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Neurotransmitter switching is a form of brain plasticity in which an environmental stimulus causes neurons to replace one
neurotransmitter with another, often resulting in changes in behavior. This raises the possibility of applying a specific envi-
ronmental stimulus to induce a switch that can enhance a desirable behavior or ameliorate symptoms of a specific pathology.
For example, a stimulus inducing an increase in the number of neurons expressing dopamine could treat Parkinson’s disease,
or one affecting the number expressing serotonin could alleviate depression. This may already be producing successful treat-
ment outcomes without our knowing that transmitter switching is involved, with improvement of motor function through
physical activity and cure of seasonal depression with phototherapy. This review presents prospects for future investigation of
neurotransmitter switching, considering opportunities and challenges for future research and describing how the investigation
of transmitter switching is likely to evolve with new tools, thus reshaping our understanding of both normal brain function
and mental illness.

Introduction
Synaptic plasticity, defined as the activity-dependent modification
of synaptic transmission, consists of a group of phenomena
through which the neural activity generated by experience modi-
fies neural circuit function, thereby influencing behavior. Classical
forms of synaptic plasticity involve changes in synaptic strength
(change in quantal content, quantal size, and/or postsynaptic
receptors), synapse number (synaptogenesis or synaptic pruning),
and electrical excitability (altered postsynaptic membrane proper-
ties; Citri and Malenka, 2008). Neurotransmitter switching is a
newly recognized form of plasticity that involves the loss of one
neurotransmitter and the gain of another in the same neuron
(Borodinsky et al., 2004; Dulcis et al., 2013; Guemez-Gamboa et
al., 2014; Li and Spitzer, 2020), typically in response to sustained
stimulation for hours to days.

At the molecular level, transmitter switching is regulated by
cytokines (Yamamori et al., 1989), growth factors (Yang et al.,
2002; Marek et al., 2010; Guemez-Gamboa et al., 2014), transcrip-
tion factors (Demarque and Spitzer, 2010), microRNAs (miRNAs;
Dulcis et al., 2017), and epigenetic mechanisms (Pritchard et al.,
2020), and it is accompanied by matching changes in postsynaptic
neurotransmitter receptors that enable continued function of the
synapse (Borodinsky and Spitzer, 2007; Dulcis and Spitzer, 2008;
Dulcis et al., 2013; Bertuzzi et al., 2018). In the majority of cases,
switching changes the synapse from excitatory to inhibitory or
vice versa (Spitzer, 2017) and it is causally linked to changes in
behavior (Li and Spitzer, 2020). In combination with Hebbian and
homeostatic plasticity, switching forms a triumvirate of forms of
plasticity that enables changes in synaptic strength (Penn and
Shatz, 1999), synaptic scaling (Turrigiano, 2008) and reversal of

synaptic sign (Spitzer, 2017). Transmitter switching has been stud-
ied in many species, including Caenorhabditis elegans (Pocock and
Hobert, 2010; Serrano-Saiz et al., 2013), zebrafish (Bertuzzi et al.,
2018), Xenopus (Borodinsky et al., 2004; Dulcis and Spitzer, 2008;
Demarque and Spitzer, 2010; Dulcis et al., 2017), and rats and
mice (Patterson and Chun, 1977; Schotzinger and Landis, 1988;
Dulcis et al., 2013; Meng et al., 2018; Li and Spitzer, 2019, 2020;
Romoli et al., 2019; Prakash et al., 2020).

Changes in transmitter expression and excitation–inhibition
imbalance have been implicated in neurologic and psychiatric
disorders (Lopatina et al., 2019; Sohal and Rubenstein, 2019).
Interestingly, transmitter switching has been associated with be-
havioral alterations in several psychiatric illnesses, including anxi-
ety and depression (Dulcis et al., 2013), drug abuse (Romoli et al.,
2019; Prakash et al., 2020, Pratelli and Spitzer, 2019), autism spec-
trum disorder (Godavarthi and Spitzer, 2017), and post-traumatic
stress disorder (Li and Spitzer, 2019). A deeper understanding of
this form of neuroplasticity may enable future manipulations of
transmitter switching in human subjects for therapeutic purposes.
Indeed, some transmitter switches yield beneficial effects (Li and
Spitzer, 2020), suggesting the possibility of harnessing transmitter
switching as a restorative treatment. However, obtaining a benefi-
cial or therapeutic effect by voluntary induction of transmitter
switching through the application of specific stimuli requires sub-
stantial research. The time and resource intensiveness of methods
used currently have prevented analysis of transmitter switching at
whole-brain scale and have limited the number of environmental
stimuli that have been investigated. To exploit the full potential of
neurotransmitter switching, tools enabling rapid, automatic, and
brain-wide screening of the incidence transmitter switching are
needed.

In this article, we propose new tools to aid in efficient and
high-throughput study of transmitter switching, discuss the gaps
in our understanding, and identify new lines of investigation.
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Finally, we discuss how the understanding gained from studying
switching and its behavioral impact in animal models can inform
treatment strategies for neurologic and psychiatric disorders in
humans.

Available tools
Tools are currently available that can accelerate progress in better
understanding transmitter switching by substantially increasing
the efficiency of analysis. One useful strategy involves combining
labeling of switching cells with genetically encoded fluorescent
reporters, whole-brain tissue clarification, high-resolution whole-
brain scanning, and use of algorithms for automatic cell quantifi-
cation. These tools are already widely used in research, although
some optimization may be needed for specific applications.
Another valuable approach entails live imaging of individual neu-
rons in situ, using either implanted minicams or in vivo two-pho-
ton imaging of the brains of transgenic animals expressing
fluorescent protein reporters. Such studies will enable analysis of
the kinetics of switching and the temporal order of transmitter
loss and gain at the level of single neurons. A third important
direction involves the study of synaptic physiology. Anatomical
studies of transmitter switching, identifying newly expressed
transmitters and their matching receptors, have shown that
changes in presynaptic transmitter expression are accompanied
by changes in postsynaptic receptor expression (Borodinsky and
Spitzer, 2007; Dulcis and Spitzer, 2008; Dulcis et al., 2013;
Bertuzzi et al., 2018). Demonstrations of the causal link between
transmitter switching and changes in behavior provide support
for the integrity of synapse function (Li and Spitzer, 2020).
Because the presynaptic changes generally appear to involve a
change from an excitatory to an inhibitory transmitter or vice
versa, there is urgency to making presynaptic and postsynaptic
recordings before and after switching to confirm the change in
sign of the synaptic signal.

