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Locus coeruleus tau validates and informs 
high‑resolution MRI in aging and at earliest 
Alzheimer’s pathology stages
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Abstract 

The locus coeruleus (LC) has been identified as a site that develops phosphorylated tau pathology earlier than cer‑
ebral cortex. We present data using high-resolution postmortem MRI and validated tau histopathology in controls 
and the earliest Braak and Braak (BB) stages (BBI-BBII) in LC. The high-resolution ex vivo MRI provides a 3D volume 
(quantitative), while the histology reveals tau specificity and severity burden (semi-quantitative). We mapped our 
highly regionally specific LC data onto high-resolution 3D MRI reconstructions of the same samples used in histol‑
ogy (n = 11). We noted significant structural subatrophy between BB 0 and II (30.0% smaller volumes, p = 0.0381), 
a trend which primarily affected the rostral-most LC (49.2% smaller average volume, p = 0.0381). We show histopathol‑
ogy data on both the LC and neighboring dorsal raphe caudal (DRc), which were assessed at multiple rostrocaudal 
levels and mapped with highly sensitive tau severity spatial matrices. We observed significant LC tau accumulation 
between BB I and II (37.6% increase, p < 0.0001), which may reflect pathology change prior to presumptive cogni‑
tive impairment at BB III. Tau pathology was most severe in the middle portion of the LC (11.3% greater compared 
to rostral LC, p = 0.0289) when including BB III. We noted a significant rostrocaudal gradient of DRc tau severity (58.2% 
decrease between rostral and caudal DRc, p < 0.0001), suggesting selective regional vulnerabilities of both nuclei. 
Our study represents a rigorous approach to investigating LC and DRc pathology, having multiple histology sections 
per sublevel and high-resolution MRI to measure the whole LC, without missing slices in a histological only approach. 
Taken together, our findings provide novel validated data that demonstrate the tau pathology occurring in the LC 
and DRc during preclinical AD stages, and alongside spatial reconstructions that will serve as valuable references 
for in vivo LC imaging.
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Introduction
Brainstem nuclei—the norepinephrinergic locus coer-
uleus (LC) and the serotonergic dorsal raphe (DR) 
nuclei—with broad cortical projections [4, 53, 54] have 
been identified as sites that exhibit abnormally phospho-
rylated tau prior to its manifestation in cortex in Alz-
heimer’s disease [17, 29, 33, 34, 66, 67]. Due to this early 
pathology, the LC and DR have become target areas for 
understanding AD in its preclinical stages.

The LC is the sole source of norepinephrinergic inner-
vation to the cerebral cortex, including the hippocampus, 
and regulates attention [75], learning [8], memory for-
mation and retrieval [64], and healthy sleep–wake cycles 
[71]. These functions, normally modulated by the LC, 
show impairment in the early stages of AD progression 
[25, 48, 50, 64]. The LC may be directly involved in slow-
ing pathological progression, as norepinephrine plays 
a neuroprotective role for its efferents [37, 57]. In turn, 
a measure of LC health is its level of neuromelanin pig-
mentation, a byproduct of norepinephrine production. 
Neuromelanin is visible in histology, involved in reduc-
ing oxidative stress through heavy metal binding [58, 79], 
and creates natural contrast in MRI [15, 39, 41]. Hypo-
pigmentation, a sign of LC integrity that can be assessed 
in  vivo, is more common in AD [72], sleep dysfunction 
[72], and is linked to cortical microstructure damage 
[70]. LC bioimaging serves as a non-invasive method to 
assess LC integrity and is linked to several AD pathologi-
cal and symptomatic changes [14, 19, 20, 24, 30, 38, 40, 
45]. These studies have begun to identify LC characteris-
tics and changes that may be indicative of early AD.

Moreover, AD pathology in the LC adopts a topo-
graphical pattern pertinent to its connectivity. Previous 
studies have reported more severe tau pathology in the 
cortically projecting [74] rostral- [73] and middle-most 
[28] portions of the LC as well as greater neuronal loss in 
the same regions [21, 69]. This makes regionality a highly 
relevant and trackable feature in LC pathology. Studies 
investigating DR pathology in AD report no similar ros-
trocaudal pathological gradient to that observed in the 
LC [28, 62]. Tau pathology is an early event in the LC and 
DR, warranting investigation in aging and the early stages 
of AD pathology, especially in LC.

