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potential by examining the rat vibrissa
follicle and uncover its neural 3D
structure. Comparison of Dil-CT with its
mother molecule shows unchanged
fluorescent properties enabling bimodal
neural imaging.
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X-ray imaging.

MOTIVATION Microfocus computed tomography (microCT) offers unique advantages for three-dimen-
sional (3D) tissue analysis, but its contribution to neuroscience has been limited by the lack of neural tracers
visible to X-rays. To address this problem, we developed a bimodal neural tracer for dual fluorescence and

SUMMARY

Here, we present an X-ray-visible neural tracer, referred to as Dil-CT, which is based on the well-established
lipophilic indocarbocyanine dye Dil, to which we conjugated two iodine atoms. The tracer is visible with mi-
crofocus computed tomography (microCT) imaging and shares the excellent fluorescent tracing properties of
Dil. We document the discovery potential of Dil-CT by analyzing the vibrissa follicle-sinus complex, a struc-
ture where visual access is poor and 3D tissue structure matters and reveal innervation patterns of the intact
follicle in unprecedented detail. In the brain, Dil-CT tracing holds promise for verification evaluation of indirect
connectivity measures, such as diffusion tensor imaging. We conclude that the bimodal dye Dil-CT opens

new avenues for neuroanatomy.

INTRODUCTION

Ever since Golgi' and Cajal,” we know that visualization of neu-
rons is fundamental for understanding brain function. In the last
decades, we saw dramatic advances in the application of optical
techniques to the brain. Indeed, an “age of light” in neurosci-
ences has been proclaimed.® Such advances result from the
synergistic effect of improved imaging techniques*® in conjunc-
tion with advanced optical reporters (GFP,” synthetic and genet-
ically encoded Calcium indicators®®). Because the study of
intact biological systems is of particular interest, tissue clearing
efforts have boomed recently'®"® to overcome challenges of
deep tissue imaging posed by the strongly light-scattering brain
tissue.

The current study focuses on the application of X-rays (i.e., mi-
crofocus computed tomography [microCT]) to neural circuits.
Intrinsic properties of the short-wavelength and high-energy
X-rays equip microCT with unique advantages of “seeing
through” large bodies at high resolution while maintaining spec-
imen integrity and have revolutionized morphological research.'*
X-ray-based assessment of bony structures in medical CT appli-
cations has long been used and is well established. Currently, we
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are witnessing an explosive extension of X-ray-based techniques
for the analysis of all kinds of biological (soft) tissues, resulting
from advances in instrumentation and progress in interactive
and (semi)automated image analysis and visualization.'>~'®
Despite such advances, the application of microCT to the
brain is still in its infancy, and we argue that the lagging
success of microCT is primarily due to a lack of neural tracers
visible to X-rays. Hence, the development of an X-ray-visible
neural tracer is the objective of our study. Our development
did not start from scratch; instead we decided to build on an
already established tracer. Specifically, we derived a tracer
from the family of indocarbocyanine dyes, namely 1,1’-dihexa-
decyl-3,3,3,3'-tetramethylindocarbo-cyanine perchlorate (Dil).
Dil is a lipophilic tracer that attains extremely bright and stable
fluorescence when embedded in lipid bilayers. Neural tracing
with Dil had first been reported in the late 1980s, and it has since
been proven to be an indispensable tool for visually aided de-
coding of cellular circuits in the brain and periphery.'®° The
fluorescent properties of the Dil molecule originate from its
m-conjugated cyanine system comprising two indoline rings, to
which the name indocarbocyanine refers. Cell-specific Dil
tracing results from the long alkyl chains (C16-C18), which are
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Figure 1. Molecular structure of Dil-CT

Dil-CT is a t-conjugated cyanine system (violet) comprising two indoline rings,
each linked to a C alkyl chain via the respective nitrogen, that both contain a
single iodine atom (gray) at the terminal carbon position.

the structural basis for the insertion of the molecule into the cell
membrane, thus enabling lateral intramembrane diffusion analo-
gous to a lipid raft.?* Being well retained in the lipid bilayer, inter-
membrane diffusion of Dil (i.e., from one cell to another) rarely
occurs. Excellent fluorescence, cell specificity, and the possibil-
ity to apply staining postmortem make Dil tracing extremely
powerful.

Our strategy for attaining X-ray visibility was the integration of
iodine atoms into Dil’s molecular structure because iodine has a
substantial X-ray cross-section, and we expected good X-ray vis-
ibility/contrast from such a modification. In modifying Dil, we
aimed to retain the dye’s excellent fluorescence properties to
enable bimodal fluorescence and X-ray tracing. Therefore, we
attached the iodine substituents to the terminals of Dil’s long alkyl
tails, far away from the dye core, to avoid quenching of its fluores-
cence because of the heavy atom effect (spin orbit coupling).

To assess the potential of our tracer, we repeated classical
tracing applications in nerve and brain tissue and analyzed
vibrissa follicle innervation. We chose to study the vibrissa follicle
because our understanding of mechanotransduction of this sen-
sory organ is greatly hampered by poor visual access to the intact
follicle. There is, however, excellent neuroanatomical work of the
sectioned follicle?® 2" that allowed us to evaluate our results.

In summary, we aimed to develop an X-ray-visible neural
tracer and asked the following questions. (1) Can we impart Dil
with X-ray visibility? (2) If so, does the Dil derivate retain its fluo-
rescence? (3) How do fluorescence and X-ray imaging of the
modified Dil compare? (4) Can the new dye help discover novel
aspects of neural structure? We find that our novel X-ray-visible
tracer, referred to as Dil-CT, meets the properties needed for mi-
croCT neural tracing.

