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coeruleus (LC) injections of synthetic tau fibrils is determined
by the LC’s afferent and efferent connections
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Abstract Filamentous tau inclusions are hallmarks of
Alzheimer’s disease (AD) and other neurodegenerative
tauopathies. An increasing number of studies implicate the
cell-to-cell propagation of tau pathology in the progres-
sion of tauopathies. We recently showed (Iba et al., J Neu-
rosci 33:1024-1037, 2013) that inoculation of preformed
synthetic tau fibrils (tau PFFs) into the hippocampus of
young transgenic (Tg) mice (PS19) overexpressing human
P301S mutant tau induced robust tau pathology in anatomi-
cally connected brain regions including the locus coeruleus
(LC). Since Braak and colleagues hypothesized that the LC
is the first brain structure to develop tau lesions and since
LC has widespread connections throughout the CNS, LC
neurons could be the critical initiators of the stereotypical
spreading of tau pathology through connectome-dependent
transmission of pathological tau in AD. Here, we report that
injections of tau PFFs into the LC of PS19 mice induced
propagation of tau pathology to major afferents and effer-
ents of the LC. Notably, tau pathology propagated along LC
efferent projections was localized not only to axon terminals
but also to neuronal perikarya, suggesting transneuronal
transfer of templated tau pathology to neurons receiving
LC projections. Further, brainstem neurons giving rise to
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major LC afferents also developed perikaryal tau pathol-
ogy. Surprisingly, while tangle-bearing neurons degenerated
in the LC ipsilateral to the injection site starting 6 months
post-injection, no neuron loss was seen in the contralateral
LC wherein tangle-bearing neurons gradually cleared tau
pathology by 6-12 months post-injection. However, the
spreading pattern of tau pathology observed in our LC-
injected mice is different from that in AD brains since hip-
pocampus and entorhinal cortex, which are affected in early
stages of AD, were largely spared of tau inclusions in our
model. Thus, while our study tested critical aspects of the
Braak hypothesis of tau pathology spread, this novel mouse
model provides unique opportunities to elucidate mecha-
nisms underlying the selective vulnerability of neurons to
acquire tau pathology and succumb to or resist tau-mediated
neurodegeneration.

Keywords Transmission of misfolded tau - Alzheimer’s
disease - Mouse models of tauopathies - Locus coeruleus

Introduction

Tau is a microtubule-binding protein which is mainly local-
ized to axons of neurons and plays an important role in
promoting the assembly and stabilization of microtubules
[29]. However, under pathological conditions, tau becomes
abnormally phosphorylated, conformationally altered, and
aggregates into insoluble neurofibrillary tangles (NFTs) as
well as in neuropil threads that are the signature lesions of
Alzheimer’s disease (AD), progressive supranuclear palsy,
corticobasal degeneration, Pick’s disease, frontotemporal
lobar degeneration (FTLD) linked to tau pathology (FTLD-
Tau) and other tauopathies [26]. In AD, NFTs progressively
accumulate throughout increasingly widespread CNS
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regions in a stereotypical manner, from the transentorhinal
and entorhinal cortex to the hippocampal formation and
eventually the neocortex [9].

Recent studies have demonstrated that exogenously sup-
plied preformed fibrils (PFFs) assembled from recombinant
human tau can readily “seed” or template the aggregation of
endogenously expressed soluble tau in cultured cells [20, 23].
While Clavaguera et al. showed induction and propagation of
tau pathology in vivo by injecting brain extracts containing
aggregated tau from tau transgenic (Tg) mice [16] or tauopathy
patients [15] into ALZ17 tau Tg mice that overexpress human
wild-type (WT) tau but do not normally develop tau pathol-
ogy, we demonstrated that synthetic tau PFFs alone can induce
templated transmission of pathological tau when injected into
tau Tg mice overexpressing human P301S mutant tau (PS19)
months before the emergence of transgene-driven tau pathol-
ogy [25]. Furthermore, these and other studies suggest that tau
transmission occurs over long distances, presumably along
axons that are efferent and afferent to the injection site rather
than as a result of the proximity of neurons to the injection site
[1, 18, 25, 30]. This connectome-dependent propagation of
aggregated tau has been suggested to underlie the highly pre-
dictable pattern of NFT progression in AD [12, 21].

