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The thymus is a primary lymphoid organ critical for the development of mature T
cells from hematopoietic progenitors. A highly structured organ, the thymus
contains distinct regions, precise cytoarchitecture, and molecular signals tightly
requlating thymopoiesis. Although the above are well-understood, the structural
and functional implications of thymic innervation are largely neglected. In
general, neural regulation has become increasingly identified as a critical
component of immune cell development and function. The central nervous
system (CNS) in the brain coordinates these immunological responses both by
direct innervation through peripheral nerves and by neuroendocrine signaling.
Yet how these signals, particularly direct neural innervation, may regulate the
thymus biology is unclear and understudied. In this review, we highlight historical
and current data demonstrating direct neural input to the thymus and assess
current evidence of the neural regulation of thymopoiesis. We further discuss the
current knowledge gaps and summarize recent advances in techniques that
could be used to study how nerves regulate the thymic microenvironment.
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innervation of the thymus, age-related thymic involution, thymus involution, T cell
development, thymopoiesis

Introduction

The thymus is an encapsulated primary lymphoid organ responsible for T cell development.
It is strictly compartmentalized into an outer cortex and an inner medulla, organized into
distinct functional units known as thymic lobules. Early thymocyte (T cell) development starts
in the cortex of the lobule, the site of thymocyte progenitor homing, T cell lineage commitment,
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T cell receptor (TCR) chain gene rearrangement, and positive selection
(1, 2). These positively selected thymocytes are then chemoattracted
and migrate into the medulla, whose primary role is to eliminate self-
reactive thymocytes through promiscuous gene expression of
endogenous self-antigens and the process of negative selection.
Eventually, functionally mature yet still naive CD4" or CD8" T cells
emigrate to the peripheral blood and home to secondary lymphoid
organs (1).

Early studies found that the education of thymocytes is facilitated
by its stroma, primarily via the thymic epithelial cells (TECs) (1). To
date, the TEC population has been most extensively studied among
thymic niche cells. Single-cell transcriptomic studies have allowed in-
depth characterization and identification of heterogeneous cortical and
medullary TEC (cTEC and mTEC, respectively) populations in the
thymus, highlighting their complexity (1, 3). Elegant in vivo cell fate-
mapping studies have identified at least two bipotent TEC progenitors
in the adult thymus exerting regenerative capacity, with the first mainly
presenting with a ¢cTEC bias during early life, while the second being
mTEC-biased and preserved until later in life (3). While the
heterogeneity of cortical TECs (cTECs) is still underappreciated,
recent evidence has indicated a progressively linear differentiation
pathway starting from the bipotent ¢TEC-biased progenitor and
leading to well-differentiated ¢TEC expressing an abundance of
homing chemokines and signals essential for T cell development (1).
Mature ¢TEC can further become terminally differentiated thymic
nurse cells (TNCs) that form specialized large three-dimensional
cellular microenvironments, encapsulating and nurturing immature
thymocytes with higher efficiency during positive selection (1).
However, studies have shown that mTECs are highly heterogeneous,
dividing into different subsets. Although the mTEC developmental
pathway is rather complex, the accepted paradigm identifies an early
divergence of bipotent mTEC-biased progenitors into the committed
mTEC® and mTEC" subsets, with the former expressing homing
chemokines for the positively selected thymocytes, while the latter
presenting self-antigens to thymocytes in an autoimmune regulator
(AIRE)-dependent manner for the establishment of self-tolerance (1).
Remarkably, in-depth molecular characterization of mTEC subsets has
also revealed a subset of “terminally differentiated” post-AIRE
population, termed “mimetic cells”, which undergo developmental
trajectories of and mirror various specialized peripheral cells to
highly express narrower repertoires of highly specific tissue-restricted
antigens (4).

Besides TECs, the thymic niche also includes other immune cell
types such as macrophages, innate lymphoid cells (ILCs), natural
killer T (NKT) cells, dendritic cells, and B cells, which play essential
roles in positive selection and tolerance induction (5, 6). Moreover,
TEC maintenance is supported by thymic stromal cells of
mesenchymal origin, such as fibroblasts. More recently,
fibroblasts have been described to have diverse and critical roles
in the thymic microenvironment (7-9). Divided into capsular and
medullary subsets based on their localization, fibroblasts play
crucial roles during thymic development, TEC maintenance, and
tolerance induction. Recent transcriptomic studies have revealed
that by inducing type 2 immune response, fibroblasts can assist in
thymic regeneration, showcasing a deeper and more complex
positional role in the thymic niche (10).

Frontiers in Immunology

10.3389/fimmu.2025.1552979

Despite the significant strides made in understanding the thymic
microenvironment and the regulatory networks within, one critical
aspect remains relatively unexplored: the neural regulation of the
thymus. In many organs and organ systems, peripheral nerves
orchestrate both critical and finetuning processes, typically by
regulating the structure and function of stromal components.
Although the presence of nerves in the thymus has been
documented since the early 20" century, their relationship with the
aforementioned stromal components and their functional
implications in thymopoiesis remain largely enigmatic. In this
review, we examine historical and contemporary evidence of
thymic innervation and delve into its potential implications for T
cell development and self-tolerance. Additionally, we will highlight
the current gaps in knowledge and explore emerging technologies
poised to unravel how thymic neural networks and their downstream
mechanisms contribute to thymopoiesis.