RESULTS

Structure and synthesis of Dil-CT

Dil-CT was prepared in a two-step sequence involving initial N-
alkylation of commercially available 2,3,3-trimethyl-3H-indol
with 1,16-diiodohexadecane to obtain the monosubstituted
2,3,3-trimethyl-1-(16-iodohexadecyl)-3H-indolium iodide. Sub-
sequent condensation of two equivalents of the indolium salt
with one equivalent of triethyl orthoformate resulted in formation
of the desired doubly iodinated trimethine carbocyanine dye Dil-
CT (Figure 1). Structurally, Dil-CT resembles Dil, with the
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important distinction of having two incorporated iodine atoms
at the termini of the C16-alkyl chains.

Fluorescence properties of Dil-CT are practically
identical to those of conventional Dil

The optical properties of Dil-CT were investigated in non-polar
and polar solvents and compared with standard Dil under the
same conditions (DilC18(3), Sigma-Aldrich). The absorption
and emission spectra of Dil-CT and Dil are identical in both sol-
vents, with absorption maxima located at 563 nm (¢ = 147,000 L
mol~" cm~") and 551 nm (¢ = 136,000 L mol~' cm~") and emis-
sion maxima located at 576 nm and 567 nm in benzene and
ethanol, respectively (Figures 2A and 2B). Moreover, the fluores-
cence quantum yield and, thus, the excellent fluorescent tracing
properties of Dil are retained upon introduction of iodine substit-
uents at the alkyl chain termini (Figure 2C).

Staining properties of Dil-CT

To assess whether Dil-CT acts as a neuron-specific tracer, we
compared its X-ray contrast properties with those of Lugol’s so-
lution (Kl3), which is a widely used protocol for soft tissue stain-
ing."'® Specifically, we chose to study the tracing behavior in the
pig infraorbital nerve (ION), a thick nerve containing highly
myelinated axon bundles. The mass of iodine in 1 pL Dil-CT
(80 mg/mL in 100% ethanol) solution was calculated, and Kils
was diluted in 100% ethanol to contain either the same concen-
tration of iodine (1 X iodine) or 10 times as much (10x iodine) as
the Dil-CT solution. Then, 1 uL of either solution was injected into
a pig ION and scanned at serial time intervals (0 h, 2 h, and 24 h
after injection) (Figure 3A). Comparison of the scans shows that
the X-ray signal carried by Dil-CT specifically stays within the
boundaries of the nerve bundles where it was injected (Fig-
ure 3B). Immediately after injection, the Dil-CT signal appears
crisp and well defined, spreading along a distinct nerve bundle.
After 2 h and 24 h of incubation, the dye further diffuses through
the targeted nerve bundle without leaving it. The labeling stays
bright, and a halo forms around it, indicating diffusion processes
through the axon bundles. In contrast, microinjections of Kl3 so-
lution appear rather diffuse from the start and spread over an
area that is not restricted to the injection site (Figure 3C). More-
over, the injection of 1x iodine leaves only a weak signal at the
injection site, which disappeared almost entirely between the 2
h and 24 h scanning interval (Figure 3C). The dramatic difference
between the 2 h and the 24 h scan indicates a loss of X-ray signal
as non-restricted diffusion processes through the whole tissue
occur. The X-ray contrast of the 10x iodine injection is less
intense than that of Dil-CT. While the signal is visible immediately
after dye injection, the 2 h and 24 h time interval scans again
show a rapid decrease in signal intensity (Figure 3D). The com-
parison of Dil-CT with 1x iodine and 10X iodine microinjections
reveals markedly different staining properties of Dil-CT and K3
solution. We suggest that the staining behavior of Dil-CT reflects
that of other lipophilic indocarbocyanine dyes, which enter and
thus “stick” to membranes. Note that the type of repeated
time-lapse imaging where samples are imaged at multiple in-
stances cannot be done with conventional fluorescence Dil mi-
croscopy, where the sample needs to be sectioned for dye
visualization.



Cell Reports Methods

563nm e ¢ 576nm —— Absorption Dil

1o ---- Emission Dil 1.0
—— Absorption Dil-CT -
2
go08f [ty Emission Dil-CT 15 g '@
 — 3
e c
N r
2 S
a 2
2 06F o6 3
2 £
o w
5 3
g 04t 404 &
5 ©
2 £
<}
z

02 H0.2

\\
-
0.0 1 2 . s

"400 450 500 550 600 650 700 750 800

Wavelength [nm]

¢? CellPress

OPEN ACCESS

—— Absorption Dil
---- Emission Dil

—— Absorption Dil-CT
vvvvvvvvv Emission Dil-CT {8

551nm e ¢ 567nm

Normalized Absorbance
Normalized Emission Intensity

0.0 e !

"400 450 500 550 600 650 700 750 800

Wavelength [nm]

C 80000

Rhodamine 101 Dil (benzene) ¢,=0.32

(ethanol) @ Dil-CT (benzene) ¢,=0.32
ey =0.91
2 60000 |- * Dil (ethanol) $,=0.10
2 ® Dil-CT (ethanol) ¢,=0.10
v
e
2 40000 | .
3 s
S L.
= pe
bS] 4
% 20000 e
) s °
1
& .

s
0F
L 1 1 1 L 1 1 L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
1-107A050x)

Figure 2. Fluorescence spectra and intensity of Dil-CT and Dil

(A and B) Normalized absorption and fluorescence spectra of Dil and Dil-CT in (A) benzene and (B) ethanol at 25°C. Absorbance and emission curves of Dil-CT

and Dil (Figures S1 and S2), which match indistinguishably, are superimposed.

