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Abstract

During neural development, complex organisms rely on progressive and regressive events whereby
axons, synapses, and neurons are overproduced followed by selective elimination of a portion of
these components. Tumor necrosis factor a (TNFa) together with its cognate receptor (Tumor
necrosis factor receptor 1; TNFR1) have been shown to play both regressive (i.e. forward signaling
from the receptor) and progressive (i.e. reverse signaling from the ligand) roles in sympathetic
neuron development. In contrast, a paralog of TNFR1, p75 neurotrophic factor receptor (p75NTR)
promotes mainly regressive developmental events in sympathetic neurons. Here we examine the
interplay between these paralogous receptors in the regulation of axon branch elimination and
arborization. We confirm previous reports that these TNFR1 family members are individually
capable of promoting ligand-dependent suppression of axon growth and branching. Remarkably,
p75NTR and TNFR1 physically interact and p75NTR requires TNFR1 for ligand-dependent axon
suppression of axon branching but not vice versa. We also find that p75NTR forward signaling and
TNFa reverse signaling are functionally antagonistic. Finally, we find that TNFa reverse signaling
is necessary for nerve growth factor (NGF) dependent axon growth. Taken together these findings
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demonstrate several levels of synergistic and antagonistic interactions using very few signaling
pathways and that the balance of these synergizing and opposing signals act to ensure proper axon
growth and patterning.
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1.

Introduction

Assembly of a functional nervous system in complex organisms employs a strategy of trial
and error, whereby dynamic and tightly controlled progressive and regressive developmental
events pattern nascent circuits. For example, in the vertebrate nervous system, circuit
components such as axons, synapses, and neurons are produced in excess and selectively
eliminated to achieve appropriate connectivity and function (Hamburger and Levi-
Montalcini, 1949; reviewed in Chao, 2003; Fitzsimonds and Poo, 1998). An emergent
principle in developmental neuroscience is that pro-growth and pro-refinement signaling
pathways compete with one another to promote or inhibit connectivity in order to define the
architecture of the nervous system (Deppmann et al., 2008; Singh et al., 2008; Sharma et al.,
2010). How cross-talk between progressive and regressive cues occurs to mediate nervous
system wiring remains an open question.

During the development of the sympathetic nervous system, refinement of the excess
neuronal population is mediated by competition between TrkA mediated pro-growth and
p75-neurotrophin receptor (p75NTR) mediated regressive signaling (reviewed in Majdan
and Miller, 1999; Deckwerth and Johnson, 1993; Majdan et al., 2001). Limiting amounts of
target organ-derived nerve growth factor (NGF) bind axonal TrkA thereby transducing
signaling cascades which promote target innervation, neuronal survival, synapse initiation,
and a variety of other important developmental processes (McMahon et al., 1994; Glebova
and Ginty, 2004; Sharma et al., 2010). On the other hand, p75NTR signaling represents a
counterbalance to these TrkA-mediated pro-growth signals as it mediates neuronal death,
axon degeneration, and synapse restriction (Bamiji et al., 1998; Singh et al., 2008; Sharma et
al., 2010). Neurons, axons, and synapses experiencing high levels of trophic signaling are
refractory to p75NTR-mediated death signaling. However, neurons exposed to low levels of
NGF-dependent survival signaling (termed suboptimal by Miller and colleagues, Majdan et
al., 2001) are susceptible to ligand-induced regressive signaling by brain-derived
neurotrophic factor (BDNF), neurotrophin 4/5 (NT4/5), or pro-neurotrophins through
p75NTR (Deppmann et al., 2008; Deinhardt et al., 2011). During target innervation, neurons
must traverse varying levels of NGF pro-growth signaling and suppress prodestructive cues
to survive and stabilize components like axons and synapses (Deppmann et al., 2008;
Deinhardt et al., 2011). Despite a reasonably good understanding of the signaling pathways
mediating progressive and regressive signaling, we still do not understand how these
antagonistic pathways interact with one another.
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p75NTR is a member of the tumor necrosis factor receptor (TNFR) family and signaling
related to several of these receptors has been reported to build or refine the sympathetic
nervous system (O’Keeffe et al., 2008; Kisiswa et al., 2013; Barker et al., 2001; Nikolaev et
al., 2009). Beyond p75NTR, other TNFR family members including TNFR1 and death
receptor 6 (DR6) are expressed in the developing peripheral nervous system and play roles
in regressive signaling (Wheeler et al., 2014; Barker et al., 2001, Gamage et al., 2017;
Kisiswa et al., 2013; Kisiswa et al., 2017). TNFR1 and p75NTR in particular share several
properties. For example, both receptors are capable of triggering common signaling
pathways including c-Jun N-terminal kinase (JNK), NFkB (reviewed in Hempstead, 2002),
and RhoA (Yamashita et al., 1999; Neumann et al., 2002). There are also several key
differences between these family members, including variation in the number of ligands that
each cognate receptor can bind to: TNFR1 is more limited in the ligands it prefers (e.g.,
TNFa and LTa), whereas p75NTR promiscuously binds to all immature and mature
neurotrophins (NGF, BDNF, NT4/5, NT3) as well as non-neurotrophic factors secreted by
glial cells such as Nogo, myelin-associated glycoprotein (MAG), and oligodendrocyte
myelin glycoprotein (OMgp) (Bibel and Barde, 2000; Jansen et al., 2007; Wang et al., 2002).
Additionally, while both TNFR1 and p75NTR promote apoptotic signaling, they do so via
different mechanisms. TNFR1 ligand binding activates the extrinsic apoptotic pathway by
causing the binding of adapter protein TNFR1-associated death domain protein (TRADD),
promoting association and activation of procaspase-8 (Elmore, 2007). p75NTR, however, is
capable of activating the caspase-9-dependent intrinsic cell pathway through interactions
with a handful of its binding partners (Underwood and Coulson, 2008). There is also
evidence that p75NTR can act as a dependence receptor, signaling without ligand binding
(Rabizadeh et al., 1993; Bredesen et al., 1998). Whether TNFR family members like
p75NTR and TNFR1 cooperate during refinement signaling to affect an individual neuron’s
morphology is unknown.

