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Abstract

For most neurons to function properly, they need to develop synaptic specificity. This requires 

finding specific partner neurons, building the correct types of synapses, and fine-tuning these 

synapses in response to neural activity. Synaptic specificity is common at both a neuron’s input 

and output synapses, whereby unique synapses are built depending on the partnering neuron. 

Neuroscientists have long appreciated the remarkable specificity of neural circuits but identifying 

molecular mechanisms mediating synaptic specificity has only recently accelerated. Here, we 

focus on recent progress in understanding input and output synaptic specificity in the mammalian 

brain. We review newly identified circuit examples for both and the latest research identifying 

molecular mediators including Kirrel3, FGFs, and DGLα. Lastly, we expect the pace of research 

on input and output specificity to continue to accelerate with the advent of new technologies in 

genomics, microscopy, and proteomics.

INTRODUCTION

Correctly wiring the mammalian brain is an enormously complex process. In the human 

brain, billions of individual neurons make thousands of synaptic connections and their 

connectivity is rarely linear or unidirectional. Instead, neurons often send to and receive 

information from multiple sources, which is critical for integrating information during 

cognitive tasks and sensory processing. One way neurons organize, integrate, and partition 

the flow of neural information is by constructing specific types of synapses with different 

partner neurons.

Synaptic specificity can take many forms. Input specificity occurs when one neuron’s 

dendritic tree makes different types of synapses with different types of axons (Figure 1A). 

CA3 pyramidal neurons receive many types of axonal inputs and provide an excellent 

example of input specificity (Figure 1B). Here, inhibitory GABAergic synapses substantially 

differ from excitatory glutamatergic synapses. In addition to releasing different 

neurotransmitters, these two types of synapses have a completely distinct cohort of 
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molecular and structural components [1]. In addition, CA3 neurons receive excitatory inputs 

from dentate granule (DG), other CA3, and entorhinal cortex (EC) neurons and each input 

forms synapses with distinctive properties. In particular, DG-CA3 mossy fiber synapses are 

highly specialized synapses with multiple active zones, multi-headed spines, and NMDA 

receptor independent synaptic plasticity [2].

Output specificity is similar yet distinct from input specificity. Here, one neuron’s axon 

makes different types of synapses with different types of dendrites (Figure 1C). For 

example, it was recently discovered VGluT3-expressing amacrine cells (VG3-AC) release 

glycine or glutamate depending on which type of retinal ganglion cell (RGC) is the 

postsynaptic partner [3,4]. Using a combination of genetic cell-type labeling, optogenetics, 

and electrophysiology, it was shown that VG3-ACs form glycinergic synapses with RGCs 

suppressed by contrast and motion and glutamatergic synapses with RGCs activated by 

contrast and motion, which include W3 and OFF alpha RGCs (Figure 1D) [3–6]. The 

molecular mechanisms that establish VG3-AC input specificity remain unknown. However, 

the immunoglobulin superfamily member sidekick-2 is required for VG3-AC to W3 synapse 

function [6] and future work will need to determine if this recognition molecule plays a role 

in VG3-AC synaptic specificity.

New methods in circuit tracing, genetic labeling, imaging, and optogenetics have allowed 

neuroscientists to observe and describe remarkable instances of input and output specificity 

throughout the brain, including the examples mentioned above. These studies reveal that 

synaptic specificity is the norm and not the exception. In addition, many synapse-specific 

genes and their circuits are linked to neurodevelopmental disorders, but the precise synaptic 

defects underlying these disorders remain largely unknown [7]. To better understand the 

cause of neurological disorders and rationally design treatments, it is critical to identify the 

molecular pathways and mechanisms mediating synaptic specificity. The goal of this 

focused review is to discuss the most recent advances in our understanding of input and 

output specificity in the mammalian brain by examining how neurons find specific synaptic 

partners, build different types of synapses, and fine-tune their communication over time.

FINDING NEURONAL PARTNERS

One key step in the development of input and output specificity is target recognition. At 

some point, a neuron needs to identify what type of axon or dendrite is in contact. It is 

logical to propose that target recognition occurs prior to synapse formation but it could also 

occur during or after synapse formation. Most synapses form so rapidly, within minutes to 

hours [8–10], that it is difficult to experimentally determine when target recognition occurs. 

Regardless, target recognition requires communication between two neurons. 

Transmembrane cell adhesion molecules are uniquely suited to this role because they can 

interact with the surface of nearby neurons via extracellular domains and relay this 

information inside the cell via intracellular domains. Moreover, the completion of large-

scale in situ hybridization, mRNA sequencing, and synaptic proteomic screens firmly 

established that cell adhesion molecules are numerous and differentially-expressed 

throughout the brain [11–19]. Thus, different neuron cell types and even individual neurons 
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express unique combinations of cell adhesion molecules, which may provide a molecular 

code for target recognition.