Interestingly, tau PFF injections into either the striatum
and overlying neocortex or the hippocampus of young PS19
mice consistently led to significant tau pathology in the locus
coeruleus (LC), which is located in the lower part of the 4th
ventricle in the brainstem and is the major noradrenergic
nucleus in the CNS with widespread efferent projections
and limited afferent inputs [3, 19]. Moreover, recent neuro-
pathological studies on postmortem human brains from dif-
ferent age groups revealed surprisingly frequent “pretangle”
tau lesions in brainstem nuclei, predominantly LC, of peo-
ple under 30 years old, suggesting that the LC could be the
first brain region affected by AD pathology from whence
pathological tau then spreads rostrally to affect multiple tel-
encephalic regions including transentorhinal cortex and hip-
pocampus [10, 11]. For these reasons, we hypothesized that
LC may be a critical brain structure giving rise to the stereo-
typical progression of NFTs in AD brains. Here, we report
that unilateral injection of tau PFFs into LC of young PS19
mice induced time-dependent neuron loss from ipsilateral LC
and significant tau pathology in numerous brain regions ana-
tomically connected with LC, although the spreading pattern
of tau pathology is different from that found in AD brains.

Materials and methods
Tau Tg mice

We used PS19 tau Tg mice of both genders (n = 49) which
express human T34 tau (IN4R) with P301S mutation found
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in patients with familial FTLD-Tau [43]. These mice were
maintained on a B6C3H background. All animal protocols
were approved by The University of Pennsylvania’s Institu-
tional Animal Care and Use Committee (IACUC).

Generation of synthetic tau PFFs

A cDNA encoding the longest human tau isoform (2N4R)
containing the P301S mutation with a 3’'Myc tag (3'Myc-
T40/PS) was cloned into the pRK172 bacterial expres-
sion vector using the Ndel/EcoRI restriction sites. The
protein was then expressed in BL21 (DE3) E. coli cells.
The recombinant tau protein was purified and allowed to
fibrillize in vitro in the presence of heparin with constant
agitation at 1000 rpm at 37 °C for 1 day as previously
described [22]. Fibrillization was confirmed by Thioflavin
T fluorescence assay, sedimentation assay, and electron
microscopy. Following ultracentrifugation at 100,000g for
30 min at 22 °C, the pellet of tau PFFs was resuspended
in heparin-free buffer, aliquoted and stored at —80 °C until
ready to use. Prior to injection, PFFs were sonicated with
40 brief pulses while on ice as described [25].

Stereotaxic surgery

Animals were aseptically injected with 3'Myc-T40/PS
PFFs (referred to subsequently as PFFs for simplicity) or
PBS as a control between 2 and 3 months of age following
animal care and use protocols of the University of Pennsyl-
vania as described [25], except that the target here was the
LC. Animals were anesthetized using ketamine/xylazine/
acepromazine, placed in a stereotaxic frame (David Kopf
Instruments) and injections were made into the LC of the
right hemisphere (bregma —5.45 mm, lateral +1.28 mm,
depth —3.65 mm) [13] using a Hamilton syringe. A total of
4 ug of tau PFFs in a total volume of 1 ul were injected at a
rate of 0.1 ul/min. Mice were monitored during the surgery
by observing their respiration and monitoring toe reflex.
Following the surgery, mice were monitored until they
recovered from anesthesia, at which point they were given
the analgesic buprenorphine in compliance with animal
care and use protocols of the University of Pennsylvania.

Histology and immunohistochemistry (IHC)

Mice were sacrificed at 2 weeks (n = 3 for PFF injec-
tion and n = 2 for PBS injection), 1 month (n = 10 but
only 8 were used for analysis since the other 2 missed the
LC), 3 months (n = 8), 6 months (n = 10), and 12 months
(n = 10) post-surgery by ip injection with a ketamine/
xylazine mixture and transcardial perfusion with 30 ml
of phosphate-buffered saline (PBS) as described [25].
The brains and spinal cords were removed and placed in
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neutral-buffered formalin (NBF) overnight at 4 °C. Addi-
tional 6 mice were sacrificed at 2 days and 2 weeks post-
injection period (n = 3 each), and they were fixated in 70 %
Ethanol overnight at 4 °C. The tissue was then thoroughly
washed before being embedded in paraffin. Paraffin blocks
were sectioned using a microtome to produce 6-um-thick
tissue sections.

Exactly as described earlier [25], tissue sections were
deparaffinized in xylene and rehydrated through a series of
increasingly dilute ethanol solutions. Endogenous peroxi-
dase activity was quenched by treating sections with 5 %
hydrogen peroxide in methanol for 30 min. Slides were
incubated with primary antibody overnight at 4 °C. Fol-
lowing incubation with horseradish peroxidase (HRP)-con-
jugated secondary antibody, slides were developed using a
non-biotin polymer HRP detection system (Biogenex) and
counterstained with Mayer’s hematoxylin unless otherwise
noted.