Tools to develop
Genetic mouse models
Current genetic labeling approaches often use mouse, fish, fly, or
worm lines expressing the Cre or Flp recombinase under the con-
trol of cell-specific promoters that drive the expression of Cre-
dependent or Flp-dependent reporters (Sauer, 1998; Bouabe and
Okkenhaug, 2013). Here we consider two examples of refine-
ments of this basic strategy, focusing on the switch involving glu-
tamate and GABA (Fig. 1A), since these are the most abundant
transmitters in the brain.

One approach to genetically label switching neurons uses
a mouse that carries (1) a tamoxifen-inducible recombinase
CreERT (Metzger and Chambon, 2001) under the control of the
promoter of vGluT1 (vesicular glutamate transporter 1) specifi-
cally expressed in glutamatergic neurons; (2) an Flp recombinase
under control of the promoter of GAD1 (glutamate decarboxylase
1) specifically expressed in GABAergic neurons; (3) a dual Cre-
dependent and Flp-dependent reporter (e.g., far red katushka
photoprotein; Jensen and Dymecki, 2014); (4) a GFP under con-
trol of the promoter of GAD1 (Tamamaki et al., 2003); and (5) a
nuclear localized H2B-mCherry under control of the promoter of
vGluT1 (Fig. 1B). With this mouse, after the induction of CreERT

with tamoxifen before the exposure to a switching-inducing
stimulus, only neurons coexpressing GAD1 and vGluT1 express
katushka. After exposure to the stimulus, the number of
katushka-positive neurons will increase to include switching neu-
rons. The presence of the H2B-mCherry and the GFP reporters,

which label, respectively, neurons expressing vGluT1 or GAD1 at
the time of analysis, will distinguish switching neurons from
coexpressing ones. Neurons that switch from glutamate to GABA
will coexpress katushka and GFP, but not mCherry. Similarly, if
tamoxifen is administered during the exposure of the inducing
stimulus, coexpression of katushka and H2B-mCherry will iden-
tify neurons that switch from GABA to glutamate. This strategy
will be useful for single-cell sorting followed by RNA sequencing
(RNAseq; Okaty et al., 2015) or multimodal profiling (Stuart and
Satija, 2019), and particularly for whole-brain screening for trans-
mitter switching.

It is worth mentioning that a switch may involve a change in
the levels of transmitters rather than complete replacement (Li
and Spitzer, 2020). If so, a primarily glutamatergic neuron with a
low level of GAD1 expression could express katushka before the
switch when low levels of dual Cre/Flp expression are sufficient to
induce the expression of the dual reporter. In such cases, switch-
ing neurons could not be distinguished by katushka expression
alone. However, a switch would be identified when the numbers
of neurons doubly positive for katushka and mCherry or
katushka and GFP differ between the experimental mice exposed
to the switch-inducing stimulus and control mice that were not
exposed to the stimulus.

An alternative approach to genetically labeling a switch
from glutamate to GABA uses a mouse expressing (1) a
CreERT tamoxifen-inducible recombinase under control of
the vGluT1 promoter; (2) a Cre-dependent H2B-katushka re-
porter; (3) a GFP under control of the promoter of GAD1; and
(4) a nuclear localized H2B-mCherry under control of the
promoter of vGluT1. Tamoxifen induction of CreERT recom-
binase activity just before exposing the mouse to the environ-
mental stimulus under investigation will permanently mark
glutamatergic neurons with katushka. After stimulus expo-
sure, it will be possible to immediately distinguish which glu-
tamatergic neurons have lost glutamate and gained expression
of GABA, as they will coexpress katushka and GFP but not
vGluT1-driven H2B-mCherry. Neurons that have not
switched from glutamate to GABA will continue to express
katushka and H2B-mCherry, and coexpression of all three
reporters will identify glutamatergic neurons coexpressing
both GAD1 and vGluT1 (Fig. 1C). This strategy, allowing per-
manent labeling of glutamatergic neurons and real-time visu-
alization of changes in expression of GAD1 and vGluT1
through the expression of GFP and mCherry, respectively,
would be particularly suitable for two-photon in vivo imaging
(Katona et al., 2012) and for investigating the kinetics of
switching.

Though generating and maintaining mice carrying five knock-
in (KI) alleles at the same time is difficult with conventional
methods, the task is now significantly facilitated by CRISPR tech-
nology that allows the induction of multiple mutations at the
same time, as well as the insertion of additional mutations into
the genome of an already established KI mouse line (Burgio,
2018). These two different mouse models, despite sharing some
similarities, possess specific features that make each of them more
suitable for specific applications. For example, the mouse
described in Figure 1B has the advantage of allowing the detection
of transmitter switching from glutamate to GABA as well as from
GABA to glutamate, on adjustments in the experimental design,
whereas the line described in Figure 1C can be used to visualize
only the glutamate-to-GABA switch. Another important advant-
age of the mouse line described in Figure 1B is the quick and easy
detection of brain regions in which switching occurs, which will
show an increase in the number of katushka-positive cells. The
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presence of GFP and H2B-mCherry can then be evaluated to dis-
criminate between GAD1/vGluT1 coexpressing neurons and
switching cells with single-cell resolution. Instead, the mouse
described in Figure 1C, by combining permanent labeling of gluta-
matergic neurons and dynamic visualization of vGluT1 and GAD1
expression, is more suited for in vivo imaging of the dynamics of
transmitter switching than the model proposed in Figure 1B, in
which a stable katushka label appears only after the switch has
occurred. These and similar approaches will be useful in boosting
the efficiency of the search for switching neurons by accelerating
the process on a whole-brain scale and allowing in vivo imaging of
transmitter switching.