Here, we seek to investigate the LC using ultra-high-
resolution ex  vivo MRI for volume measures, validated 
with tau histopathology in the same cases and at early 
Braak and Braak (BB) stages. This study focuses on the 
early timeline of Alzheimer’s disease progression prior to 
symptom onset. We provide ground truth for the early 
histopathology, document the preclinical window with 
respect to these brainstem nuclei, and implement a sys-
tematic, rigorous approach to assess the tau pathology 

sub-topography in both the LC and the caudal DR subnu-
cleus (DRc) with 3D isotropic MRI reconstructions.

Methods
Samples
We studied 21 human brain hemispheres, which were 
received from the Autopsy Suite at the Department of 
Neuropathology at Massachusetts General Hospital 
(Boston, MA). All samples were collected with consent 
in accordance with the Institutional Review Board of the 
Massachusetts General Hospital. Experiments met ethi-
cal standards guided by the Institutional Review Board. 
Samples were from individuals without cognitive impair-
ment at the time of death. Causes of death were non-neu-
rological and included cancer, cardiac death, and surgical 
complications. Healthy brain weights range between 1100 
and 1600  g [11, 63]; our samples’ brain weights were 
within this range (Table  1). The samples comprised 15 
males and six females with mean age ± s.d., 65.4 ± 8.27. 
The distribution of the left and right hemispheres was 
eight and 13, respectively. Samples were fixed in 10% 
formalin and stored in 2% periodate-lysine-paraform-
aldehyde solution at 4° Celsius prior to any processing. 
While most cases included both MRI and histology data, 
five samples (#6,  10,  14,  17 and 19) had MRI only, and 
five samples (#1, 7, 8, 12 and 16) had histology only. Nine 
samples had DRc data. Sample demographic information 
is recorded in Table 1.

Ex vivo MRI acquisition
Ex vivo samples were imaged at 7 T with a Siemens Mag-
netom (Siemens Healthineers, Erlangen, Germany). Two 
types of radio frequency coils were used: a 31-channel 
phased array coil [27] and a 4-turn solenoid coil [6]. MRI 
resolution was ultra-high-resolution, typically at 120 µm, 
but ranged from 100 to 200  µm. All samples were at 
isotropic spatial resolutions. Table  1 displays the MRI 
resolution for each sample. Most samples (n = 14) were 
scanned as intact single hemispheres, while two sam-
ples were blocked and scanned as brainstems only with 
the cerebellum removed. Tissue blocks were packed and 
scanned in either 2% periodate-lysine-paraformaldehyde 
(n = 14) or Fomblin (n = 2, samples #2 and 4, YL VAC 
06/6, Syensqo, Brussels, Belgium). A fast-low-angle-shot 
(FLASH) sequence with 3D encoding and a flip angle 
of 20° (range 10–30°) was implemented. The echo times 
(TE) were between 5.57 and 30 ms, and repetition times 
(TR) were between 32 and 60 ms, with bandwidths rang-
ing from 20 to 180  Hz/pixel. Multiple MRI runs were 
averaged in samples with multiple MRI acquisitions. All 
acquisitions have proton density, T2* and some amount 
of T1 weighting; thus, the contrast is qualitatively similar.
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Histology procedures
Brainstem blocks were cryoprotected in a 20% glycerol, 
2% dimethyl sulfoxide solution for at least two weeks. 
Tissue blocks were sectioned in the horizontal plane at 
50  µm on a freezing sliding microtome (Leica Biosys-
tems Richmond Inc, Buffalo Grove, IL), collected seri-
ally, and stored at −20  °C in cryoprotectant. Blockface 
photographs were collected at each serial section using a 
Canon EOS-1D Mark IV camera (Canon, Tokyo, Japan), 
which was mounted above the microtome.

Native (unstained) sections
Unstained sections were prepared to evaluate native neu-
romelanin appearance in each sample (Fig.  1a).  Tissue 
sections were mounted on gelatin-coated slides and air-
dried overnight; no staining was performed. Slides were 
then dehydrated in increasing concentrations of etha-
nol, cleared in xylene, and coverslipped using Permount 
(Fisher Scientific, Fair Lawn, NJ).