Evidence of direct neural innervation
of the thymus

In 1929, Pine & Majman reported on the direct innervation of
the thymus, characterizing nerve bundles running along large vessels
and forming plexuses that envelop the vascular wall (11). They
characterized these nerves as sympathetic in origin due to their lack
of myelination and size. Nearly fifty years later, in the 1980s,
Williams & Felten (12) described “varicose fibers” that associated
with arteries and arterioles, with “plexuses which lay in the
adventitia outside of the external limiting membrane.” Sparse
innervation of the parenchyma was also noted without any
vascular association. Soon after, Bulloch & Pomerantz observed
acetylcholinesterase (AChE)-positive fibers on the surface of the
thymus, while catecholamine-positive fibers from the sympathetic
nervous system (SNS) were noted along large blood vessels, the
capsule, and intralobular septa of the thymus (13). Further noted
were the many nerve fibers associated with the vasculature of the
cortico-medullary junction (CM]J), with vasculature-free fibers in the
parenchyma of both the medulla and cortex. Felten & colleagues
followed up with an in-depth assessment of the SNS innervation to
the thymus (14). Their studies demonstrated that sympathetic nerve
fibers run along the capsule, entering the thymic parenchyma into
the cortex and along vessels that dive into the thymus directly from
the capsule. They then hypothesized that these nerves release
neurotransmitters into the thymus to regulate blood flow, directly
activate adrenergic receptors on lymphocytes, or indirectly influence
thymocytes by activating adrenergic receptors on supporting cells.

These early studies demonstrated the presence of SNS fibers in
the thymus, although their origin was not resolved. At first,
retrograde tracing labeled neurons in the spinal cord and brainstem
(15). However, a later study refuted this, demonstrating that SNS
nerves were derived from the sympathetic chain, including the
superior cervical ganglia (16). Indeed, retrograde labeling observed
in the spinal cord or brainstem was caused by contaminating nearby
muscle tissue and other structures with retrograde tracer (16).
However, another tracing study by Tollefson & Bulloch using
fluorogold again demonstrated labeling in the cervical spinal cord
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and brainstem, concluding actual labeling of efferent projections of
the vagus nerve (17). Other studies have not detected gross
anatomical connections between the vagus/phrenic nerves and the
thymus (16), although connections between the thymus and the
stellate ganglia of the sympathetic chain were also reported (13).
Thus, the relative contribution of the cervical and stellate ganglia to
thymic SNS innervation is currently unclear, although they both
partially contribute (Figure 1A). Importantly, the study by Tollefson
& Bulloch did not address two issues brought up by Nance and
colleagues: 1. the lack of gross anatomical connections between the
thymus and vagus/phrenic nerves, and 2. the unaltered AChE
labeling within the thymus following unilateral cervical vagotomy
(16). These observations imply an absence of direct parasympathetic
input via the vagus nerve. Tollefson & Bulloch did cede that small
amounts of tracer could traverse lymphatics or leak to other tissues,
possibly causing the labeling in the brain stem and cervical spinal
cord, but remained adamant regarding parasympathetic input to
the thymus.

Viral tracing of thymic sympathetic nerves demonstrated
connectivity to the intermediolateral cell column of the spinal
cord between T1 and T7 thoracic segments (Figure 1A), with the

10.3389/fimmu.2025.1552979

highest density occurring at the T2 thoracic segment (18). Longer
periods of tracing labeled cells in the intercalated nucleus and
central autonomic nucleus of the spinal cord and labeled
brainstem neurons in the pons and medulla oblongata
(Figure 1A). The vagus nerve nuclei were not labeled, further
supporting that the thymus receives little to no input from the
parasympathetic nervous system (PNS). Tracer labeling was also
found in multiple hypothalamic nuclei (Figure 1A), including the
paraventricular nucleus, a master regulator of autonomic
function (19).

In summary, early anatomical studies revealed that sympathetic
nerves enter the thymus along the vascular network, with singular
nerves occasionally extending from vessel branches into the adjacent
cortical parenchyma (Figure 1B). Indeed, many innervated vessels
strictly localize to the CM]J. Conversely, capsular nerves project from
the capsule into the subcapsular cortex, some by following along the
septa and vessels, while others by circumventing the vasculature and
penetrating directly into the cortical parenchyma. Kendall and Al-
Shawaf have also shown that the subcortical region is densely
innervated by finely varicose fibers that often do not associate with
capillaries (20). While some studies found fibers potentially related to
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Innervation of the thymus. (A) Diagrams of the brain, brain stem, spinal cord, and sympathetic ganglia summarizing the origin of neural innervation
of the thymus. The thymus is innervated by sympathetic nerves that arise from the cervical and stellate ganglia of the sympathetic trunk, which are
connected to cells in the intermediolateral cell column (IML) of the thoracic spinal cord from T1 to T7 (peak connectivity at the T2 spinal level)
Other brain regions connected functionally to thymic sympathetic neurons include the pons, medulla oblongata (med. obl.), and hypothalamus.

