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In neurons, many membrane proteins, synthesized in cell bodies, must be efficiently
delivered to axons to influence neuronal connectivity, synaptic communication, and
repair. Previously, we found that axonal targeting of TrkA neurotrophin receptors in
sympathetic neurons occurs via an atypical transport mechanism called transcytosis,
which relies on TrkA interactions with PTP1B, a protein tyrosine phosphatase. Here, we
generated TrkARSA mice, where TrkA receptor signaling is preserved, but its PTP1B-
dependent transcytosis is disrupted to show that this mode of axonal transport is essential
for sympathetic neuron development and autonomic function. TrkA®**** mice have
decreased axonal TrkA levels in vivo, loss of sympathetic neurons, and reduced inner-
vation of targets. The neuron loss and diminished target innervation phenotypes are
specifically restricted to the developmental period when sympathetic neurons are known
to rely on the TrkA ligand, nerve growth factor, for trophic support. Postnatal TrkA"*5*
mice exhibit reduced pupil size and eyelid ptosis, indicative of sympathetic dysfunction.
Furthermore, we also observed a significant loss of TrkA—e);pressing nociceptive neurons
in the dorsal root ganglia during development in TrkAR**** mice, suggesting that trans-
cytosis might be a general mechanism for axonal targeting of TrkA receptors. Together,
these findings establish the necessity of transcytosis in supplying TrkA receptors to axons,
specifically during development, and highlight the physiological relevance of this axon
targeting mechanism in the nervous system.
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The immense length of axons imposes unique challenges on neurons in that several pro-
teins, synthesized in cell bodies, must be efliciently delivered to axon terminals. Many
axonal membrane proteins with critical functions in regulating neuronal connectivity,
synaptic transmission, and nerve repair are made in cell bodies that are meters away and
need specialized mechanisms to be transported to their final destinations. Delivery of
membrane proteins to axons, after biosynthesis in neuronal soma, has been proposed to
occur via several modes, including direct delivery through the secretory pathway after
sorting at the trans-Golgi network, nonpolarized delivery to axons and dendrites followed
by selective retention in axons, or transcytosis where initial delivery of newly synthesized
membrane proteins to somatodendritic compartments is followed by endocytosis and
anterograde transport (1, 2). However, the functional contribution of each pathway to
key processes in nervous system development, neurotransmission, and regeneration, and
whether one mode of axonal transport is predominant at specific stages in the life of a
neuron, remains as enduring questions in neuronal cell biology.

The family of tropomyosin-related kinase (Trk) receptors provides a prominent example
of membrane proteins that undergo long-distance axonal trafficking to control neuronal
survival, axon growth, and synaptic transmission (3, 4). In sympathetic and sensory neu-
rons, axonal TrkA (Tropomyosin Receptor Kinase A) receptors are internalized after bind-
ing the ligand, nerve growth factor (NGF), secreted from peripheral tissues (5, 6).
Axon-derived TrkA receptors are then retrogradely transported long distance to neuronal
cell bodies/nuclei to exert transcriptional control of developmental programs (5, 6). The
cellular and molecular mechanisms underlying retrograde TrkA trafficking are intensely
investigated (3, 4, 7). However, relatively less is known about the anterograde trafficking
of TrkA receptors to ensure continued responses to target-derived ligand.

Previously, we discovered that newly synthesized TrkA receptors are delivered to axons of
sympathetic neurons by transcytosis (8, 9). Remarkably, in contrast to the constitutive secre-
tory pathway, anterograde TrkA transcytosis is regulated by the ligand, NGE acting on distal
axons (9). Since NGF is a target-derived trophic factor for sympathetic neurons and is secreted
in limiting amounts during development, regulated transcytosis suggests a positive feedback
mechanism that serves to dynamically scale up receptor availability in axons at times of need.
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We uncovered the molecular underpinnings of ligand-induced tran-
scytosis by showing that axon-derived TrkA receptors, retrogradely
transported in response to NGE are exocytosed to soma surfaces
where they interact with naive resident receptors, resulting in their
phosphorylation and internalization (9). Endocytosed TrkA receptors
are then dephosphorylated by Protein Tyrosine Phosphatase 1B
(PTP1B) (9), a protein tyrosine phosphatase anchored at the endo-
plasmic reticulum with its catalytic domain localized to the cytoplas-
mic face (10). Inhibition of PTP1B phosphatase activity in cell
bodies of compartmentalized cultures of sympathetic neurons
impairs TrkA transcytosis (9). In mice, sympathetic neuron-specific
deletion of the PTP1B gene, PTPNI, results in neuron loss and
impaired target innervation under limiting NGF (NGF *) condi-
tions (9). Together, these findings define PTP1B as a critical regulator
of TrkA transcytosis and suggest a noncanonical role for a protein
tyrosine phosphatase in positively regulating neurotrophin signaling
by controlling receptor localization.

PTP1B has multiple substrates, including several receptor tyrosine
kinases, adhesion factors, and endosomal proteins (10). Here, we
generated TrkA"*®* knock-in mice, where a point mutation in TrkA
abolishes binding to PTP1B, to address the essential functions of
PTP1B-mediated transcytosis of TrkA receptors invivo. The
TrkAR mice provide a specific genetic tool to dissect the func-
tional outcomes of PTP1B-mediated TrkA trafficking in neurons
without affecting other PTP1B substrates. We show that TrkA pro-
tein levels are drastically reduced in sympathetic axons innervating
final target fields but not in ganglionic cell bodies in mutant mice,
suggesting that transcytosis is a major mode for supplying TrkA
receptors to axons in vivo. TrkA"*** mice exhibit sympathetic neu-
ron loss and target innervation defects during development and
dysautonomia. Thus, TrkA transcytosis mediated by PTP1B is a
physiologically important mode of axonal targeting, with an essential
role in sympathetic nervous system development and function.