(C) Linear fits of corrected integrated fluorescence intensity versus 1 — 10Abs(?ex) for Dil-CT and Dil in benzene and ethanol, as well as Rhodamine 101 in ethanol
as the fluorescence reference standard at 25°C and corresponding fluorescence quantum yields.

Dil-CT enables bimodal fluorescence and X-Ray imaging
of nerve tissue

To better understand bimodal staining properties of Dil-CT, we
compared its fluorescence with the X-ray contrast in the pig
ION. 500 nL Dil-CT (45 mg/mL in 2:1 DMSQ:ethanol) were injected
into a4 cm-long nerve at two spots, each 1 cm from the respective
nerve ending. Subsequently, the sample was incubated at 45°C in
4% paraformaldehyde (PFA) and 0.1 M ethylenediaminetetraace-
tic acid (EDTA) in 0.1 M phosphate buffer (PB), and a microCT
scan was performed 24 h after injection, followed by preparation
of transverse and longitudinal cryosections of the same nerve
sample for fluorescence microscopy. Alignment of transverse
sections from fluorescence imaging (Figure 4A) and 2D virtual sec-
tions from microCT scans (Figure 4B) shows a Dil-CT signal within
one nerve bundle. The Dil-CT fluorescence signal provides higher
contrast than the microCT signal (Figure 4B) and readily allows
identification of single fibers, which appear as ring-like staining
patterns of myelin sheets (Figure 4A, inset). Under our experi-
mental conditions (scans of centimeter-sized nerve tissue with
an YXLON FF20 system), the Dil-CT signal was also highly local-
ized in a subset of nerve bundles, but single-fiber resolution could
not be achieved (Figure 4B, inset). We are confident, however, that

imaging of individual neurites can be achieved using long imaging
times and high-end scanners or synchrotron sources. The Dil-CT
fluorescence (Figure 4C) and X-ray imaging (Figure 4D) of longitu-
dinal nerve sections lead to similar conclusions; both methods
reveal highly localized and putatively identical staining patterns,
where fluorescence imaging has a higher contrast and resolution.
Bimodal imaging of the Dil-CT-stained ION reveals the different
strengths of fluorescence and X-ray imaging. On one hand, there
is extremely high contrast and resolution in the case of the fluores-
cence imaging of sections. Accordingly, fluorescence imaging
outperforms X-ray imaging, where dye concentrations are low;
i.e., at sites distal from the injection site. On the other hand, mi-
croCT imaging allows precise localization of staining in intact
tissue.

Dil-CT based fluorescence neural tracing in brain tissue
is equivalent to that of conventional Dil

To assess the fluorescence and staining behavior of Dil-CT, we
compared its fluorescence characteristics with those of Dil in
conventional neural tracing performed in brain tissue. To this
end, we performed postmortem tracing in brains of stillborn pig-
lets. More specifically, we injected equivalent amounts of Dil-CT

Cell Reports Methods 3, 100486, June 26, 2023 3
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and Dil (500 nL, 45 mg/mL in 2:1 DMSO:ethanol, respectively)
into the rostrum gyrus region, a brain region that receives dense
thalamic input and has an enlarged cortical layer 4°° (Figure 5A).
We performed microCT as well as fluorescence imaging. As ex-
pected, only injection of Dil-CT leaves detectable contrast in mi-
croCT scans, while Dil cannot be seen with X-rays (Figure 5B). At
the same time, both dyes show the same fluorescence staining
properties; labeled cells express a strong fluorescence signal
and allow visualization of neuronal migration through the brain
tissue (Figure 5C). At the point where stained axons projecting
from and to either gyrus merge, staining of both dyes is indis-
criminate from one another (Figure 5D). High-resolution images
of labeled neurons allow identification of individual cell
morphology and sub-cellular features such as spines (Figures
5E and 5F). The findings corroborate our conclusions from Fig-
ure 2 and show that distal conjugation of iodine atoms indeed
does not alter the molecule’s fluorescence. We conclude that
the fluorescence properties of Dil-CT are unchanged compared
with Dil, but X-ray contrast is added.

In simultaneous staining experiments with Dil and Dil-CT, we
did not observe an obvious difference in diffusion speed be-
tween the two dyes. One might expect slower diffusion of Dil-
CT because of the conjugation of the two heavy iodine atoms,
but our preliminary observations suggest that slow diffusion
will not diminish the usefulness of Dil-CT.

Dil-CT based neural tracing reveals radially asymmetric
innervation of the vibrissal follicle

The power and discovery potential of Dil-CT is most obvious when
visual access is poor and 3D tissue structure is of significance.
Such features apply to the follicle-sinus complex (FSC) in which

4 Cell Reports Methods 3, 100486, June 26, 2023
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Figure 3. X-ray contrast and staining
behavior of Dil-CT and iodine (KI:) solution
(A) Schematic of Dil-CT and iodine (Kls) injections
into a pig ION.

(B-D) Time series of microCT scans of a pig ION
(virtual longitudinal section) injected with (B) 1 uL
Dil-CT containing 7.5 pg iodine in Dil-CT molecules,
(C) 1 pL Lugol’s solution containing 7.5 pg iodine,
and (D) 1 pL Lugol’s solution containing 75 pg
iodine. Virtual sections were aligned by eye to each
show the respective injection site, as illustrated in
(A), 0 h, 2 h, and 24 h after dye injection. MicroCT
scans were performed with the same parameters
of 500-ms exposure time, 40 kV, and 110 pA and
projections taken every 0.2° over continuous 360°
rotation with a field of view corresponding to a cube
with side lengths of 27.4 mm.

vibrissae are enrooted. The innervation
pattern of the vibrissa follicle is thought to
be of great functional significance. Specif-
ically, it has been suggested that the
arrangement of afferents around the
vibrissa shaft might determine mechano-
transduction and directional selectivity of
afferents. We visualized the deep vibrissal
nerve (DVN) in rats, a branch from the
ION, which terminates inside the vibrissa follicle in mechanosen-
sitive nerve endings to sense deflection of the vibrissae. To this
end we injected 350 nL Dil-CT (45 mg/mL) into the DVN of anintact
whisker pad and counter stained the whole sample in 1% PTA.
Subsequently, we performed a microCT scan of the whole sam-
ple. A volume rendering reveals the grid-like arrangement of
vibrissa follicles in the whisker pad (Figure 6A). Dil-CT injections
in the DVN allowed visualization of the ascending nerve into the
E3follicle (Figure 6B). To better assess the quality of Dil-CT-based
neural tracing, we extracted the E3 FSC for a high-resolution scan.
The 3D volume rendering and planar views of the scanned FSC
again show the same staining pattern as the whole whisker pad
(Figures 6C and 6D). From these volume images we reconstructed
the Dil-CT-stained DVN in high resolution and in the context of the
other follicle elements (visualized roughly from the counterstain-
ing; Figure 6E). Upon branching, the DVN forms 13 rather thick
arms that are adjacent to the outer root sheath, which envelopes
the hair shaft inside the inner root sheath and largely terminates at
the beginning of the ring wulst, where it further subdivides into fine
afferences (Figures 6E and 6F). The DVN arms do not engulf the
vibrissa shaft evenly but rather form a radially asymmetric innerva-
tion pattern (Figure 6G). Surprisingly, the C-shaped formation of
the nerve afferents remarkably matches mirror symmetrically
with the C-shape of the ring wulst (Figure 6H). We conclude that
Dil-CT reveals asymmetric follicle innervation and allows visual-
izing the innervation of the unsectioned follicle in situ.

DISCUSSION

We incorporated iodine atoms into the indocarbocyanine dye Dil
and thus created a novel bimodal tracer, referred to as Dil-CT.
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Figure 4. Bimodal fluorescence and X-ray imaging of nerve tissue with Dil-CT

(A and B) Alignment of a transverse section with (A) a bright-field image and red fluorescence superimposed and (B) microCT virtual transverse section of the
same pig ION stained with Dil-CT. Insets show high magnification of the labeling, where accumulation of Dil-CT in myelin sheets can be observed with red
fluorescence. Dil-CT X-ray signal spatially matches the fluorescent labeling, but single-fiber resolution was not achieved with the given scan.

(C and D) Alignment of a longitudinal section with (C) a bright-field image and red fluorescence superimposed and (D) microCT virtual longitudinal section of the

same pig ION stained with Dil-CT.

Cell Reports Methods 3, 100486, June 26, 2023 5
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Dil-CT has excellent fluorescence and good X-ray visibility. The
visual fluorescence brightness and contrast are superior to the
brightness and contrast achieved in our microCT scans. We
elucidate the 3D innervation pattern of the intact vibrissae follicle
with Dil-CT, showcasing the discovery potential of our novel dye
for neuroscience. We reckon that a design strategy similar to the
one applied here (conjugation of iodine atoms) could also be
used to convert other conventional neural dyes into X-ray-
visible stains.

Dil-CT is a powerful bimodal dye

Our study shows unequivocally that Dil-CT is a powerful bimodal
tracer. The fluorescence of Dil-CT is indistinguishable from that
of Dil (Figures 2 and 5), arguably one of the most versatile fluo-
rescent dyes used in neuroscience. In addition, the X-ray visibil-
ity of Dil-CT is introduced and spatially matches well with visual
fluorescence (Figure 4). It is obvious that such bimodal proper-
ties will greatly facilitate the use of correlative fluorescence/X-
ray approaches. Although correlative fluorescence/X-ray micro-
scopy is also possible without a bimodal dye when very careful
spatial alignment is performed, a bimodal dye clearly is the “sil-
ver bullet” for such work. It remains to be seen what results from
such possibilities. It typically takes many years to fully establish a
neural tracer. We expect, however, that this will not be the case
for Dil-CT, as the application of this tracer builds upon decades
of experience with Dil.

Limitations of the study

The biggest single limitation of Dil-CT is the limited brightness in
microCT scans. Especially with conventional laboratory-based
microCT systems, Dil-CT detection is still far from perfect.
Nonetheless, we are optimistic about future perspectives for
miniaturization of X-ray systems as recent developments have
already successfully transitioned the coherence and brilliance
of X-rays from synchroton facilities to laboratory setups.”®
Evidently, the brighter the dye, the easier detection will be. Other
than that, Dil-CT shares the drawbacks of its parent Dil. Diffu-
sion-driven tracing is slow, and maximum tracing distance is
limited; cell specificity is good but not perfect, and the dye can
bleach. These limitations are counterbalanced by the strength
of Dil tracing: the ease of application, the brightness of the
dye, and the ability to perform postmortem tracing. Further, it
can be combined with histological techniques such as tissue
clearing,*” immunohistochemistry, and other conventional stain-
ing techniques. We reckon that postmortem tracing abilities will
be particularly important because they reduce the need for ani-
mal experimentation.
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Dil-CT elucidates the innervation of the vibrissa follicle
Our injections of Dil-CT solution into the DVN revealed the neuro-
architecture in remarkable detail. Specifically, we show that (E3)
vibrissal innervation follows a strict 3D architecture. The DVN en-
ters at fixed angles and does not grasp evenly but rather in a
C-shaped motion around the whisker, mirroring the asymmet-
rical shape of the ring wulst®’ (Figure 6). The mechanical function
of the ring wulst is thought to serve as a sensor for acceleration
and deceleration of whisking motions in conjunction with its
associated club-like nerve endings.”>** Dorsal to the
C-shaped arm arrangement, beginning at the level of the ring
wulst, the Dil-CT-stained fibers form a more homogeneous
sheath of afferences around the whisker. The functional signifi-
cance of the arm arrangement is unclear, but it is tempting to
speculate that it sets radially distinct innervation territories that
are instrumental in whisker deflection direction selectivity, one
of the most prominent forms of response selectivity in trigeminal
afferents.>>** As far as we can see, our holographic reconstruc-
tions of vibrissa innervation align well with reconstructions of the
vibrissa follicle from serial sections,®' and the match of microCT
scans of Dil-CT stains and histological reconstruction gives con-
fidence in our methodology. We conclude that Dil-CT holds
enormous potential for the study of 3D innervation patterns.

Discovery potential of Dil-CT

It is difficult to assess the potential of a new method after using it
for a short time only, and further work is required to realize the full
potential of our novel dye. However, it is already obvious to us
that Dil-CT will be particularly useful under specific circum-
stances. Where visual access is easy, resolution needs to be
extremely high, and where 3D structure is not highly relevant, it
will not be the dye of choice; hence we do not expect that Dil-
CT will be used for spine imaging in slice preparations. Instead,
where visual access is poor and where 3D structure matters, Dil-
CT will prove advantageous, as we have shown for investigating
the neuronal architecture of the vibrissa follicle. Other applica-
tions with intricate 3D structure and poor visual access are, for
example, the cochlea, tooth innervation, or the insect antenna.
We expect that Dil-CT can complement traditional methods for
clarifying 3D structure®® (Ragan et al.). We could also foresee
that all kinds of deep tissue/long-time-lapse in vivo applications
could be a promising field of study because microCT scans do
not require sectioning. Thus, neuronal remodeling in metamor-
phosis could be one of the most interesting imaging application
for Dil-CT. Another, perhaps more pressing field of application
could be verification of indirect connectivity measures, such as
diffusion tensor imaging;*® many of these measures are being

Figure 5. Fluorescent neuronal labeling of Dil and Dil-CT is equivalent

(A) Piglet brain illustration with injection sites of Dil (lateral rostrum gyrus) and Dil-CT (medial rostrum gyrus).

(B) MicroCT scan coronal virtual section of a piglet brain injected with Dil (lateral rostrum gyrus) and Dil-CT (medial gyrus) and counterstained with 1% phos-
photungstic acid (PTA). The field of view of the microCT scan corresponds to a cube with side lengths of 46 mm.

(C) Fluorescence image of the same piglet brain as in (B), zoomed in on the rostrum gyrus region as indicated with the inset in (B). Cells that are labeled with Dil or

Dil-CT express strong fluorescence (red).

(D) Dil- and Dil-CT-stained axon bundles projecting from and to the rostrum gyrus region. Cells labeled with either dye cannot be told apart.
(E and F) (E) High magnification of a Dil-CT-stained pyramidal cell (left inset from C) and (F) a Dil-stained pyramidal cell (right inset from C). Fluorescent cell labeling
through either dye allows identification of spines, a distinct sub-cellular feature (arrows in insets of E and F). d, dorsal; a, anterior; I, lateral.

Cell Reports Methods 3, 100486, June 26, 2023 7
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Figure 6. Dil-CT reveals radially asymmetric innervation of the vibrissa follicle
(A) MicroCT volume rendering of a rat left whisker pad. The grid-like architecture of the mystacial vibrissae was visualized by PTA counterstaining. Individual
vibrissal nerves, labeled from Dil-CT microinjections, carry especially strong X-ray contrast and are shown in red.
(B) High magnification of the E row from the whisker pad in (A), showing the distinct innervation of the E3 follicle through Dil-CT labeling.
(C and D) 2D longitudinal virtual section (C) and 3D volume rendering (D) of the extracted E3 whisker follicle from (B).
(E) Segmentation of the E3 follicle, with key structures rendered in different colors (collagenous capsule in gray, outer root sheath [ORS] in purple, ring sinus [RS] in
mint green, ring wulst [RW] in blue, deep vibrissal nerve [DVN] in red).
(legend continued on next page)
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advanced without any ground-truth connectivity checks, and
Dil-CT could help to resolve this problematic situation.

Conclusion

We describe a novel bimodal fluorescence/X-ray tracer. We are
convinced that this and other improved staining methods, such
as the coupling of gold nanoparticles to antibodies,®” will pave
the way for a stronger presence of microCT scanning in the
neurosciences.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Stilborn Piglets Agrargenossenschaft Gro Machnow N/A

Pig heads Willi Hofner Fleischgrophandel N/A

Long Evan Rats Janvier Strain Code: 006
Chemicals, peptides, and recombinant proteins

DilC18(3) Sigma Aldrich Cat. # 41085-99-8
Dil-CT This paper N/A

Formaldehyde Carl Roth Cat. # 0335.3
Dimethylsulfoxid Carl Roth Cat. # A994.1
Ethylenediaminetetraacetic acid Carl Roth Cat. # 8040.1
Phosphotungstic acid hydrate Sigma Aldrich Cat. # 79690-100G
Ethanol Carl Roth Cat. # 5054.3
Phosphorus pentoxide Sigma Aldrich Cat. # 79610-500g
Orthophosphoric acid FisherSci Cat. # 15823030
Argon Sigma Aldrich Cat. # 7440-37-1
Potassium iodide Sigma Aldrich Cat. # 221945-500G
1,16-hexadecandiol TClI Cat. #H0552
Thiosulfate Roth Cat. # HN25.3
Magnesium sulfate Grussing Cat. # 120941000
Acetonitrile VWR Cat. # 83640.320
2,3,3-trimethylindolenine TCI Cat. #T0766

Triethyl orthoformate Sigma Aldrich Cat. # 304050-1L
Acetic anhydride Grussing Cat. # 102981000
Formic acid FisherSci Cat. # 15603870
Perchloric acid FisherSci Cat. # 15214924
Benzene TCI Cat. #B0020
Rhodamine 101 Sigma Aldrich Cat. # 83694-500mg
lodine-Potassium-lodide (Lugol’s Solution) Morphisto Cat. # 10255

Critical commercial assays

Silica Gel 60 for Column chromatography VWR Cat. # 717177-25kg
Silica Gel 254 for thin-layer chromatography Supelco/Merck Cat. # 105554
Software and algorithms

Amira ZIBE Edition 2022.17 Thermo Scientific https://thermofisher.com/amira-avizo
Dragonfly ORS 2021.3 Object Research Systems https://www.theobjects.com/dragonfly
Other

YXLON FF20 CT system YXLON International https://yxlon.comet.tech/de/products-de/ff20-ct

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Michael
Brecht (michael.brecht@bccn-berlin.de).

Materials availability

In this study a new dye — Dil-CT — was developed as described in the methods section. We intend to make it available for the broad
scientific community. Requests should be directed to the lead contact.
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Data and code availability
® The data that supports the findings of the study, i.e., microCT scans, fluorescence images, and spectroscopy data and fluo-
rescence measurements are available upon request. Figures are openly available in G-Node GIN at https://gin.g-node.org/
elephant/DilCT.
® The paper does not report any original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cadaver of 5-6 week old, male Long Evan rats were used for preparations of follicle injections. Cadaver of adult domesticated pigs of
unknown exact age and unknown sex were used for infraorbital nerve preparations. Still born 1-day postnatal piglets of unknown sex
were used for brain preparations.

METHOD DETAILS

General methods and materials

Starting materials and reagents were used as received from Sigma-Aldrich, TCI, ABCR, or Fischer Scientific without further purifica-
tion unless noted otherwise. Ethyl acetate (EA), diethyl ether, and petroleum ether (PE) were distilled before usage. Thin-layer chro-
matography (TLC) was performed on commercial Merck 60F, 254 silica gel plates, and compounds were visualized with the naked
eye or UV light (A = 254 nm). Column chromatography was carried out with silica gel (Merck 60, particle size 0.040-0.063 mm) using
eluents as specified. Preparative HPLC was conducted using a Waters 996 Photodiode Array Detector and Waters Fraction Collector
IIl connected to a Waters 600 Controller on a phenylhexyl (PhHex) reverse phase column (Luna 5 um LC column 250 x 20 mm) with
acetonitrile/water mixtures (20 mL/min flow), degassed by a constant helium purge and a Knauer degasser. NMR spectra were re-
corded on a Bruker DPX 500 Spectrometer (500 MHz for "H, 126 MHz for '3C) at 25°C using residual protonated solvent signals as
internal standard (1H: 6(CDCls) = 7.26 ppm; 6(CD3sCN) = 1.94 ppm; 13C: 6(CgDg) = 128.1 ppm, 6(CDCls) = 77.2 ppm; 6(CD3CN) = 118.3
ppm, 1.3 ppm). Coupling constants J, are denoted in Hz. The splitting patterns are abbreviated as follows: singlet (s), doublet (d),
triplet (t), quadruplet (g), multiplet (m), doublet of doublets (dd), triplet of doublets (td), and broad (br). Ultra-Performance Liquid Chro-
matography (UPLC) measurements were performed on a Waters UPLC Acquity equipped with an Acquity QDa Detector for UPLC-
MS in combination with a PDA el detector, using reversed phase (Acquity UPLC BEH C18 1.7 um (2.1 x 50 mm) or Acquity UPLC
BEH Phenyl 1.7 um (2.1 x 100 mm)) columns operated at 35°C with solvent gradients of 80%-5% water with 0.1% formic acid and
20%-95% acetonitrile with 0.1% formic acid.

Dil-CT synthesis and characterization
1,16-Diiodohexadecane
Phosphorus pentoxide (2.73 g, 19.3 mmol) was dissolved in 9.2 mL of phosphoric acid (85 wt % in H,O) and purged with argon.
Afterward, potassium iodide (13.26 g, 80.0 mmol) was added in portions under vigorous stirring, followed by the addition of 1,16-
hexa-decandiol (3.56 g, 13.8 mmol). The resulting reaction mixture was heated to 115°C for 2.5 h. After cooling to room temper-
ature, water and diethyl ether were added to the solution and the organic phase was separated, washed with 10% agq. thiosulfate
solution, dried over anhydrous magnesium sulfate and evaporated under reduced pressure. Column chromatography (silica, PE)
afforded the desired product as a pale orange solid (5.95 g, 12.4 mmol, 90%). The analytical data is in accordance with the
literature.*®
2,3,3-Trimethyl-1-(16-iodohexadecyl)-3H-indolium iodide
2,3,3-Trimethylindo-lenine was purified by column chromatography (silica gel, PE/EA 1:1) directly before use. 1,16-Diiodohexade-
cane (5.94 g, 12.4 mmol) was dissolved in acetonitrile upon heating, 2,3,3-trimethylindolenine (1.65 g, 10.4 mmol) was added and
heated to reflux for 2 days. After cooling to room temperature, the reaction mixture was washed several times with petroleum ether,
dried over anhydrous magnesium sulfate, and evaporated under reduced pressure. The residue was suspended and stirred in diethyl
ether for 30 min. The resulting precipitate was filtered off and the disubstituted byproduct was removed by recrystallization from ethyl
acetate to obtain the desired product as a mauve solid (1.25 g, 10.4 mmol, 20%).
"H-NMR (500 MHz, CDzCN): 6 = 7.81-7.74 (m, 1H), 7.76-7.69 (m, 1H), 7.67-7.58 (m, 2H), 4.40-4.34 (m, 2H), 3.24 (t, J = 7.0 Hz, 2H),
2.75 (s, 3H), 1.93-1.85 (m, 2H), 1.78 (p, J = 7.1 Hz, 2H), 1.55 (s, 6H), 1.50-1.40 (m, 2H), 1.41-1.31 (m, 4H), 1.32-1.22 (m, 18H) ppm.
"3C-NMR (126 MHz, CD5CN): 6 = 197.1,143.0, 142.1, 130.9, 130.2, 124.5, 116.4, 55.6, 49.4, 34.3, 31.1, 30.3, 30.3, 30.2, 30.1, 30.1,
30.0, 29.7, 29.1, 28.4, 27.2, 22.7, 15.1, 8.6 ppm.
Dil-CT
2,3,3-Trimethyl-1-(16-iodohexadecyl)-3H-indoliumiodid (191 mg, 0.30 mmol) and freshly distilled triethyl orthoformate (0.25 mL,
0.15 mmol) were dissolved in 2.0 mL of acetic anhydride and heated to reflux for 8 h until the UPLC showed complete consumption
of the starting material. Afterward, the solvent was removed, and the crude product was purified by preparative HPLC (PhHex, aceto-
nitrile with 1% v/v formic acid/Milli-Q water 90:10 to 95:5). After evaporation of the solvent mixture, the product was redissolved in a
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small amount of acetonitrile and a slight excess of perchloric acid was added dropwise. Finally, ethyl acetate was added, and the
organic phase was washed with water until the remaining acid was removed. The organic phase was dried over anhydrous magne-
sium sulfate and evaporated under reduced pressure to yield Dil-CT (80 mg, 0.07 mmol, 47%) as a crystalline pink solid. "H-NMR (500
MHz, CD3CN): 6 =8.44 (t,J=13.5Hz, 1H), 7.52 (dd, J=7.3,1.3Hz, 2H), 7.43 (td, J=7.7, 1.2 Hz, 2H), 7.30 (t, /= 7.8 Hz, 4H),6.32 (d, J =
13.5 Hz, 2H), 4.03 (t, J = 7.6 Hz, 4H), 3.23 (t, J = 7.0 Hz, 4H), 1.83-1.73 (m, 8H), 1.71 (s, 12H), 1.47-1.40 (m, 4H), 1.40-1.32 (m, 8H),
1.30-1.22 (m, 36H) ppm (Figure S3).

"3C-NMR (126 MHz, CgDg): 6 = 173.8, 151.0, 142.7,141.0, 129.0, 125.1, 122.1, 111.5, 105.5, 48.9, 44.9, 33.9, 30.8, 30.3, 30.2, 30.2,
30.1, 30.1, 30.0, 29.9, 28.9, 28.3, 27.9, 27.1, 7.1 ppm (Figure S4). MS(ESI+): m/z calculated for CssHg71,No" 1029.495, found
1029.496 (Figure S5).

UV-vis and fluorescence spectroscopy
UV-vis spectroscopy was performed on an Agilent Cary 50 instrument connected to a cryostat from Quantum Northwest, Modell
Luma 40 (temperature accuracy +0.15 K) in 10 x 10 mm quartz cuvettes with 3 mL volume. Fluorescence spectra were recorded
on a Varian Cary Eclipse Fluorescence Spectrometer and corrected for variations in wavelength dependent photomultiplier response
using correction curves generated on the instrument. For all spectroscopy experiments, non-degassed solvents of spectroscopy
grade were used.

Fluorescence quantum yields (¢f) were determined according to:

2
my  7x

X) = Ref)- .
or(X) o ( ) Mret Mrel

the subscripts X and Ref denote unknown samples and references, m depicts the slope from the linear fit of integrated fluorescence
intensity versus 1 — 10APs(ec) at the excitation wavelength (which was kept constant for the sample and reference), and 7 is the
refractive index of the used solvents. Rhodamine 101 in ethanol was used as reference (¢g = 0.91).%°

The fluorescence quantum yields for Dil-CT and Dil are 0.32 in benzene and 0.10 in ethanol at 25°C. The value for Dil in ethanol is in
accordance with the literature.*°

Carbocyanine tracing
Dil-CT or Dil (DilC18(3), Sigma Aldrich) was diluted in either 100% ethanol or a 2:1 mixture of dimethyl sulfoxide (DMSO) and ethanol
containing 30-45 mg/mL. The solution was sonicated in a water bath at 50°C for 15 min and vortexed extensively.

Microinjections of the dye solution were performed using glass pipettes attached to a stereotaxic micro-manipulator (Narishige
International, London UK). 10 uL Pipettes (Drummond Scientific, Broomall USA) were pulled to a tip diameter of 1 um with a Sutter
Instrument P-97 pipette puller and punched through a Kimtech tissue, resulting in 8-13 um sharp-edged pipette tips with a 1 mm
taper. Smaller tips do not allow loading of the viscous dye solution and bigger tips result in imprecise dye delivery.

The dye was injected into either 4% paraformaldehyde (PFA) fixed (all peripheral structures) or fresh tissue (brains) and fixed in
4% PFA with a delay to improve the rate of dye diffusion.*’ The tissue was stabilised by embedding in 4% agarose or fixed in
position using needles. Subsequently, volumes of 250-1000 nL dye were injected manually using a hydraulic injector (Narishige
International, London UK) at rates of 1-5 min/100 nL. To avoid leakage of the dye, injection spots were sealed by application
of 4% agarose to the injection site. Injected samples were incubated at 45°C to accelerate dye diffusion*” in 4% PFA and
0.1 M ethylenediaminetetraacetic acid (EDTA) in 0.1 M phosphate buffer (PB). Additive of EDTA to the fixation medium improves
the staining quality of Dil.*®

Sample preparation for microCT scans
Brains were placed in a small plastic container and then fully covered in 4% agarose. Whole whisker pad and infraorbital nerve sam-
ples were embedded in a layer of 4% agarose in a Petri dish, cut out in a wedge shape, and stuck into a 25 mL falcon tube. Single
follicle and whisker pad rows were placed in 10-200 uL pipette tips, filled with 1% agarose, and sealed with Parafilm to prevent evap-
oration during the scanning process. Sample holders containing the samples were then mounted onto the scanner’s manipulator
directly or using a Goniometer for high precision scans of small samples.

To allow visualization of all structures within the specimen, samples were counter-stained in 1% phosphotungstic acid (PTA)
for 24 h to 1 week.'® PTA proved to not interfere with the dye’s fluorescence, which is crucial for upholding the bimodality of
Dil-CT.

MicroCT imaging

MicroCT scans were performed with a YXLON FF20 CT system (YXLON International GmbH, Hamburg Germany) equipped with a
Perkin Elmer Y Panel 4343 CT detector and 190 kV nano focus transmission tube. Exposure times were variable between 0.5 Hz—
3 Hz, depending on the sample. Long exposure times were used for high-quality scans and short exposure times for quick scans.
Scans were performed either continuously or in a stop-and-go motion, for high-quality scans, with 360° rotation of the sample around
a fixed position. Depending on the sample 1400-5100 projections were made, with 40-60 kV and 150-175 pA.
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Fluorescence imaging

For histology, brain samples were embedded in 4% agarose and sectioned into 100 um slices using a vibratome (Mikrom HM 650V,
Thermo Scientific). Nerve and whisker samples were prepared for cryo-sectioning by embedding in 10% sucrose and 4% agarose
and then left in 30% Sucrose solution until they sunk to the bottom for cryo-protection. Samples were then sectioned into 40-60 um
slices at —15°C using a Leica Frigomobil 0247/08.1996 cryo-sectioning device.

Sections were immediately mounted on gelatine-coated slides with 0.1 M PB and imaged using a Leica DM5500B fluorescence
microscope (Wetzlar, Germany). For neural tracing with Carbocyanine dyes, immediate imaging after sectioning is preferred as the
dye continues to diffuse through the tissue. Leaving sections for too long can result in leaking of the dye out of the cut cells leading to
diffuse and non-specific labeling. After imaging, the sections can be kept in 0.1 M PB for further histological staining.

Image post-processing

MicroCT scans were reconstructed with the YXLON reconstruction software and visualised with Dragonfly software (Dragonfly
2021.3, Object Research Systems (ORS) Inc, Montreal, Canada). Reconstructed images were segmented in an extended version
of the Amira software (AmiraZIBEdition 2022.17, Zuse Institute Berlin, Germany). Fluorescence images were post-processed with
Fiji (Imaged Version 2.3.0). Adobe lllustrator (Version 26.3.1) and Photoshop (Version 23.4.1) were used for the orientation and pre-
sentation of the data.

Animal sample origin and ethics

Following the 3R Principles, no animals were killed solely for the performed experiments. Instead, all samples have their origin in an-
imal waste from other experiments or breeding facilities or were commercially bought at a local butcher. Rat Whisker pads were ob-
tained from 5 to 6 week-old Janvier rat cadavers originating from other experiments. The experiments from which we received ca-
davers were carried out according to German law for animal welfare and approved by the State Office for Health and Social Affairs
committee (LAGeSo) in Berlin (Animal license number: G0279/18, G0095/21). Those animals were killed accordingly to the specific
animal experimentation permits; as noted above no animals were killed solely for the purpose of this study. Piglet brains were
dissected from still born piglets that were collected from a local pig farm. Pig infraorbital nerve samples were dissected out from adult
pig heads obtained at a local butcher.

QUANTIFICATION AND STATISTICAL ANALYSIS

Absorption and fluorescence spectra are presented as means of triple measurements stemming from the same sample. Data for
linear regressions are single measurements. The software OriginLab was used to analyze and plot the data.
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