However, TNFR family member-mediated signaling is not invariably regressive. For
instance, TNFa,, a major ligand for TNFR1, belongs to the TNF superfamily. Most TNF
family members are type 1l transmembrane proteins and, in addition to being cleaved from
the membrane and acting as ligands, may remain membrane-bound and function as receptors
when interacting with their binding partners in a process called reverse signaling. Several
examples of reverse signaling within the TNF superfamily exist in the context of immune
system development and function (Sun and Fink, 2007). For example, TNFa. reverse
signaling on macrophages and monocytes reduces the production of pro-apoptotic cytokines
upon stimulation with lipopolysaccharide (LPS) (Eissner et al., 2000). Within the nervous
system, TNFR1, which induces pro-refinement signaling when acting as a membrane-bound
receptor, can also be cleaved from the membrane and act as a ligand for membrane-bound
TNFa (MTNFa), providing a potent pro-growth signal (Kisiswa et al., 2013). Intracellular
signaling initiated from what the field views as classic receptors is referred to as forward
signaling and signaling emanating from a membrane-bound ligand within the cell bearing
that ligand is referred to as reverse signaling. While it remains unclear how TNFR1-TNFa
forward and reverse signaling work together to govern nervous system patterning, this
additional layer of control would likely provide a mechanism for juxtacrine regulation of
progressive and regressive signaling.
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In this study, we seek to uncover the interactions between each component of the
bidirectional and antagonistic TNFR1-TNFa signaling axis and pro-refinement p75NTR.
We report a unidirectional dependence between both ligand-dependent regressive signaling
pathways: BDNF-p75NTR-mediated repression of axon growth requires the presence of
TNFR1, while similar inhibition of axon growth through TNF-TNFR1 forward signaling
does not require p75NTR. Further, we demonstrate a physical association between TNFR1
and p75NTR through co-immunoprecipitation and bimolecular fluorescence
complementation (BiFC). However, we find that p75NTR forward and TNFR1-TNFa
reverse signaling are functionally antagonistic, indicating that the primary role of each
pathway is regressive and progressive, respectively. Moreover, we demonstrate that mMTNFa
reverse signaling is required for NGF-TrkA dependent axon growth. Taken together, these
findings demonstrate that TNFR family signaling exhibit complex regulatory processes
including co-dependence, compensation, and antagonism, all of which are required for
proper elaboration of sympathetic axons.

Results

Soluble BDNF and TNFa reduced axon complexity in cultured sympathetic neurons.

To compare the role of TNFR1, TNFa, and p75NTR activation on axon growth and
branching, sympathetic neurons from the superior cervical ganglion (SCG) of wild-type
(WT) PO mice were cultured in the presence of 2 ng/ml of NGF and with 2 ng/ml of NGF
with STNFa (2 ng/ml), BDNF (250 ng/ml), or a function-blocking a-NGF antibody (1 pg/
ml). After 24 h, the neurons were fixed and the complete axon arbor was visualized using
immunocytochemistry for Class Il -tubulin antibody, TuJ1 (Fig. 1A). We then traced
isolated neurons and analyzed axon complexity using Sholl analysis (Fig. 1B-C, STable 1).
As expected, the presence of NGF promoted sympathetic axon complexity while blocking
TrkA activation with a-NGF function neutralizing antibody reduced axon arborization
drastically (Fig. 1A-C). Consistent with work from Davies and colleagues as well as Miller
and colleagues, treatment with soluble BDNF or TNFa antagonizes NGF-TrkA signaling
resulting in reduced axon complexity (Fig. 1A-C, STable 1) (Kisiswa et al., 2013; Singh et
al., 2008). Axon complexity is the composite of multiple characteristics including axon
growth rate, homeostasis between axon sprouting and axon pruning, hierarchical branching,
and more. With this in mind, we assessed two of these characteristics: axon growth rate and
the number of axon branches. We analyzed axon growth rate by measuring the length of the
longest axon for each neuron providing a distance in microns over the 24 h growth period
(Fig. 1D). The number of axon branches were quantified by counting axon endpoints (Fig.
1E). The reduction in axon complexity of both TNFR1 and p75NTR activation was due to a
slowed axon growth rate (~50%) and a reduction (~20%) in branch number (Fig. 1D, E).

Loss of p75NTR increased axon number independently of TNFR1

To further understand the role of TNFR1, TNFa, and p75NTR in axon complexity, we
cultured sympathetic neurons from mutant mice deficient in 7AVFRI (TNFR1KO), TNFa
(TNFKO), or p75NTR (p75K0) and treated these cultures as in Fig. 1. p75NTR has been
shown to promote axon pruning in sympathetic axons (Singh et al., 2008) and in its absence
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or when it is suppressed, nascent axon branches stabilize, resulting in elevated axon
complexity. As expected, p75KO neurons exhibited exuberant axon complexity in all
conditions compared to wild-type neurons (Fig. 2A, D, G, J, STable 1). Similarly, we find
that these p75K0 axon arbors had double the number of branches compared to wild-type
axons exposed to the same ligands, including when exposed to a-NGF (Fig. 2J).
Intriguingly, activation of p75NTR with BDNF caused a ~50% decrease in axon growth rate
in wild-type neurons, however, loss of p7SNTR only modestly potentiated axon growth rate
(compare Figs. 1D and 2G). BDNF also stunted branch number by ~20% in wild-type
neurons while loss of p75NTR more than doubled the number of axon branches (compare
Figs. 1E and 2J). This suggests that p75NTR may provide regressive signals in the absence
of BDNF stimulation. Finally, p75KO neurons still displayed dampened axon complexity
due to reduced axon growth in response to STNFa., implying that TNFR21 forward signaling
does not depend on p75NTR (Fig. 2D, G).

Loss of TNFR1 does not alter axon growth but is required for BDNF-p75NTR-

dependent axon regression

2.3.

Given that TNFR1 regulates axon growth by both acting as a ligand for pro-growth mTNFa
and as a receptor for regressive STNFa., one would expect its loss to affect axon complexity.
Interestingly, TNFR1KO neurons grown in 2 ng/ml NGF or a-NGF have axon arbors
indistinguishable from the corresponding wild-type axons in complexity, growth, and
number (Fig. 2B, E, H, K, STable 1). As expected, these neurons do not respond to STNFa
as they lack the cognate receptor for this ligand (Fig. 2B, E, H, K). Surprisingly, TNFR1KO
neurons also did not respond to application of BDNF, implying that BDNF-p75NTR
regressive signaling requires TNFR1 (Fig. 2E, H, 2nd column).