While genetically driven reporters can be widely applied in
rodents, their application in nonhuman primates has been chal-
lenging, making it difficult to expand research to these model sys-
tems. Recent development and use of genetic tools in monkeys
and marmosets (Chen et al., 2016; Kang et al., 2019) make investi-
gations of transmitter switching in these animals amenable for
study in the near future.

High-throughput multicolor imaging methods
Brain-wide screening of transmitter switching in rodent brains
will be facilitated by high-throughput multicolor imaging sys-
tems. Such large-scale imaging should be (1) automatic and fast
to allow high-throughput screening, (2) at single-cell spatial reso-
lution to enable identification of transmitter switching, and (3)
dual-channel or triple-channel capable to distinguish one genetic
marker from another (e.g., with GFP, mCherry, and katushka, as
described above). A variety of cutting edge imaging technologies
have recently been developed to meet these requirements. Light
sheet imaging of the cleared brain enables high-speed optical sec-
tioning to map labeled cells in reporter mouse brains (Dodt et al.,
2007), and multiple clearing methods are currently available with
different distinguishing features (Susaki et al., 2014; Tomer et al.,
2014; Hama et al., 2015). Expansion microscopy methodology is
an option to acquire higher-resolution images of cleared whole-
brain tissues (Park et al., 2019). In addition, serial section imaging
methods have been developed to achieve high spatial resolution
without tissue clearance (Ragan et al., 2012; Seiriki et al., 2019).

Figure 1. Genetic reporters of transmitter switching in the adult brain. A, Glutamate to GABA is the most frequently observed switch. B, C, Strategies for genetic labeling of switching neu-
rons. Left to right, mouse genotype, fluorescent reporters expressed before stimulation, after activation of CreERT recombinase by tamoxifen, and after switching has been induced. B, This strat-
egy will provide high-throughput brain-wide identification and quantification of transmitter switching. C, This strategy will yield real-time information about the kinetics of switching in
relation to stimulus activity.
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Although it takes longer (3d) to image a single mouse brain, the
higher resolution that these methods can achieve allows 3D visu-
alization of axonal projections from single neurons (Li et al.,
2010; Gong et al., 2016). Faster acquisition of 3D images can be
achieved with block-face serial microscopy tomography (FAST),
which uses the multipinhole imaging method by spinning-disk
confocal microscopy (Seiriki et al., 2017). For screening transmit-
ter switching, FAST seems a particularly appealing approach
because it is less demanding in microscopy setup and data acqui-
sition systems and achieves single-cell resolution without con-
cerns for tissue shrinkage or expansion. These advanced imaging
technologies provide opportunities for global screening of trans-
mitter switching, although they are currently not available at
many research institutions and are still expensive.

Expanded positron emission tomography
Positron emission tomography (PET) scanning has been used to
evaluate levels of dopamine, serotonin, glutamate, GABA, and ac-
etylcholine (ACh) transporters and receptors in the brain
(Lancelot and Zimmer, 2010). Because transmitter transporters
regulate transmitter levels and synaptic transmission (Liu et al.,
1999), and transmitter receptors change to match changes in neu-
rotransmitters (Borodinsky and Spitzer, 2007; Dulcis and Spitzer,
2008; Dulcis et al., 2013; Bertuzzi et al., 2018), this technology
may be used to indirectly identify potential switching neurons
noninvasively in human subjects (Alpert et al., 2003). PET scans
of subjects with schizophrenia, mood disorders, or drug abuse
have provided important insights into the pathophysiology, diag-
nosis, and prognosis of these conditions (Newberg et al., 2011).
Radiotracers, now available for some but not all classes of trans-
mitter transporters and receptors, may be used to identify trans-
mitter switching (Rice et al., 2001; Heiss and Herholz, 2006). The
development of new tracers will broaden the application of this
preclinical approach.

Cellular analysis of neurotransmitter switching
Where does transmitter switching occur?
Whether all neurons are capable of switching or if this is re-
stricted to particular classes of neurons is an open question. The
propensity for plasticity changes during development and the
threshold depends on both the type of neuron and its function in
its circuitry (Kolb and Gibb, 2011). Similar features can be fore-
seen for transmitter switching. It is likely that some neurons
switch transmitters easily while others have a high threshold for
switching. High-throughput single-cell RNA sequencing (Lake et
al., 2016; Rosenberg et al., 2018) may be a useful approach to
identify neurons that are capable of switching transmitters.

Transmitter switching in the cell body is accompanied by
switching in axon terminals in the adult brain (Dulcis et al., 2013)
and the developing brain (Nabekura et al., 2004; Dulcis and
Spitzer, 2008). The observation that neurons can coexpress two
transmitters and release them selectively from different presynap-
tic terminals (Mentis et al., 2005; Nishimaru et al., 2005) raises
the possibility that in some cases switching can occur at the level
of nerve terminals and synapses without a change in the expres-
sion of transmitters in the neuronal cell body. Novel and more
comprehensive screening strategies will be needed to detect such
changes.

Which transmitter pairs switch in single neurons?
Learning which transmitters can be expressed or suppressed in
specific neurons and identifying the switch partners with which

they are paired is an intriguing problem. Excitatory transmitters
generally have inhibitory transmitters as switch partners and vice
versa (Spitzer, 2017), although the ultimate determinants of syn-
aptic sign are the receptors. Classical low-molecular-weight trans-
mitters have been observed to switch with other classical
transmitters (Grant et al., 1995; Godavarthi and Spitzer, 2017; Li
and Spitzer, 2019, 2020; Pratelli and Spitzer, 2019; Romoli et al.,
2019; Prakash et al., 2020) and with peptide transmitters (Dulcis
et al., 2013; Zambetti et al., 2017). There does not presently seem
to be a reason to anticipate that members of any class of transmit-
ters are forbidden switch partners.