Results

PTP1B-Dependent Transcytosis Is Necessary for Axonal Delivery
of TrkA In Vivo. Trk receptors contain a conserved PTP1B
substrate recognition motif (DYYR) in their tyrosine kinase
activation domain (11, 12). Previously, we identified a point
mutation (R685A) in the PTP1B recognition motif in the TrkA
receptor that abolished PTP1B binding and prevented PTP1B-
mediated TrkA dephosphorylation in sympathetic neurons (9).
Notably, we found that the TrkA®®*** point mutation impaired
anterograde TrkA receptor transcytosis in compartmentalized
cultures of sympathetic neurons (9). Since retrograde trafficking
of axonal TrkA receptors to cell bodies is critical for NGF trophic
signaling (3), we asked whether TrkARCSA receptors are capable
of undergoing retrograde transport in sympathetic neurons. To
visualize TrkA trafficking, we used a live-cell antibody feeding
paradigm previously established in the laboratory (Fig. 14) (8, 9).
Compartmentalized sympathetic neuron cultures were infected
with adenoviral vectors expressing FLAG-tagged chimeric
receptors (FLAG-TrkB:A-WT or FLAG-TrkB:A-R685A) that
have the extracellular domain of TrkB and transmembrane and
intracellular domains of TrkA (9). Sympathetic neurons do not
normally express TrkB receptors, and chimeric Trk receptors
respond to the TrkB ligand, brain-derived neurotrophic factor
(BDNF), but retain the signaling properties of TrkA (8). Surface
chimeric receptors were live-labeled with anti-FLAG antibody
exclusively in distal axon compartments. BDNF stimulation of
axons (100 ng/mL, 20 min) resulted in robust internalization of
FLAG antibody-bound TrkB:A-WT and FLAG-TrkB:A-R685A
receptors in distal axons (Fig. 1 B—F). BDNF treatment of distal
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axons for a longer period (2 h) also resulted in the retrograde
accumulation of both wild-type and mutant FLAG-labeled Trk
receptors in cell bodies (Fig. 1 G-K). Together, these results
indicate that axonal TrkAR®*> receptors are able to internalize and
be retrogradely trafficked in response to neurotrophin stimulation.

Encouraged by the results that TrkA"**** mutation specifically
disrupts anterograde receptor transport (9), without affecting ret-
rograde trafficking, we then decided to generate TrkA 6854
knock-in mice to address the functional relevance of TrkA-PTP1B
interactions in vivo. We used CRISPR/Cas9 technology to create
the point mutation in the mouse N7kl gene (SI Appendix, Fig.
S1 A-E). Founder homozygous mice were backcrossed to C57BL/6
mice for at least three generations. Homozygous TrkAR**** mice
survived to adulthood, were fertile, and had normal body weight
at birth and as adults (S Appendix, Fig. S1 Fand G). Given that
the TrkAR®*3* point mutation did not affect retrograde transport,
we predicted that receptor kinase activity and downstream signa-
ling should be preserved in the knock-in mice. To test this pre-
diction, sympathetic neurons from neonatal TrkAR**** or TrkAY™
mice were grown in mass cultures and stimulated with NGF (100
ng/mL) for 30 min. Neuronal lysates were immunoblotted for
phosphorylated TrkA (P-TrkA) using an anti-phospho-TrkA anti-
body, P-TrkAY’® (PLC-y1 binding site) (13), total TrkA, and the
canonical downstream effectors, P-Akt and P-Erk1/2. NGF stim-
ulation increased P-TrkAY®, P-Akt, and P-Erk1/2 levels in
TrkAR®®* neurons similar to TrkAY T cultures (Fig. 1 L-0). Asan
additional measure of TrkA activity, we asked whether the
TrkAR®* mutation affects receptor phosphorylation at tyrosine
residues, Y490 (Shc/FRS2 binding site) and Y674/675 (within
the catalytic domain) (13). Immunoblotting of lysates prepared
from the superior cervical ganglia (SCGs) of newborn TrkARCSA
mice and control littermates with anti-phospho-TrkA antibodies,
P-TrkA™” and P-TrkAY"¥*, revealed that mutant TrkA recep-
tors were capable of being phosphorylated at these additional
tyrosine residues to similar levels as wild-type receptors in sympa-
thetic neuronal cell bodies in vivo (SI Appendix, Fig. S1 H-K).
Together, these results indicate that disruption of TrkA-PTP1B
binding does not interfere with receptor kinase activity and that
mutant neurons retain their ability to respond to NGE