Loss of TNFa reduces axon complexity by slowing axon growth

We next sought to uncover the contribution of mTNFa as a receptor. Consistent with its role
as a pro-growth receptor in developing sympathetic neurons and its ability to act as a
regressive ligand when solubilized (Kisiswa et al., 2013), loss of TNFa results in reduced
axon development due to slower outgrowth (Fig. 2C, F, I, L, STable 1). In order to examine
the role of mMTNFa alone, we added back sSTNFa to compensate for its loss in TNFKO
neurons. However, these neurons do not exhibit an additive loss of axon complexity when
exposed to either sSTNFa or BDNF despite retaining receptors for both of these ligands,
indicating that mTNFa. is critical for the proper growth of axons (Fig. 2C, F, I, L). It may be
that mTNFa signaling is a foundational pro-growth pathway and other pathways are
recruited at higher concentrations of NGF (i.e. higher levels of TrkA activity).

2.4. TNFR1 and p75NTR physically interact

To better understand the observed unidirectional dependence of p7SNTR on TNFR1, we
asked whether the receptors are physically associated. We generated HA-tagged p75NTR
and FLAG-tagged TNFR1 expression constructs (SFig. 1A). These constructs were
expressed in HEK293 cells followed by analysis of interaction by co-immunoprecipitation
and immunoblot analysis. In the immunoprecipitated lanes, we detected FLAG-TNFR1 only
when HA-p75NTR and TNFR1 were expressed, suggesting association of p75NTR and
TNFR1 (Fig. 3A).
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We next sought to determine the subcellular localization of p75NTR/TNFR1 heteromeric
complexes compared to their respective homomeric interactions. To visualize the association
of p75NTR and TNFR1, we used bimolecular fluorescence complementation (BiFC), where
p75NTR and TNFR1 are cloned in frame with split-portions of the Venus fluorescent protein
(N-terminus or C-terminus) (Hu and Kerppola, 2003) (Fig. 3B). To avoid overexpression,
which could lead to inappropriate interaction, these fusion constructs were expressed in the
pTRE2hyg vector backbone, a tetracycline-regulated expression system (SFig. 1B). We
expressed the constructs in HEK293 cells cultured in tetracycline-free media in order to
maintain minimal “leaky” heterologous expression (SFig. 1C). Cells expressing the
homomeric pair of p75NTR exhibited uniform fluorescence in the cytoplasm and plasma
membrane as well as a few intracellular puncta; whereas cells expressing homomeric
TNFR1 displayed fluorescent patches suggesting that these receptors have distinct
subcellular distributions in the cell (Fig. 3C). Each homomeric pair - p75NTR or TNFR1-
exhibited fluorescence in the absence of its cognate ligand, which is consistent with previous
reports (Vilar et al., 2009; Chan et al., 2000) (Fig. 3C, SFig. 1C). Interestingly, in cells
expressing the heteromeric pair of p75NTR and TNFR1, punctate fluorescence was similar
to homomeric TNFR1 (Fig. 3C, SFig. 1C). To ensure that these results were not particular to
HEK?293 cells, we next expressed the same constructs in primary mouse sympathetic
cultures. In all pairings of BiFC constructs, fluorescence expression was similar to
expression in the HEK293 cells (Fig. 3D, SFig. 1C). Homomeric expression of p75NTR still
exhibited uniform expression although more puncta were evident (Fig. 3D, SFig. 1C).
Homomeric TNFR1 BiFC pairs also displayed punctate membrane localization (Fig. 3D,
SFig. 1C). Finally, the p75NTR and TNFR1 heteromeric BiFC pair displayed a similar
distribution in homomeric TNFR1 (Fig. 3D, SFig. 1C). This indicates that the subcellular
localization of the p7SNTR:TNFR1 complex is principally influenced by TNFR1 across cell

types.

2.5. Loss of TNFR1 or TNFa in a p75NTR-deficient background rescues exuberant axon
arborization

The physical and functional interactions of TNFR1 and p75NTR led us to investigate axon
branching in TNFR1™~p75NTR™= (TNFR1;p75DKO) neurons. Based on observations in
single null mutants, we predicted that TNFR1;p75DKO neurons would exhibit axon
complexity at least as exuberant as p75KO. Surprisingly, TNFR1;p75DKO axon arbors were
identical to wild-type, even though activation of either of these receptors represses axon
growth and branching (Fig. 4A, C, E, G, STable 1). Neither BDNF or sSTNFa. elicited an
effect as both cognate receptors were absent (Fig. 4A, C, E, G). To explain the lack of
exuberant branching observed in the TNFR1;p75DKO compared to p75KO (compare Figs.
2D and 4C), we speculated that loss of TNFR1 ablates a critical pro-growth signal provided
by mTNFa activation that we failed to uncover in the presence of p75NTR (Fig. 2C, F, I, L).
Indeed, work from our lab and others has shown that TNFR1-TNFa. reverse signaling is a
potent inducer of axon growth and branching in sympathetic (Kisiswa et al., 2013) and
sensory (Wheeler et al., 2014) neurons. This led us to hypothesize that TNFR1 and mTNFa
pro-growth reverse signaling and p75NTR pro-refinement signaling are coupled to ensure
proper axon development.
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To test whether p75NTR counterbalances TNFR1-TNFa pro-growth signaling we assessed
axon growth in TNFa™'~;,p075NTR™~ (TNF;p75DKO) neurons. If the primary output of
TNFR1-TNFa signaling is pro-growth reverse signaling with TNFR1 as ligand and mTNFa
as receptor, then loss of either protein should have a negative effect on axon complexity. In
this case, we would expect loss of TNFa in a p75NTR-deficient background to result in
wild-type levels of axon complexity, similarly to loss of TNFR1. Indeed, TNF;p75DKO
neurons show identical axon complexity as TNFR1;p75DKO and wild-type in all conditions,
suggesting that deletion of either member of the reverse signaling pathway has a similar
effect on axon dynamics (Fig. 4B, D, F, H, STable 1). Interestingly, while application of
STNFa did not reduce overall axon complexity in TNF;p75DKO neurons as it previously
had in neurons containing TNFRL, it did slow axon growth rate compared to both
TNF;p75DKO with NGF and TNFR1;p75DKO with STNFa (comparison not shown),
similar to the effect of STNFa in wild-type neurons (Fig. 4D, F). This suggests that
exogenous and endogenous sTNFa combines to diminish both axon growth rate and
complexity, and that exogenous sTNFa alone is insufficient to produce this effect. These
results indicate that by losing either TNFa or TNFR1 in addition to p75NTR, neurons have
lost both a regressive and progressive signal, returning axon complexity to wild-type levels.
Thus, p75NTR-dependent axon refinement functionally antagonizes TNFR1-TNFa reverse
signaling to maintain an appropriate range of axon complexity. Activation of either pathway
pushes axon arbors towards upper and lower boundaries of complexity by specifically
titering growth or branch stability.

