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CD40L/CD40 bidirectional signaling 
is a major regulator of neuronal 
morphology in the developing 
nervous system

Appropriate nervous system function 
depends on a precise but plastic neural 
a rc h i te c t u re .  N e u ro n a l  m o r p h o l o g y 
determines how neurons interact with 
each other and with other cells. Every 
kind of neuron has its own morphological 
characteristics, which are determined by 
both intrinsic and extrinsic factors. In addition 
to intrinsic genetic programmes and patterns 
of neural activity, a variety of extrinsic factors 
regulate the growth and branching of neural 
processes and synaptogenesis. Work over 
the past decade has revealed that several 
members of the tumor necrosis factor 
superfamily (TNFSF) are potent positive 
and negative physiological regulators of 
neural process growth and branching in the 
developing nervous system without affecting 
neuronal survival. Extensively characterized 
in the immune system, where they play 
key roles in orchestrating and regulating 
immune responses, TNFSF members bind 
one or more members of the TNF receptor 
superfamily (TNFRSF), initiating canonical 
forward signaling. In addition, several 
TNFRSF members can act as ligands for the 
membrane-integrated TNFSF, triggering 
reverse signaling that has distinctive cellular 
responses to forward signaling (Eissner 
et al., 2004). In the developing nervous 
system, TNFSF/TNFRSF bidirectional signaling 
plays a major role in modulating neuronal 
architecture and has been studied most 
extensively for CD40 ligand (CD40L, TNFSF5) 
and CD40 (TNFRSF5). 

In recent years,  several  studies have 
reported that CD40L/CD40 bidirectional 
signaling is a major physiological regulator 
of axon and dendrite growth and branching 
for multiple clinically important populations 
of neurons in the developing peripheral and 
central nervous system. Direct morphological 
comparison of neurons between CD40-
deficient animals and wild type animals has 
revealed the physiological significance of 
CD40L/CD40 signaling, and a battery of in 
vitro experiments on neurons from Cd40–/–

or Cd40+/+ mice has determined whether 
forward or reverse signaling mediates the 
physiological effect for each population of 
neurons. Additional in vitro studies have 
also begun to ascertain the downstream 
intracel lular events that mediate the 
influence of CD40L/CD40 signaling on axons 
and dendrites.

Here we review the roles of CD40L/CD40 
bidirectional signaling in the development 
of multiple peripheral and central neuronal 
populations. This work on development 
sets the scene for investigation of the 
potential role of CD40L/CD40 signaling in 
neuronal plasticity in the adult nervous 
system, in neural regeneration and in neural 
degeneration and whether CD40L/CD40 
signaling could have potential therapeutic 
applications.     

E x p e r i m e n t a l  a p p r o a c h e s :  I n  v i v o 
comparison of the morphology of neurons 
in CD40-deficient and wild-type mice has 
provided an indication of the physiological 
significance of CD40L/CD40 signaling in 
the regulation of neuronal morphology. In 
the PNS, this has been done by selectively 
staining axons in whole-mount preparations 
and in the central nervous system (CNS) by 
labelling neurons using the Golgi technique.

Because genetic deletion of CD40 disrupts 
both forward and reverse signaling, in vitro 
studies on neurons isolated from Cd40–/– 
or Cd40+/+ mice have been carried out 
to ascertain the direction of signaling in 
each case. Typically, when neurons from 
CD40-deficient mice are cultured under 
appropriate conditions, they replicate the 
phenotypic change observed in vivo. In vitro 
experiments to determine the direction of 
signaling utilize soluble CD40L and soluble 
CD40. These are able to activate forward and 
reverse signaling, respectively, or can inhibit 
reverse and forward signaling, respectively, 
by competing with endogenous CD40L and 
CD40. In addition, in the case of reverse 
signaling, soluble CD40, but not CD40L, 
is able to rescue the phenotype of CD40-
deficient neurons. Furthermore, studies of 
the cellular expression of CD40L and CD40 
together with other studies can ascertain 
whether CD40L/CD40 signaling occurs 
via an autocrine or paracrine mechanism. 
Additional biochemical experiments and 
the use of variety of pharmacological 
reagents that affect different intracellular 
signaling pathways have begun to elucidate 
the downstream signaling pathways that 
mediate the effects of CD40L/CD40 signaling 
on neural processes. 