It seems unlikely that individual neurons are capable of
expressing all of the;100 known or suggested neurotransmitters.
What are the limitations to the number and variety of transmit-
ters that can be expressed by a single neuron? One may imagine
that particular neurons have the potential to express a specific
subset of transmitters when required by environmental condi-
tions. The question then becomes how is transmitter switching
achieved? Transcriptional dependence has been observed and
may be a common mechanism (Dulcis et al., 2013; Meng et al.,
2018; Li and Spitzer, 2020). Nonetheless, transcripts of neuro-
transmitter synthetic enzymes have also been observed in the ab-
sence of the detection of the enzymes themselves (Meng et al.,
2018), suggesting that regulation at translational or post-transla-
tional levels can be involved.

How rapidly do transmitters switch?
Transmitter switching generally requires prolonged stimulation.
It has been observed after as little as a few hours of sustained
stimulation in the developing Xenopus CNS (Dulcis and Spitzer,
2008) or as long as a period of days in the adult rodent brain
(Dulcis et al., 2013; Li and Spitzer, 2020). Direct in vivo observa-
tion of transmitter switching combining minicam or two-photon
microscopy with genetically encoded reporters will likely enable
earlier detection. As more information about the regulatory signal
transduction cascades becomes available, it may be possible to
detect even earlier signs of switching. Change in expression of the
vesicular transporter in presynaptic terminals occurs consistently
with the transmitter switch in the cell bodies (Li and Spitzer,
2020). However, whether the switch in presynaptic terminals
occurs at the same rate as in cell bodies remains an open question.
The gain and loss of transmitters appear to occur in close tempo-
ral order, but whether one usually precedes the other is currently
unknown.

Is transmitter switching reversible?
Mice voluntarily running on a running wheel for �1 week
undergo changes in behavior associated with transmitter switch-
ing in the pedunculopontine nucleus (PPN) and in the hilus of
the dentate gyrus (DG). The switches in the PPN (from ACh to
GABA) and in the hilus (from NPY to glutamate) reverse sponta-
neously after 1 week of rest (Zambetti et al., 2017; Li and Spitzer,
2020). In contrast, the changes in behaviors persist. This raises
the possibility that the primary transmitter switch induces sec-
ondary changes in downstream brain regions and potentially a
secondary switch (Fig. 2), which in turn allows the behavioral
alterations to persist.

How does the capability for transmitter switching change
with age?
Brain plasticity is developmentally regulated, raising the possibil-
ity of specific time windows of plasticity during which the poten-
tial of a specific subset of neurons to undergo transmitter
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switching is enhanced. Brain plasticity typically seems to decline
with age. In rodents, the number of neurons generated in the sub-
granular zone of the dentate gyrus decreases with aging (Bizon et
al., 2004; Enwere et al., 2004; Amrein et al., 2011). Long-term
potentiation (LTP) and long-term depression are reduced with
aging in rodents and humans (Barnes, 1979; Deupree et al., 1991;
Norris et al., 1996; Dieguez and Barea-Rodriguez, 2004; Spriggs et
al., 2017). A similar decline has been observed for transmitter
switching, as photoperiod-induced dopamine-to-somatostatin
switching in the hypothalamus is reduced in aged rats (Pritchard
et al., 2020).

The development of brain circuitry and function arises out of
complex interactions between genetic and environmental influen-
ces. However, describing the emergence of complex traits, such as
mating behavior, language, or reading, during the lifetime of an
animal has been a challenge for scientists. Charles Darwin elabo-
rates in The Origin of Species how many complex traits evolved
from earlier traits that served different functions. This “repurpos-
ing” or “exaptation” (Gould and Vrba, 1982) of existing traits can
occur at the genetic level when one gene results in or influences
more than one phenotype (pleiotropy). It can also occur at the
circuit level when pre-existing circuits are co-opted for new func-
tions (neural plasticity). Circuits that evolved and develop for ba-
sic function X are co-opted for a new function Y with maturation
of the animal. Maturation can in turn comprise several factors
such as age, sex, internal state, and learning. For example, in
rodents, brain regions involved in olfaction are co-opted for
courtship behaviors during sexual maturation (Hull and
Dominguez, 2007), and in female rodents brain regions involved
in sexual behavior are co-opted for postpartum maternal care
(Pereira and Morrell, 2011). In humans, Broca’s area and
Wernicke’s area, which serve as association and memory storage
areas, are co-opted during maturation to serve as language areas
(Cooper, 2006). The role of switching in exaptation has been
unexplored.

Molecular regulation of neurotransmitter
switching
What is the role of electrical activity in transmitter switching?
Sustained change in neuronal activity plays a critical role in the
induction of switching, as shown by studies of the developing
Xenopus nervous system (Spitzer, 2012) and the adult rodent
brain (Meng et al., 2018; Li and Spitzer, 2020). In Xenopus, pro-
longed suppression of neuronal activity has been shown to cause
transmitter switching (Borodinsky et al., 2004; Demarque and
Spitzer, 2010). In rats, exposure to a long-day photoperiod indu-
ces switching from dopamine to somatostatin in a subset of
neurons in the paraventricular hypothalamic nucleus (PaVN;
Dulcis et al., 2013); this is associated with an increase in
neuronal activity in this region. Suppressing this increase in ac-
tivity specifically in dopaminergic PaVN neurons, through
selective expression of inward rectifier potassium channels, is
sufficient to suppress transmitter switching (Meng et al., 2018).
Furthermore, suppressing the activity of glutamatergic neurons
in the PaVN is sufficient to induce a decrease in the number of
dopaminergic neurons that is similar to that observed after ex-
posure to the long-day photoperiod. This evidence has been
important to establish a causal relationship between neuronal
activity and transmitter switching in the adult rodent brain and
to demonstrate the feasibility of inducing switching through
manipulation of neuronal activity in vivo.