2.6. TNFR2 compensates for TNFR1 and loss of both TNFR1 and TNFR2 results in
catastrophic loss of axon complexity

If TNFR1 and TNFa are essential for a pro-growth signal during axon development, then
loss of TNFR1 should result in a dramatic loss of axon arbors. However, we found that
TNFR1KO neurons were identical to wild-type conditions (Fig. 2B, E). This could be
explained by another ligand for mTNFa compensating when TNFRL1 is lost. TNFR2, a
TNFR superfamily member closely related to TNFR1 with extensive sequence and
functional similarity, is considered the canonical ligand for mTNFa in the mediation of
proliferation, differentiation, and survival of diverse tissues (Grell et al., 1995; Qu et al.,
2017; Juhasz et al., 2014). Davies and colleagues report weak immunohistochemical staining
of TNFR2 in cultured mouse sympathetic neurons (Kisiswa et al., 2013). We hypothesized
that in the absence of TNFR1, TNFR2 may be expressed to compensate. We therefore
pooled SCGs from litters of PO wild-type, TNFR1KO, and TNFR2™/~ (TNFR2KO) mice,
and performed RT-PCR using 2 primer sets against the coding region of TNFR2 (Fig. 5A,
SFig. 2A, B). We found that TNFR2 transcript is expressed in both wild-type and
TNFR1KO, but not in TNFR2KO SCGs (Fig. 5A, B). Furthermore, transcript levels do not
seem to increase in the absence of TNFRL, indicating that if compensation occurs, it may be
at the protein and not expression level (Fig. 5B). To determine whether TNFR2 functionally
compensates for loss of TNFR1, we assessed axon complexity in wild-type, TNFR1KO,
TNFR2KO, and TNFRI™/=; TNFR2'~ (TNFR1; TNFR2DKO) neurons. Similar to
TNFR1KO neurons, axon complexity of TNFR2KO was identical to wild-type controls,
however, TNFR1; TNFR2DKO neurons exhibited a striking loss of axon complexity, to the
levels of wild-type neurons treated with a-NGF (Fig. 5C, D, STable 2). Thus, the
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TNFR1; TNFR2DKO suggests that TNFR1 and TNFR2 work in parallel to activate
progressive signaling through mTNFa.. To ensure that the loss of axon branching in

TNFR1; TNFR2DKO neurons was due to deficient reverse signaling, we attempted to rescue
this phenotype using a soluble extracellular peptide of TNFR1, TNFR1-Fc (10 ng/ml). We
confirmed that addition of TNFR1-Fc to wild-type cultures elicited a robust increase in axon
complexity and found that TNFR1-Fc rescued the loss of axon complexity observed in the
TNFR1;TNFR2DKO neurons (Fig. 5E-H, STable 3).

Further, the TNFR1;TNFR2DKO reveals that NGF pro-growth signaling requires TNFR-
TNFa reverse signaling since loss of both TNFR ligands for mTNFa abrogates axon growth
even in the presence of NGF (Fig. 5D). To determine if this requirement only exists in
suboptimal levels of NGF or if it is a general requirement, we assessed axon complexity in
TNFR1; TNFR2DKO neurons grown in 0, 2, 10, and 50 ng/ml NGF. We found that neurons
in no (0 ng/ml NGF) or suboptimal NGF (2 ng/ml and 10 ng/ml) displayed similar loss of
axon complexity but optimal NGF (50 ng/ml) exhibited a partial rescue compared to wild-
type neurons grown in suboptimal NGF (Fig. 51-L, STable 4). Although

TNFR1; TNFR2DKO neurons treated with 50 ng/ml NGF had the same number of axon
branches as wild-type neurons in suboptimal NGF, the DKO axons grew significantly slower
(Fig. 5K, L). This suggests that optimal NGF compensates for the loss of TNFR1 and
TNFR2 for axon branching but not for axon growth. Together, these data suggest that
TNFR1 and TNFR2 work in concert as ligands for mTNFa reverse pro-growth signaling.

3. Discussion

In this study, we have examined how p75NTR, TNFR1 and TNFa signaling interact to
control axon growth (Fig. 6). First, we show that ligand-dependent p75NTR activation
requires TNFRL1 to slow axon growth and that regressive TNFR1 forward signaling occurs
independently of p75NTR. Second, we demonstrate that TNFR1 and p75NTR physically
interact and colocalize. Third, we show that TNFR1 fails to compensate for loss of p75NTR,
resulting in exuberant axon branching, while loss of TNFR1 does not affect axon complexity
due to compensation by TNFR2. Fourth, concurrent loss of TNFR1 or TNFa with p75NTR
rescues axon arborization to wild-type levels compared to the overgrowth observed in the
absence of p75NTR. Finally, we demonstrate that TNFR-TNFa reverse signaling is required
for suboptimal NGF to promote axon growth. Thus, our work indicates that p75NTR
suppression of axon branching is a critical balance to the pro-growth TNFR1-TNFa reverse
signaling.

