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Abstract

The objective of our experiments was to identify new therapeutic strategies to stimulate dentin formation in an adult tooth. To
address this objective, we evaluated dentin production in 2 acute trauma models: one involving a pulp exposure and the other involving
a superficial dentin injury. Molecular, cellular, and histologic analyses revealed that in response to a severe injury, where the pulp is
exposed to the oral cavity, cell death is rampant and the repair response initiates from surviving pulp cells and, to a lesser extent,
surviving odontoblasts. When an injury is superficial, as in the case of a dentin injury model, then disturbances are largely confined to pulp
tissue immediately underneath the damaged dentin tubules. We found that the pulp remained vital and innervated; primary odontoblasts
upregulated HIF[a; and the rate of mineralization was significantly increased. A tamoxifen-inducible Axin2<*R™*; R26R™ ™ reporter
strain was then used to demonstrate that a population of long-lived Wnt-responsive odontoblasts, which secreted dentin throughout
the life of the animal, were responsible for depositing new dentin in response to a superficial injury. Amplifying Wnt signaling in the pulp
stimulates dentin secretion, and in the dentin injury model, we show that a liposomal formulation of human WNT3A protein passes
through dentinal tubules and is capable of upregulating Wnt signaling in the pulp. These data provide strong proof of concept for a
therapeutic pulp-capping material to stimulate Wnt signaling in odontoblasts and thus improve the pulp repair response.
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Introduction experimental lesion, in that the former [develops] gradually,
while the latter lays open a large number of tubules to the
mouth fluids. The effect of these fluids . . . may be much more
severe than any reaction observed under early caries.”

We considered other injury models. The removal of enamel
and dentin in one location, similar to a cavity preparation,
allows the pulp cavity to remain intact, but it still elicits a repair
response from the pulp (see, e.g., Murray, Kitasako, et al. 2002).
There is, however, an inherent disadvantage to this method in
that the experimental injury may be significantly less severe
than natural lesions created by attrition and/or caries.

We considered the advantages and disadvantages of each
model. With an array of molecular, cellular, and genetic tools at
our disposal, we revisited the question of how the pulp responds
to trauma by comparing, over time, the biological reaction to a
pulp exposure versus a dentin injury. We discovered that the

The dentin-pulp complex is capable of repair proportional to
the severity of the trauma, and its primary response is to pro-
duce more dentin in an attempt to insulate the pulp from further
damage. The type of new dentin formed can differ in its cellu-
lar origin (when it emerges), its microstructure, and its barrier
function. Despite considerable debate about what to call this
dentin that forms in response to an injury (Kuttler 1959), it is
generally agreed that new dentin produced by odontoblasts has
a tubular structure, while the dentin produced by pulp cells
does not (Tomes 1878; Saito et al. 2016). The former process is
considered an amplified version of the normal dentin secretion
that occurs throughout life, while the latter process is more
rapid and evoked by acute injury (Fish 1931).

The objective of our experiments was to identify new thera-
peutic strategies to stimulate dentin formation in an adult tooth.
Therefore, we first needed to identify which cells were respon-
sible for the new dentin formation after an injury. Pulp expo- 'Department of Oral Basic Science, School of Dentistry, Lanzhou
sure models have been employed for decades to study how a University, Lanzhou, China
tooth responds to acute injury. A small exposure is made Division of Plastic and Reconstructive Surgery, Department of Surgery,
through the dentin, which creates a direct communication ~ Stanford School of Medicine, Stanford, CA, USA )
between the pulp and oral cavity. While this lesion triggers a Ankasa Regenerative Therapeutics, Inc., South San Francisco, CA, USA
robust response for examination, investigators have been A supplemental appendix to this article is available online.
equally aware of its limitations. In 1931, Fish wrote that if an Corresponding Author:
attempt is made to simulate a natural lesion by cutting an J.A. Helms, Department of Surgery, Stanford School of Medicine,
experimental cavity that penetrates into the pulp, “a very seri- Stanford University, 1651 Page Mill Road, Palo Alto, CA 94304, USA.
ous discrepancy . . . exists between the natural and the Email: jhelms@stanford.edu
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response of primary odontoblasts to superficial injury involves
activation of the endogenous Wnt pathway, followed by the
secretion of new dentin in an attempt to wall off the pulp to the
noxious stimulus. A therapeutic strategy was tested whereby
exogenous WNT3A was delivered via the dentinal tubules to
augment the Wnt-based repair response of the pulp. Together
these data provide insights into a therapeutic strategy to enhance
the secretion of dentin by preexisting odontoblasts.