Pathological tau was visualized by staining every 20th
slide with a series of antibodies previously used and
described [25] including: ATS8, a mouse monoclonal anti-
body (MAD) specific for tau phosphorylated at Ser202/
Thr205 (1:10,000; Pierce) and MC1, a mouse MAD to a
pathological conformation of tau (1:7000; a generous gift
of Dr. Peter Davies). We also used the following additional
antibodies: T14 (a mouse MADb that recognizes phospho-
independent human tau, residues 141-178; 1:5000), T49
(a mouse MAD specific for mouse tau; 1:2000; detected
using the Vector Mouse on Mouse Kit, BMK-2202), TG3,
a mouse MAD that recognizes a conformation-dependent
epitope around phosphorylated Thr231 (1:250; a generous
gift of Dr. Peter Davies), ac-K280, a rabbit polyclonal anti-
body that recognizes tau acetylated at Lys280 (1:1000 with
citrate buffer pre-treatment), a rabbit polyclonal antibody
against tyrosine hydoxylase (TH; 1:10,000), a rat MAb to
glial fibrillary acidic protein (GFAP; 1:3000), and 9E10 a
mouse MADb that recognizes c-myc (1:5000; Santa Cruz).
Thioflavin S staining was also performed to visualize NFTs
and neuropil threads. In addition, a subset of slides were
double labeled with AT8 (1:10,000) and an anti-TH anti-
body (1:5000) followed by detection using Alexa Fluor-
labeled secondary antibodies (Invitrogen) to demonstrate
accumulation of pathological tau within the noradrenergic
TH-positive LC neurons. To determine if tau lesions are
ubiquitinated, tissue sections were double labeled with AT8
(1:5000) and anti-ubiquitin antibody (Ubi-1, 1:500; rab-
bit monoclonal, Millipore, with citrate buffer treatment),
and several sections were also double stained with ATS8
(1:5000) and anti-tau oligomer antibody (TOC-1, 1:1000;
mouse MAb with citrate buffer treatment, a generous gift of
Dr. Lester Binder) to test for the presence of tau oligomers.

To quantify tau pathology in LC neurons, every Sth sec-
tion through the entire rostral to caudal extent of the LC

was stained with MC1 and positively stained cells were
counted in the LC ipsilateral and contralateral to the injec-
tion site. Similarly, neuron loss in the LC was quantified by
staining every 5th section through the LC with TH antibody
and counting TH-positive LC neurons in each hemisphere.

To quantify tau pathology in amygdala and bed nucleus
of the stria terminalis (BNST), every 5th section contain-
ing those brain regions was immunostained with MC1 and
positively stained cells were counted for the side ipsilateral
to the injection site.

For semi-quantitative analysis of AT8-positive neurons
in the entire CNS, we selected nine different coronal CNS
levels (bregma 2.10, —0.22, —1.22, —2.18, —3.52, —4.48,
—5.52, —6.36, and —6.84 mm), marked brain regions
based on anatomical/cytoarchitectural patterns [36] and
used a previously published grading system adapted from
the Braak staging system for AD to score the extent of tau
pathology in PFF-injected PS19 mice [24, 44]. After grad-
ing individual brain regions in each mouse at 1 (n = 8), 3
(n = 8) and 6 (n = 10) months post-injection, we imported
averaged values of these scores into custom-designed heat
map software to create pathology distribution maps for the
telencephalon and brainstem [8, 25].

Statistical analysis

Quantification results were analyzed using one-way
ANOVA followed by Tukey’s post hoc test using Graph-
Pad Prism 4.0 software (GraphPad Software, San Diego,
CA). Data were expressed as mean + SEM, and differences
with P values less than 0.05 were considered significant.

Results
Induction of tangle pathology in LC

To test whether tau PFF injections into LC would lead to
progressive development of tau pathology in a pattern
similar to that observed in AD brains [10], we unilater-
ally injected Myc-T40/PS PFFs into a region 300 pm lat-
eral to the LC so that the injection itself would not dam-
age LC neurons [13] (Fig. 1a). Most of the injections were
successfully placed (n = 47/49, 96 %) and immunore-
activity for GFAP was observed only ipsilaterally near
the injection site but outside the main body of the LC at
2 weeks post-injection (Fig. 1b). Immunostaining using
an anti-Myc antibody showed abundant tau PFFs around
the injection site at 2 days post-injection, which appeared
to be largely extracellular, but the Myc immunoreactivity
was completely undetectable at 2 weeks post-injection,
suggesting rapid clearance of exogenous tau PFFs (Sup-
plementary Figure la, c). To confirm that the injected tau
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PFFs recruited endogenous and transgene expressed tau
into pathological aggregates, we performed double-labe-
ling immunofluorescence with ATS8 (recognizing hyper-
phosphorylated Ser202/Thr205 tau) and antibody against
TH. Since tau PFFs assembled from recombinant tau are
not phosphorylated and since normal endogenous tau in
the PS19 mice are not phosphorylated at the ATS site, the
presence of AT8 immunoreactivity marks the presence of
tau pathology. As expected, a very high proportion of TH-
positive LC neurons were filled with hyperphosphorylated
tau inclusions, some of which were Thioflavin S positive
as early as 2 weeks post-injection, suggesting rapid forma-
tion of mature tangles (Fig. 1c). We also immunostained
sections throughout the LC region with different anti-tau