(B) Diagram of a thymic lobule, demonstrating sympathetic innervation along large vessels that reside in the cortico-medullary junction (CMJ), with
some fibers branching into the cortical parenchyma. Sympathetic nerves also innervate the capsule, projecting individual nerve fibers into the
subcapsular cortex, and along the trabeculae. (C, D) Confocal images showing sympathetic innervation (B3-Tubulin*/TH* nerves) of blood vessels
(CD31*/CD144") in a young adult mouse thymus. Scale bar = 25um. Panels (A, B) created with BioRender.com
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parasympathetic innervation (13, 17, 20), many others suggest that
parasympathetic innervation is non-existent, attributing the positive
results to unintended technical errors (12, 14, 16, 18).

Interestingly, some nerves, established as SNS nerves from these
prior studies, also express peptidergic neurotransmitters
neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), and
calcitonin gene-related peptide (CGRP) (12, 14, 20-22). While
sympathetic nerves can produce NPY, VIP is usually associated
with the brain and digestive system, and as such, the neural source
of VIP in the thymus is currently unclear. VIP and NPY both
regulate gut immunity and may similarly act on developing T cells
in the thymus (23, 24). Finally, CGRP is typically associated with
nociceptive nerves, but no direct evidence of sensory/nociceptive
innervation of the thymus is available besides positive CGRP
immunoreactivity (21, 22).

A recent immunohistological study using the common
neuronal/axonal marker neurofilament (NF) reported remarkable
labeling in the cortex and medulla of the thymus (25). While some
NF signal colocalized with large CD31" blood vessels, much of the
labeling in both cortex and medulla formed a ramified cellular
pattern similar to intermediate filament (e.g., cytokeratin) labeling
of TECs. Therefore, whether these NF-expressing structures are
indeed nerves or define other thymic cells expressing NF as part of
their normal developmental program remains unclear. In the same
study, the authors did not incorporate other general or axon-
specific markers to verify the precise cellular source of NF
immunolabeling. These results are in contrast with previous
literature as well as with our observations demonstrating that the
general axon marker B3-Tubulin and the SNS-specific marker
tyrosine hydroxylase (TH), both labeled sympathetic nerves
associated with large blood vessels in murine thymic tissue
(Figures 1C, D).

Non-neural sources of
neurotransmitter production
and signaling

Given that some neurotransmitters can be generated by non-
neuronal cells, including lymphocytes, to modulate immune cell
functions (26-28), it is important to consider neurotransmitter
production and signaling within the thymic environment in the
absence of parental nerves. This possibility may justify why certain
neuronal markers are identified in the thymus without clear input
from nerve structures. For example, acetylcholine may be locally
synthesized within the thymus by thymocytes and other cell types
(29, 30), which could further explain the positive labeling of AChE
and choline acetyltransferase (ChAT) without documented
existence of the corresponding nerves. Indeed, using ChAT-GFP
mice, a subset of TECs expressing the epithelial marker cytokeratin
were also identified to be cholinergic (31). These cells were closely
associated with nicotinic acetylcholine receptor-expressing cells and
denuded from direct neural innervation, indicating a paracrine
signaling mechanism. However, immunolabeling for neural
markers within TECs could be due to the presence of thymic
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mimetic cells, a subset of TECs that express tissue-restricted
antigens (32). Indeed, a previous report found a small but
significant population of TECs expressing neural markers (33).

Interestingly, the murine thymus expresses high levels of
phenylethanolamine N-methyltransferase (PNMT), the key
enzyme involved in the conversion of norepinephrine (NE) to
epinephrine (34). PNMT levels in the cortex were doubled than
those in the medulla, and overall PNMT levels were equivalent to
those seen in the brainstem of the CNS. Thus, it is intriguing to
speculate that cells in the thymus can uptake NE released from
sympathetic nerves, convert it to epinephrine autonomously, and
subsequently utilize epinephrine as a secondary signaling cascade
throughout the thymic parenchyma.

Isolated thymocytes stimulated with concanavalin A or IL-2
show a concentration and time-dependent increase in intracellular
and extracellular CGRP (35). Stimulated thymocytes increase
CGRP mRNA expression. Notably, exogenous CGRP increased
proliferation and IL-2 production during concanavalin A
stimulation, demonstrating that CGRP can enhance thymocyte
responses. Serotonergic and dopaminergic signaling components
have also been found in the thymus, with potential roles for their
signaling in mediating T cell development (36-38). Thymocytes
and thymic niche cells can also express metabotropic glutamate
receptors, exhibiting differential levels of surface expression
depending on the stage of thymocyte development (39).
Thymocytes also express o- and B-adrenergic receptors (40, 41).
Together, these studies indicate that neurotransmitters are likely co-
opted by cells in the thymus to coordinate T cell development even
in the absence of the corresponding parental nerves. However,
whether paracrine neurotransmitter production or release in the
thymus is influenced by brain activity, either through direct neural
or indirect neuroendocrine signals, is largely unknown.