It is now possible to implement novel experimental paradigms to
manipulate neuronal firing in the adult rodent brain to investigate
the forms of activity that modulate neurotransmitter identity. An im-
portant first step will be to image electrical activity in vivo using two-
photon microscopy or implanted minicams and genetically encoded
calcium or voltage sensors (Chen et al., 2013) expressed in neurons
expected to undergo switching. Understanding the natural patterns
of activity is important to determine the physiological parameter
space before introducing experimental manipulations. Selective
manipulation of neuronal activity will then be useful for dissecting
the activity requirement for transmitter switching in vivo. To achieve
this goal, optogenetic stimulation (Mahmoudi et al., 2017) or chemo-
genetic stimulation (Sternson and Roth, 2014) of neurons with chan-
nelrhodopsins (ChRs) or designer receptors exclusively activated by
designer drugs (DREADDS) can be combined with the use of geneti-
cally encoded reporters (Fig. 1D) to artificially induce switching
through activity manipulation.

To determine whether and in which neuronal populations
switching is induced after optogenetic or chemogenetic stimula-
tion, Cre-dependent or Cre-ON/Flp-ON doubly inducible viral
vectors (Fenno et al., 2014) can be used to drive the expression
of ChR or DREADDs in specific subgroups of neurons. With
these tools, activity can be manipulated specifically in neurons
that are expected to switch, only in their neighboring neurons,
or in all neurons within a brain region. In addition, electrical
activity can be manipulated even more selectively within a spe-
cific population of neurons using Cre-ON/Flp-ON doubly in-
ducible viral vectors to observe the effects on both the targeted
neurons and the neighboring cells. Such studies may identify
the subgroups of neurons that undergo switching in response
to sustained stimulation of large populations and may help to
determine whether neuronal activity can drive transmitter switch-
ing through cell-autonomous or non-cell-autonomous mecha-
nisms in the adult brain.

What are the molecular mechanisms of transmitter
switching?
The molecular pathways that guide switching in the mammalian
brain are another essential aspect to be investigated. Although

Figure 2. Cascades of transmitter switching. A stimulus triggers a primary transmitter
switching event in one brain region (yellow rectangle), which then induces secondary switch-
ing (green rectangles) and even tertiary switching (blue rectangles). Prevention of transmit-
ter switching at the primary level will prevent the consequent secondary and tertiary events.
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transmitter switching is generally driven by sustained changes in
neuronal activity, relatively little is known about the downstream
molecular mediators. The importance of studying these mecha-
nisms is clear, as understanding the signaling cascades may iden-
tify opportunities for clinical manipulation of this neuroplasticity.
Indeed, given the obvious challenge of directly manipulating neu-
rotransmitters in the human brain, specific molecular mediators
of transmitter switching may be more druggable targets. If there
were a generic molecular mechanism by which transmitter
switching is regulated—perhaps a specific sustained elevation of
intracellular calcium, activation of particular immediate early
genes, or phosphorylation of a certain kinase—detecting its pres-
ence or absence would be straightforward. However, there is no
basis at present to assume a single mechanism, and this question
is outstanding.

One approach to initiate the study of molecular mechanisms
of neurotransmitter switching in the adult brain is to take
advantage of the knowledge obtained from studies of the devel-
oping brain. For example, it may be promising to test whether
the brain-derived neurotrophic factor (BDNF), its TrkB recep-
tor (Guemez-Gamboa et al., 2014), and/or specific miRNAs
(Dulcis et al., 2017) also mediate transmitter switching in the
adult brain.

Another approach to identifying molecular pathways that reg-
ulate transmitter switching in the adult is to use high-throughput
screening methodologies such as RNAseq or single-cell transcrip-
tomic profiling. RNAseq can use translating ribosome affinity pu-
rification (TRAP), with floxed TRAP mice crossed with specific
Cre mouse lines to enable cell type-specific TRAP expression
(Heiman et al., 2014; Nectow et al., 2017). Dissecting the tissue of
a selected brain region in these mice immediately after delivering
a switch-inducing stimulus, then extracting and sequencing the
mRNA that is being actively translated, will enable screening for
signaling molecules (e.g., transcription factors) that are either up-
regulated or downregulated. Changes in the levels of these mole-
cules will identify potential signaling mediators of transmitter
switching. This screening will provide the basis for further valida-
tion of the change and allow functional studies of the roles of
these molecules in transmitter switching.

Alternatively, the use of appropriate transgenic mouse lines
designed to specifically label switching neurons (Fig. 1) may
allow single-cell sorting followed by transcriptomic analysis.
Comparing the transcriptomes of cells that switch with those of
cells that do not switch in response to a specific stimulus could
illuminate the signal transduction cascades of this form of neuro-
plasticity. Additional information might be obtained by compar-
ing the profiles of different subtypes of neurons that switch in
response to different stimuli. Given that transmitter switching
involves changes in the transcription of genes encoding transmit-
ter synthetic enzymes (Dulcis et al., 2013; Li and Spitzer, 2020),
learning the identity of the transcription factors that regulate the
process and determining the way in which they interact combina-
torially is of interest. Overall, studying the mechanism underlying
switching will provide insight into the way this plasticity is
achieved and may identify switching that can be manipulated for
clinical benefit.

Epigenetic regulation is a strong candidate to play a role in
transmitter switching. Neuronal activity is central to its induction
and may drive gene expression through epigenetic mechanisms
(He et al., 2011; Su et al., 2017). For example, epigenetic modifica-
tions like DNA methylation and histone acetylation regulate the
ability of adult rat hypothalamic neurons to respecify their trans-
mitter in response to changes in the length of photoperiod

(Pritchard et al., 2020). It will be of interest to learn how epige-
netic regulation plays a role in other cases of transmitter
switching.