We observe that p75NTR appears to be regulating axon complexity through two distinct
mechanisms: 1) BDNF-dependent reduction of axon complexity through inhibition of axon
growth rate, and 2) suppression of progressive mTNFa reverse signaling. The mechanism by
which p75NTR suppressed pro-growth mTNFa reverse signaling requires further
investigation. While we had thought it likely that TNFR1 and p75NTR had either a
compensatory or a co-dependent relationship, we were surprised to discover that p75SNTR
was overall antagonistic to TNFR1-TNFa reverse signaling while requiring TNFR1 forward
signaling for ligand-dependent regressive events.
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How is it that p75NTR might be dependent on TNFR1 forward signaling to respond to
BDNF? In general, death receptors are thought to initiate similar pathways such as JINK,
NFkB, Rho, and Caspase 8/10 cascades (Locksley et al., 2001; Hempstead, 2002). It is
possible that individual TNFR family members induce subtle variations in distinct pathways,
the combinations of which may be sufficient to create diversified outcomes. Alternatively,
interactions between family members may be permissive for particular signaling
functionality through a shift in subcellular locale. A portion of p75NTR-dependent signaling
is thought to require hierarchical cleavage by BACE followed by gamma secretase in order
to liberate the intracellular domain (Kenchappa et al., 2010; Kanning et al., 2003).
Importantly, BACE and gamma secretase activity are thought to be most active in
endosomes and lipid rafts, respectively (Osenkowski et al., 2008; Das et al., 2013). Further, a
recent study demonstrated that p7SNTR, upon ligand binding, preferentially associates with
lipid raft microdomains, facilitating pro-apoptotic signaling (Marchetti et al., 2019). It is
known that TNFRL1 is enriched in lipid rafts whereas p75NTR is detected in both raft and
non-raft compartments (Cottin et al., 2002; Zhang et al., 2013). Our finding that homomeric
TNFR1 as well as p75NTR: TNFR1 complexes exist in punctate microdomains suggests that,
upon ligand binding, TNFR1 may deliver p75NTR to microenvironment(s) necessary for
p75NTR cleavage and signaling, providing an explanation for the observed reliance of
p75NTR on TNFR1 for its function.

A similar explanation may be provided for how p75NTR regulates the relative strengths of
TNFR1-TNFa forward and reverse signaling. Perhaps this TNFR1-p75NTR complex
sequesters TNFR1 from TNFa. This could either be through occlusion of TNFR1 cleavage
by ADAM17 (Giai et al., 2013) or the binding site between TNFR1 and mTNFa. Another
possibility is that p75NTR and mTNFa reverse signaling are independent pathways, both
pruning and sprouting axons simultaneously and resulting in a function sum balance when
unperturbed.

Regardless of the mechanism of p75NTR regulation of TNFa signaling, it is intimately
linked to axon growth in suboptimal NGF environments. Especially intriguing is how
mTNFa reverse signaling is necessary for low levels of NGF to promote axon growth (Fig.
5E). These results differ from Kisiswa and colleagues, where neurons were treated with
slightly higher levels of NGF and show no such requirement. This in turn indicates that the 2
ng/ml NGF used in our experiments is capable of supporting axon growth, but sensitizes
neurons to the effect of regressive signaling pathways. TNFa reverse signaling, however, is
only necessary for NGF-promoted growth when p75NTR is present, as loss of p75NTR
rescues the dramatic loss of axon arbors in the TNFa-deficient background. Thus, a single
trophic signal, here NGF, is able to influence the refinement activity not just of p75NTR, but
also that of related TNFR family members. Given that these proteins have distinct spatial
distributions and functional roles, this would allow the cell to regulate progressive and
regressive signals not just at the cell body in ways particular to p75NTR, but to diversify this
response across the cell and in varying contexts. Further investigation is required to
determine precisely how NGF influences pathways that control axon regression, especially
the extent that NGF concentration or spatial distribution plays a role.
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Several other examples of signaling systems, where either bidirectional or non-canonical
reverse signaling in developmental patterning, have been well described. Eph-ephrin
signaling is one such example and, like TNFR1-TNFa, is able to modulate different cellular
events depending on the context in which the two proteins are expressed, including cell
migration, diverse morphogenetic processes, and axon guidance. Indeed, a number of
receptor/ligand pairs from the TNFR/TNF superfamily have recently been shown to
participate in bidirectional signaling in the context of neural development. CD40-induced
reverse signaling through CD40L is important for dendritic elaboration for striatal neurons
(Carriba and Davies, 2017) and promotes innervation density by sympathetic neurons in an
NGF-dependent manner (McWilliams et al., 2015). Activation of TWE-PRIL receptor, a
fusion protein between two TNF superfamily members TWEAK and APRIL, opposes NGF-
induced axon growth whereas soluble APRIL promotes axon growth (Howard et al., 2018).
Recent work indicates that the critical period for TNFR/TNF superfamily signaling in the
peripheral nervous system is narrow and defined by the expression of the signaling
components (Kisiswa et al., 2013; Nolan et al., 2014). For example, STNFR1 application
induces reverse signaling at PO and P5 in cultured rat neurons, but has no effect on axon
growth at E18 or P10 (Nolan et al., 2014). Thus, TNFR-TNFa reverse signaling activity
coincides with the developmental window for sympathetic innervation of target organs
(Davies, 2009).

What is the purpose of juxtaposing two opposing and mutually activating signaling
pathways present in the same cell? One would imagine that either the two would
counterbalance one another leading to no net effect, or that one would become dominant
over the other resulting in branch growth or elimination. In either case, the need for both
members to be bi-directional signaling complex would seem to be obviated. However, the
localization of TNFR superfamily bidirectional partners may give us further clues about the
purpose of this arrangement. Davies and colleagues showed that while TNFR1 was restricted
to the somas of sympathetic neurons, TNFa was broadly expressed across axons as well.
Since TNFa, but not TNFR1, is localized to these growing axons (Kisiswa et al., 2013;
Erice et al., 2019), it is likely that TNFa. is a major contributor to pro-growth regulation of
axon patterning. Thus, TNFa is positioned to receive and relay progressive signals from
target tissue promoting axon elaboration whereas TNFR1 sharpens the response to
competition as a pro-destruction cue at the cell body similar to p75NTR (Deppmann et al.,
2008), In fact, due to where the ligand is derived in each signaling direction, we might
consider TNFR1-TNFa bidirectional signaling predominantly as a divide between autocrine
and paracrine signaling; TNFR1 activation occurs from autocrine sSTNFa when NGF
availability is low and paracrine mTNFa activation occurs distally from tissue rich with
TNFR1 or TNFR2. Thus, the utility in having both systems may be derived from spatially
separating the two. In culture, this spatial separation is perturbed, disrupting proper signaling
by providing ligands globally. Thus the roles of forward and reverse TNFR-TNFa signaling
may be obscured by the loss of each pathway’s spatial restriction.