To ask whether PTP1B-dependent transcytosis is an important
means for delivering TrkA receptors to axons in vivo, we assessed
TrkA protein levels in sympathetic nerve terminals in TrkA"®*>*
mice. We performed immunoblotting for TrkA protein in salivary
glands, a target tissue that is densely innervated by sympathetic
axons from the SCGs, and neuron cell bodies in the SCGs in
TrkAR*®* mice and wild-type littermates. We performed this anal-
ysis in mice at embryonic day 16 (E16) when sympathetic axons
are beginning to reach and innervate final target organs in response
to target-derived NGF (6). Strikingly, the TrkA protein level in
salivary glands of TrkA"*®* embryos was only ~30% of that in
wild-type animals, whereas the TrkA protein level in sympathetic
ganglia was unaltered (Fig. 1 P-S). To ask whether the decrease
was specific to TrkA receptors in mutant axons, we assessed the
levels of the p75 neurotrophin receptor in sympathetic axons
innervating salivary glands. In contrast to the reduction in TrkA
protein levels, p75 protein levels were unaffected in TrkAR®5
mutant axons (S Appendix, Fig. S1 L and M). These results indi-
cate that PTP1B-mediated TrkA transcytosis is a major mode of
targeting TrkA receptors to sympathetic axon terminals.
Sympathetic Neuron Survival Is Compromised in TrkARss”
Mice. We next addressed the relevance of TrkA transcytosis in
sympathetic neuron development in vivo. Tyrosine hydroxylase
(TH) immunohistochemistry and quantification of cell numbers
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Fig. 1. Reduced axonal TrkA levels in TrkAR®>A sympathetic neurons. (4) Antibody feeding assay to monitor retrograde trafficking of axonal TrkA receptors.
Sympathetic neurons, grown in compartmentalized cultures, were infected with adenoviral vectors for FLAG-TrkB:A-WT or FLAG-TrkB:A-R685A receptors. Distal
axon compartments were live-labeled with FLAG antibody, followed by stimulation with BDNF (100 ng/mL) for 20 min or 2 h. (B-E) FLAG-TrkB:A-R685A receptors
undergo ligand-induced internalization in axons, similar to FLAG-TrkB:A-WT receptors, after BDNF stimulation for 20 min. Axons were visualized by p-Ill-tubulin
immunostaining. (Scale bar, 5 pm.) (F) Quantification of FLAG-Trk punctae in axons. Results are means + SEM from four independent experiments and expressed
as fold change relative to the “no ligand” condition. ns: not significant; t test. At least 10 axons per condition were assessed per experiment. (G-J) FLAG-TrkB:A-
R685A receptors undergo retrograde transport to cell bodies, similar to FLAG-TrkB:A-WT receptors, after BDNF stimulation of distal axons for 2 h. Nuclei were
labeled by DAPI (blue). (Scale bar, 5 pm.) (K) Quantification of FLAG-Trk punctae in axons. Results are means + SEM from four independent experiments and
expressed as fold change relative to the no ligand condition. ns: not significant; t test. At least 10 cell bodies per condition were assessed per experiment.
(L) NGF stimulation (100 ng/mL, 30 min) promotes phosphorylation of TrkA, Akt, and Erk1/2 in mass cultures of TrkAR®* and TrkA"" sympathetic neurons, as
assessed by immunoblotting. The P-TrkA blot was reprobed with TrkA for total receptor levels, while P-Akt and P-Erk1/2 blots were reprobed for p85 subunit
of PI 3-kinase as a loading control. Solid line indicates samples run on different blots. (M-0) Quantification of P-TrkA, P-Akt, and P-Erk1/2 normalized to p85
levels. Results are means + SEM from three independent experiments and expressed as fold change relative to the “no NGF” condition for each genotype. ns:
not significant; t test. (P-S) TrkA protein levels are reduced in axons innervating salivary glands, but not in cell bodies in the SCGs, in TrkAR®** embryos. SCGs
(P) were harvested from E16 TrkAR®®>* mice or TrkA"" littermates, and lysates immunoblotted for TrkA. Immunoblots were stripped and reprobed for g-Ill-tubulin
as a loading control. Salivary gland lysates (R), prepared from E16 TrkAR®** mice or TrkA"" littermates, were first subjected to TrkA immunoprecipitation and
then immunoblotted for TrkA. Input lysates were immunoblotted for p-Ill-tubulin for protein normalization. Quantification of TrkA®>* and TrkA"" levels in SCGs
(Q) and salivary glands (S) was normalized to p-lll-tubulin. TrkAR®®** expression is represented as a % of the TrkA"" levels. Results are means + SEM from five
to six mice per genotype. ***P < 0.001, t test.
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Fig. 2. Sympathetic neuron survival is compromised in TrkAR®®>* mice. (A-C) Normal SCG size and neuron numbers in E16 TrkA®®®>* mice. (D-/) Decreased SCG
size and neuron numbers in newborn TrkA%®®> mice (D-F), which is exacerbated in P30 animals (G-/). SCGs were visualized by TH immunostaining. Nuclei are
stained with DAPI (blue). Cell counts were performed on Nissl-stained SCG tissue sections. (Scale bar, 100 pm.) Results are means + SEM from three to five mice
per genotype. ns = not significant, **P < 0.01, t test. ()-L) Increased apoptosis in SCGs from PO TrkAR®>* mice assessed by cleaved caspase-3 immunostaining
(green). Nuclei are stained with DAPI (blue), and SCGs are outlined by dashed line. (Scale bar, 50 pm.) Cleaved caspase-3-positive cells are expressed as a % of
total SCG numbers. Results are means + SEM from three mice per genotype. *P < 0.05, t test.
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by 4 wk after birth (P30) (Fig. 2 G-/) but did not progress any
further in adult mutant mice analyzed at 4 mo of age (P120).
Specifically, quantification of SCG neuronal numbers revealed
a substantial 41.4% decrease in PO TrkAR*®* mice (12,620 =
1,500 neurons in TrkAR*®** mice versus 21,520 + 263 in control
littermates). The depletion of SCG neurons continued postnatally
in TrkARO®A mice, with P30 mutant mice exhibiting marked
neuronal loss (62% decrease) compared to wild-type littermates
(4,750 + 953 neurons in TrkAR®* mice versus 12,480 + 716 in
control littermates). However, neuronal loss was not any further
exacerbated in 4-mo-old mutant mice (7,077 + 1,272 neurons in
TrkAR® mice versus 13,040 + 1,951 neurons in control lictermates
at P120) (SI Appendix, Fig. S2 A—C). Neuronal loss in TrkARCSA
mice is primarily due to enhanced apoptosis since we found a
significant threefold increase in apoptotic cells in mutant ganglia
at PO as revealed by cleaved caspase-3 immunostaining (Fig. 2 /~L)
and TUNEL (87 Appendix, Fig. S2 D—F). Immunolabeling for
Ki67 indicated that cell proliferation was unaffected in TrkA 0854
mutant ganglia at PO (87 Appendix, Fig. S2 G-I). Together, these
results indicate that PTP1B-mediated TrkA transcytosis is required
for sympathetic neuron survival during the developmental period
of NGF dependence.

In the peripheral nervous system, small-diameter nociceptive
neurons in the dorsal root ganglia (DRGs) express TrkA and require
NGEF for survival during development (14). To ask whether PTP1B-
mediated transcytosis is important for other NGF-responsive neu-
rons in addition to sympathetic neurons, we assessed the number
of TrkA-positive DRG neurons using immunohistochemistry and
neuronal cell counts in TtkAR**>* mice and control littermates. We
found a significant depletion (38% decrease) of TrkA-positive DRG
neurons in TrkA mutant mice compared to control littermates at
birth (2,717 + 35 neurons in TrkA*®** mice versus 4,393 + 10 in
control littermates) (SI Appendix, Fig. S2 J-L). These results suggest
that transcytosis is required for the development of additional TrkA-
expressing neuronal populations.

Axon Innervation Defects in TrkA®®** Mice. Given that NGF
also supports developmental axon growth, we next assessed
sympathetic axon innervation of distal target fields using
TH immunostaining. We observed decreased innervation in
several SCG rtargets, including salivary glands, the olfactory
epithelium, and the eye, in TrkARC®A embryos at E16 (Fig. 3
A-I), a time when there is no neuronal loss in the ganglia
(Fig. 2 A-C). The target innervation defects persist and are
aggravated at postnatal stages PO and P30 in the mutant animals
compared to control litctermates (Fig. 3 /L and S/ Appendix,
Fig. $3 A-C), suggesting that the reduced innervation does not
reflect a developmental delay but rather represents the failure of
sympathetic axons to grow into end organs in response to target-
derived NGE. However, in older TrkA®®*>* mutant animals at
4 mo of age, the axonal innervation deficit was not any further
exacerbated compared to 1-mo-old animals (SI Appendix,
Fig. S3 D—F) similar to our observations that there was no
progressive loss of mutant neurons after 1 mo (S Appendix, Fig.
S2 A-C). Together, these results suggest that TrkA transcytosis
is predominantly required during a developmental period when
sympathetic neurons are critically dependent on target-derived
NGEF for survival and growth.