CD40L and CD40 in developing peripheral 
neurons (PNS): The accessibility and ease 
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with which PNS neurons are studied both 
in vivo and in vitro facilitated the discovery 
of the neurotrophin family. These secreted 
proteins, of which nerve growth factor 
(NGF) is the founding member, regulate 
neuronal survival and promote the growth 
and branching of sensory and sympathetic 
axons in innervated target tissues. Neurons 
become dependent on and responsive to 
neurotrophins when their axons first reach 
their targets (Davies et al., 1987; Vogel 
and Davies, 1991). A growing body of work 
has shown that PNS neurons subsequently 
become responsive to several members 
of TNFSF, acting by either forward or 
reverse signaling mechanisms, when their 
axons are ramifying in their targets later 
in development. They generally do this by 
modulating, either positively or negatively, 
the response of neurons to the axon growth-
promoting actions of neurotrophins without 
affecting neuronal survival. 

The first evidence that CD40L/CD40 signaling 
affects developing neurons came from 
studies of paravertebral sympathetic neurons 
(McWilliams et al., 2015). Here autocrine 
CD40-activated CD40L-mediated reverse 
signaling enhances NGF-promoted axon 
growth and branching. However, the effect 
of CD40L reverse signaling on axon growth 
is only observed at low concentrations of 
NGF because high levels of NGF suppress 
CD40 and CD40L expression, effectively 
turning off the CD40/CD40L autocrine 
loop. Consequently, a hypoinnervation 
phenotype in CD40-deficient mice in vivo 
is restricted to paravertebral target tissues 
that express low levels of NGF. This work 
not only demonstrated the physiological 
relevance of CD40/CD40L signaling in the 
nervous system but also provided the 
first rationale for autocrine signaling in 
neurons, a counterintuitive yet widespread 
phenomenon. This work showed that 
differential regulation of autocrine signaling 
within a population of neurons can have 
region-specific effects on axon growth and 
tissue innervation.

A later study showed that autocrine CD40-
activated CD40L-mediated reverse signaling 
operates in prevertebral  sympathetic 
neurons over the same late development 
window as in paravertebral sympathetic 
neurons, but has opposite effects on axon 
growth in vitro and tissue innervation in 
vivo  (Calhan et al., 2019). Here CD40/
CD40L impairs NGF-promoted axon growth, 
resulting in a hyperinnervation phenotype 
in certain paravertebral sympathetic target 
tissues in CD40-deficient mice. 

In contrast to sympathetic neurons, CD40L 
signaling in developing sensory neurons 
operates by a forward signaling mechanism 
(Howard et al., 2019). Here it enhances 
sensory axon growth and promotes the 
innervation of peripheral sensory target 
tissues in vivo. However, in marked contrast 
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to all other TNFSF members, which act on 
PNS neurons late in development after 
they become dependent on neurotrophins, 
CD40L-activated CD40 mediated forward 
signaling acts in sensory neurons during 
early stage of development when axons are 
growing to their targets. Furthermore, in 
addition to a CD40L/CD40 autocrine signaling 
loop that enhances early neurotrophin-
promoted axon growth, target-derived CD40 
acts directly on sensory neurons to enhance 
axon growth independently of neurotrophins.

In summary, bidirectional CD40L/CD40 
signaling is a physiological regulator of 
axon growth and target innervation in the 
developing PNS that acts in a variety of ways 
in different populations of neurons. Either 
by forward or reverse signaling, either by 
enhancing or inhibiting axon growth, either 
by autocrine or paracrine mechanisms and 
either by modulation of the axon growth-
promoting actions of neurotrophins or by 
acting independently of neurotrophins.

