhoGTPase, thus
1506 correcting abnormalities in dendritic spine morphology. While
1507 clinical candidates that could target selectively 5-HT1A, 5-HT2A,
1508 and 5-HT6 receptors are available, this is not the case for 5-HT7
1509 receptor. In addition, it is likely that targeting multiple
1510 serotonin receptor subtypes can lead to the identification of
1511 new serotonergic agents having an activity profile adequate to
1512 treat core symptoms of ASD. Recent studies have proposed
1513 that acetylcholine neurotransmission may contribute to
1514 synaptic plasticity through the activation of α7 nicotinic
1515 receptor, which, in turn activates RhoGTPases leading to
1516 cytoskeletal changes during neurite growth.261 These data
1517 might add a new target to correct abnormal synaptic plasticity.
1518 Besides synaptic dysfuntion and defects in certain neuro-
1519 transmitter systems, neuroinflammation is also thought to
1520 underlie ASD pathology. Current research is indicating Toll-
1521 like receptors, such as TLR3 and TLR4, MMP-9, and sortilin as
1522 possible players in neuroinflammation and it is likely that other
1523 players will be identified in the near future. Of note, targets
1524 initially investigated to correct synaptic dysfunction (i.e.: mGlu5
1525 receptor, IGF-1 signaling, and some 5-HT receptor subtypes)
1526 are also important players in neuroinflammation. With this

1527respect, the study of the interaction between neurons,
1528microglia, and astrocytes is at the very beginning. It is now
1529becoming evident the impact of neuroinflammation on
1530synapses functioning, and this could unveil new scenarios
1531even more complex than present.
1532As already pointed out, the wide heterogeneity of clinical and
1533behavioral symptoms in ASD suggests that no single treatment
1534will be efficacious to treat every ASD patient. The assessment of
1535the validity of the target will greatly depend on the selection of
1536patient groups for clinical trials that are likely to respond to the
1537treatment under consideration. This requires the identification
1538and validation of stratification biomarkers that divide patients
1539into subgroups with shared biological characteristics.262 To
1540date, no generally accepted biomarkers for ASD diagnosis exist.
1541In addition, biomarkers will supplement the outcomes of
1542clinical trials.
1543Another crucial point to assessing the validity of an ASD
1544drug target is the identification of the critical periods when
1545different factors impact on neuronal development. Brain
1546development is initially determined by distinct temporal and
1547spatial stages of gene expression and intrinsic neuronal activity,
1548then it is refined by interactions with the environment.
1549Therefore, some treatment effects may be different in
1550developing or adult brains. The vast majority of animal studies
1551have been carried out only on adult animals, and this impacts
1552on the translatability of the outcomes to humans.
1553Finally, a treatment that is likely to be only effective in early
1554development would raise important implications for the design
1555of clinical trials, which usually test efficacy and side effects in
1556adults. The common phrase “children are not little adults”
1557needs to be true even in the drug development stage. All these
1558different factors will converge to address the challenges posed
1559by ASD through a personalized medicine approach.
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