What is the relationship between transmitter switching and
transmitter coexpression?
Like transmitter switching, discovery of transmitter coexpression
challenges the “one neuron, one neurotransmitter” dogma
according to which synaptic transmission between two neurons
occurs through the release of a single chemical transmitter.
Coexpression and corelease of transmitters are now well docu-
mented throughout the mature mammalian brain (Tritsch et al.,
2016). Switching occurs in neurons that coexpress other transmit-
ters (Baker, 1990; Meng et al., 2018), as well as in neurons for
which only a single transmitter has been identified. This raises the
possibility that, at least in some circumstances, neurons express-
ing more than one transmitter are undergoing switching during
which coexpression is an intermediate phase. If this is true, a
snapshot of a neuron at any single time point would identify the
presence of several transmitters, but this would be a dynamic
rather than a permanent phenotype. Transient coexpression and
corelease of transmitters have been observed early in postnatal de-
velopment (Nabekura et al., 2004). If transmitter coexpression
involves transmitter switching, the same neurons that express
both GABA and glutamate under one condition, for example,
may show sole expression of GABA or glutamate under other
conditions. Expression of GABA, glutamate, or both would reflect
the state of the neurons and not their identity. Coexpressing neu-
rons could be considered as reserve pool neurons (Dulcis and
Spitzer, 2012) with high capability of adjusting their transmitter
identity in response to environmental requirements.

Switching postsynaptic receptors
What is the mechanism by which postsynaptic receptors change?
The functional success of transmitter switching presumably
depends on the change in identity of transmitter receptors
expressed by the postsynaptic target cell in response to the gain or
loss of transmitter in the presynaptic neuron, a process referred
to as receptor matching (Borodinsky and Spitzer, 2007; Dulcis
and Spitzer, 2008; Dulcis et al., 2013). Although a correlation
between switching and receptor matching has been repeatedly
observed, how one influences the other is not yet understood.
In the Xenopus larva, developing striated trunk-muscle cells
express multiple classes of transmitter receptors, most of which
disappear following cholinergic innervation of the neuromuscu-
lar junction and expansion of acetylcholine receptor expression.
Exogenous activation of glutamate receptors expressed on these
muscle cells in the absence of innervation is sufficient and nec-
essary for upregulation of these receptors, suggesting that
matching is achieved by increasing the expression of receptors
that are normally expressed at low levels (Hammond-
Weinberger et al., 2020). Whether this model of transmitter-
stimulated upregulation of preexisting receptors applies to re-
ceptor matching at neuron-to-neuron synapses is untested,
both during development and in the adult nervous system, but
transmitter receptors expressed extrasynaptically on the syn-
apse-free cell bodies of invertebrate and vertebrate neurons are
consistent with this notion (Sargent et al., 1977; Pellegrino and
Simonneau, 1984; White, 1990; Genzen et al., 2001; Moraes et
al., 2014). Transmitter receptors expressed extrasynaptically ad-
jacent to synapses have been most studied in the context of
synaptic spillover, however; receptor matching following trans-
mitter switching is an understudied subject.
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Glia
Do glia facilitate or prevent transmitter switching?
Like other forms of neuroplasticity, transmitter switching is both
activity and BDNF dependent and can be non-cell autonomous
(Marek et al., 2010; Guemez-Gamboa et al., 2014; Meng et al.,
2018). Glial cells contribute to plasticity by actively responding to
neuronal activation and reciprocally releasing neuroactive glio-
transmitters and neurotrophic factors to regulate neuronal activ-
ity and neuroplasticity [glial regulation of synapse number
(Chung et al., 2015), synaptic connectivity (Eroglu and Barres,
2010), and neuronal excitability (Tan et al., 2017)]. Astrocytes
recycle the precursor of BDNF (proBDNF) that is secreted by
neurons as a proneurotrophin after LTP, driving further
proBDNF release to adjacent neurons and thus expanding BDNF
action (Vignoli et al., 2016). Moreover, blocking the glial recycling
of BDNF by specifically knocking out BDNF receptors in glial
cells leads to failures in memory consolidation (Vignoli et al.,
2016). Microglial cells also release BDNF (Parkhurst et al., 2013).
When microglia are selectively depleted from the brain or when
microglial BDNF is removed using a CX3CR1-CreERT mouse
line, mice show deficits in learning tasks and a reduction in motor
learning-dependent synapse formation (Parkhurst et al., 2013). It
will not be surprising if glia also contribute to neurotransmitter
switching through the regulation of neuronal activity and extrac-
ellular BDNF. Transgenic mouse lines and Cre-dependent gene
transfer tools have been developed to allow both loss-of-function
and gain-of-function investigations of glia. Success in harnessing
these tools will be the basis for investigation of glial contribution
to transmitter switching both during development and in the
adult and from health to disease.

Can glia switch gliotransmitters?
Transmitter switching may not be restricted to neurons. Glial
cells release gliotransmitters, including glutamate, GABA, ATP,
and d-serine, to facilitate communication between neurons and
other glial cells (Harada et al., 2016). Although it is unclear
whether a single glial cell can release all transmitters or only some
of them, the storage and release of different gliotransmitters are
spatially and temporally regulated in transmitter-specific ways.
For example, glutamate is stored in synaptic vesicle-like compart-
ments and can be released through vesicles, cystine/glutamate
antiporters, purinoceptors, and gap junctions (Harada et al.,
2016), whereas ATP is stored in lysosomes and released through
lysosomal exocytosis (Zhang et al., 2007; Dou et al., 2012). The
release of these gliotransmitters is tightly coupled to neuronal ac-
tivity and modulates synaptic function. For instance, in mouse
hippocampal slices, low-frequency or short-duration stimulation
patterns at CA3–CA1 synapses induce glutamate release from
astrocytes, resulting in synaptic potentiation. In contrast, high-
frequency or prolonged stimulation patterns induce the release of
purinergic amines (ATP/adenosine) leading to synaptic depres-
sion at the same synapse (Covelo and Araque, 2018). Astrocytes
in the olfactory bulb release GABA and glutamate in a target cell-
dependent manner (Kozlov et al., 2006). Astrocytes can invert the
sign of the synapse by converting inhibitory signals from inter
neurons into excitatory signals by releasing glutamate (Perea et al.,
2016). Thus, an imbalance in the release of these gliotransmitters
may result in altered neuronal activity with behavioral consequen-
ces. Astrocyte expression of a variety of transmitter receptors
(Fields et al., 2015; Boddum et al., 2016) (potentially all transmitter
receptors known so far) (Verkhratsky and Nedergaard, 2018),
dynamically regulated in response to environmental changes

(Kuhn et al., 2004), positions astrocytes to monitor and respond to
changes in activity levels of a circuit.