CD40L and CD40 in developing central 
neurons: CD40-activated CD40L reverse 
signaling is a major in vivo regulator of 
dendrite growth and elaboration in at least 
two populations of clinically important CNS 
neurons during development. In CD40-
deficient mice, the dendrite arbors of 
excitatory hippocampal pyramidal neurons 
are greatly reduced in size and complexity 
compared with wild-type mice, whereas 
those of inhibitory striatal medium spiny 
neurons (MSNs) are substantially larger 
and more branched (Carriba and Davies, 
2017). These striking and opposite dendrite 
phenotypes are replicated in cultured 
neurons. However, because axons can 
be easily distinguished from dendrites in 
cultured hippocampal pyramidal neurons, 
the finding that a small axon phenotype is 
observed in CD40-deficient neurons and 
its rescue to wild type phenotype after 
the addition of soluble CD40 raises the 
possibility that CD40L reverse signaling may 
also regulate axon growth from hippocampal 
pyramidal neurons in vivo. 

In MSNs, the effects of CD40L-mediated 
reverse signaling are not only restricted to 
regulating dendrite growth and branching 
but also influence dendrite spine number 
and morphology (Carriba et al., 2020). 
Dendrite spines are key structures in the 
synaptic transmission and neuronal plasticity, 
and abnormalities in spine morphology are 
associated with several neuropathological 
conditions. Although dendrite spines have 
been widely studied, little is known about the 
extrinsic factors that control their formation 
and maturation. While spine density in 
MSNs is unaffected in Cd40–/– mice, because 
the dendrite arbors of MSNs in these 
mice are larger and more exuberant than 
those of wild-type mice, MSNs possess a 
correspondingly larger total number of spines 

in Cd40–/– mice. In addition, the morphology 
of the MSN spines in Cd40–/– mice resembles 
that of mature spines. Biochemical analyses 
showed significant changes in the expression 
of some members of Rho GTPases, a family 
of proteins that regulate actin cytoskeleton 
dynamics, and a reduction in the expression 
of postsynaptic density protein 95 (PSD-95), a 
key protein involved in the spine morphology, 
maturation, and function. Furthermore, the 
distribution of PSD-95 along MSN dendrites 
was more clustered in Cd40–/– mice and 
more diffuse in Cd40+/+ mice. The changes 
observed in MSN cultured from Cd40–/–

mice were prevented by activation of CD40L 
reverse signalling, suggesting that reverse 
signalling also influences dendrite spine 
morphology by regulating the expression and 
distribution of proteins that control spine 
shape and maturation (Carriba et al., 2020).

While hippocampal pyramidal neurons 
and striatal MSNs co-express CD40 and 
CD40L, because these neurons cannot 
be cultured at very low density, it has not 
been possible to formally demonstrate 
that CD40L/CD40 signaling operates by an 
autocrine mechanism in these CNS neurons. 
Furthermore, because of this and the poor 
understanding of the roles of neurotrophic 
factors in regulating the development of 
CNS neurons, it has not been possible 
to test whether CD40L/CD40 signaling is 
regulated by neurotrophic factors in the 
CNS. However, because MSNs and pyramidal 
neurons can be harvested in much larger 
numbers than PNS neurons, there has 
been much better progress in identifying 
the intracellular signaling pathways that 
med iate  the  effec ts  o f  CD40L/ CD40 
signaling in influencing the growth of CNS 
processes. Using a combination of western 
blot analysis, pharmacological drugs and 
siRNA knockdown, we established that the 
morphological effects mediated by CD40L 
reverse signaling in pyramidal and MSNs are 
dependent on activation of protein kinase 
C (PKC), with the PKCβ isoform required in 
pyramidal neurons and the PKCγ isoform 
required in MSNs (Carriba and Davies, 2017). 

Furthermore, in pyramidal neurons, we 
started to identify the downstream molecular 
components after CD40L engagement. Initial 
in silico analysis using the STRING database 
(https://string-db.org/), which determines 
possible protein-protein interactions, 
identified Syk, a nonreceptor tyrosine kinase 
highly expressed in cells of the immune 
system, as a common partner for CD40L 
and PKCβ. Activation of receptors of the 
adaptive immune response results in Syk 
recruitment to the cell membrane in which 
it plays a key role in signal transduction. 
Immunoprecipitation studies using pyramidal 
neurons confirmed the interaction of Syk 
with PKCβ, but not with PKCγ, suggesting 
that activation of CD40L reverse signaling in 
pyramidal neurons results in the formation 

of a molecular complex comprising CD40L, 
PKCβ, and Syk  (Carriba and Davies, 2020).      

This  in  s i l ico  analys is  a lso ident i f ied 
extracellular regulated kinases 1 and 2 
(ERK1/2), c-Jun N-terminal kinase (JNK) 
and several regulatory proteins of these 
signaling pathways. Indeed, western blotting 
experiments using pharmacological reagents 
suggest that PKC, ERK1/2 and JNK participate 
in a molecular network that is responsible 
for the regulation of axon and dendrite 
growth in developing pyramidal neurons 
following the activation of CD40L reverse 
signaling (Carriba and Davies, 2020). These 
three signaling proteins have been each 
separately implicated in the regulation of 
growth and/or branching in several neuronal 
models by numerous extrinsic factors, 
including CD40L/CD40 (Carriba and Davies, 
2017; Howard et al., 2019). Engagement of 
CD40L reverse signaling causes activation of 
all three signaling pathways in hippocampal 
pyramidal neurons. However, analysis of the 
effects of pharmacological activators and 
inhibitors of these pathways on axon and 
dendrite growth elicited by reverse signalling 
revealed that activation of PKC and ERK1/2 
enhanced the growth while activation of 
JNK inhibited growth. Combinations of these 
pharmacological reagents in morphological 
and phosphorylation experiments showed 
that these signaling pathways regulate axon 
and dendrite growth by functioning as an 
interconnected and interdependent network. 
The morphological studies provided the 
hierarchy in which these proteins act, and 
the phosphorylation studies showed that 
when CD40L reverse signaling is engaged 
the phosphorylation level of each particular 
protein is differentially and distinctively 
regulated by the other two s ignal ing 
pathways. Briefly, our findings showed that 
JNK plays a dominant role, its inhibition 
being necessary for the growth-promoting 
actions of PKC and ERK1/2. Moreover, JNK 
phosphorylation is fine-tuned by PKC and 
ERK1/2. These features along with the fact 
that CD40L engagement phosphorylates 
JNK suggest that JNK activation may be a 
checkpoint loop that controls whether or 
not growth continues depending on the 
phosphorylation status of PKC and ERK1/2. 
Remarkably, in all combinations in which 
PKC was active, the levels of pJNK increased, 
suggesting that the role of JNK activation is 
related to growth termination (Carriba and 
Davies, 2020).

These findings might provide clues about 
the molecular mechanism by which CD40L 
reverse signaling regulates the growth in 
other neuronal cells. In this regard, we have 
preliminary data indicating that in MSNs 
the restriction of the neurite growth and 
elaboration mediated by CD40L reverse 
signaling is also regulated by PKC, ERK1/2 
and JNK, although the function, hierarchy 
and phosphorylation regulation differ from 
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pyramidal neurons.

Final remarks: Abnormalities in the size 
and elaboration of neural processes and in 
spine number and structure are observed 
in many neurodevelopmental disorders 
and neurodegenerative diseases (Koleske, 
2013). While several studies have shown 
that CD40L and CD40 play important 
and diverse roles in neural development 
in the PNS and CNS (Figure 1), there is 
some evidence implicating CD40L/CD40 
signaling in neuropathology. Mutations in 
CD40L produce a syndrome characterized 
by severe developmental delay, ataxia, 
and seizure disorder with some physical 
abnormalities (Rauch et al., 1999) and there 
is some evidence implicating CD40L/CD40 
signaling in Alzheimer’s disease (Tan et al., 
2002). In future work, it will be important 
to investigate the potential participation 
of CD40L/CD40 signaling in the etiology 
and/or progression of neuropathological 
disorders. Given the important role of 

CD40L/CD40 signal ing in the immune 
system, the inflammatory response that 
accompanies many neurological disorders 
may affect the nervous system by changes 
in CD40L/CD40 signaling. Moreover, given 
the marked inf luence of CD40L/CD40 
signaling on the growth of neural processes, 
it  wil l  be important to investigate its 
potential involvement in neural injury and 
regeneration. Such work may have important 
therapeutic implications. 

This work was supported by the Wellcome 
Trust (grant No. 103852).

Paulina Carriba*, Alun M. Davies
School of Biosciences, Cardiff University, Museum 
Avenue, Cardiff CF10 3AX, Wales, UK
*Correspondence to: Paulina Carriba, PhD,
paulina.carriba@gmail.com.
https://orcid.org/0000-0002-6980-2277 
(Paulina Carriba)
Date of submission: August 27, 2020  
Date of decision: September 14, 2020  

Date of acceptance: November 5, 2020  
Date of web publication: January 7, 2021

https://doi.org/10.4103/1673-5374.303025
How to cite this article: Carriba P, Davies AM 
(2021) CD40L/CD40 bidirectional signaling is a 
major regulator of neuronal morphology in the 
developing nervous system. Neural Regen Res 
16(8):1539-1541. 
Copyright license agreement: The Copyright 
License Agreement has been signed by both 
authors before publication.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access 
journal, and articles are distributed under the 
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which 
allows others to remix, tweak, and build upon the 
work non-commercially, as long as appropriate 
credit is given and the new creations are licensed 
under the identical terms. 

References
Calhan OY, Wyatt S and Davies AM (2019) CD40L 

reverse signaling suppresses prevertebral 
sympathetic axon growth and tissue innervation. 
Develop Neurobiol 79:949-962. 

Carriba P, Davies AM (2017) CD40 is a major regulator 
of dendrite growth from developing excitatory and 
inhibitory neurons. Elife 6:e30422. 

Carriba P, Davies AM (2020) How CD40L reverse 
signaling regulates axon and dendrite growth. Cell 
Mol Life Sci doi: 10.1007/s00018-020-03563-2.

Carriba P, Wyatt S, Davies AM (2020) CD40L reverse 
signaling influences dendrite spine morphology 
and expression of PSD-95 and rho small GTPases. 
Front Cell Dev Biol 8:254. 

Davies AM, Bandtlow C, Heumann R, Korsching S, 
Rohrer H, Thoenen H (1987) Timing and site of 
nerve growth factor synthesis in developing skin 
in relation to innervation and expression of the 
receptor. Nature 326:353-358. 

Eissner G, Kolch W, Scheurich P (2004) Ligands 
working as receptors: reverse signaling by members 
of the TNF superfamily enhance the plasticity of 
the immune system. Cytokine Growth Factor Rev 
15:353-366. 

Howard L, McWilliams TG, Wyatt S, Davies AM (2019) 
CD40 forward signaling is a physiological regulator 
of early sensory axon growth. Development 
146:dev176495.

Koleske AJ (2013) Molecular mechanisms of dendrite 
stability. Nat Rev Neurosci 14:536-550. 

McWilliams TG, Howard L, Wyatt S, Davies AM (2015) 
Regulation of autocrine signaling in subsets of 
sympathetic neurons has regional effects on tissue 
innervation. Cell Reports 10:1443-1449. 

Rauch A, Feindt K A, Leonard CO, Thompson JA, 
Hoffman RO, Creel DJ, Opitz JM (1999) Previously 
apparently undescribed autosomal recessive MCA-
MR syndrome with light fixation, retinal cone 
dystrophy, and seizures: the M syndrome. Am J 
Med Genet 82:194-198.

Tan J, Town T, Crawford F, Mori T, DelleDonne A, 
Crescentini R, Obregon D, Flavell RA, Mullan 
MJ (2002) Role of CD40 ligand in amyloidosis in 
transgenic Alzheimer’s mice. Nat Neurosci 5:1288-
1293. 

Vogel KS, Davies AM (1991) The duration of 
neurotrophic factor independence in early sensory 
neurons is matched to the time course of target 
field innervation. Neuron 7:819-830. 

C-Editors: Zhao M, Song LP; T-Editor: Jia Y

Figure 1 ｜ Summary of the roles of CD40/CD40L bidirectional signaling in neural development in 
central and peripheral neurons.
CD40 and CD40L are co-expressed in pyramidal neurons, medium spiny neurons, dorsal root ganglion 
neurons, superior cervical ganglion neurons, and paravertebral ganglion neurons. In peripheral neurons, 
CD40L/CD40 signaling operates by an autocrine mechanism, and in central neurons, CD40L and CD40 
can also be obtained from glial cells. See the text for the functions of CD40/CD40L signaling in regulating 
the growth of neural processes in each kind of neurons. NGF: Nerve growth factor; PSD-95: postsynaptic 
density protein 95.    
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