A functional role for neural signals in
regulating thymopoiesis

What is the role of extensive neural innervation in the thymus?
While many anatomical studies speculate on potential functions,
few experimental studies exist. Thymic sympathetic nerves were
shown to release NE in response to field stimulation in rats (42).
This stimulation was ablated in calcium-free conditions and in the
presence of the sodium channel blocker tetrodotoxin, indicating
that NE release was axonal in origin. Patch-clamp recording of
thymocytes demonstrated that NE inhibits voltage-gated potassium
channels in a dose-dependent manner (42). Thus, NE is likely
released through sympathetic nerve terminals in response to
increased neuronal activity, where it acts locally through diffusion
to nearby cell types, including thymocytes and other stromal cells,
such as TECs. Interestingly, the muscarinic acetylcholine receptor
agonist oxotremorine and prostaglandin E2 were both able to
inhibit stimulation-dependent NE release in rat thymus sections
(43), suggesting that other signals within the thymus may modulate
sympathetic activity. Another critical discovery from these studies is
that NE released by sympathetic nerves within the thymus binds to
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02c-adrenergic receptors directly on the nerves, generating a tonic
inhibitory feedback loop that may help mediate sympathetic tone.

Although stress-mediated thymic atrophy is typically associated
with glucocorticoid-mediated apoptosis of DP thymocytes (44), there is
critical evidence that activation of SNS nerves may also independently
contribute to this phenotype via NE release and its direct impact on
thymocytes. Isoprenaline, a 1 and (2 adrenergic receptor-specific
agonist, induced apoptosis in double-positive (DP) thymocytes freshly
isolated from adult thymus through the activation of Src tyrosine
kinases (45). Thymocyte gene expression may also be altered by
catecholamines, as Thy-1 expression on thymocytes is reduced by
NE signaling through B-adrenergic receptor signaling, suggesting
mRNA destabilization is rapidly influenced by these signals (46, 47).
Catecholamines may also inhibit thymocyte activation by concanavalin
A, although the reported mechanism seems independent of classical
receptor activation, as catecholamine-mediated inhibition was not
blocked using adrenergic receptor antagonists (48). In addition,
neuropeptide Y was reported to alter chemotaxis and adherence of
thymocytes in in vitro conditions (49). As discussed above, most
studies examine a direct effect of NE and other neurotransmitter
signaling on thymocytes and neglect potential interactions within the
thymic microenvironment involving epithelial and non-epithelial
stromal cells. In one prominent study, isolated rat TECs responded
to NE by increasing IL-6, suggesting the ability to alter their cytokine
production in response to adrenergic signaling (50). In another study,
in vivo and in vitro treatment with the muscarinic acetylcholine
antagonist atropine promoted apoptosis of thymocytes, which only
occurred in the presence of TECs (29). Thymocytes may directly
produce acetylcholine as they express high levels of ChAT mRNA, a
key enzyme that produces acetylcholine (29). Thus, thymocytes may
use acetylcholine to signal TECs to promote their survival. A major
limitation to many of the discussed experiments is the use of isolated
primary thymocytes, extracted from the thymic microenvironment and
relevant signals that regulate thymopoiesis and treated in vitro with
supraphysiological levels of neurotransmitters and/or respective
agonists/antagonists. To understand their physiological roles,
neurotransmitter signaling should be studied in the in vivo complex
structure of the thymic microenvironment. While little is known, a few
studies point to their possible importance in thymus function and T
cell development.

A study using a mouse model of Krabbe disease, a progressive
demyelinating disease resulting in autonomic denervation of
lymphoid organs, demonstrated that while lymphoid organs were
normal at postnatal day 15, rapid thymic involution occurred,
primarily due to thymocyte apoptosis (51). This was associated
with the loss of sympathetic nerve fibers and altered -adrenergic
receptor expression, suggesting that thymic SNS innervation may be
critical in regulating thymopoiesis. The depletion of neural crest-
derived cells, which include sympathetic nerves in addition to a
subset of mesenchymal cells (expressing platelet-derived growth
factor receptors o and B, and o-smooth muscle actin) typically
involving fibroblasts and pericytes, also results in rapid thymic
involution (52). However, this model used a WntI-Cre deletion line,
which recombines in non-neural cells throughout the body and, as
such, is not specific to the thymus. Along the same lines, using 6-
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hydroxydopamine (6-OHDA), known to induce global peripheral
sympathectomy, also resulted in significant loss of thymocytes.
However, this was likely not due to the specific loss of B-
adrenergic signaling, as two week-long daily injections of
propranolol and cyanopindolol did not replicate this phenotype.
Indeed, 6-OHDA primarily impacted the cortex by inducing
apoptosis in DP thymocytes (20, 53, 54). These studies suggest a
potential beneficial role for catecholamine signaling in the thymus
that, when lost through disease or genetic deletion, may impair
thymus function.