Our work, in sympathetic neurons cultured in suboptimal NGF, shows that p75NTR and
mMTNFa signaling are the dominant regressive and progressive pathways, respectively. To
appreciate the dynamic interaction of regressive and progressive pathways, full
characterization of both temporal and spatial expression across the sympathetic chain and
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target tissues will be necessary. Given the size of the TNFR family, as well as the number of
co-receptors reported to play a role in their function, we suggest that interactions between
p75NTR and TNFR1 merely scratch the surface of how many heteromeric receptor
combinations are possible. For example, p75-NTR has been reported to interact with Sortilin
which mediates pro-neurotrophin signaling (Nykjaer et al., 2004), Nogo Receptor (NgR)
which mediates Nogo, MAG, and OMGp signaling (Wang et al., 2002), and DR6 which
mediates beta amyloid signaling (Hu et al., 2013). Given the wide range of cellular
processes these proteins mediate and the plethora of ligands they respond to, a wide range of
developmental responses may be derived from expressing them in different combinations. In
this way, a complex combinatorial code of TNFR family interactions may act as a Rosetta
stone to interpret patterns of relatively simple yet highly mobile developmental cues.

4. Materials and methods

4.1. Animals

All animals were maintained in a ¢57bl6 background. Transgenic lines were purchased from
The Jackson Laboratory: p75NTR™~ (Lee et al., 1992; JAX stock #002213), TNFR17/~
(Peschon et al., 1998; JAX stock #003243), TNFR2~/~ (Erickson et al., 1994; JAX
#002620), and TNFa ™/~ (Pasparakis et al., 1996; JAX #005540). The following double
knockouts were bred by crossing the previously mentioned lines: TNFR1™~;p75NTR ™",
TNFa™=;p75NTR™", and TNFR1~/~;TNFR2~/~. Wild-type controls were c57bl6.
Genotyping was done on DNA extracted from tail as per REDExtract-N-Amp Tissue PCR
Kit (Sigma, E7526, T3073, N3910, and R4775) using the following primer sets
recommended by Jackson Laboratory for each line.
p75NTR™~

Common: GCT CAG GAC TCG TGT TCT CC

Mutant: TGG ATG TGG AAT GTG TGC GAG

Wild-type: CCA AAG AAG GAATTG GTG GA
TNFR17/~

Common: AGA GCT CCA GGC ACA AGG GC

Mutant: CCG GTG GAT GTG GAA TGT GTG

Wild-type: AAC GGG CCAGACCTC GGG T
TNFR27/~

Common: TAG AGC TCC AGG CAC AAG G

Mutant: AGA CTG CCT TGG GAA AAG CG

Wild-type: AGC CAC TGG GTATTT CTG GA
TNFa ™=

Common: TAG CCA GGA GGG AGA ACA GA
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Mutant: CGT TGG CTACCC GTG ATATT
Wild-type: AGT GCC TCT TCT GCC AGT TC

All experiments were carried out in compliance with the Association for Assessment of
Laboratory Animal Care policies and approved by the University of Virginia Animal Care
and Use Committee.

Primary neuronal culture

Superior cervical ganglia (SCG) dissected from postnatal day 0 (PO) mice were serially
enzymatically dissociated, first with 4 mg/ml Collagenase type Il (Worthington, LS004176),
0.2 mg/ml Deoxyribonuclease | from bovine pancreas (Sigma, DN25), and 0.2 mg/ml
Hyaluronidase from bovine testes (Sigma, H3884) in BSA (Sigma, A9647) for 20 min, then
with 3 mg/ml Trypsin (Sigma, T4799) for 15 min (Keeler et al., 2017). Following enzymes,
the SCGs were triturated gently with a fire-polished glass pipette. After the ganglia were
completely dissociated, they were grown in 4.5 g/L D-Glucose/L-Glutamine DMEM (Gibco;
11965-092) supplemented with 10% fetal bovine serum (FBS; Gibco; 16000-044), 1 U/ml
penicillin-streptomycin (Gibco; 15140-122), and either 2 ng/ml NGF (purified in-house
from mouse salivary glands at an amount that is sufficient to maintain survival but unable to
block death receptor signaling (Deppmann et al., 2008, Kisiswa et al., 2013)), or a
combination of 2 ng/ml NGF and one of the following: 2 ng/ml TNFa (Peprotech, 315-
01A), 250 ng/ml BDNF (Novus, NBP199674), 10 ng/ml TNFR1-Fc (R&D Systems, 430-
RI1-050), or 1 ug/ml a-NGF (Sigma, AB1528SP) neutralizing antibody (Kisiswa et al., 2013;
Suo et al., 2015). Neurons were plated on cover glass coated with poly-D-lysine
(PDK;Sigma, P7886) and Laminin (Fisher, 23017015) and hereafter incubated at 37 °C in
10% CO2. After 24 h, the neuronal cultures were fixed with 4% PFA (diluted from 16%,
Fisher, PI 28908) for 10 min.

In vitro axon complexity measurement

Fixed neurons were blocked in 0.1% TritonX-100 (Sigma, X100) and 3% Normal Donkey
Serum (Sigma, S30) stained overnight with a Class I11 g-tubulin antibody, TuJ1 (generous
gift from A. Spano, 1:1000 for immunohistochemistry). Cells were washed and stained for 1
h at room temperature with goat anti-mouse Alexa 488 antibody (Life Technologies,
A-11001, 1:500 for immunofluorescence), mounted with DAPI Fluoromount G (Fisher,
0OB010020) then imaged. Only isolated neurons where TuJ1 staining did not overlap with
other neurons and where DAPI indicated that a cell body contained only a single nuclei were
imaged. Axon complexity data was generated by Sholl analysis (Sholl, 1953) in increments
of 10 um with both Neuron Studio (Wearne et al., 2005) and FIJI’s Simple Neurite Tracer
plugin (Longair et al., 2011). Briefly, Sholl analysis measures the number of intersections
between neuritic processes and superimposed circles of increasing radius centered on the
soma. Scorers were blinded to the conditions they were imaging for. Axon growth rate data
was calculated by measurement of the longest axon length and number of branches were the
number of complete segments traced, both using FIJI’s Simple Neurite Tracer plugin.
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4.4. Construction of plasmids

4.5.