If astrocytes not only decode neuronal activity by modulating
the gliotransmitters released, but also respond to changes in neu-
ronal activity by regulating the combination of gliotransmitters
expressed, this will argue for gliotransmitter switching. Glia ac-
quire transmitters by two major pathways: (1) uptake from synap-
ses via transporters; and (2) biosynthesis through related enzymes
(Henn et al., 1974; Yoon and Lee, 2014). The neurotransmitters
released at the synapse are taken up both by neuronal and glial
cells, giving rise to a transmitter flux between neurons and astro-
cytes. Thus, the transmitter changes in neurons may be reflected
in glia and constitute one form of gliotransmitter switching.
Alternatively, some gliotransmitter switching may be more akin
to neurotransmitter switching, in which glia revise their biosyn-
thesis of certain transmitters in an activity-dependent manner.
Studies of gliotransmitter switching could increase the complexity
of neuronal networks but would be a conceptual addition to our
understanding of brain plasticity.

Brain-wide analysis of neurotransmitter switching
Do single stimuli cause multiple foci of transmitter switching
throughout the brain? As noted above, when an environmental
stimulus induces sustained changes in neuronal activity in a spe-
cific brain region, a subset of the neurons within that region can
switch their neurotransmitters. However, the same environmental
stimulus can produce changes in brain activity in more than one
region of the brain, as revealed by c-fos staining (Li and Spitzer,
2020), raising the question of the full extent of this plasticity. For
example, mice that have run on a running wheel for a week ex-
hibit both an ACh-to-GABA switch in the PPN in the midbrain,
where the switch regulates motor skill learning (Li and Spitzer,
2020), and a NPY-to-glutamate switch in the hilus of the DG,
where the switch regulates episodic memory (Zambetti et al.,
2017). There is no evidence of neuronal connections between the
PPN and DG, but the observation that running triggers switching
in both regions seems unlikely to be a coincidence. The co-occur-
rence of transmitter switching across multiple brain regions may
have an evolutionary advantage. A wild mouse requires motor
coordination to escape from its predators. At the same time, for a
successful escape, the mouse also relies on context-dependent epi-
sodic memory of a good hiding place. By promoting both motor
skill learning and episodic learning and memory, the routine act
of voluntary running gives a mouse a better chance to escape
from a predator than a mouse that does not exercise. Transmitter
switching in several different brain regions may synergistically
contribute to a complex behavior (Fig. 3).

The discovery that transmitter switching occurs in more than
one region of the brain in response to the same stimulus raises an
intriguing question. Can one brain area undergo switching first
and, like dominoes, stimulate a cascade of sequential transmitter
switching in the brain? If so, it could potentially trigger secondary,
tertiary, or further instances of switching. Investigation of such
potential transmitter-switching cascades may be particularly rele-
vant to understanding the role of transmitter switching in mental
illness. In a scenario in which switching occurs in a single brain
region that projects to multiple regions (Fig. 2), areas receiving
the altered input may also experience transmitter switching.
Efforts to override switching in all regions would be a substantial
challenge. However, identifying and overriding the initial switch
would be a game changer, because no secondary or tertiary
switching would occur.
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Behavior
How does transmitter switching produce changes in behavior?
Transmitter switching usually changes the transmitter of a neu-
ron from excitatory to inhibitory or vice versa, which is likely to
change the function of a neural circuit and network. However,
how transmitter switching affects the neural circuit and eventually
behavior is not yet clear. Elegant methods have been developed to
identify specific neural circuits, and mesoscale projectomes of sin-
gle neurons can be mapped in the mammalian brain (Knowland
et al., 2017; Ren et al., 2018). Using currently available tracing
tools, one can determine the projection targets of transmitter-
switching neurons (Li and Spitzer, 2020). Further functional
studies can then be performed to investigate how transmitter
switching affects the neural circuit. One approach is to activate
the neurons with optogenetic tools and record from the

downstream brain region with electrophysiological or optical
methods before and after the exposure of the animals to experi-
mental stimuli that induce switching and examine postsynaptic
potentials or neuronal activity in the downstream regions.

If a change in activity is detected, current methodologies that
combine transgenic Cre lines and gene transfer tools can be used
to override transmitter switching and determine whether it affects
the activity of neurons in downstream brain regions. Combining
retrograde tracing with Cre-dependent and Flp-dependent sys-
tems will enable studies determining whether overriding switch-
ing in the neurons that project to a specific target affects behavior
(Fig. 4). The approach can take advantage of a novel retrograde
viral vector (RG-EIAV-DIO-Flp) that is based on pseudotyping
equine infectious anemia lentivirus (EIAV) and modified with a
fusion protein (FuG-B2), linking extracellular and transmembrane
domains of the rabies glycoprotein to the cytoplasmic domain of ve-
sicular stomatitis virus glycoprotein (Knowland et al., 2017). These
manipulations require mice in which Cre is specifically expressed
by the population of neurons that are expected to switch transmit-

ters. If the RG-EIAV-DIO-Flp vector is
injected into the brain region that is inner-
vated by neurons that switch transmitters,
it will allow Cre-on expression of Flp
recombinase. Flp-ON AAV (adeno-asso-
ciated virus) vectors (AAV-fDIO-ORF or
AAV-fDIO-shRNA) can then be injected
into the brain region in which transmitter
switching occurs, enabling Flp-on expres-
sion of genes to restore a lost transmitter
or Flp-on expression of an shRNA
sequence to suppress a gained transmitter.
In this way, one can study how overriding
the switch in a subpopulation of switching
neurons with a specific projection target
affects behavior.