How neural innervation and activity are altered in physiological
aging or a diseased context is vastly understudied. Studies utilizing
cuprizone treatment and experimental autoimmune encephalitis
models of multiple sclerosis have shown that these models are
associated with thymic atrophy and thymocyte apoptosis (55-59).
Whether this is due to altered CNS-thymus crosstalk is unclear.
However, a recent publication examined thymic innervation in
response to experimental autoimmune encephalitis (60). The
authors used multiple markers of neurons and axons, with data
reporting increased nerve fiber density in diseased mice. In this study,
however, immunostaining often does not appear to be axonal, and
retrograde tracing was performed with an unidentified tracer, raising
concerns about data interpretation. Nevertheless, the study reported
reduced tracer uptake in diseased mice, further implying changes in
the intrathymic innervation networks or the retrograde transport
capacity, although the possibility of technical artifacts cannot
be excluded.

Aging is associated with altered neural innervation of several
hematopoietic and lymphoid organs. Alterations in bone marrow
innervation was reported to be associated with hematopoietic aging
(61-63). In particular, we and others have shown that loss of bone
marrow innervation drives aging-like phenotypes in HSCs (61). How
aging alters thymic innervation and function is less known, but
several studies of nerve fiber density and catecholamine
measurements exist. For instance, nerve fiber density is increased in
the aged thymus (64-66). This increase in density is likely a result of
thymic involution due to progressive loss of cellularity. Yet, one study
found a potential increase in total innervation with unchanged
sympathetic innervation (67), raising the possibility that specific
nerve subsets may have different responses to aging. Catecholamine
measurements in the aged rat and mouse thymus are either
maintained (65) or elevated (64, 66, 67), suggesting that nerves
continue functioning to some degree in the aged thymus. However,
whether any increases in NE content are due to heightened
sympathetic tone, impaired NE reuptake, non-neuronal sources, or
modulation by other means is currently unclear.

Changes in thymus structure during aging could contribute to
altered neural signaling and thymic involution. However, only a few
functional studies assess the role of NE signaling in the aged
thymus. In one such study, long-term B-adrenergic blockade with
nadolol increased DN and SP8 cells but decreased DP cells in aged
mice (68). In another study, 14-day treatment with the non-
selective beta blocker propranolol increased the numbers of SP4
and SP8 thymocytes and improved Thy-1 surface expression (41).
Whether blockade of adrenergic signaling in the aged thymus leads

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1552979
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Carpenter et al.

to improved T cell development and function is uncertain,
especially as neither study provides mechanistic and further
phenotypic insights.

Models and methods to study thymic
neural anatomy and function

The past couple of decades have seen the emergence of new
technologies to study neural function in vivo, many of which can be
adapted to the study of neural regulation of the thymus (Figure 2).
However, proper implementation of these techniques and
understanding their limitations is important. Here, we provide
pertinent information to understand their benefits, limitations,
and how these methodologies have been used to study neuro-

immune interactions.

Chemical sympathetic denervation

As previously discussed, 6-OHDA is a neurotoxin used to cause
sympathectomy through oxidative stress and apoptosis of peripheral
sympathetic neurons. The benefit of this technique is the ease of use,
typically requiring two doses split by a couple of days (69-73). Proper
handling of 6-OHDA is critical, as it oxidizes quickly, and
denervation is temporary in adult mice. Adding subsequent doses
every 6 days may maintain peripheral sympathetic denervation (71).
Permanent denervation can also be achieved by injecting mouse pups
every other day starting at postnatal day 2 for five total doses (72, 73).
One weakness of this method is that denervation occurs during

10.3389/fimmu.2025.1552979

development, and some effects could be attributed to improper
development or adaptation of tissues. As previously discussed, 6-
OHDA can also have direct toxic effects on DP thymocytes (53).
Thus, careful interpretation of data must be considered to understand
whether the effects of 6-OHDA are indeed due to loss of innervation
or other direct/indirect effects.

Chemical sensory denervation

Resiniferatoxin (RTX) is a potent TRPV1 agonist that results in
the death of peripheral sensory neurons due to calcium overload
(74, 75). Mice are subcutaneously injected with three increasing
doses of RTX at approximately four weeks of age to induce long-
term sensory denervation (76, 77). Mice are typically used for
experiments after a 3-4 week resting period. As with 6-OHDA,
whether RTX can directly affect thymocytes or other TRPV1-
expressing cells in the thymus is currently unknown. Further,
while CGRP can be detected in the thymus, it is unclear if its
source is derived from sensory nerves. In this case, RTX may be a
way to deplete this specific subset of nerves, although further
mechanistic insights are still required with this agent for safer
data interpretation.