antibodies at 3 months post-injection and found that PFF-
induced tau pathology in LC neurons was conformation-
ally changed (MC1), phosphorylated and conformation-
ally changed (TG3), acetylated (ac-K280), and contained
both human tau (T14) and mouse tau (T49) (Fig. 1d). To
confirm that the development of tau pathology is not due
to nonspecific effects of injection, mice were injected with
PBS and immunostained with AT8 2 weeks post-injection.
No AT8-positive neurons were detected in the ipsilateral
LC and therefore provide support that all the tau pathology
detected was due specifically to PFF-induced templated
recruitment of endogenous tau followed by spreading and
not due to other non-specific responses such as stress (Sup-
plementary Figure 1d).
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Fig. 1 Schematic illustration of the LC injection site and the char-
acterization of tau tangles and dystrophic neurites induced in LC and
adjacent neurons by tau PFF injections. a Shows schematic coronal
(upper) and sagittal views (bottom) of the tau PFF injection site just
lateral to the LC. T40/PS PFFs were injected immediately lateral to
the LC (bregma —5.45 mm, lateral +1.28 mm, depth —3.65 mm).
The red dots and lines indicate the injection site and needle track
of the injection, respectively. b Illustrates low (left) and high (right)
power microscopic images of GFAP-stained reactive astrocytes in
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the vicinity of the ipsilateral LC injection site. Scale bars are 1 mm
(left) and 100 pm (right), respectively. ¢ TH (red) and AT8 (green)
double staining revealed that injected tau PFFs recruited endogenous
tau into aggregates in the TH-positive LC neurons. Thioflavin S stain-
ing shows the formation of mature tangles in the LC within 2 weeks.
Scale bar is 100 um. d Tau tangles in LC neurons are detected by
multiple anti-tau antibodies in the LC ipsilateral to the tau PFF injec-
tion site at 3 months post-injection. Scale bar is 100 um
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Fig. 2 Time-dependent progressive accumulation of tau pathology
in the LC and adjacent brainstem regions. a Shown here are MC1-
stained sections at four different representative levels of the LC and
adjacent brainstem structures from PS19 mice at 2 weeks, 1, 3, 6, and
12 months post-injection. Scale bar is 200 ym. b TH IHC staining
results from tau PFF-injected PS19 mice after different post-injection
periods. Scale bar is 200 um. ¢ This graph shows quantitative data on
MCl1-positive LC neurons with contralateral on the left (white bars)

Spreading of tau pathology to the contralateral LC
and time-dependent neuron loss from the ipsilateral LC

To investigate the spreading of tau pathology after injecting
tau PFFs into the LC on one side of the brainstem, we sacri-
ficed PS19 Tg mice at 2 weeks, 1, 3, 6 and 12 months post-
injection. Figure 2a shows 4 rows of different levels of the
LC and related pontine regions from the most rostral region
at the top to the caudal region at the bottom immunostained
with MCI1. As shown, injected tau PFFs not only tem-
plated the formation of tau pathology in the ipsilateral LC
throughout its rostral-caudal span, but they also induced
spreading of tau pathology to a small number of neurons
on the contralateral LC within 2 weeks post-injection. Tau
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and ipsilateral on the right (gray bars). d This graph shows quanti-
tative data on TH-positive LC neurons with contralateral on the left
(white bars) and ipsilateral on the right (gray bars). The number of
PS19 mice used per group for MCl1-positive cell count were n = 4
for 1, 3 and 12 months post-injection and n = 10 for 6 months post-
injection, and n = 4 for TH-positive cell count. *P < 0.1, **P < 0.05,
*#*P <0.01

pathology in the ipsilateral LC neurons was most abundant
at 1 month post-injection and gradually decreased with
longer survival periods (Fig. 2a, c), although other pontine
neurons adjacent to the LC in this brainstem region, includ-
ing those in the vestibular and pontine nuclei showed more
MCl1-positive neurons with time. A similar time-dependent
reduction in tau pathology was observed for the contralat-
eral LC (Fig. 2¢).