Therapy
Transmitter switching in human
subjects
A major goal of neuroscience research is
to understand how the human brain
works and develop effective therapies to
prevent, treat, and cure neurologic and
psychiatric disorders. Screening for
transmitter switching in the adult rodent
brain can identify a pool of candidates
for transmitter switching in humans.
Staining molecular markers for transmit-

ter identity in human brain slices and comparing results from
postmortem brains of individuals who experienced different cir-
cumstances may help to identify the presence of transmitter
switching in human subjects (Aumann et al., 2016). Tissue is
available from brain banks that are distributed worldwide
(https://www.brainbank.nl/about-us/brain-net-europe/). These brain
banks collect postmortem human brains and distribute samples
to the research community to foster research into human CNS
function and diseases such as Alzheimer’s disease, Parkinson’s
disease, and stroke (Kretzschmar, 2009). Brain banks provide
human brain sections from subjects of different ages, which ena-
ble studies of developing, young, and aged brains. Brains that
were donated by subjects who had received deep brain electrical
stimulation (DBS), a procedure that involves implanting electrodes

Figure 3. Synergistic transmitter switching. Brain regions 1 and 2 respond with transmit-
ter switching after stimulation (yellow arrows). The two regions regulate different but inter-
dependent aspects of a complex behavior (red rectangle) to exert a synergistic effect. For
example, running triggers switching in both the PPN and in the DG that leads to enhanced
motor skill learning and enhanced episodic memory, respectively, which synergistically pro-
mote the chance of the escape of a mouse from a predator.

Figure 4. Analysis of the behavioral consequence of overriding transmitter switching in a neuronal population that projects
to another brain region. The GABA-to-glutamate (GAD1-to-vGluT1) switch is used as an example. Only GABAergic neurons that
project to brain region A, where RG-EIAV-DIO-Flp is injected, will express Cre-dependent Flp recombinase, which then allows
the expression of exogenous GAD1 or shRNA to vGluT1 to override the switch. The transmitter switch in GABAergic neurons
that project to other brain regions will not be affected. NTS, neurotransmitter switch.
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into the brain to treat neurologic and psychological disorders via
delivery of electrical impulses (Holtzheimer and Mayberg, 2011;
Ellens and Leventhal, 2013; Delaloye and Holtzheimer, 2014), can
also be studied to determine whether the benefits of DBS may
involve switching transmitters (Dela Cruz et al., 2015).

Invasive therapy using gene transfer tools
Viral vectors have been used in mice and rats to override switch-
ing by restoring a lost transmitter (through gene expression) or
by preventing gain of a transmitter (by RNA interference).
This strategy prevents switching-induced behavioral alterations
(Li and Spitzer, 2020). Viral vectors can also be used to artifi-
cially induce transmitter switching by driving the expression of
one transmitter and suppressing the expression of another,
which may be sufficient to induce behavioral changes. How-
ever, this hypothesis remains to be tested. Considering the
invasive modes of delivery and the high costs, viral vectors are
currently not applicable to humans. However, the combination
of CRISPR-mediated genome editing (Chen et al., 2016; Kang
et al., 2019) together with viral vector-mediated gene expres-
sion in nonhuman primate brains can potentially be applied to
investigate the behavioral consequences of switching in the pri-
mate brain. Recent clinical trials have shown success in using
AAV vectors as an in vivo gene transfer tool (Colella et al.,
2017), suggesting that if viral vectors for inducing or prevent-
ing switching could be developed for humans, they have the
potential to become a novel approach for treatment of psychi-
atric and neurologic diseases.

Noninvasive behavioral therapy
Natural sensory stimuli, such as changes in day length or chronic
physical exercise, trigger transmitter switching and affect behav-
ior. This causal link between switching and behavioral alteration
prompts exploration of behavioral therapy for the induction of
switching in specific brain regions, and may in the future pro-
vide a noninvasive strategy for treatment of brain disorders. It
is important to keep in mind that transmitter switching can
spontaneously reverse after the cessation of the inducing stimu-
lus (Li and Spitzer, 2020). However, in other cases, and specifi-
cally when transmitter switching is induced by a stressor and
results in detrimental behaviors, both the switch and the behav-
ioral changes it engenders appear to be stable (Dulcis et al.,
2013; Li and Spitzer, 2019). The different degrees of reversal may
be caused by differential impacts on hormone levels of predict-
able or rewarding versus unpredictable or aversive stress
(Stranahan et al., 2008). For stress-induced switching that
does not reverse spontaneously, exposure to a new environ-
mental stimulus that can result in the reversal of the detri-
mental switch may lead to future therapeutic options.

In the short term, one can test whether a well studied benefi-
cial stimulus can alleviate a behavior by reversing the initial
transmitter switch. For example, the detrimental effects of post-
natal maternal separation stress in rats can be diminished by
postweaning exposure to an enriched environment (Dandi et
al., 2018), and social isolation of young mice induces altera-
tions in prefrontal cortex function that are relieved by subse-
quent resocialization (Makinodan et al., 2012). If transmitter
switches of opposite signs are involved in the initial induction
and the later amelioration of the dysfunctional behavior, this
will motivate research on the therapeutic potential of transmit-
ter switching. Study of animal models of illnesses such as au-
tism, post-traumatic stress disorder, and drug abuse can be
useful in determining the role of switching in these disorders,
which may lead to the development of cognitive behavioral

therapies that produce similar changes in the brains of human
subjects. Over the long term, one can envision the develop-
ment of a database of the environmental stimuli that induce
transmitter switching, with the brain regions, cell types, and
neurotransmitters involved, along with the associated behav-
iors, including pathologic symptoms.

Conclusion
This article has identified particularly salient questions about the
operation of transmitter switching, the answers to which will open
new lines of investigation. It is not meant to be complete and is a
preliminary survey of the possibilities for productive research. The
principal focus has been on the adult mammalian brain, although
the issues may be addressed at other stages and in other animals.
We have outlined the results of recent studies and described
tools that will be useful for high-throughput screening of trans-
mitter switching. We have discussed the cellular analysis and mo-
lecular mechanisms by which transmitter switching is regulated
and how it is associated with changes in behavior. Extension of
the current studies on model organisms to human subjects is
appealing, since the ability to switch neurotransmitters may lead
to the development of new therapeutic treatments for neurologic
and psychiatric disorders.
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