Though it is long hypothesized that cell adhesion molecules regulate synaptic specificity, it 

is only recently that strong experimental evidence substantiated the importance of cell 

adhesion molecules for input and output specificity. One example of input specificity is 

mediated by the leucine-rich repeat protein netrin-G ligand-2 (NGL-2) [20]. NGL-2 is 

expressed in hippocampal CA1 pyramidal neurons, which have an apical dendrite spanning 

two synaptic layers. In the stratum radiatum (SR) layer, CA1 neurons receive synaptic input 

from CA3 neurons. In the stratum lacunosum moleculare (SLM) layer, they receive synaptic 

input from entorhinal cortex neurons. Loss of NGL-2 selectively reduces spine and synapse 

formation in the SR layer but not the SLM layer [20]. Further evidence suggests NGL-2 

functions only at CA3-CA1 SR synapses via a mechanism of selective localization that 

likely requires interaction with its presynaptic ligand Netrin-G2, which is expressed by CA3 

axons but not entorhinal cortex axons [20,21].

Leucine-rich repeat proteins also play a role in CA1 neuron output specificity. CA1 axons 

form specific types of synapses with different types of GABAergic interneurons. CA1 

neurons form facilitating synapses with a low release probability onto oriens-lacunosum 

moleculare (O-LM) interneurons and depressing synapses with a high release probability 

onto parvalbumin-positive (PV) interneurons [22]. Elfn1 is a leucine-rich repeat containing 

transmembrane protein selectively expressed by O-LM neurons [22]. Loss of Elfn1 

specifically disrupts short-term facilitation at CA1 to O-LM synapses and, remarkably, its 

expression is sufficient to turn depressing CA1-PV synapses into mildly facilitating synapses 

[22]. Currently, the mechanism by which postsynaptic Elfn1 communicates with presynaptic 

CA1 axons remains unknown.

Leucine-rich repeat proteins are not the only class of adhesion molecules shown to regulate 

input and output specificity. Kirrel3 is a member of the Immunoglobulin superfamily and 

was recently shown to regulate output specificity of hippocampal DG axons [11]. DG axons 

synapse onto and directly excite two main target types; (i) CA3 pyramidal neurons via a 

giant bouton and (ii) GABAergic interneurons via filopodial synapses (Figure 1B). Kirrel3 is 

a homophilic cell adhesion molecule that, in the hippocampus, is only expressed by DG 

neurons and some GABA neurons, suggesting Kirrel3 functions specifically at DG-GABA 

and not DG-CA3 synapses. In support, Kirrel3 knockout mice have a reduced density of DG 

axon filopodia and increased activity in CA3 neurons after DG stimulation [11]. This 

functional phenotype is consistent with a loss of DG-GABA synapses that normally produce 

feed-forward inhibition to constrain CA3 activity. These results suggest Kirrel3 may locate 

selectively to mossy fiber filopodia but selective localization of Kirrel3 remains to be tested.

In addition to cell adhesion molecules, new research demonstrates that secreted axon 

guidance molecules such as the Semaphorin (Sema) family can also mediate synaptic 

specificity but with a twist. Instead of promoting synapse formation, Sema signaling may 

regulate synaptic specificity by inhibiting synapse formation. Signaling via the secreted 

Sema3F and its membrane bound co-receptors (Neuropilin-2 and Plexin-A3) is selectively 

required to restrict spine formation on apical, but not basal, dendrites of layer V cortical 
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neurons [23]. Similar to the NGL-2 mechanism, this may be mediated by selective 

localization to the affected layer; in this case the apical dendrites [23]. Sema signaling also 

regulates output specificity of thalamostriatal axons [24]. Here, Sema3E is expressed by 

thalamic axons that synapse onto striatal medium spiny neurons of the so-called “direct” and 

“indirect” pathways. Direct and indirect striatal neurons are physically intermixed but they 

perform distinct functions [25]. Only direct pathway neurons express the Sema3E receptor 

Plexin-D1, and both Sema3E and Plexin-D1 knockout mice have increased thalamic 

synapses onto direct (but not indirect) pathway neurons compared to wildtype mice [24]. 

This suggests Sema3E may remain associated with thalamocortical axons and interacts with 

postsynaptic Plexin-D1 to restrict the number of thalamic inputs made onto direct pathway 

striatal neurons.

Taken together, an emerging body of work suggests differentially-expressed cell recognition 

systems play a major role in guiding input and output synaptic specificity across the brain. 