Methods and Materials

Animals

Procedures were approved by the Stanford Committee on
Animal Research and conformed to the ARRIVE guidelines
(Kerschnitzki et al. 2011). Axin2““*7"* - R26R™™"* (018867
and 007576) mice were obtained from Jackson Labs.

Preparation of L-tamoxifen, L-WNT3A, and L-PBS

Tamoxifen (T5648; Sigma-Aldrich) was incorporated into a
liposome to produce L-tamoxifen. In the other cases, tamoxi-
fen was combined with WNT3A or phosphate-buffered saline
(PBS) to create liposome-tamoxifen-WNT3A (L-tam-WNT3A)
or liposome-tamoxifen-PBS (L-tam-PBS).

Surgery

To induce Cre expression, tamoxifen (4 mg per 25 g of body
weight) was delivered intraperitoneally for 3 consecutive days
following the superficial tooth injury or lineage tracing.

Adult mice (2 to 3 mo, 72 mice) were anesthetized with an
intraperitoneal injection of ketamine (80 mg/kg) and xylazine
(8 mg/kg). A 0.3-mm-diameter round bur (E0123; Dentsply
Maillefer) was used to generate cavities on maxillary molars.
We attempted to drill into the dental fossa to avoid injuring the
pulp horns, but due to the number of cusps, the size of the drill,
and the overall size of the mouse molar, it was inevitable that
some drilling removed enamel near to or directly at the cusp
tip. To produce pulp exposures, the same cavity was generated,
then, a sterilized endo explorer (DG16; Hu-Friedy) was
advanced until the pulp cavity was encountered. In some cases,
after preparation of the injury site, L-tam-WNT3A or L-tam-
PBS was swabbed onto the floor of the prepared cavity. In all
surgery, Ketac Cem Easy Mix Glass Ionomer Cement (3M
ESPE) was used to cover the cavity.

For sample preparation, processing, histology, histomor-
phometric assays, and micro—computed tomography analyses
(Lim et al. 2014; Minear et al. 2010), see Appendix.

Statistical Analysis

Student’s ¢ test was used to quantify differences between 2
groups; for multiple groups, 1-way analysis of variance, fol-
lowed by Tukey’s multiple comparison test. P < 0.05 was sig-
nificant. GraphPad Prism 7 (GraphPad Software, Inc.) was
used for these analyses.

Results

Pulp Exposure Results in Necrosis and
Widespread Persistent Inflammation

Pulp exposure models have been extensively employed to
study how odontoblasts and pulp cells respond to acute injury
(Byers and Taylor 1993). In this model, enamel and some den-
tin are removed from a healthy molar, followed by a pinpoint
pulp exposure (arrows, Fig. 1A, B). Within 24 h, degenerated
tissue accumulated near the point of exposure (Fig. 1C, C').
Extensive programmed cell death was evident throughout the
pulp chamber, and this apoptotic response expanded with time
(Fig. 1D, Appendix Fig. 1). Cell death was accompanied with
rampant inflammation, as shown by widespread interleukin 1o
expression (Fig. 1E).

The inflammatory response was persistent; even on postin-
jury day 14 (PID14), most cells near the exposure (Fig. 1F)
were immunopositive for CCL2/MCP1 (Fig. 1G). In the pulp
chamber, TRAP activity (Fig. 1H) and cathepsin K expression
(Fig. 1I) indicated that internal resorption had commenced.
Although the exact location (or locations) of the degenerating
versus surviving odontoblasts changed with each injury, a dif-
fuse boundary could oftentimes be observed between surviv-
ing and dying odontoblasts, especially in the roots. For
example, on PID28, pentachrome staining highlighted one
such boundary: pyknotic nuclei of the nonvital pulp tissues
(Fig. 1J) were distinguished from vital tissues by DAPI stain-
ing (Fig 1K).