Since TH expression is known to be regulated by TrkA signaling
(15), we also assessed target innervation by immunostaining for
Tuj1 (B-1I-tubulin), a pan-axonal marker. We observed decreased
Tuj1 immunoreactivity in E16 TrkA®*®* salivary glands compared
to control tissues (SI Appendix, Fig. S3 G-I), although this effect

was not as severe as the decrease in TH immunoreactivity. This is
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likely due to sympathetic nerves constituting a fraction of total
peripheral innervation.

Together, these results suggest that anterograde TrkA delivery via
transcytosis is necessary for sympathetic axon growth and rtarget
innervation in vivo. Since the defects in target innervation precede
the neuronal loss in TrkAR®®* mice, these results suggest that axon
growth is more sensitive than neuronal survival to disruptions in
axonal TrkA levels. The neuronal loss may reflect the failure of sym-
pathetic axons to gain access to adequate levels of target-derived
NGEF because of the diminished innervation and reduced neuronal
responsiveness as axonal TrkA receptors get depleted over time.

TrkA®®®% Neurons Show Reduced Survival and Growth in
Response to NGF. To directly address whether the developmental
phenotypes in TrkA®®* mice reflected attenuated neuronal
responsiveness to target-derived NGEF, we tested the ability of
mutant neurons to grow and survive in response to axon-applied
NGF in compartmentalized cultures. NGF (30 ng/mL) added
only to distal axons promotes robust growth in TrkA™ " neurons,
with an average growth rate of ~90 pm per day (Fig. 4 A4, B,
and E). In contrast, the growth-promoting effect of NGF was
abolished in TrkAR®™* neurons (Fig. 4 C, D, and E), with
neurites showing retraction and degeneration. In axon growth
assays, the broad-spectrum caspase inhibitor, boc-aspartyl(O-
methyl)-fluoromethyl ketone (BAF, 50 pM), was added to cell
bodies of compartmentalized cultures so that axon growth could
be assessed independent of complications of apoptosis.

We also monitored neuronal survival in response to NGF (30
ng/mL) added to distal axons in compartmentalized cultures of
TrkAR*5 or TrkAY " neurons. NGF was sufficient to support the
survival of the majority of TrkA™" neurons with only 9 + 2%
neurons undergoing apoptosis when assessed by cleaved caspase-3
immunostaining after 3 d of NGF treatment of distal axons
(Fig. 4 F, G, and J). In contrast, TtkAR*®* neurons exhibited a
significant increase in neuronal apoptosis (75 + 3.4% apoptotic
neurons), despite the presence of NGF on distal axons (Fig. 4 H
and /). Thus, although TrkA®**** receptors were capable of under-
going retrograde transport when acutely stimulated with ligand on
distal axons for 2 h (Fig. 1 G-K), mutant neurons showed reduced
survival in response to NGF long term (after 3 d in culture), likely
due to the gradual diminution of TrkA receptors in axons over
time. NGF added directly to neuronal cell bodies in compartmen-
talized cultures is capable of promoting neuronal survival (16, 17).
Notably, in this condition, TrkA®*®®* neurons were viable and
healthy (8.85 + 1.1% apoptotic neurons) (Fig. 4 /and /), consistent
with our earlier findings that the point mutation does not disrupt
overall receptor signaling cag[;acity (Fig. 1 L-0). Together, these
findings suggest that TrkA"*®* neurons specifically show reduced
responsiveness to the NGF ligand when it is present on distal axons
because of the depleted receptor levels in axons.

Autonomic Defects in TrkA®®®* Mice. Sympathetic neurons regulate
diverse physiological processes to maintain body homeostasis under
basal conditions or to mobilize “fight-or-flight” responses to danger
or stress (6). Given the neuron loss and target innervation defects
in neonatal TrkA®*®* mice, we asked whether autonomic responses
were impacted in adult mutant mice at 6 to 8 wk of age. Loss of
sympathetic innervation to the eye results in ptosis, or eyelid droop,
in knockout mice lacking NGF or TrkA (18, 19) and is also observed
in humans with Horner’s disease (20) or familial dysautonomia (21).
Strikingly, TrkA"*®* mice had prominent prosis compared to wild-
type littermates (Fig. 5 A—C), suggesting that TrkA transcytosis is
critical for establishing the proper sympathetic neuron connectivity
necessary for autonomic functions.
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Fig. 3. Reduced axon innervation of sympathetic targets in TrkAR®** mice. (A-/) TH immunostaining of salivary glands (A-C), the olfactory epithelium (D-F),
and the eye (G-/) reveals diminished sympathetic axon innervation in targets in E16 TrkA®®>* mice compared to littermate controls. (J-L) Further depletion of
innervation in salivary glands by birth in TrkAR®A mice revealed by TH immunostaining. Nuclei are stained with DAPI (blue). (Scale bar, 100 pm.) (C, F, /, and L)
Quantification of TH-positive sympathetic nerves by measuring integrated fluorescence densities per unit area using ImageJ. Results are mean + SEM from three
to four mice per genotype and represented as a % of TrkA"" values. *P < 0.05, **P < 0.01, one-sample t test with hypothetical mean of 100%.

As another assessment of sympathetic activity, we measured  versus parasympathetic activity, with the sympathetic component
pupil area in mutant and control mice. In mammals, pupil size ~ regulating pupil dilation, while parasympathetic activity controls
can serve as a noninvasive and rapid readout for autonomic func- pupil constriction (22). To measure basal pupil size, control and