Moreover, the high fidelity of neural connections likely requires concerted mechanisms of 

positive and negative synaptic specificity cues.

BUILDING DIFFERENT TYPES OF SYNAPSES

How does one neuron build specific types of synapses with different partner neurons? There 

is still little known about how an individual neuron constructs distinct types of synapses and 

understanding these mechanisms is crucial as more and more specificity molecules are 

implicated in neurological disorders [7]. However, more progress has been made in 

comparing excitatory and inhibitory synapse formation. Many genes have been identified 

that function exclusively at either excitatory or inhibitory synapses [1]. Here, we will not 

focus on listing these genes because, in most cases, they were primarily studied in cell 

culture and little is known about their mechanism of specificity. Instead, we briefly discuss 

new evidence that two groups of molecules, the neuroligins and fibroblast growth factors 

(FGFs), balance formation of excitatory and inhibitory synapses.

Neuroligins are postsynaptic cell adhesion proteins with an established, but sometimes 

controversial, role in synapse formation. Most evidence suggests neuroligin-1 (NL1) 

mediates excitatory synapse formation and neuroligin-2 (NL2) mediates inhibitory synapse 

formation [26]. NL1 and NL2 are thought to orchestrate excitatory or inhibitory postsynapse 

construction via intracellular interactions. NL1 interacts with the scaffolding protein PSD-95 

and recruits glutamate receptors to excitatory synapses. Conversely, NL2 interacts with 

gephryin and GABA receptors at inhibitory synapses [27]. However, both NL1 and NL2 

share the same PSD-95 and gephryin interacting domains and therefore both have potential 

to induce excitatory and inhibitory synapses. Recent studies suggest their ability to establish 

an excitatory versus inhibitory synapse depends upon post-translational modifications and 

the expression of their presynaptic binding partner neurexin. For example, Neurexin-1β 
(Nrx1β) is predominantly expressed in excitatory axons and binds NL1 with higher affinity 

than NL2. However, overexpression of Nrx1β and NL1 in connected GABA neuron-CA1 

pairs increases inhibitory input into the CA1 neuron. This suggests NL1 induces inhibitory 

connections if its preferred presynaptic partner is expressed in inhibitory neurons [28]. Thus, 

NL1 may not exclusively mediate excitatory synapse formation but also inhibitory synapses 
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based on context. In another study, binding of Nrx1β to NL1 was shown to induce NL1 

phosphorylation, which leads to preferential binding with PSD-95 over gephyrin [29]. 

Moreover, neurexins, neuroligins, or both may be expressed at limiting amounts, creating 

competition for synapse formation [28,30]. Thus, synaptic specificity could be partially 

determined by the expression levels of trans-synaptic proteins in competing partner neurons. 

Taken together, new work suggests that intracellular targeting of kinases and phosphatases, 

and the availability of different binding partners, may govern whether an excitatory or 

inhibitory synapse will be built.

Another emerging group of molecules that moderate excitatory versus inhibitory synapse 

formation are FGFs. FGF22 and FGF7 are released from CA3 dendrites and promote 

excitatory and inhibitory synapse formation, respectively [31–33]. FGFs localize to unique 

locations along the CA3 dendrite due to their co-transport with either excitatory or inhibitory 

postsynaptic proteins on separate kinesin motor proteins. More specifically, FGF22 co-

transports with the excitatory postsynaptic scaffolding protein SAP102, whereas FGF7 co-

transports with gephryin [32]. Thus, input specificity in CA3 dendrites is partially 

determined by the subcellular localization of FGFs during postsynapse construction. On the 

presynaptic side, input specificity is reinforced by different FGF receptors. In DG neurons, 

Fgfr2b and Fgfr1b are both required for FGF22 signaling, whereas in GABA neurons Fgfr2b 

but not Fgfr1b is required for FGF7 signaling [33]. Moreover, some of the downstream 

signaling mechanisms for building the presynaptic inputs are beginning to be elucidated for 

this pathway. For example, Fgfr2b signals via FRS2 and P13K to promote excitatory 

synapse formation [33]. Future work will need to determine whether similar or unique 

signaling mechanisms mediate the construction of FGF-dependent inhibitory presynapses.