A Dentin Injury Model Preserves Pulp Vitality
and Stimulates New Dentin Formation

We sought to replicate in a mouse model the clinically relevant
scenario where the pulp is induced to form new dentin in
response to superficial trauma (Murray et al. 2000). In this
mouse model, enamel and dentin were removed (Fig. 2A). We
attempted to place the injuries in the fossa and avoid injuring
the pulp horns, although this was not always possible
(Appendix Fig. 2). The pulp chamber was not accessed. The
response of the pulp to this type of damage was investigated
over the course of a month.

On PIDI, apoptotic odontoblasts were detected directly
underneath the drill site (Fig. 2B, Appendix Fig. 3), demon-
strating that even without a pulp exposure, the dentin injury
caused some odontoblast. The extent of cell death, however, is
significantly less than that observed in a pulp exposure model
(Fig. 1D, Appendix Fig. 1). At this time point, no obvious his-
tologic changes were noted (Fig. 2C). On PID3, the injury site
remained separated from the pulp by a preexisting dentin
bridge (Fig. 2D), and TUNEL staining continued to be minimal
(Fig. 2E, Appendix Fig. 3). Again, no obvious histologic
changes were observed (Fig. 2F). By PID14, new dentin had
begun to accumulate (arrow, Fig. 2G). The sites of new matrix
deposition corresponded to sites where primary odontoblasts
strongly expressed DMP1 (Fig. 2H). The tubular structure of
the dentin (Fig. 2I) indicated that the new matrix arose from
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Post-injury day 3

Post-injuryaéy 28

Figure |. A pulp exposure model results in extensive cell death and prolonged inflammation. In adult maxillary molars, 3-dimensional rendering of
uCT imaging identifies the sites of (A) enamel and partial dentin removal (dotted circles) and pulp exposure (arrow); (B) uCT sections verify that the
pulp cavity has been accessed (arrow). Representative pentachrome-stained tissue sections on PID | identify (C) cut dentin (dotted line) flanking the
site of pulp exposure (hereafter indicated with an asterisk); (C’) adjacent to the exposure site, granulation tissue and debris accumulate. (D) On PID3,
TUNEL activity is detectable throughout the pulp cavity and is associated with (E) a widespread inflammatory reaction, evidenced by immunostaining
for ILIo.. On PID 14 (F), representative tissue sections of the pulp exposure site (arrow) show no evidence of new dentin formation; instead (G)
inflammation persists, as evidenced by CCL2/MCP| immunostaining. (H) TRAP activity (black arrow) and (I) cathepsin K immunostaining indicate
resorption continues through PID14. On PID28, (J) pentachrome staining and (K) DAPI staining demarcate the boundary (white arrows) between the
nonvital and vital pulp that remains in the roots. ab, alveolar bone; d, dentin; gr, granulation tissue; IL1a, interleukin | o; p, pulp; PID, postinjury day;
WCT, micro—computed tomography. Scale bars: 100 pm (A, B, F), 50 um (I), 25 um (C, C', D, E, G, H, J, K).

primary odontoblasts (Goldberg and Smith 2004; Tziafas
2004).

By PID28, the preexisting dentin bridge still separated the
pulp from the injury site (Fig. 2J). Underneath the bridge,
odontoblasts were strongly nestin° (Fig. 2K), indicating their
functionality (About et al. 2000). By PID28, new dentin had
formed near the site of superficial injury (arrow, Fig. 2L), cre-
ating a thicker dentin bridge. Collectively, these data indicated
that this dentin injury model caused a subpopulation of cells to
undergo apoptosis; however, most pulp cells remained vital,
and the reparative response was primarily due to increased
matrix secretion by primary odontoblasts.