In view of these findings, we next asked if this dimi-
nution of tau pathology in the LC might reflect the
degeneration of tangle-bearing LC neurons. To do this,
we performed IHC with the anti-TH antibody (Fig. 2b).
As confirmed by quantitative analysis (Fig. 2d), TH-
positive LC neurons were significantly reduced at 6 and
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12 months post-injection on the ipsilateral side while
they were undiminished on the contralateral side. These
results suggested that LC neurons ipsilateral to the injec-
tion site first accumulate tangles as soon as 2 weeks
post-injection and then began to degenerate by 6 months
post-injection, whereas neurons in the contralateral LC
did not degenerate following a less aggressive accumula-
tion of tau pathology, but instead, appeared to gradually
clear tau inclusions with longer post-injection survival
periods. Indeed, since a lower percentage of tau inclu-
sions in the contralateral LC were Thioflavin S positive
compared to the ipsilateral LC (data not shown), this
suggests that the tau pathology induced in the contralat-
eral side was less mature than in the ipsilateral LC, and
perhaps less toxic. Double labeling of AT8 with an anti-
ubiquitin antibody showed little ubiquitination of tau
inclusions in the contralateral LC (Supplementary Fig-
ure le), suggesting the ubiquitin—proteasome system
is unlikely playing a major role in the clearance of tau
aggregates.

Bed Nucleus of
the Stria Terminalis (BNST)

Frontal Cortex

A
Entorhinal Cortex
[Tratamus [«———

Hypothalamus
Locus Coeruleus

T 1

Hippocampus
Amygdala

Prepositus Hypoglossi (PrH) Nucleus

Paragigantocellularis (PGi)

-

Fig. 3 Schematic diagram of the LC connectome and the retrograde
and anterograde transmission of tau pathology from the tau PFF-
injected LC. a Schematic representation of LC and anatomically con-
nected brain regions. As shown, LC receives its afferent from prep-
ositus hypoglossi (PrH) and nucleus paragigantocellularis (PGi), and
projects to almost the entire CNS, including hypothalamus, cortex,
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Retrograde and anterograde propagation of tau
pathology along the LC projections

As previously described, the rodent LC receives afferent
inputs from restricted brainstem regions, namely the prep-
ositus hypoglossi (PrH) and nucleus paragigantocellularis
(PGi) [4], but LC efferents project to almost all regions of
the CNS except for the striatum which receives dopaminer-
gic terminals [6]. Figure 3a is a simplified schematic illus-
tration of both the well-established LC brainstem afferents
as well as the major efferent projections of the LC to telen-
cephalic regions.

We first examined PrH and PGi which project to the
LC, and found AT8-immunoreactive neurons in both PrH
(Fig. 3b) and PGi (Fig. 3c) within 2 weeks post-injection.
We also found that these ATS8-positive inclusions became
more numerous with time as shown at 1, 3 and 6 months
post-injection.

We also examined the major brain regions to which the
LC projects, such as hypothalamus, amygdala, bed nucleus

3 months 6 months

bed nucleus of the stria terminalis (BNST), hippocampus and amyg-
dala. Shown here are ATS8-positive tau inclusions in the PrH (b) and
PGi (c) at 2 weeks post-injection and the increasing amount of tau
pathology that developed with longer post-injection periods. Scale
bar is 100 um
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Fig. 4 Propagation of tau pathology to brain regions innervated
by efferent projections from LC neurons. a Shown are microscopic
images of sections immunostained with AT8 at 3 and 6 months post-
injection from top to bottom in 4 different brain regions (hypothala-
mus, amygdala, BNST, frontal cortex) and spinal cord. The far left
column illustrates sagittal views of the brain with red lines indicating

of the stria terminalis (BNST), frontal cortex (Fig. 4a) as
well as the hippocampus and entorhinal cortex (see below
for details). A small number of AT8-immunoreactive neu-
rons were found in the hypothalamus, amygdala and
BNST within 2 weeks post-injection (data not shown).
The amount of tau pathology in these structures gradually
increased at longer post-injection time periods with promi-
nent hyperphosphorylated tau accumulations in the peri-
karya of neurons observed at 3 and 6 months post-injection
(Fig. 4). Notably, the frontal cortex, which is ~8 mm rostral
to the injection site, and spinal cord neurons, which were at
an equivalent distance from the injection site, both showed
AT8-positive neurons within 3 months (Fig. 4a). Quantita-
tive analysis of MCl-positive cells in amygdala (Fig. 4b)
and BNST (Fig. 4c) showed time-dependent increases in

6 mont|
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g_ 250 o . ] LJ
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MC1 positive cell number

the coronal planes selected for staining the indicated structures, and
red dots indicating the location of LC. Scale bar is 100 ym. b and ¢
show quantitative data on MC1-positive neurons in amygdala (b) and,
BNST (c). d shows the lack of tau pathology in hippocampus dentate
gyrus (DG) region and entorhinal cortex (ENT) at 3 and 6 months
post-injection. Scale bar is 100 pm

the number of MCl-positive cells in both amygdala and
BNST until 6 months post-injection. To clearly demon-
strate the pattern of tau pathology spread initiated by tau
PFF injections in LC, we generated comprehensive heat
maps to illustrate both the distribution and burden of tau
pathology across different coronal sections at different time
points post-injection (Fig. 5). Importantly, tau pathology
burden at the level of LC increased from 1 to 3 months but
decreased at 6 months due to loss of TH-positive neurons.
Further, since the tau inclusions that form as a result of
transgene-driven mutant P301S human tau in aged PS19
mice do not show the distinct signatures of mature AD-
like tangles, including immunoreactivities for ac-K280
and TG3 [25], we asked if the tau pathologies induced by
PFF injections into the LC were recognized by these two
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Fig. 5 Heat maps of tau pathology in coronal sections immu-
nostained with AT8. Semi-quantitative analysis of tau pathology
was conducted by grading the extent and abundance of AT8 immu-
noreactivities. Each panel represents heat map pathology distributed
on one of the nine different coronal planes (bregma 2.10, —0.22,
—1.22, —2.18, —3.52, —4.48, —5.52, —6.36, and —6.84 mm) at
1 month (n = 8), 3 months (n = 8) and 6 months (n = 10) post-injec-
tion period. Left column shows sagittal view of the selected coronal
planes. Blue dot indicate injection sites

antibodies since this would indicate that this tau pathology
must have originated from the tau PFF injected into the LC.
Consistent with templated transmission of PFF-seeded tau
pathology from the LC, we found ac-K280 and TG3 immu-
noreactivities in numerous brain regions connected with
LC, including but not limited to BNST, anterior cingulate
cortex (ACC), midbrain (MD) and hypothalamus (HT) at
varying intervals post-injection (Fig. 6).

Since the findings reported above suggest that the PFF-
templated tau pathology was transmitted anterogradely
from the LC to its efferent projection sites mentioned
above, we interpret this to signify transneuronal spreading
of tau pathology to induce pathological tau in the perikaya
of neurons innervated by the LC. We examined this pos-
sibility further by double-label immunostaining with the
anti-TH antibody and ATS in regions receiving efferent pro-
jections from LC (Fig. 7). Notably, we observed a partial
co-localization of AT8-immunoreactive tau pathology with
TH-positive axons arising from LC neurons which support
our view that the perikaryal tau pathology at these LC pro-
jection sites reflects transneuronal spread of tau pathology.

Finally, our previous study showed that tau PFF injec-
tion into hippocampus consistently led to tau pathology in
the LC within 2 weeks post-injection [25], indicating effi-
cient retrograde transmission of pathological tau from the
hippocampus to the LC (see Figure 4A in [25]). Surpris-
ingly, our current study of tau PFF injections into the LC
did not induce any AT8- or MCI-positive tau inclusions in
the hippocampus even at 6 months post-injection (Fig. 4d),
although we did observe transgene-driven endogenous
tau pathology 12 months post-injection (data not shown),
suggesting that the transmission of pathological tau may
exhibit specific directionality and does not undergo trans-
mission bi-directionally or that the hippocampus is other-
wise resistant to accumulating tau pathology at the doses of
PFFs injected here, the post-injection time intervals studied
here or for other unknown reasons. Meanwhile, entorhinal
cortex, which also receives efferent projections from LC,
also failed to develop any appreciable tau pathology within
our experimental time window (Fig. 4d). Since the transen-
torhinal cortex and the hippocampal formation are thought
to be the earliest telencephalic structures that develop tau
positive and argyrophilic NFTs in human brains at what
is believed to be the earliest stages of the onset of tau

pathology that subsequently culminates in widespread AD
tau pathology [9, 11], our paradigm of tau PFF injections
into the LC of PS19 mice did not completely recapitulate
the spatiotemporal progression pattern of NFTs that has
been proposed to reflect the stage-wise spread of pathologi-
cal tau in subjects who develop dementia due to AD.

Discussion

Here, we provided additional compelling evidence of path-
ological tau transmission via anatomically connected brain
regions [1, 16, 25, 37] by injecting synthetic tau PFFs into
LC of PS19 mice. Similar to our previous study of syn-
thetic tau PFF injections into hippocampus or striatum/
overlying cortex [25], we observed that the injected tau
PFFs rapidly seeded the formation of tau pathology near
the injection site, i.e., in LC neurons in this study, and this
tau pathology was subsequently propagated to widespread
brain regions that are anatomically interconnected with LC
neurons through either efferent or afferent projections, such
as those that comprise the PGi, amygdala and BNST. Also
similar to our prior study [25], tau pathology observed in
the LC-injected mice more closely resembles mature AD
NFTs than that developed in the aged un-injected PS19
mice. We also found significant neuron loss in the ipsilat-
eral LC starting 6 months post-injection, while neurons in
the contralateral LC appeared to be capable of clearing tau
pathology without showing evidence of neurodegeneration.

LC is a nucleus located in the ventral part of 4th ventricle
of the brainstem, and is known as the largest nucleus con-
taining noradrenergic neurons [3, 6, 32]. Anatomical stud-
ies using HRP tracing with DAB as a substrate in the late
1970s showed that many structures in CNS project to LC
[14, 17, 33]. However, Aston-Jones et al. [4] demonstrated
using retrograde tracers Fluoro-Gold and wheat-germ
agglutinin conjugated with HRP (WGA-HRP) that LC
receives afferents from two limited nuclei, i.e., paragigan-
tocellularis (PGi), and prepositus hypoglossi (PrH). This
same group reported later using Cholera-toxin B (CTb)
as a tracer that LC also receives some afferents from the
preoptic area dorsal to the supraoptic nucleus, the posterior
hypothalamus, the Kolliker-Fuse nucleus, and the mesence-
phalic reticular formation, lesser amount of afferents from
hypothalamic paraventricular nucleus, dorsal and median
raphe nucleus, dorsal part of the periaqueductal gray, the
area of the noradrenergic A5 group, the lateral parabrachial
nucleus, and caudoventrolateral reticular nucleus, and vir-
tually none or occasional projections from cortex, central
nucleus of the amygdala, lateral part of the bed nucleus of
the stria terminalis, vestibular nuclei, nucleus of the soli-
tary tract, and spinal cord [31]. In our study, we observed
tau pathology in the PGi and PrH as well as hypothalamus,
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amygdala and BNST, which receives efferents from LC.
Although we cannot clearly distinguish whether those tau
pathologies in the hypothalamus, amygdala and BNST
arise from efferent or afferent transmission, we consider
that the abundance of tau pathology detected in these
regions are a consequence of anterograde tau propagation.
Intriguingly, recent studies suggest that LC may be the
first brain structure to develop tau lesions, long before the
appearance of NFTs in the transentorhinal cortex and hip-
pocampus, which are brain regions thought to be affected
in the earliest stages of AD [10, 11]. Therefore, LC neurons
may be the most vulnerable to abnormal tau accumulations
in the entire brain. This selective vulnerability of LC neu-
rons to pathological tau also is supported by our previous
study of synthetic tau PFF injections into either hippocam-
pus or striatum plus the overlying neocortex of young

a ac-K280

Fig. 6 Mature tau tangle-bearing neurons increased in regions to
which the LC projects or that project to the LC. Lower and higher
power microscopic images of sections immunostained with ac-K280
(a) and TG3 (b) in BNST at 1 month post-injection, anterior cin-
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PS19 mice, whereby tau inclusions were rapidly induced
in LC neurons following injections of tau PFF into these
sites [25]. Furthermore, the widespread efferent projections
from LC to various brain structures led us to speculate that
brain regions involved in the later stages of AD may have
received the initial pathological tau seeds from LC through
synaptic connections, and among them, transentorhinal cor-
tex and hippocampus are the most vulnerable to tangle for-
mation; these regions may in turn transmit misfolded tau
to other interconnected brain structures, thereby implicat-
ing more brain areas. Thus, the primary goal of our current
study was to test the hypothesis that the LC is the criti-
cal structure that initiates the stereotypical propagation of
NFTs in AD brains.

Contrary to our expectation, although tau PFF-
induced pathology in the LC did lead to pathological tau

b TG3

gulate cortex (ACC) at 3 months post-injection, midbrain (MD) at
3 months post-injection, and hypothalamus (HT) at 6 months post-
injection from fop to bottom. Shown are examples of brain regions
with ac-K280 and TG3 immunoreactivities. Scale bars are 100 um
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a

Fig.7 TH- and ATS8-positive axons can be detected in the thala-
mus and hypothalamus. Double immunofluorescence staining with
ATS (green) and TH (red) in thalamus (a) and hypothalamus (b) in

transmission to numerous brain regions interconnected
with LC, the pattern of spreading did not match NFT stag-
ing in human AD brains [9, 11]. Specifically, entorhinal
cortex and hippocampus failed to show any appreciable tau
lesions even after 6 months post-injection survival inter-
vals, whereas brain regions that are only affected in the
more advanced stages of AD, such as frontal cortex (stage
V), developed tau pathology more rapidly after tau PFF
injections into the LC. While LC neurons projecting to hip-
pocampus and entorhinal cortex may be somehow more
vulnerable and degenerated before transmission to these
regions occurred, our results more likely argue against
a simple model of LC being the sole origin of AD NFTs.
Other brainstem structures that display early tau lesions,
such as nuclei of the upper raphe system and magnocel-
lular nuclei of the basal forebrain [11], might play more
important roles in transmitting tau pathology to stage I and
IT regions. Alternatively, NFT formation in transentorhinal
cortex and hippocampus may be an independent event not
causally linked to pretangle formation in the brainstem;
while the former signifies the start of true pathogenic pro-
cess eventually leading to full-blown AD, the latter may be
a relatively innocuous process taking place in almost all
individuals. This possibility is supported by a recent study
showing AD-like spreading of tau pathology initiated by
tau PFF injection into the entorhinal cortex of the same
tau transgenic mice we are using [39]. On the other hand,

6 months post-injection mouse. White arrows identify neuronal pro-
cesses that are double labeled for both AT8 and TH. Scale bar is
100 um

the overexpression of human mutant P301S tau in PS19
mice may have accelerated propagation of tau pathology
to neocortex which is typically affected only in later stages
of AD. Lastly, we cannot rule out the possibility that syn-
thetic tau fibrils, which were shown to be conformationally
distinct from the tau fibrils that develop in AD brains [34],
may display a different transmission pattern that is further
complicated by the overexpression of mutant tau.