4.6.

4.7.

HA-p75NTR and FLAG-TNFRZ1: The full-length coding sequence of wild-type rat p75NTR
(Gift from J. Tuttle) and TNFR1 (Obtained from the mammalian gene collection) were
expressed from the pcDNA 3.1 backbone and pExpress1 backbone, respectively. N-terminal
hemagglutinin (HA) epitope and triple repeats of FLAG epitope was inserted between signal
sequence and mature peptide sequence of p75NTR and TNFR1, respectively. p75-VN, p75-
VC, TNFR1-VN, TNFR-VC: The full length coding sequence of wild-type rat p75NTR and
TNFR1 were expressed from the pTREhyg backbone. Triple repeats of the FLAG epitope
were inserted between the signal sequence and mature peptide sequence of p75-NGFR and
TNFR1. In the C-terminus of p75NTR and TNFR1, Venus N- or C-terminal fragments were
inserted.

HEK?293 cell culture

Cells were kept at 37 °C in 5% CO,. HEK293FT cells were cultured in DMEM containing
20% FBS and 1 U/ml penicillin-streptomycin and split at 1:20 to 1:10 dilution every 72-96
h following a PBS wash and 0.05% trypsin-EDTA treatment (Gibco; 25200-056).

Immunoblot analysis

HEK?293 cells were transfected with the constructs of HA-p75-NGFR and/or FLAG-TNFR1
using Lipofectamine 2000 overnight and then lysed in ice-cold lysis buffer containing 1%
Triton X-100, 60 mM Octyl g-D-glucopyranoside (Sigma, O8001) and cOmplete, mini,
EDTA-free protease inhibitor cocktail (Sigma, 11836153001). For immunoprecipitation,
lysed sample was incubated with agarose-conjugated chicken anti-HA (Aves Lab, ET-
HA100, 1:500 immunoprecipitation) overnight at 4 °C. After electrophoresis, gels were
blotted to PVDF membranes. The blots were immunostained with anti-FLAG (Sigma,
F1804), anti-HA, and anti-Tubulin (Cell Signaling Technologies, 86298) overnight at 4 °C,
and then imaged using Odyssey Infrared system (LI-COR).

BiFC visualization

BiFC was performed as previously described (Hu and Kerppola, 2003). HEK293 cells were
transfected with the BiFC constructs using Lipofectamine 2000 (Fisher, 11668019)
according to manufacturer’s instructions for 8-10 h and then imaged using fluorescence
microscopy (514 nm excitation, 8 s exposure). SCG cultures were grown for 24 h, then
transfected with the BiFC constructs using Lipofectamine LTX with Plus Reagent (Fisher,
A12621) according to manufacturer’s instructions. SCG cells were then imaged after 24 and
48 h using fluorescence microscopy (514 nm excitation, 8 s exposure).

4.8. Reverse transcription PCR of TNFR2

SCGs were pooled from whole litters of postnatal day 0 mice. RNA purification was
performed using an RNeasy Mini Kit (Qiagen, 74104) according to manufacturer’s
guidelines. The Superscript 111 First-Strand Kit (Fisher, 18080051) was used for cDNA
synthesis and RT-PCR according to manufacturer’s guidelines. The same primers were used
to synthesize TNFR2 cDNA as used for RT-PCR. See SFig. 2 for RT-PCR primers.
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Fig. 1.
Soluble BDNF and TNFa reduces axon complexity in cultured sympathetic neurons.

A) SCG neurons were cultured in the presence of NGF (2 ng/mL) or a combination of NGF
with p75NTR ligand BDNF (250 ng/mL), TNFR1 ligand sTNFa (2 ng/mL), or NGF-
neutralizing antibody a-NGF (2 ng/mL) and stained with TUJ1 24 h after plating. Scale bar
= 30 um. B) Sholl analysis of PO SCG neuron axon complexity was performed by counting
trace intersections in 10 um intervals. C) Quantification of the area under the curve from B).
D) Axon growth rate was measured as the length of the longest axon segment per neuron
after 24 h from B). E) Axon branching was measured as the number of axon branch
endpoints per neuron after 24 h from B). Full statistical comparisons found in STable 1.
Error bars represent s.e.m. n = 62 to 112 neurons per condition from 3 cultures of SCGs
pooled from whole litters. *p < 0.05, ****p < 0.0001 using 2-way ANOVA with Tukey’s
multiple comparisons test.
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Loss of TNFR1 does not alter axon complexity but is required for BDNF-dependent

decrease in axon length.
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A-C) Sholl analysis of SCG neurons cultured as in Fig. 1 but from p75K0O, TNFR1KO, and

TNFKO, respectively. D-F) Quantification of the area under the curve from A-C,

respectively. G—I) Axon growth rate was measured as the length of the longest axon segment
per neuron after 24 h from A-C, respectively. J-L) Axon branching was measured as the
number of axon branch endpoints per neuron after 24 h from A-C, respectively. Solid black
bars represent the mean axon characteristics displayed by neurons from wild-type animals
treated with NGF with the dotted lines representing the s.e.m. shown in Fig. 1 and here for
comparison. Full statistical comparisons found in STable 1. Error bars represent s.e.m. n =
50 to 120 neurons per condition from 3 cultures of SCGs pooled from whole litters for each
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genotype. n.s. = not significant, #p < 0.005 (between wild-type +NGF and TNFKO +NGF),
*p < 0.05, ****p < 0.0001 using 2-way ANOVA with Tukey’s multiple comparisons test.
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Fig. 3.

TI%FRl interacts with p75NTR and changes its subcellular localization.