Characterizing the Reparative Response of
Primary Odontoblasts

Our next objective was to identify the most prominent features
distinguishing a reparative reaction in primary odontoblasts from
a homeostatic response. We began with an analysis of BIII tubulin
expression as a marker of pulp vitality (Marrelli et al. 2015). In an
intact pulp, BIII tubulin is widely expressed in odontoblasts and
pulp cells (Fig. 3A). In the pulp exposure model (Fig. 3B), BIII
tubulin was undetectable at the exposure site, but at distant sites
some innervated odontoblasts remained immunopositive (Fig.
3B). In the dentin injury group, PIII tubulin was strongly

expressed in pulp cells, odontoblasts, and their processes under-
neath the injury site (Fig. 3C; quantified in Q).

Injury often compromises blood supply, which produces a
hypoxic environment; we therefore evaluated the pulp tissues
for HIFla expression. Under normoxic conditions, HIFla is
degraded (Nathan 2003), and its expression is undetectable in
the intact pulp (Fig. 3D). After an injury, however, HIF1a accu-
mulates to modulate a repair response (Nathan 2003; Zhang
et al. 2015). As expected, HIF1a was strongly expressed by
pulp cells in the pulp exposure cases (Fig. 3E). In dentin injury
cases, HIF la expression was restricted to primary odontoblasts
(Fig. 3F, quantified in Q), indicating that this model specifically
triggered a reparative response from primary odontoblasts.

We evaluated the pulp’s mitotic activity. The adult pulp is a
largely quiescent tissue (Huang et al. 2016), and in keeping
with this observation, PCNA (proliferating cell nuclear anti-
gen) immunostaining was minimal in an intact pulp (arrow,
Fig. 3G) and abundant in the adjacent gingiva (Fig. 3G). In the
pulp exposure model (Fig. 3H) and dentin injury model (Fig.
31, quantified in Q), pulp cells were mitotically active. These
data indicate that injury triggers a proliferative response in an
otherwise quiescent tissue.

Using alkaline phosphatase (ALP) activity to monitor active
mineralization of the dentin matrix, we found moderate staining
in intact pulp chambers and in the roots (Fig. 3J). In the pulp
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Post-injury day 14

Post-injury day 28

Figure 2. A dentin injury model elicits a reparative response from odontoblasts. In adult maxillary molars, uCT imaging identifies sites of (A) enamel
and some dentin removal but no pulp exposure (dotted circles). On PID1, (B) representative tissue sections stained with TUNEL show evidence of
apoptosis. (C) On an adjacent pentachrome-stained tissue section, the pulp exhibits a normal morphology (in all panels, dotted line indicates the edge
of the injury). On PID3, (D) aniline blue staining indicates a dentin bridge between the injury (dotted lines) and the pulp. (E) On an adjacent tissue
section, TUNEL identifies few apoptotic cells, and (F) the pulp continues to exhibit a normal morphology. By PID 14, (G) aniline blue staining identifies
new dentin formation (arrow) underneath the injury site (dotted lines), and (H) DMP| immunostaining identifies odontoblasts responsible for secreting
the new matrix and (arrow, I) new dentin formed. By PID28, (J) uCT sections show that a dentin bridge separates the injury site from the pulp
(arrow). (K) Odontoblasts underneath the injury site are nestin™, and (L) the new dentin formed by the surviving odontoblasts has protected the pulp
from exposure (arrow). d, dentin; e, enamel; p, pulp; PID, postinjury day; uCT, micro—computed tomography. Scale bars: 100 ym (A, D, G, J), 25 pm

(B,C EFHILKL).

exposure model, ALP activity was weakly detected and then
only at a distance from the exposure site (Fig. 3K). In contrast,
odontoblasts and pulp cells in the dentin injury model were
strongly ALP™ throughout the cavity (Fig. 3L, quantified in Q).

Active odontoblasts are labeled by nestin and DMP1
(Goldberg and Smith 2004). As expected, odontoblasts were
nestin™ and DMP1""* in the intact pulp (Fig. 3M—0O’; quanti-
fied in Q). Nestin immunostaining was undetectable in the pulp
exposure model (not shown), but primary odontoblasts under-
neath the dentin injury site were strongly nestin ™ and DMP1*"*
(Fig. 3N=P’; quantified in Q). In summary, the cellular “hall-
marks” of a reparative reaction from primary odontoblasts
were upregulation of HIF 1o and a notable increase in cell pro-
liferation. Other features, including expression of BIII tubulin,
nestin, and DMP1, were either shared with uninjured odonto-
blasts or found in severely damaged pulp.