Histological validation of locus coeruleus labels
LC manual labels from the MRI were validated with 
histology (native) sections for the location and size of 

the LC (Fig.  1). Manual labels were drawn (A.H.) with 
three resources: cross-referencing histology staining, the 
robust neuromelanin contrast evident in high-resolution 
MRI, and guidance of expert neuroanatomist (J.C.A.). 
Our dataset included samples with both histology and 
MRI (n = 11) for a total of 16 histology and 16 MRI sam-
ples (Table 1). MRI voxels in FLASH images appear dark 
in LC due to the presence of neuromelanin [15, 41]. In 
the five samples without histology, the LC was labeled 
based on neuromelanin MRI contrast and measurements 
(i.e. size and location in the pons) previously determined 
in histology samples.

Immunohistochemistry
Immunohistochemistry experiments were performed 
as previously described in [46]. Briefly, free-floating tis-
sue sections in 12-well plates were washed three times 
in phosphate-buffered saline (PBS) and incubated with 
0.5% Triton X-100 in 3% hydrogen peroxide for 20  min 
to quench endogenous peroxides, then rinsed in PBS 
three times for 5 min each. Tissue was blocked using 5% 
nonfat dry milk in PBS for 2 h at room temperature and 
rinsed in PBS for 1  min. Monoclonal phosphorylated 

Table 1  Demographic information for all (n = 21) samples

Samples include a subset with both histological validation and ex vivo high-resolution MRI scans (n = 11). Five LC samples had only MRI data (#6, 10, 14, 17, and 19) 
and five had only histology data (#1, 7, 8, 12, and 16). Samples have been ordered by age and diagnosis. All samples were cognitive controls at the time of death

Abbreviations: F = female, M = male, MRI = ex vivo MRI, RH = right hemisphere, LH = left hemisphere

Sample Age (years) Sex Hemisphere BB stage PMI (hours) Brain weight 
(grams)

MRI 
resolution 
(μm3)

1 49 M LH 0 3 1300 –

2 52 F LH 0 15 1250 120

3 58 M RH 0 25 1154 150

4 61 M RH 0 23 1310 120

5 61 M RH 0 159 1325 120

6 63 M LH 0  < 12 1359 120

7 64 M RH 0 15 1230 –

8 65 M LH 0 25 1309  –

9 68 M RH 0 17 1320 100

10 59 M LH I 20 1319 150

11 68 M RH I  < 24 1595 100

12 72 F RH I 105 1400 –

13 73 F RH I 23 1356 150

14 79 M LH I 15 1200 150

15 60 F LH II 2 1328 150

16 60 F LH II n/a  > 1380 –

17 62 M LH II 16 1370 150

18 75 M LH II 24 1187 120

19 78 M LH II 24 1320 100

20 70 M LH III 24 1250 200

21 77 F LH III 34 1300 120
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tau antibody CP13 (gift from P. Davies, Albert Ein-
stein College of Medicine; New York; USA Cat# CP13, 
RRID:AB_2314223) antibody was diluted 1:200 in 1.5% 
normal goat serum (NGS) (Jackson Immunoresearch, 
West Grove, PA) in PBS and incubated overnight at 4 °C. 
Goat anti-mouse secondary antibody was diluted in 1.5% 
NGS in PBS at 1:200 and incubated for one hour at room 
temperature (Jackson Immunoresearch, West Grove, 
PA). Tissue was subsequently washed with PBS. To visu-
alize the staining, tissue was incubated with chromogen 
3′3-diaminobenzidine (DAB kit, Vector Laboratories, 
Burlingame, CA) in a solution of 0.003% 3′3-diamin-
obenzidine and 0.3% hydrogen peroxide for 7 min. Tissue 
was rinsed three times in 0.1  M phosphate buffer prior 
to mounting on slides and air drying overnight. Immu-
nostained sections were dehydrated in increasing con-
centrations of ethanol solutions, cleared with xylene, and 
coverslipped with Permount (Fisher Scientific, Fair Lawn, 
NJ). Negative and positive controls were included in each 
experiment.