A) Co-immunoprecipitation (co-IP) of p75NTR and TNFR1 constructs using HEK293 cells.
The experiment was performed 4 times (n = 4). B) Schematic of bimolecular fluorescence
complementation (BiFC). This figure was created with Biorender.com and exported under a
paid subscription. C, D) Bimolecular fluorescence complementation (BiFC) of p75-NTR
and TNFR1 constructs using HEK293 cells (C) or sympathetic neurons (D). Transfected
cells were imaged using fluorescence excitation at 514 nm. Asterisks indicate the cells in
each image. Images are representative of experiments performed at least 3 times (n = 3).
Scale bar =5 um.

Mol Cell Neurosci. Author manuscript; available in PMC 2020 November 23.


https://Biorender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kuhn et al.

>

area under the curve

TNFR1;p75DKO
A~ +NGF

o- +BDNF

*- +sTNFa
+a-NGF

—— TNFR1NGF

p75KO +NGF

0

o

number of crossings

T T e
100 200 300 400

distance from soma (pm)

TNF;p75DKO
A~ +NGF

o- +BDNF
+sTNFa
+o-NGF
TNFKO +NGF
p75K0O +NGF

100 200 300 400

distance from soma (um)

Fig. 4.

600+

400+

200+

area under the curve ( \

600

IS

=3

=]
1

200

area under the curve

Axon complexity

p75K0 +NGF

TNFR1KO +NGF
WT +NGF

% % %k %k

Axon complexity

p75KO +NGF

WT +NGF

TNFKO +NGF
e de de e

300

Axon growth rate
n.s.

Page 23

Number of axon branches

-
o
|

100+

length (in pms) / 24 hrs rm

0

200" |

2 Kkkk

number of axons / 24 hrs m
s

>

NGF
BDNF
sTNFa
a-NGF

-

300

length (in pms) / 24 hrs

Axon growth rate

NGF + o+ o+ o+
BDNF = ®
- - sTNFa = L

+ a-NGF - - - +

Number of axon branches

-
o
|

number of axons / 24 hrs I
-]
1

TNFR1 and TNFa are both required for the increased axon complexity of p75KO neurons.
A, B) Sholl analysis of SCG neurons cultured as in Fig. 1 but from TNFR1;p75DKO, and
TNF;p75DKO, respectively. C, D) Quantification of the area under the curve from A, B,
respectively. E, F) Axon growth rate was measured as the length of the longest axon segment
per neuron after 24 h from A-B, respectively. G, H) Axon branching was measured as the
number of axon branch endpoints per neuron after 24 h from A-B, respectively. Solid black
bars represent axon characteristics displayed by neurons from wild-type animals treated with
NGF shown in Fig. 1 for comparison. The red line indicates TNFR1KO (in A, C, E, G), and
TNFKO (in B, D, F, H), both +NGF, and the blue line indicates p75KO + NGF for
comparison. For clarity, the s.e.m. was not represented. Full statistical comparisons found in
STable 1. Error bars represent s.e.m. n = 27 to 82 neurons per condition from 3 cultures of
SCGs pooled from whole litters for each genotype. n.s. = not significant, *p < 0.05, ****p <
0.0001 using 2-way ANOVA with Tukey’s multiple comparisons test. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 5.

TlgFR—TNFa reverse signaling is required for NGF axon growth.

A) Representative RT-PCR showing expression of TNFR2 mRNA in SCG neurons derived
from pooled PO wild-type, TNFR1KO, and TNFR2KO litters. B) Relative TNFR2 mRNA
expression as measured by RT-PCR from 3 separate pooled litters per genotype; SFig. 2
shows the RT-PCR from all 3 blots. C) Sholl analysis of TNFR2KO SCG neurons grown
with 2 ng/ml NGF and compared to wild-type and TNFR1KO neurons from Figs. 1 and 2,
respectively. D) Quantification of the area under the curve from C. E) Sholl analysis of wild-
type or TNFR1; TNFR2DKO SCG neurons grown with 2 ng/ml NGF and in the presence or
absence of 10 ng/ml TNFR1-Fc, soluble extracellular TNFR1 peptide. F) Quantification of
the area under the curve from E. G) Axon growth rate was measured as the length of the
longest axon segment per neuron after 24 h from E. H) Axon branching was measured as the
number of axon branch endpoints per neuron after 24 h from E. 1) Sholl analysis of

TNFR1; TNFR2DKO SCG neurons grown in 0, 2, 10, and 50 ng/ml NGF. J) Quantification
of the area under the curve from I. K) Axon growth rate was measured as the length of the
longest axon segment per neuron after 24 h from 1. L) Axon branching was measured as the
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number of axon branch endpoints per neuron after 24 h from 1. Full statistical comparisons
found in STables 2, 3, and 4. Error bars represent s.e.m. n = 52 to 107 neurons per condition
from 3 cultures of SCGs pooled from whole litters for each genotype. n.s. = not significant,
#p < 0.0001 (between wild-type +NGF and TNFR1; TNFR2DKO + NGF), ****p < 0.0001
using 1-way ANOVA for B-D and I-L and 2-way ANOVA for E-H all with Tukey’s multiple
comparisons test.
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Fig. 6.
Model for the interactions between p75NTR and TNFR1-TNFa in the regulation of axon

development.

Activation of membrane-bound TNFa by either sSTNFR1 or sSTNFR2 promotes both axon
growth rate and branching, leading to an increase in overall axon complexity. Conversely,
membrane-bound TNFR1 may be activated by soluble TNFa, suppressing axon growth and
branching, thereby reducing axon complexity. Pro-growth signaling through the former
pathway is dominant, such that loss of either TNFa or both TNFR1 and TNFR2 results in
catastrophic loss of axon complexity. p75SNTR mediates a reduction in axon complexity and
functionally antagonizes the pro-growth TNFR1-TNFa signaling axis. As such, loss of
p75NTR results in exuberant axon branching, which is abrogated upon subsequent loss of
either TNFR1 or TNFa. While p75NTR requires the presence of TNFR1 to suppress axon
growth and branching in response to BDNF, TNFRL1 displays no such dependence. This
figure was created with Biorender.com and exported under a paid subscription.
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