Injection of tau PFFs into the LC led to progressive
loss of tangle-bearing LC neurons at 6—12 months post-
injection on the ipsilateral side, but there was no signifi-
cant loss of tangle-bearing neurons in other interconnected
brain regions including the contralateral LC. While the
toxicity of NFTs has been a source of controversy almost
since their discovery, human studies showed that NFTs are
always found in brain regions undergoing neurodegenera-
tion, and the burden of NFTs correlates well with sever-
ity of dementia in AD patients [2, 41]. These observations
led to the traditional view that filamentous tau aggregates
are toxic to cells by creating physical obstacles for impor-
tant cellular processes and sequestering critical cytoplas-
mic proteins, including their soluble counterparts, to pre-
vent them from performing crucial cellular functions [5].
However, numerous tau transgenic mouse studies have
demonstrated that neuronal dysfunction or death can
occur in the absence of or before NFT formation, leading
to the hypothesis that early species in the tau aggregation
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pathway, such as soluble oligomers, may be the real neu-
rotoxic species [28, 38, 40, 42, 43]. In addition, our previ-
ous study of telencephalic tau PFF injections in PS19 mice
[25], and an earlier study [16] using brain lysates contain-
ing tau aggregates to induce pathology in Tg mice overex-
pressing WT tau showed lack of neuron loss after seeded
NFT induction, suggesting a dissociation between trans-
missible species and toxic species of tau. However, since
a more recent study using much higher doses of tau PFFs
[37] or human AD lysate [8] demonstrated neuron loss
following injections into the hippocampus, it is clear that
many variables must be considered in the interpretation of
tau transmission studies.

What accounts for the progressive loss of TH-positive
neurons in the ipsilateral LC, which rapidly developed
mature tangles following tau PFF injection is unclear.
One possibility is the higher vulnerability of LC neurons
to NFT-induced cell death than hippocampal neurons that
were the initial target of our previous study. Another pos-
sibility is that NFT-mediated neurodegeneration may be
a dose-dependent process, whereby injection of 4 ug tau
PFFs into the small LC structure resulted in a higher effec-
tive concentration of seeds for more efficient templated
misfolding of tau near the injection site than injection of
5 pg tau PFFs into the hippocampus as performed in our
previous study [25]. The second possibility, as noted above,
is also supported by a recent study reporting loss of hip-
pocampal CAl neurons following 25 pg tau PFF injec-
tion into the hippocampus of Tg overexpressing tau with
P301L mutation [37]. Together with studies estimating that
NFT-bearing neurons can survive for years or even dec-
ades in human brains [7, 27, 35], our current data suggest
that NFTs are capable of causing neurodegeneration even
though they normally do not kill cells in an acute manner
unless a sudden burst of high NFT burden is induced under
certain experimental paradigms.

Interestingly, the contralateral LC, which also devel-
oped tau inclusions, did not show detectable loss of TH-
positive neurons up to 12 months post-injection, but instead
appeared to have partially cleared tau pathology over time.
Since the burden of tau pathology induced in the con-
tralateral LC was much lower than that in the ipsilateral
LC (Fig. 2a), presumably due to lower abundance of the
available misfolded tau seeds, this result suggests NFTs
may be degradable structures as long as the burden of tau
pathology does not reach a critical threshold and the clear-
ance of NFTs may help to protect neurons from undergoing
degeneration.

Taken together with our previous results and those of
other investigators cited above, we provide strong evidence
for the transmission of misfolded tau through neuroana-
tomical connections from the injected brain regions, offer-
ing further experimental support for the progressive spread
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of tau pathology in the human CNS. More importantly, the
novel model of tau pathology propagation described here
opens up new avenues for investigating the role of LC
neurons in the progression of NFTs in AD brains and will
facilitate efforts to interrogate critical aspects of tauopa-
thies, such as selective predilection of specific neuronal
populations to acquire tau pathology and become vulner-
able to NFT-mediated neurodegeneration as well as the
ability of cells to acquire resilience to the potential toxicity
of pathological tau in part by being able to eliminate tau
pathology before it triggers a pathway that culminates in
neurodegeneration.
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