FINE-TUNING SYNAPTIC SPECIFICITY

For effective neuron communication, synapses must adapt to new information. Adding to the 

layers of synaptic specificity present in the brain, different types of input and output 

synapses can undergo specific forms of functional and structural plasticity. Moreover, 

mechanisms vary greatly depending on the cellular and molecular players involved [34]. An 

example of functional output specificity occurs in the basal nucleus of the amygdala. Here, 

cholecystokinin (CCK)-positive basket cell interneurons make synapses onto two different 

types of principal neurons; one that mediates high fear responses and one that mediates low 

fear responses. The CCK neurons make very similar synapses onto these two principal 

neuron types; however, they develop unique plasticity properties with each type of target 

neuron. Synapses made onto low-fear neurons, but not high-fear, undergo activity-dependent 

suppression, which is correlated with increased levels of the endocannabinoid-synthesizing 

enzyme DGLα on the postsynaptic side [35]. Future experiments will need to determine 

whether DGLα is required for functional plasticity and define upstream mechanisms that 

instruct low fear neurons to increase DGLα expression. This example of functional synaptic 

specificity is unique because differing functional plasticity is the primary specificity 

determinant in this circuit. In other systems, differing plasticity mechanisms more 

commonly result from a myriad of initial structural and molecular differences.
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The basal amygdala also provides an example of input specific plasticity. In addition to CCK 

input synapses, principal amygdala neurons also receive synapses from parvalbumin (PV)-

positive interneurons. Each of these inputs are differentially regulated during fear extinction. 

During fear extinction, some principal amygdala neurons that were active during fear 

conditioning are silenced while others remain active. Silenced principal neurons receive 

more PV perisomatic synapses. In contrast, primary neurons that remain active have altered 

CCK perisomatic synapses with increased levels of cannabinoid receptor type 1 (CB1R) 

[36]. Because CB1R blocks GABA release [37] this change decreases CCK synapse 

inhibition to the primary neuron. Thus, a unique type of plasticity occurs at each type of 

GABA input to principle amygdala neurons. These examples from the basal amygdala 

emphasize how input and output specific plasticity are critical for circuit function and 

behavior.

CONCLUSIONS AND OUTLOOK

In this review, we examined recent progress made in identifying molecular mechanisms that 

establish and maintain input and output synaptic specificity. Though progress is ongoing, we 

still know very little about the intracellular signaling mechanisms that organize and build 

specific synapse types along a neuron. However, a list of emerging technologies is rapidly 

advancing to combat this knowledge gap. Imaging of single neurons using cutting-edge in 

vivo microscopy techniques recently revealed inhibitory synapses are more structurally 

dynamic than excitatory synapses [38]. In addition, super-resolution microscopy enables 3D 

imaging of synapse structure at higher volumes with greater speed and molecular 

information than is afforded with electron microscopy. For example, super-resolution 

microscopy recently revealed markedly different PSD95 structures along a single dendrite, 

suggesting presynaptic input is critical in determining the size and complexity of PSD-95 

complexes [39]. Lastly, advances in proteomics are enabling the identification of novel 

molecular markers and mediators of synaptic specificity. Targeting horseradish peroxidase to 

the synaptic cleft allows for near-neighbor biotinylation, streptavidin purification, and mass 

spectrometry identification of synaptic cleft proteins [40]. This has provided a list of 

proteins at excitatory and inhibitory synaptic clefts and future studies can take advantage of 

this technique to elucidate the subtle differences between the molecular profiles of more 

closely related synapses within specific circuits. Together, these new technologies will allow 

for the identification and precise location of novel regulators of synaptic specificity.
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HIGHLIGHTS

• Cell adhesion systems are critical determinants of synaptic specificity.

• Neuroligins and FGFs contribute to the balance of inhibitory to excitatory 

synapses.

• Synaptic plasticity mechanisms can differ for different synaptic inputs and 

outputs.

• New tools are advancing our molecular understanding of synaptic specificity.
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Figure 1. A Guide to Input and Output Specificity
(A) In its simplest form, input specificity occurs when one dendrite is innervated by two 

types of axons and makes different types of synapses with each axon type. These differences 

can be based on structural, functional, or molecular properties. (B) CA3 pyramidal neurons 

exemplify input specificity as they have numerous axonal inputs resulting in different types 

of synapses including inhibitory inputs from GABA interneurons (blue) and excitatory 

inputs from three different sources, the entorhinal cortex (EC, green), other CA3 neurons 

(purple), and the dentate gyrus (DG, magenta). Specialized presynanptic mossy fiber 

filopodia ‘F’ are shown. (C) In its simplest form, output specificity occurs when one axon 

innervates two types of dendrites and makes different types of synapses with each dendrite 

type. As for input specificity, these differences can be based on structural, functional, or 

molecular properties. (D) VGluT3-expressing amacrine cells exemplify output specificity. 

One amacrine cell makes glutamatergic synapses (purple) when connecting to retinal 

ganglion cells (RGCs) that are activated (Act) by contrast and motion and glycinergic 
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synapses (blue) when connecting to RGCs that are suppressed (Supp) by contrast and 

motion.
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