Locus coeruleus anatomical subdivisions in upper pons
We subdivided the LC into three rostrocaudal sublev-
els based on neighboring anatomical landmarks (Fig. 2). 
All subdivisions reside within the upper pons. First, ros-
tral LC (Fig. 2b, f and i) extends from approximately the 
caudal limit of the inferior colliculi to the inferior-most 
decussation of the superior cerebellar peduncles (SCP). 
The middle LC segment (Fig.  2c, g and j) extends from 
the SCP decussation to the beginning of middle cerebel-
lar peduncle, superiorly. Third, caudal LC (Fig. 2d, h and 
k) extends from the superior limit of the middle cerebel-
lar peduncle landmark to its end, typically where the 

middle cerebellar peduncle meets the cerebellum in axial 
view.

Locus coeruleus MRI – manual labels
The LC was manually labeled on axial MRI slices using 
Freeview, the MRI visualization software included with 
FreeSurfer v7.4.1 (https://​surfer.​nmr.​mgh.​harva​rd.​edu/). 
LC labels were manually subdivided according to our 
defined sublevels of the upper pons. All MRI scans were 
oriented in anatomical position (Fig. 2a and e) to ensure 
consistency in length measurements. LC lengths were 
calculated as the distance between the superior-most and 
inferior-most axial slices in the label. Volume measure-
ments of the LC label were exported from Freeview and 
recorded (Supplementary Table 1).

Semi‑quantitative tau grades—assessing severity in locus 
coeruleus and cortex
The medial temporal lobe was processed separately to 
determine the BB staging for all samples. Samples were 
assigned between BB 0-III based on the tau severity and 
location [16]. We assessed tau severity within the upper 
pons at a granular level. This approach was deliberate 
to enhance specificity and sensitivity, both subregion-
ally and pathologically. Tau severity was assessed semi-
quantitatively on three slides per pontine sublevel. The 
sections were stained with CP13, as described above, 
and generated a total of nine slides per sample within the 
upper pons for a fine-grained approach. We built upon 
Braak’s subcortical pretangle stages; LC Grades 1–2 and 
3–4 expand upon stages ‘a’ and ‘b’ [18, 36] by accounting 
for the presence and severity of either dystrophic neur-
ites (Fig.  3g) or somatic tangles (Fig.  3h–j) in the LC, 
respectively. Five semi-quantitative tau grades (scores 

Fig. 1  Histologically-validated locus coeruleus in ex vivo MRI at macroscale. LC (blue outline) in unstained axial histology section (a) 
and corresponding high-resolution ex vivo MRI label (b) at midpoint in upper LC. a shows the native neuromelanin and b shows the dark contrast 
in FLASH image. Both images represent sample #3. Resolution for ex vivo MRI is 150 mm isotropic. Scale bar = 2 mm

https://surfer.nmr.mgh.harvard.edu/
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0–4) for LC were established here. Grade 0 refers to tis-
sue with no CP13 reactive material (no tau; dystrophic 
neurites or tangles) in the LC or its periphery. Given 
that our samples were postmortem and older, this grade 
was not observed in our dataset. Figure  3a shows an 
unstained histology section as a placeholder to demon-
strate negative tau material. Grade 1 indicates no tangles, 
but a few small, isolated dystrophic neurites (e.g., typi-
cally less than three neurites in total) (Fig. 3b). Grade 2 

signifies a greater prevalence of dystrophic neurites but 
still without tangles (Fig. 3c). Grade 3 designates a cou-
ple of tangles (e.g., typically less than three in the LC), 
with a mild-to-moderate number of dystrophic neurites 
(Fig. 3d). Grade 4 demarcates the most severe LC pathol-
ogy, with an abundance of tangles and dystrophic neu-
rites in and immediately around the LC (Fig. 3e). Often 
in Grade 4, tangles undertook a darker stain appearance 
and expressed more somatic protrusions when compared 

Fig. 2  Anatomically-defined upper pons sublevels. Sagittal view shows specimen (58-year-old male) in gross (a) and in high-resolution ex vivo 
MRI (e) with axial blockface images (b–d), axial MRI images (f–h), and color-coded upper pons schemata (i–k). Images b–d and f–h were taken 
from within the subregions indicated in (a) and (e), respectively. Panels b–d, f–h, and i–k define and depict sublevels containing rostral (b, f, 
i), middle (c, g, j), and caudal LC (d, h, k). i–k Color code for pons schemata: locus coeruleus (blue), caudal dorsal raphe (yellow), median raphe 
(orange), superior cerebellar peduncle (green), and middle cerebellar peduncle (red). