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Inserting new synaptic connections 
into damaged neural circuits: 
towards synapse therapy?

Recovery from neural damage often 
requires reorganization of remaining 
neural tissue, including the formation 
of new synaptic connections between 
surviving neurons. Such rewiring may 
restore disrupted information flow caused 
by neuronal loss, and help adjust altered 
neural circuitry to reestablish diminished 
functionality. On occasion, proper rewiring 
may occur spontaneously, leading to 
successful recovery (Joy and Carmichael, 
2021). However, in many cases natural 
rewiring is insufficient, and may even 
cause maladaptive deterioration due to 
miswiring (Nava and Röder, 2011). To 
overcome this, several interventional 
strategies have been developed to assist in 
the recovery process, by guiding synaptic 
rewiring in desirable directions (Su and Xu, 
2020). For example, enhanced usage of 
the affected limbs or the impaired mental 
capacities can stimulate proper activity-
dependent rewiring (Ganguly and Poo, 
2013). Pharmaceutical targeting of specific 
molecular pathways (Joy and Carmichael, 
2021) can bolster desirable plasticity 
processes  and suppress  unwanted 
ones. Cell-based therapy (Wechsler et 
al., 2018) can increase neurogenesis, 
replacing missing neurons and giving 
rise to new network connections. Brain-
Machine Interfaces can serve as artificial 
communication pathways within the 
nervous system or between neurons 
and artificial effectors in order to bypass 
broken l inks in disrupted networks 
and establish new prosthetic neuronal 
connections (Wolpaw et al., 2020).

Since synaptic connectivity is in part 
determined genetically, it is conceivable 
t h a t  a  c o m p l e m e n ta r y  t re a t m e n t 
approach,  based on d irect  genet ic 
insertion of new synaptic connections 
between target neurons in damaged 
neural circuits could, in principle, enable 
circuit recovery. But how can new specified 
synaptic connections be established in 
the nervous system? Where in the circuits 
should they be installed? Could they 
indeed enable recovery? In a recent study 
we have reported some initial steps taken 
to address these questions (Rabinowitch 
et al., 2021).

First, to simplify the problem, we focused 
on the relatively compact nervous system 
of  the 1-mm long nematode worm 
Caenorhabditis elegans (C. elegans), which 
consists of only ~300 neurons interlinked 
by several thousand mapped synaptic 
connections. Moreover, the genetic power 
enabled by this model animal facilitates 
rational design and precise engineering 
of synapses. Thus, if it proves possible to 
overcome neuronal damage in C. elegans 
using genetically inserted new synapses 
then this might reflect on more complex 
systems, and it would allow us to at least 
move on to the next level of exploration 
on the path towards synapse therapy.

The small number of C. elegans neurons 
implies that damage to individual cells may 
lead to noticeable behavioral impairments. 
Indeed, in our study we removed a specific 
pair of interneurons (named AIA) from 
the worms’ chemosensory neural circuit 
(Figure 1), and this caused a marked 
decline in the ability of the worms to 
navigate towards a source of an attractive 
odor. In particular, we showed that the 
removal of AIA neurons causes a break in 
information flow in the circuit, disrupting 
its ability to couple between ambient odor 
levels, detected by the AWC chemosensory 
neurons, and worm locomotion, regulated 
by various neurons, including AIA and 
AIB (Figure 1A), and thus undermining 
the capacity of worms to track potential 
sources of food (data not shown).

A potential synaptic approach for restoring 
the function of this damaged circuit could 
be to insert new synaptic connections 
between the remaining AWC and AIB 
neurons, thus reinforcing this surviving 
information route (Figure 1B). To do this, 
we applied a technique that we have 
previously developed (Rabinowitch et al., 
2014), based on ectopically expressing the 
mammalian gap junction protein, connexin 
36,  in  specif ic  C.  e legans  neurons, 
causing new electrical synapses to form 
between these neurons. Moreover, since 
invertebrates, such as C. elegans, do 
not naturally form gap junctions from 
connexin proteins, but rather from a 
different protein family called innexins, 
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the new inserted electrical synapses are 
expected to specifically link the target 
neurons. This method has proven to 
be effective in modifying neural circuit 
function and worm behavior in various 
neural circuits under diverse conditions 
(e.g., Rabinowitch et al., 2016; Hawk et 
al., 2018; Choi et al., 2020). Indeed, when 
we expressed connexin in AWC and AIB 
neurons we were able to observe a strong 
recovery in odor-guided navigation.

This encouraging result shows that direct 
artificial rewiring of a damaged neural 
circuit, using genetically-encoded natural 
synapses, could promote functional 
recovery of  a  s imple neural  c ircuit 
following neuronal loss. Our study revealed 
however, also a further unanticipated 
benefit of synthetic electrical synapses. We 
noticed that in addition to the intended 
AWC-AIB connections, new synthetic 
electrical synapses formed also between 
the two AWC neurons themselves and 
between the two AIB neurons themselves 
(many C. elegans neurons are organized in 
pairs), and that even AWC coupling alone 
(Figure 1C), or AIB coupling alone, was 
sufficient for behavioral recovery. This was 
likely due to a general tendency of lateral 
electrical synaptic connections to amplify 
weak signals in neural circuits (Szczupak, 
2016). Thus, the dampening of neuronal 
responses following AIA removal could be 
offset by merely adding electrical synapses 
to groups of neurons along the disrupted 
pathway. We can therefore extrapolate 
that even in cases, in which the choice of 
patterns of artificial rewiring is not obvious 
or too complicated, simply inserting new 
electrical synapses between functionally 
equivalent groups of neurons associated 
with the damaged circuit could facilitate 
recovery, and in any case, may augment 
the effects of synthetic rewiring.

The path from this first demonstration of 
synapse-based recuperation of a lesioned 
neural circuit in C. elegans, to a future 
synapse therapy as a general means for 
restoring neural damage, is long and 
uncertain. To advance the possibility of 
synapse therapy, considerable work must 
be done. In particular, there still remains 
much to be learned in the relatively 
simple C. elegans system. For example, 
how generalizable is this approach? Could 
new synapses help bypass any form of 
circuit damage in any circuit? Are there 
particular patterns of disruption that are 
more amenable than others to synaptic 
treatment? How do inserted synapses 
affect other functions of the circuit and 
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other aspects of behavior? How does 
the insertion of synthetic synapses 
influence natural processes of plasticity 
and rewiring? In parallel, it is not too 
early to examine the efficacy of synapse 
therapy in more complex invertebrate as 
well as vertebrate systems. In particular, 
a s  w e  h av e  p re v i o u s l y  s u g g e s t e d 
(Rabinowitch et al., 2014), invertebrate 
innexin gap junction proteins could be 
used in vertebrate systems, in analogy to 
our use of vertebrate connexin proteins 
in C. elegans. These ectopic innexins 
could enable the construction of lateral 
networks within homologous neuronal 
populations or even bridge between 
two distinct populations if expressed in 
two different cell types. Furthermore, by 
combining different compatible innexin 
proteins, more refined features such 
as rectification could be implemented, 
enabling the study of genetically inserted 
synapses in conjunction with brain-
machine-brain interfaces, and how they 
can offer different or combined bypasses 
for neural rerouting following damage.

Ultimately, we envision a day, in which 
the toolkit for brain repair will combine a 
diversity of powerful and complementary 
m e t h o d s ,  i n c l u d i n g  o u r  p ro p o s e d 
synapse-based therapy, to enable precise, 
personalized and optimal treatment of 
neural damage.
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Figure 1 ｜ Circumventing neural damage in a C. elegans circuit for chemotaxis. 
(A) Simplified circuit diagram illustrates information flow in the circuit. The AWC chemosensory neurons 
respond to changes in ambient odor levels and transmit information in an AWC→AIA→AIB pathway as 
well as a direct AWC→AIB pathway. The AIA and AIB neurons participate in regulating locomotion. (B) 
Removal of the AIA neurons interrupts proper information flow in the circuit, and diminishes odor-guided 
navigation (not shown). To circumvent this damage, we reinforced the AWC→AIB pathway by genetically 
inserting a new electrical synapse between AWC and AIB. This led to behavioral recovery (not shown). (C) 
AWC-AIB synaptic insertion led also to the inadvertent formation of new synaptic connections between 
the two AWC neurons themselves (as well as between the two AIB neurons). We found that this synthetic 
electrical coupling in itself helped restore circuit function, due to the amplification of weakened signals in 
the damaged circuit. AIA, AIB and AWC are names of C. elegans neurons. 