Whnt-Responsive Primary Odontoblasts are
Responsible for New Dentin Formation after
Superficial Trauma

Amplifying Wnt signaling after a pulp exposure stimulates
osteodentin formation (Hunter et al. 2015). We sought to

identify which cells were responsive to a Wnt stimulus and to
determine whether those Wnt-responsive cells were directly
accountable for producing new dentin in a dentin injury model
involving a tamoxifen-inducible Axin2CERT - Rog RO/
reporter strain of mice. When tamoxifen is delivered, Axin2-
expressing Wnt-responsive cells and their progeny express
green fluorescent protein (GFP). This strategy genetically
labels a population that is responsive to an endogenous Wnt
signal and their descendants (Ransom et al. 2016).

In an intact pulp, a fraction of pulp cells and almost all
odontoblasts were responsive to Wnt (Fig. 4A). Their Wnt
responsiveness was robust enough to observe the lateral
branches of odontoblast processes (Fig. 4B). In young pups
(e.g., postnatal day 30), a 14-d chase period resulted in labeling
of nearly all the odontoblasts and their processes (Fig. 4C). In
an adult, however, endogenous Wnt signaling was much lower;
the same 14-d chase resulted in minimal odontoblast labeling
(Fig. 4D). These data demonstrate that Wnt signaling in the
pulp declines with age. It was in these adult mice that we sub-
sequently performed a dentin injury.

Dentin injury triggered a dramatic increase in endogenous
Wnt signaling, demonstrated by widespread distribution of
Wnat-responsive cells on PID14. Underneath the injury site,
GFP fluorescence was detected in odontoblast processes and in
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Figure 3. Expression of HIFl o and the extent of cell proliferation differentiate between a homeostatic and repair response from odontoblasts.
Immunostaining for the neural marker BlIl tubulin in an (A) intact molar versus PID3 following (B) a pulp exposure (indicated by an asterisk and

red dotted lines) or (C) a dentin injury (where the floor of the cavity preparation is indicated with a black dotted line). Inmunostaining for the

hypoxia marker HIFl o in (D) an intact molar versus PID3 following (E) a pulp exposure or (F) a dentin injury. Immunostaining for PCNA to detect
mitotically active cells in an (G) intact molar versus PID3 following (H) a pulp exposure or (I) a dentin injury. ALP activity shown in (J) an intact molar
(green dotted line indicates the coronal dentin) versus PID3 following (K) a pulp exposure or (L) a dentin injury. Nestin is expressed in functional
odontoblasts in (M, M’) an intact molar and (N, N’) odontoblasts underneath a dentin injury. DMP1 is expressed in secreting odontoblasts in (O, O')
an intact molar and (P, P") odontoblasts underneath a dentin injury. (Q) Quantification of the immunostaining in an ROI defined by the injury. Values
are presented as mean + SE. *P < 0.05. **P < 0.01. ALP, alkaline phosphatase; d, dentin; p, pulp; PCNA, proliferating cell nuclear antigen; PID, postinjury
day; RO, region of interest; pCT, micro—computed tomography. Scale bars: 100 ym (J-L), 25 pm (A-F, I, N-P), 10 pm (G, H, M, M, O, §', P").

the pulp chamber (Fig. 4E), much like the pattern observed in
the young pulp (Fig. 4C). The Wnt-responsive odontoblasts
were responsible for the increased ALP activity that we had
observed following dentin injury (Fig. 3L). We used immunos-
taining for GFP and ALP to demonstrate their colocalization in
the pulp cavity (Fig. 4F) and odontoblast processes (Fig. 4G).
These data indicate that the pulp responds to injury by upregu-
lating endogenous Wnt signaling and that the repair response is
subsequently mediated by these Wnt-activated cells.