tion (22). Pupil size is modulated by a balance of sympathetic ~ TrkA"**** mice were dark-adapted for 2 d, and pupil sizes recorded
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Fig. 4. Impaired NGF-dependent axon growth and neuron survival in TrkAR%>* neurons. (A-D) NGF-dependent axon growth is abolished in TrkAR®®>A neurons.
Compartmentalized cultures of sympathetic neurons from P0-P3 TrkAR®®** or TrkA"T mice were either deprived of NGF by including anti-NGF in media bathing
both cell body and axon compartments (A and C) or maintained with NGF (30 ng/mL) added solely to distal axon compartments (B and D). The caspase inhibitor,
BAF (50 pm), was included in all analyses to prevent cell death. Panels are representative images of axons immunostained with anti-p-Ill-tubulin at the end of
the analyses. (Scale bar, 360 pm.) (E) Quantification of rate of axon growth (um/d assessed in 24-h intervals for a total of 72 h). Results are means + SEM from
three to four independent experiments. At least 10 to 15 axons per condition per experiment were analyzed. **P < 0.01, two-way ANOVA and Tukey-Kramer
post hoc test. (F and G) NGF (30 ng/mL) added only to distal axons (da) promotes survival of TrkA"T neurons compared to the no ligand condition, as assessed
by cleaved caspase-3 immunostaining. (H and /) Neuronal survival is compromised in TrkA®®®* neurons when NGF (30 ng/mL) is present on distal axons (da)
but not when NGF is added directly to cell bodies (cb). Neuronal nuclei were labeled with DAPI (blue). (Scale bar, 5 pm.) (/) Quantification of neuronal apoptosis
by determining the percentage of neurons that were cleaved caspase-3 positive. Only neurons that had extended axons into side chambers, defined by the
retrograde accumulation of fluorescent microspheres, were scored for apoptosis. Results are means + SEM from three independent experiments. At least 20
neurons per condition were assessed per experiment. Two-sample ¢ test with multiple comparisons and Tukey-Kramer post hoc test, ****p < 0.0001.

for 30 s in the dark in unanesthetized mice (23). We found that

connectivity and function. We show that a point mutation in
R685A . . .
TrkA mice showed a pronounced decrease in basal pupil area

the TrkA receptor, which disrupts TrkA transcytosis by prevent-

compared to control mice (Fig. 5 D—F). To ask whether this phe-
notype is due to increased parasympathetic activity, we measured
pupil constriction in response to increasing light intensities, rang-
ing from 0.01 to 1,000 lux, administered for 30 s. Light onset at
0.01 lux or higher resulted in rapid constriction with greater con-
strictions at higher light intensities in both TrkAR® ™ mice and
control mice (8] Appendix, Fig. S4). The intensity response curves
were virtually identical for the two groups (S Appendix, Fig. $4).
These results suggest that parasympathetic function is intact in
TrkA"*5* mice and that the smaller pupil areas likely reflect a
decrease in sympathetic tone.

Discussion

In this study, using a newly generated knock-in mouse model,
we describe the in vivo relevance of transcytosis-mediated
axonal delivery of TrkA receptors in sympathetic neuron

PNAS 2023 Vol.120 No.6 2205426120

ing receptor interactions with PTP1B, elicits a marked depletion
of TrkA protein from sympathetic axons, profound neuronal
loss, reduced axon innervation of target tissues, and dysautono-
mia in mice. These results provide evidence that transcytosis is
a key mode of targeting TrkA receptors to sympathetic axons to
support neural development in response to target-derived NGF
and for subsequent autonomic function.

It is striking that a point mutation in the TrkA receptor elicits
robust phenotypes during sympathetic nervous system develop-
ment that mimic several of the defects observed in mice with global
deletion of the TrkA receptor (24). For example, by birth,
TrkAR*5A mice show a 41% decrease in SCG neurons close to the
magnitude of the 50% neuron loss observed in TrkA™™ mice (24).
Similarly, both TrkA®*** and TrkA™~ mice also show reduced axon
innervation of sympathetic target tissues starting at embryonic
stages (-E16.5) (24). In contrast to the TrkA™" mice, we provide
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Fig. 5. Autonomic defects in TrkAR®** mice. (A and B) Representative images of ptosis (eyelid droop) in adult TrkAR®* mice compared to those in littermate
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control littermates. Pupil is outlined in dashed lines. (Scale bar, 1 mm.) (F) Quantification of pupil area. Results are presented as mean + SEM from 13 TrkARGEsA
and 7 TrkA"" mice. **P < 0.01, t test.

evidence, however, that the TrkAR®? mutation elicits profound ganglionic cell bodies. The most prominent cellular defect in
. L. . L R685A . . .

sympathetic abnormalities in the absence of any disruptions in ~ TrkA neurons is the depletion of axonal TrkA receptors, which

receptor kinase activity, downstream signaling, or expression in compromises neuronal responsiveness to target-derived ligand.
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Together, with our previous findings (9), we conclude that per-
turbed axonal targeting of TrkA receptors through transcytosis
underlies the defects in sympathetic neuron development. Given
that adult TrkA®*®* mice are viable, in contrast to TrkA™~ mice,
we were also able to perform physiological analyses to show that
maintenance of axonal TrkA levels is critical for autonomic
behaviors.

The robust sympathetic neuron phenotypes in TrkAR®*** mice
were particularly surprising given our previous findings that con-
ditional deletion of PTP1B did not result in overt deficits in sym-
pathetic neuron survival or axon innervation of targets in mice
(9). In PTP1B knockout sympathetic neurons, we observed a
significant and specific depletion in axonal TrkA levels (9) similar
to our findings in TrkA®*** knock-in mice in this study. However,
survival and innervation defects in PTP1B conditional knockout
mice were only unmasked upon NGF haploinsufficiency (NGF )
mice (9). One possible explanation is that since PTP1B dephos-
phorylates multiple substrates (10), up-regulated tyrosine phos-
phorylation of one or more of these substrates could have
neurotrophic effects that counter the detrimental effects of
impaired TrkA targeting in PTP1B knockout mice. Thus, the
TrkAR®* knock-in mice provide a more precise genetic tool to
dissect the interactions of PTP1B with TrkA, leaving its role in
other signaling pathways intact, and affording a unique molecular
handle to study the role of transcytosis in neuron development.
In defining a role for PTP1B in promoting NGF-dependent
trophic functions through controlling axonal localization of TrkA
receptors, our findings expand the canonical view that protein
tyrosine phosphatases typically diminish signaling responses to
extracellular signals (25, 26).