Chemical agonists & antagonists

Today, many exogenous and potent agonists/antagonists are
used to target neurotransmitter receptors. Some are used clinically,
while others only experimentally. Some of the oldest drugs

Treatment with neurotransmitter receptor agonists

& antagonists
Intra_pen_toneal Osmotic Pump
Injections

Neuronal tracing, optogenetics, & chemogenetics

Intrathymic Injection
(tracer/receptor construct)

Optogenetic light stimulation or
DREADD receptor activation

\

Techniques & tools to study thymic neural anatomy and function

Whole thymus tissue optical clearing & microscopy

v
v

Jr——

Thymus clearing Light sheet or confocal microscopy
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6-Hydroxydopamine
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FIGURE 2

Techniques & tools to study thymic neural anatomy and function. Many neurotransmitter receptors can be targeted by treating mice with agonists or
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developed are - and oi-adrenergic receptors, used to control blood
flow through contractility of large arteries (78, 79). Intraperitoneal
injection into rodents is the standard used in pre-clinical research
and may be useful in short-term experiments. However, long-term
use may require long-release pellets or osmotic pumps (61) to
prevent stress associated with repeated injections and uneven
pharmacodynamics. Other drugs may act indirectly on specific
adrenergic or cholinergic receptors, promote or prevent the
release of neurotransmitters, prevent neurotransmitter reuptake
by cells, or break the neurotransmitters down into inactive or
partially active metabolites. A downside to using chemical
agonists or antagonists in vivo is that they act systemically, so
determining direct effects is difficult. However, these agents can be
useful for ex vivo or in vitro culture systems, and many second and
third-generation drugs are longer-acting and more stable than the
natural neurotransmitter.

Knockout and transgenic mice

Neural components, including neurotransmitter receptors, can be
modified using genetically engineered mouse models. Germline
knockout models exist for many adrenergic receptors, including o-
and B-adrenergic receptors. Some receptors have floxed (gene-flanked
loxP site) models that can be crossed with cell-specific Cre or Cre-ER
(estrogen receptor) deleter lines. The benefit of these models is in
conditionally identifying neurotransmitter-receptor interactions on
specific thymic cells. However, they may not showcase the overall
role of nerves within the thymus, which simultaneously signal to many
cell types throughout the microenvironment. Other models, such as
diphtheria toxin receptor mice, may allow targeted killing of specific
cells (80), although this would also be systemic and not specific to the
thymus. A recent publication used tyrosine hydroxylase specific cre
(TH-Cre) mice crossed with a tropomyosin receptor kinase A (TrkA)
mouse harboring a mutation that allows for the timed inactivation of
the nerve growth factor (NGF) binding TrkA receptor, using the
chemical INMPP1 (81). This caused a reduction in sympathetic
innervation to the spleen, ultimately altering splenic immune
responses. Whether this model could also result in denervation of
the thymus is unclear.

Surgical approaches

One approach to studying neural innervation of immune tissues
is through direct surgical manipulation of nerve bundles or involved
ganglia. Surgical denervation techniques have been described for
bone marrow (61, 69), lymph nodes (82), and spleen (83). Nerves
can be directly excised, while phenol/ethanol solutions can also be
used to promote nerve denervation when applied directly to nerve
bundles (as in the case of the spleen, where the splenic sympathetic
nerve is difficult to manually excise due to its proximity of the
splenic artery). The key challenge with surgical denervation of the
thymus is the precise location of the afferent nerves or the associated
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ganglia, particularly in the mouse, and the relative inaccessibility of
the thymus and stellate ganglia, which are both located inside the
thoracic cavity. Further, surgical procedures require anesthesia, may
induce inflammation, and may require post-surgical care that could
disrupt normal physiology, requiring a recovery period before
experimentation. To date, only one study suggests that, in rat,
removal of the superior cervical ganglia can result in the loss of
sympathetic nerves within the thymus (84).

Optogenetic and DREADD manipulation of
neural activity

Understanding structure-function relationships in neuroscience
was long limited to field stimulation and broad dissection of brain
regions. Optogenetics revolutionized the ability to activate or silence
specific brain structures, implementing microbial opsins that can be
photoactivated or silenced using light (85, 86). These tools, used to
study neuron-function relationships in awake mice, have been
rapidly implemented in the field. Similarly, designer receptors
exclusively activated by designer drugs (DREADD receptors) are
another recent advance in altering neuronal function (87, 88). These
receptors bind to physiologically inert chemicals and can also be
used to selectively activate or silence specific neuronal populations
(87, 88). Optogenetic models are challenging to implement as they
require specialized fiber optic equipment but allow finely tuned
stimulation paradigms. DREADD models are relatively easy to use,
only requiring intraperitoneal injections of DREADD agonists but
lacking the temporal precision of optogenetics. Both models often
require retroviral transfection to selectively express these receptors
in their specific neurons or tissues. However, they represent
significant advances in studying neural signaling within the
thymus, as they can be expressed exclusively by the neurons
innervating it. These techniques can be used as alternatives to, or
in conjunction with, surgical/chemical denervation, transgenic
mice, and systemic agonist/antagonist administration.

Anterograde & retrograde tracers

A long-standing technique for labeling neurons and their
projections, anterograde and retrograde tracers, have been used to
trace the innervation of the thymus as described above. Anterograde
tracing labels neuronal cell bodies to examine afferent projections
(where those neurons project to), while retrograde labeling is used
to identify where axons and nerve terminals arise from. Wheatgerm
agglutinin (WGA) conjugated to horseradish peroxidase (HRP),
Cholera toxin B subunit (CTB), and Fluorogold are common
retrograde tracers, allowing easy visualization of neuronal cell
bodies that project axons into the region of interest. The major
limitation is that they only label neurons that take up the tracer and
cannot resolve the synaptic network. To this end, certain viral
tracers, including pseudorabies viruses, may be used to label
synaptic networks as these viruses can “jump” from cell to cell
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based on their synaptic connections. A more in-depth guide to
neuronal tracing is summarized elsewhere (89).

Imaging of thymic nerves using optical
tissue clearing techniques

OTC whole-tissue imaging methodologies have helped
neuroscientists identify neural networks that span the entire nervous
system and throughout the body (90). Such techniques incorporate
tissue processing and refractive index matching to make whole tissues
and, in some cases, whole animals nearly transparent for imaging (91).
The number of different clearing techniques has grown exponentially,
leading to improvements in methodology. However, there is no “one-
size-fits-all” approach, and understanding the nuances of each
technique and their potential applications can be challenging. OTC-
based imaging techniques have begun to be incorporated to visualize
the thymus. For example, one recent study demonstrated a way to
visualize nerves in peripheral immune tissues (based on iDISCO
clearing methods), including the thymus (81). This study reported
vast TH" sympathetic innervation and scarcity of VChAT"
parasympathetic nerves; however, no in-depth characterization of
innervation was performed. Another study used an ethyl-cinnamate-
based method to visualize the vascular architecture of the thymus (92).
Incorporating these techniques alongside standard microscopy
techniques will help provide a whole view of the thymus, identify
which nerves are present, and determine the extent of thymic
innervation in normal and disease states.

Neurotransmitter quantification

Direct quantification of neurotransmitter levels in tissues can be
done by a few different means. Larger neuropeptides, such as CGRP
and neuropeptide Y, can be readily quantified by ELISA as these are
relatively stable proteins. However, catecholamines are difficult to
measure by ELISA. The preferred method for many biogenic amines,
including catecholamines, is high-performance liquid chromatography
(HPLC) or liquid chromatography-mass spectrometry (LCMS)
(93-95). Catecholamines are also highly sensitive to rapid
degradation due to high levels of monoamine oxidases in cells/
tissues. Thus, samples should be isolated rapidly and flash-frozen in
liquid nitrogen. One challenge with these neurotransmitter
quantification techniques is that they typically require whole
thymus homogenization, and as such, they do not provide
any spatial information. The interpretation of the results may
thus be confounded by neurotransmitter molecules stored
inside cells or nerves, in addition to those released into the
extracellular compartment.

Outstanding questions

The importance of neural signaling to immune function has
become clear over the past 20-30 years (96). Hematopoietic and
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lymphoid tissues, such as the spleen, bone marrow, and lymph
nodes, are under the direct control of the nervous system. The
majority of studies have focused on mature immune cell function in
specific disease states, whereas less is known about neural regulation
of T cell development in the thymus. While extensive advances have
been made in characterizing the thymic microenvironment through
single-cell technologies, this approach typically lacks data from
nerves and their signals. Below, we summarize key research areas
that could help move the field forward (Figure 3).

In-depth characterization of neural
innervation in thymic compartments

The thymus microenvironment is highly organized, with
distinct cell types and regions responsible for specific aspects of T
cell development (see above). Early characterization experiments
did a remarkable job demonstrating the distribution of sympathetic
innervation in the thymus, including its contextual association with
large blood vessels, the thymic capsule, and the subcapsular cortex.
However, additional characterization would help uncover more in-
depth structural and functional relationships with the heterogenous
intrathymic components. One controversy is the precise trajectories
and the depths to which SNS, and possibly sensory or PNS,
innervation, and signaling networks extend within the thymus. It
is also unclear if the nerves of the thymus that project into the
subcortical parenchyma are the same as those that innervate the
large blood vessels. Combined with genetic reporter models for
more accurate nerve representation, new methods for whole tissue
immunolabeling and imaging (discussed above) will provide
definitive evidence of nerve-thymic stromal cell interactions.

Neural regulation of thymic vasculature

The vascular network within the thymus is intricate, dense, and
diverse, composed of large arteries and veins, medium arterioles
and venules, smaller capillaries, and auxiliary and anastomosing
vasculature systems (97). Although innervation has been generally
observed in larger vessels, the precise nature and functions of these
vessels are not well-established, nor how they maintain their
innervation. The close association of sympathetic nerves with
vessels and their biased/preferential extension toward the cortical
zones suggests a potential role in regulating blood flow, the thymus-
blood barrier, nutrient exchange, and cellular trafficking into and
out of the thymus. Neural signals may control influx of ETP homing
and efflux of mature thymocytes to secondary lymphoid organs, two
processes tightly controlled by blood vessels and their unique
perivascular niches in the thymus (98, 99). The SNS has an
established role in mobilizing hematopoietic progenitors from the
bone marrow (69, 72, 73, 100), the recruitment of leukocytes to
peripheral tissues (101), and the function of mature lymphocytes in
lymph nodes (82, 102, 103). Thus, SNS innervation of the thymic
vasculature may serve similar roles.
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FIGURE 3

Roles for neural signaling in the thymic microenvironment. Close association of sympathetic nerves with thymic vasculature suggests potential roles in cell
migration, such as ETP recruitment and mature thymocyte egress. Neural signals may also regulate blood flow and nutrient exchange at the blood-thymus
barrier. Neurotransmitters may signal to thymic niche cell types, including fibroblasts, cTECs, mTECs, dendritic cells, and macrophages, and alter their
associated functions. Further, nerves may signal directly to thymocytes at specific stages of development. Neural signals may participate in thymic involution
during aging or chemotherapy treatment and contribute to endogenous regeneration. Created with BioRender.com.

Neural regulation of the
thymic microenvironment

The thymus contains a growing diversity of cell types within the
thymic microenvironment. cTECs are critical for early T cell
development, forming a niche where direct cell contact and
paracrine signals contribute to T lineage restriction (1). T cells then
undergo specific differentiation and maturation steps, including T cell
receptor gene rearrangement and positive/negative selection that
requires TECs and other antigen-presenting cells, including dendritic
cells (6). Neural signals could help promote or inhibit some of these key
roles by TECs, dendritic cells, or other thymic niche cells. For example,
thymic mast cells and macrophages have been suggested to have a
functional relationship with nerves due to their localization near
sympathetic and peptidergic nerves (84, 104). Yet, whether these cell
types respond to nerve signals is speculative, with little or no data
demonstrating a functional role. Furthermore, the thymic
microenvironment may also signal back to nerves, affecting
innervation, axon degeneration/regeneration, or neuronal activity (43).

Direct neural signaling to developing
T cells

Many in vitro experiments have suggested direct neural

signaling to thymocytes. As discussed, the major issue with these
studies is the lack of niche signals provided by other cell types.
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Further, neurotransmitter receptor expression may differ depending
on the stage of thymocyte differentiation. Understanding how each
stage of T lineage differentiation responds to neural signals is a
critical area of investigation moving forward. Using new
technologies to separate specific thymocyte subsets or single-cell
technologies may help generate refined and granular data. The
challenging questions are how alterations in T cell development in
the thymus due to changes in neural tone affect T cell function and
how intrathymic neural signaling coordinates T cell development
and long-term systemic immunity.

Innervation and function during aging,
thymic involution, and
endogenous regeneration

Most studies of the thymus focus on preventing aging-related
changes, particularly thymic involution (105), to preserve an
increased TCR repertoire diversity immune system competence
later in life. Recent studies have emphasized the occurrence of
epithelial cell defects in thymic aging and regeneration (106).
Previous studies have shown that neural innervation is maintained
in the aged thymus (see above), but whether functional neural
signaling remains intact is unclear. For example, some studies find
altered neurotransmitter levels in the aged thymus (64, 66, 67),
suggesting that neural signaling networks within the aged thymus
may be altered. Furthermore, genotoxic treatments, such as
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chemotherapy given to cancer patients or irradiation in the context of
hematopoietic stem cell transplantation, promote early thymic
involution and subsequent regeneration (107). Given that SNS
nerves are critical for hematopoietic regeneration in the bone
marrow (70), assessing whether it functions similarly in the thymus
will be essential.

Summary

The thymus is a critical primary lymphoid organ necessary for
developing T cells throughout life. Historical studies dating back to
the early 20" century have documented thymic neural innervation,
but to date, the physiological significance of this innervation has
been understudied. While the SNS is often associated with the acute
stress response, this perspective oversimplifies its broader role in
tissue homeostasis. Sympathetic nerves reside in all hematopoietic
and lymphoid tissues, suggesting they contribute to immune
development and function, even during non-stress conditions.
Despite these indications, the role of neural signaling in thymic
function, particularly in T cell development, remains a frontier with
many unanswered questions. In this review, we summarized a large
body of literature, addressing the evidence supporting neural
regulation of the thymic microenvironment and the controversies
and gaps that persist. Unlocking these mysteries will require
harnessing advanced technologies and techniques from
neuroscience and immunology, such as high-resolution whole-
tissue imaging, optogenetics or chemogenetics, and single-cell
transcriptomics. Progress in this field hinges on interdisciplinary
collaboration, sharing of resources, and cultivating expertise that
bridges disciplines. These efforts will be essential to unravel the
complex interplay between the nervous system and thymic
function, deepening our understanding of neuroimmune
regulation in health and disease.
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