We tested if supplying exogenous WNT3A to a dentin
injury would enhance its repair response. First, we aimed to
demonstrate if a WNT-based medication could be delivered to
the pulp via dentinal tubules. To do this, we prepared a super-
ficial injury in Axin2<“*™"*; R26R™™“"* mice and then deliv-
ered tamoxifen via a novel method: we encapsulated the
hydrophobic molecule in a liposome and swabbed the solution
onto the floor of prepared cavity (Fig. 4H, I). GFP is expressed
only by Wnt-responsive cells exposed to tamoxifen, and the
only source of tamoxifen was via the dentinal tubules; conse-
quently, the detection of GFP™ cells in the pulp of the
Axin2°FRI . ROGR™™ mice proved that L-tamoxifen
could penetrate tubular dentin. On PID14, GFP™° odontoblasts
were found underneath—and only underneath—the dentin
injury site (Fig. 4J,J").

As a second step, we produced the same dentin injuries in
Axin2eERT" . R26R™™S™ mice and then treated the cavity

preparations with either L-tam-PBS or L-tam-WNT3A (see
Methods; Fig. 4K). Compared with L-tam-PBS-treated dentin
injuries (Fig. 4L), those treated with L-tam-WNT3A showed
more GFP staining (Fig. 4N). When compared with the ALP
activity elicited by dentin injury (Fig. 4N), the L-tam-WNT3A-
treated dentin injuries showed considerably broader ALP activ-
ity (Fig. 40), demonstrating that the liposome-packaged
WNT3A could amplify the reparative response observed by
primary odontoblasts.

Discussion

If they survive the trauma, odontoblasts generate new dentin
matrix in an attempt to protect the pulp. The monikers used to
describe this new dentin may change (reviewed in Tomes
1878; Kuttler 1959; Tziafas 2004), but what is invariant is the
microstructure of the new dentin: when pulp cells secrete den-
tin, the resulting material has a bone-like characteristic; how-
ever, when preexisting odontoblasts secrete dentin, the
resulting material has a tubular structure (About et al. 2001;
Ricucci et al. 2014).

Here, our goal—like many before us (Fish 1931)—was to
distinguish the reparative response of primary odontoblasts
from the reparative response of pulp cells, for a relatively
straightforward reason: the majority of clinical cases do not
involve intentional exposure of an otherwise healthy pulp.
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Figure 4. L-WNT3A amplifies endogenous Wnt signaling and the repair response from primary odontoblasts. In Axin2“*"™"*; R26R™™"* reporter
mice, GFP immunofluorescence identifies (A) Whnt-responsive pulp cells and (B) odontoblasts and their processes. (C) In a juvenile, most odontoblasts
are Whnt responsive, but (D) in an adult, very few odontoblasts remain Wnt responsive. (E) GFP immunofluorescence on PID 14 demonstrates a
significant increase in the number of Whnt-responsive cells in the pulp following a dentin injury. Coimmunostaining of GFP and ALP demonstrates that
most Wht-responsive pulp cells are strongly positive for ALP (F) in the cell body as well as (G) in the processes. (H) Schematic showing experimental

plan, where a dentin injury (asterisk) is created in Axin2“*72*; R26R™™*

mice and then tamoxifen, as formulated in a liposome, is applied to the

floor of the cavity preparation. (I) Pentachrome staining of the floor of the cavity preparation on PID14. (J, J') GFP immunostaining on an adjacent
section identifies Wnt-responsive odontoblasts underneath the dentin injury site. (K) Schematic showing experimental plan, where a dentin injury
(asterisk) is created in Axin2“*€872"*; R26R™ ™" mice and then either PBS or WNT3A protein, as formulated in liposomes, is applied to the floor of the
cavity preparation. (L) Following L-tam-PBS treatment, GFP immunostaining identifies Wnt-responsive odontoblasts. (M) ALP activity in odontoblast
processes on PID3. (N) Following L-tam-WNT3A treatment, GFP immunostaining identifies VWnt-responsive odontoblasts underneath the injury site.
(O) Significantly more ALP activity was detected in odontoblast processes. ALP, alkaline phosphatase; d, dentin; GFP, green fluorescent protein; p, pulp;
P30, postnatal day 30; P90, postnatal day 90; PBS, phosphate-buffered saline; PID, postinjury day. Scale bar: 25 ym (C-F, I, J, L, N), 10 um (A, B, G, J,

M, O).