Our findings raise the possibility that different modes of axonal
targeting may be utilized during distinct stages of sympathetic
nervous system development. Trk receptors can be anterogradely
transported to axons via the secretory pathway (27-30). Therefore,
constitutive delivery via the direct secretory pathway might serve
to deliver TrkA receptors to growing sympathetic axons during
the initial phases of axon outgrowth and extension along inter-
mediate vascular targets, which are NGF independent (6).
However, when sympathetic axons reach final NGF-expressing
targets, PTP1B-mediated TrkA transcytosis might be a mechanism
to amplify neuronal responsiveness during a developmental com-
petition for limiting amounts of target-derived ligand. Consistent
with this notion, in TrkAROSA mice, we observed attenuated inner-
vation of end organs and loss of postmitotic sympathetic neurons
during the developmental period of known dependence on NGF
trophic signaling, which extends from late embryonic stages to
first 3 to 4 wk after birth in mice (31, 32). Notably, we found that
neuronal loss and blunted innervation were not significantly exac-
erbated in 4-mo-old TrkA mutant animals compared to 1-mo-old
animals. These results suggest that once neuronal connectivity is
established with target tissues, disruptions in transcytosis did not
elicit further deficits in neuronal or axonal viability. Together, these
findings suggest that secretory transport and transcytosis likely act
in a sequential manner to meet the dynamic needs of neurons
during development and maturation.

Our results suggest that transcytosis might be a general mech-
anism for axonal targeting of TrkA receptors in NGF-responsive
neuronal populations since we observed a significant loss of TrkA-
expressingg nociceptive neurons in the DRGs during development
in TrkAR*®* mice. The importance of TrkA receptor transcytosis
in the trophic support of neurons may also extend beyond devel-
opment. In the brain, basal forebrain cholinergic neurons that
mediate memory and attention are known to be particularly sus-
ceptible to degeneration in Alzheimer’s disease (33, 34). It would

PNAS 2023 Vol.120 No.6 e2205426120

be of interest in future studies to assess the role of aberrant TrkA
receptor transcytosis in disease pathogenesis.

Materials and Methods
Details of key resources are provided in S/ Appendix, Key Resources Table.

Experimental Model and Subject Details.

Animals. All procedures relating to animal care and treatment conformed to the
Johns Hopkins University Animal Care and Use Committee and NIH guidelines.
Male and female mice were included in all experiments. Mice were housed under
standard conditions with access to food and water ad libitum. Pregnant Sprague
Dawley rats were purchased from Taconic Biosciences. Dissociated cultures of
sympathetic neurons were established from SCGs harvested from PO to P1 rat
pups of both sexes as previously described (35).

Neuronal cultures. Sympathetic neurons were harvested from PO to P1 Sprague
Dawley rats or PO to P4 TrkA®®* or TrkA"" mice, enzymatically dissociated, and
grown in mass cultures or compartmentalized cultures as described previously
(17,36). Cells were maintained in culture with high-glucose Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), peni-
cillin/streptomycin (1 U/mL), and NGF purified from mouse submaxillary glands
(100 ng/mL) (37). For NGF deprivation, neurons were placed in high-glucose
DMEM containing 1.0% FBS with anti-NGF (1:1,000) and BAF (50 pM)for 36 h.
For adenoviral infections, neuronal cultures were infected with high-titer CsCl-
purified orVivaPure AdenoPack20-purified pAdenoX-Tet3G adenoviruses for 36 h
as previously described (9). Adenovirus-mediated protein expression was induced
by adding doxycycline (Sigma, 100 ng/mL) to culture media.

Method Details.

Generation of TrkA knock-in mice. TkA®® knock-in mice were gener-
ated using the CRISPR/Cas9 technology. CHOPCHOP (38) and DESKGEN CRISPR
(39) softwares were used to identify guide RNA target sites. NtrkT sequence
was obtained from the University California Santa Cruz (UCSC) genome browser
for the mm10 database (Genome Reference Consortium m38.81 assembly).
crispr RNA (cRNA) guide sequences within 50 base pairs of the desired muta-
tion site, an on-target activity score above 45% (40), a protospacer length
of 20 nucleotides, and NGG protospacer-adjacent motif (PAM) were initially
selected. The sequences were scored for off-target activity (41). The selected
sequence, 5’-AAGGTTTAGGGACACTTACTCGG-3', generated an activity score of
46% and a specificity score of 86% (40, 41). The crRNA was synthesized by
Dharmacon, and the tracrRNA and Cas9 protein were provided by the Johns
Hopkins University (JHU) Transgenic Core Facility. A single-stranded DNA oli-
gonucleotide (ssODN) template with 50-base pair homology arms flanking
5-TGCC-3" was designed as the homology-directed repair (HDR) template. The
HDR template was designed based on Ntrk1 transcript NM_001033124.1 (-)
using Edit-R HDR Donor Designer software from Horizon Discovery. To pre-
vent Cas9-mediated cleavage following the repair, the third nucleotide of
the PAM recognition sequence was silently mutated (C — T), preserving the
tyrosine residue in the resulting amino acid sequence and generating a BceAl
restriction enzyme site. The HDR template was synthesized by Dharmacon,
with phosphorothioate linkages between the terminal nucleotides for added
stability and increased functionality. The JHU Transgenic Core performed pro-
nuclear injections and implantation into C57BL/6J pseudopregnant females
to generate TrkA®®" knock-in animals. Founder mice positive for the TrkAR¢8>
allele were identified by PCR amplification, Sanger sequencing, and restriction
fragmentlength polymorphism (RFLP) analysis using BeeAl restriction enzyme
and backcrossed with C57BL/6J mice for at least three generations prior to
experimental analyses. Colonies were maintained by mating heterozygous mice
to generate knock-in homozygous mice, knock-in heterozygous mice, and lit-
termate wild-type mice. PCR genotyping was done using a common forward
TrkA primer (5’-TCTCTCTGTCTCCGTCTTTCT-3’) and reverse primer sequences
for the TkA" allele (5'-AGGTTTAGGGACACTTACTCGG-3') or TrkA™™ allele
(5’-AGGTTTAGGGACACTTACGGCA-3'). For RFLP analysis, the following primers
were used: aforward primer (5’-CCTAGTCTCTTCCTTCCTCAAATC-3") and a reverse
primer (5’-CCAGAGCTCACACTGCTAAA-3"). Following PCR amplification, prod-
ucts were subjected to BceAl digestion yielding band sizes of 467 bp for TrkA""
(uncut) and 367 and 100 bp for the TrkAR®** allele.

R685A
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Adenoviral constructs. Recombinant adenoviruses expressing FLAG-TrkB:A™%2".

P2A-GFP or FLAG-TrkB:A"™"" ®AP2A.GFP, referred to as FLAGTrkB:A-WT or
FLAG-TrkB:A-R685A, respectively, were previously generated by subcloning into
pAdenoX-Tet3G using the Adeno-X™ Adenoviral System 3 kit (9). Recombinant
adenoviral backbones were packaged into infectious adenoviral particles by trans-
fection into human embyronic kidney cell line (HEK) 293 cells using polyethyl-
enimine. High-titer viral stocks were purified using a CsCl gradient or VivaPure
AdenoPack20 purification kit.

Live-cell antibody feeding. Live-cell antibody feeding assays to monitor Trk traf-
ficking were performed as described previously (9). Sympathetic neurons iso-
lated from PO to P1 rat pups were grown in Campenot chambers for 9 d in vitro
(DIV) until axons projected into the side compartments. Neurons were infected
with doxycycline-inducible adenoviral vectors expressing FLAG-TrkB:A-WT or
FLAG-TrkB:A-R685A chimeric receptors. Neurons were treated with 200 ng/mL
doxycycline for 18 to 24 h to induce receptor expression. Infected neurons were
identified by GFP that is coexpressed with the receptor using a self-cleaving
P2A peptide sequence (GSGATNFSLLKQAGDVEENPGP). After withdrawing NGF
from the culture media, surface chimeric receptors in axon compartments were
labeled under live-cell conditions with a mouse anti-FLAG antibody (1:500) in
phosphate-buffered saline (PBS) for 30 min at 4 °C. Excess antibody was washed
off with PBS, followed by stimulation with BDNF (100 ng/mL) added to axon
compartments in culture media at 37 °C for 20 min. Neurons were then placed
onice and briefly washed with ice-cold PBS, and axon compartments were washed
twice in ice-cold acidic stripping buffer (0.3 N acetic acid, 1.5 M NaCl, pH 3.0) to
remove surface anti-FLAG antibodies. Neurons were washed again with PBS and
fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature.
Neurons were then permeabilized with 0.1% Triton X-100/5% normal goat serum/
PBS and incubated with anti-mouse Alexa-546 secondary antibody (1:1,000;
Thermo Scientific) for 2 h and then DAPI (0.3 uM) for 5 min followed by mounting
on slides with Fluoromount Aqueous Mounting Medium (Sigma). In some exper-
iments, axons were also visualized by immunostaining with anti-p-llltubulin
(1:1,000).To monitor retrograde trafficking of chimericTrk receptors to cell bodies,
the assays were performed as described above, except that axonal compartments
were stimulated with BDNF (100 ng/mL) for 2 h without acid stripping of surface
anti-FLAG antibodies from distal axon compartments.

Images of axons and cell bodies were acquired using a LSM700 confocal micro-

scope. The same acquisition settings were applied to all images taken from a
single experimentand analyzed by using ZEN 2012 (black edition) software. Axon
images were captured as a snapshot of a single plane, and somas were captured in
~10-pm z-stacks. Intracellular accumulation of chimeric receptors was quantified
as the number of FLAG-immunopositive punctae per cell body or axon. Neurons
were visualized using the Green Fluorescent Protein (GFP) signal, and FLAG sig-
nals overlapping with GFP fluorescence were defined as internal receptors. For
all imaging, a minimum of 10 cell bodies or axons were analyzed per condition
per experiment. Results are expressed as means = SEM and expressed relative
to the "no ligand” condition.
Immunoblotting and immunoprecipitation.To assess TrkA phosphorylation and
activation of downstream signaling, sympathetic neurons isolated from PO to P3
TrkA"" or TrkA™8A mice were grown in mass cultures in NGF containing media
for 4 DIV. After NGF deprivation for 24 h in the presence of BAF (50 pM), neurons
were treated with NGF (100 ng/mL) for 30 min or culture media alone (no ligand
condition). Neurons were lysed in 200 pL lysis buffer [20 mM Tris-HCI (pH 8.0),
150 mM NaCl, 70 mM NaF, 1 mM Na,VO,, 1 mM ethylenediaminetetraacetic acid
(EDTA), 2 mm ethyleneglycoltetraacetic acid (EGTA), 1% Nonidet P40 detergent
(NP-40), and cOmplete Mini protease inhibitor cocktail (Roche)], and total protein
amounts estimated using Pierce bicinchoninic acid (BCA) assay and a microplate
reader. After normalization for protein amounts, lysates were subjected to immu-
noblotting with anti-P-TrkA”®® (1:1,000), followed by stripping and reprobing for
P-Akt(1:1,000), then P-Erk1/2(1:1,000), and last, p85(1:1,000) as a loading con-
trol. All primary antibody incubations were done in Hikari signal enhancer buffer
(Nacalai)and conducted overnight for ~16 h, followed by three washes with TBST
(Tris-buffered saline and 0.1% Tween-20) and incubations with anti-mouse or
anti-rabbit Horse Radish Peroxidase (HRP)-conjugated secondary antibodies for
1 h. Blots were then washed 3x in 5% milk/TBSTand 3= in TBST prior to imaging.
Allimmunoblots were visualized with ECL Plus Detection Reagent and scanned
with a Typhoon 5 Variable Mode Imager (GE Healthcare). Results are expressed
as means = SEM and expressed relative to the "no ligand” condition.
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To assess TrkA levels in sympathetic ganglia and axon terminals in vivo, SCGs
and salivary glands were dissected from TrkA"" or TrkA®* E16 mouse pups. SCG
lysates were subjected to immunoblotting for anti-TrkA (1:1,000) or anti-p75
(1:1,000) in Hikari signal enhancer buffer (Nacalai), then stripped with Restore
PLUS Western Blot Stripping Buffer (ThermoFisher), and reprobed for anti-p-IlI-
tubulin (1:1,000). Salivary gland lysates were first subjected to TrkA immuno-
precipitation using a mouse pan-Trk antibody (sc-7268). Immunoprecipitated
samples were immunoblotted with rabbit anti-TrkA antibody, while input lysates
were subjected to western blotting with an anti-p-lll-tubulin (1:1,000) antibody.
For some analyses, SCGs harvested from PO TrkA" or TikAR®>* mice were boiled
inlaemmli buffer and directly immunoblotted for PTrkA7® (1:1,000), P-TrkA™%
(1:1,000), or PTrkA™7#67> (1:1,000). P-TrkA immunoblots were stripped and
reprobed for total TrkA (1:1,000) and f-IIl-tubulin (1:1,000). Immunoblots were
visualized with anti-rabbit or anti-mouse HRP-conjugated secondary antibodies.
All immunoblots were visualized with ECL Plus Detection Reagent and scanned
with a Typhoon 5 Variable Mode Imager (GE Healthcare). Results are means =
SEM from five to six mice per genotype and expressed relative to kA" mice.
Neuronal cell counts. Neuron counts were performed as previously described
(9). In brief, torsos of E16, PO, P30, or P120 mice were fixed in 4%PFA/PBS
for 4 h to overnight and cryoprotected in 30% sucrose/PBS for 24 to 48 h.
P30 tissues were decalcified in 0.5 M EDTA prior to sucrose treatment. Torsos
were then mounted in OCT and serially sectioned (12 pm). Next, every fifth
section was stained with solution containing 0.5% cresyl violet (Nissl). Cells in
both SCGs with characteristic neuronal morphology and visible nucleoli were
counted using ImageJ.

Immunohistochemistry and TUNEL. Mouse torsos from E16, PO, P30, or P120
mice were fixed in 4% PFA/PBS, and tissue sections (12 um) were permeabilized
with PBS containing 0.1% Triton X-100 and blocked using 5% goat serum in PBS
+0.1%Triton X-100. Sections were then incubated with a rabbit anti-TH antibody
(1:200), mouse anti-Tuj antibody (1:500), rabbit anti-TrkA antibody (1:200), rat
anti-Ki67 antibody (1:200), or rabbit anti-cleaved caspase-3 antibody (1:200)
overnight. For cleaved caspase-3, sections were first subjected to citrate antigen
retrieval. Following PBS washes, sections were incubated with anti-rabbit or anti-
mouse Alexa-488 secondary antibodies (1:500) and DAPI (0.3 uM). Sections were
then washed in PBS and mounted in FluoromountAqueous Mounting Medium.
TUNEL was performed according to the manufacturer's instructions using anti-
gen retrieval methods. Images representing 6.3-pm optical slices were acquired
using a Zeiss LSM 700 confocal scanning microscope with 405, 488-nm laser
illumination. The same confocal acquisition settings were applied to all images
taken from a single experiment. Quantification of sympathetic innervation was
done by calculating integrated TH fluorescence density from multiple randomly
selected images using ImageJ. Results are means + SEM from three to five mice
per genotype analyzed by a one-sample t test with hypothetical mean set at
100%. TUNEL™ and Ki67" cells were counted and represented as a percentage
of TH+-positive cells.

Axon growth. Sympathetic neurons isolated from P1 to P4 TrkA" or Trk
mice were grown in compartmentalized cultures (Campenot chambers) for 7
to 9 DIV. Neurons were either completely deprived of NGF or NGF (30 ng/mL)
was added only to distal axons. BAF (50 M) was also included to allow assess-
ment of axon growth without the complications of cell death. Phase contrast
images of axons were captured using a Retiga EXi camera in 24-h intervals
for 3 d on a Zeiss Axiovert 200 microscope. Axon growth rate was measured
using Openlab 4.0.4 for an average of 10 to 20 axons per condition. Axons
were fixed in 4% PFA and stained with B-lll-tubulin for representative images
following experiments. Results are means = SEM from three to four independ-
ent experiments and analyzed using the two-way ANOVA and Tukey-Kramer
post hoc test.

Neuron survival. Sympathetic neurons from P1 to P4 TrkA"" or TrkA®*®>" mice
were grown in compartmentalized cultures (Campenot chambers) for 7 to 9 DIV
to allow axon projections to distal compartments. To ensure survival scoring
of only the neurons that had projected axons into the axonal compartment,
fluorescent microspheres (FluoSpheres™ carboxylate-modified microspheres,
0.04 pm)were added to the distal axon compartments 24 h before the exper-
iments. Neurons were either starved of NGF (by adding anti-NGF at 1:1,000
dilution to both cell body and distal axon compartments) or supported by NGF
(30 ng/mL) added only to distal axons. After 72 h, neurons were fixed, and
dying cells were visualized using cleaved caspase-3 (1:200) immunostaining.
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Neuronal apoptosis was calculated by determining the percentage of neurons
that had extended axons into the side chambers (visualized by fluorescent
microsphere uptake) that were also positive for the cleaved caspase-3 label.
Pupil analyses. Pupil size measurements were performed on 6- to 8-wk-old TrkA™"
or TrkA®8A mice as reported previously (23). Briefly, all mice were dark-adapted
and housed in single cages for 2 d and analyzed in the evenings. For all exper-
iments, mice were unanesthetized and restrained by hand. To mitigate stress,
which can affect pupil size, researchers handled mice for several days prior to
the measurements. Videos of the eye were recorded for 30 s in the dark using
a Sony 4K HD Video Recording FDRAX33 Handycam Camcorder mounted on a
tripod at a fixed distance from the mouse. Manual focus was maintained on the
camera to ensure that only one focal plane existed for each mouse. Pupil size was
recorded under dim red light and the endogenous infrared light source of the
camera to capture the basal pupil size. Results are means + SEM from 7 TrkA""
and 13 TrkA®®* animals conducted across three independent experiments. The
Student's t test was used for statistical analysis.

To assess pupillary light responses, TrkA®®>" or TrkA"" littermates (6 to 8 wk
old) were individually housed in the dark as above. Light stimulus was provided
by a suspended 9- or 14-watt light bulb (Sunlite A19 Light Bulb, Daylight or
Sunlite 80599-SU LED A19 Super Bright Light Bulb, Daylight). Neutral density
filters (Roscolux) were used to filter out light to estimate log unit decreases in
illumination. Aluminometer (EXTECH Foot Candle/Lux Light Meter, 401025) was
used to set the final luminescence (lux). Unanesthetized mice were restrained by
hand in front of a mounted Sony 4K HD Video Recording FDRAX33 Handycam
Camcorderin NightShot mode. Animals were held in front of the camerafor 10's
to acquire basal pupil area under infrared light, and then, the light was switched
on to visualize pupil constriction. Pupils were measured for 30 s. Animals were
allowed to recover for 1 h in the dark between the measurements at different
light intensities. Snapshots of the captured videos were taken using QuickTime
player. Pupil area at the end of each 30-s time point was used to assess con-
striction. Results are means = SEM from six TrkA"" and five TrkA®®* animals
conducted across three independent experiments. The Student's t test was used
for statistical analysis.

Ptosis. Six- to eight-week-old TrkA"" or Trk mice were dark-adapted and
housed in single cages for 2 d. Unanesthetized mice were restrained by hand,
and images of the eye taken using a Sony 4K HD Video Recording FDRAX33
Handycam Camcorder. Images were analyzed using ImageJ to measure the
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