Instead, most clinical cases that progress to the stage where a
root canal is needed begin with superficial trauma to the pulp
(Bjerndal 2002). If primary odontoblasts respond robustly to
this trauma and secrete copious amounts of new dentin, then
the pulp generally retains its vitality (Kawashima and Okiji
2016). When that repair response is attenuated, then the result
is typically chronic inflammation, followed by pulp necrosis
(Cooper et al. 2010). Our goal here was to simulate this

clinically relevant scenario and, in doing so, gain insights into
how the reparative response could be amplified.

Pulp exposures (Fig. 1) were compared with the equivalent
of a deep cavity preparation that purposefully avoided pulp
exposure (Fig. 2). The most important distinction was that, in
contrast to a pulp exposure, the dentin injury model resulted in
the formation of new dentin by preexisting odontoblasts.
Apoptosis was detected but not past PID3; inflammation was
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short-lived; and the pulp remained vital (Fig. 2). In contrast,
the pulp exposure model resulted in widespread cell death,
rampant and prolonged inflammation, and the survival of small
amounts of pulp tissue remaining in the root tips (Fig. 1). In
neither case was the pulp exposure associated with a bacterial
contamination, as would be expected in a carious lesion. This
can be considered a limitation of almost all rodent models of
pulp injury because, without contamination, some part of the
pulp will remain vital. Since infection and uncontrolled inflam-
mation are barriers to a repair response (Bergenholtz 2001),
these sterile models likely reveal the maximum pulp repair
response in an otherwise healthy young animal.

So how might the presence of a bacterial infection affect the
pulp repair response? Despite many advantages, rodent models
are not readily amenable to this line of inquiry. The reason is
that the genomic response to acute inflammatory stresses (e.g.,
pulp exposure) correlate poorly with analogous human condi-
tions and also with one another (Seok et al. 2013).

Wht-Responsive Odontoblasts Are Responsible for
the Secretion of New Dentin After a Subacute Injury

In nongrowing teeth, such as murine and human molars, new
“odontoblast-like” cells are responsible for the secretion of
new dentin following trauma (Murray, Kitasako, et al. 2002;
Babb et al. 2017; reviewed by Goldberg 2011). Here we dem-
onstrated that these primary odontoblasts, which normally
secrete dentin throughout life and generate new dentin after
superficial injury, are all derived from a Wnt-responsive popu-
lation (Figs. 2, 4).

The Wnt-responsive status of primary odontoblasts changes
with age. In the young pulp, almost all odontoblasts are Wnt
responsive, but with aging, only a subset maintains their Wnt-
responsive status. The sources of the endogenous Wnt signal are
unknown but may be the odontoblast itself (Babb et al. 2017).
Why the Wnt-responsive status declines with age is also
unknown, but this diminution in endogenous Wnt signaling fol-
lows the well-described age-related loss in reparative potential
(Murray et al. 2000; Murray, Matthews, et al. 2002; Feng et al.
2013).

One potential therapeutic strategy to stimulate the repair
potential of an aged pulp would be to enhance Wnt signaling
back to levels seen in youth. Other investigators attempted to
activate Wnt signaling with a similar goal, albeit a different strat-
egy, in mind. Here, we used recombinant WNT protein, whereas
Ishimoto et al. (2015) used lithium chloride to activate Wnt sig-
naling; nonetheless, the collective results point to an ability to
stimulate odontoblasts to increase secretion of dentin.

Whether a WNT-based treatment strategy could be used to
stimulate new dentin formation by odontoblasts remains an
open question. We validated that a drug can be delivered to the
pulp via the dentinal tubules (Fig. 4), but while the dose was
sufficient to activate a recombination event (e.g., the expres-
sion of GFP in a Wnt reporter strain of mice), it is unclear
whether the dosage of L-WNT3A was sufficient to elicit a
robust repair response. Therein lies a limitation to this study:

the dentin injury and, indeed, a pulp exposure are both created
in an otherwise healthy tooth in an otherwise healthy adult ani-
mal. These characteristics do not match most patients undergo-
ing endodontic care. Consequently, it will be of considerable
importance to test such therapeutic strategies in animal models
that fully mimic the patient population.
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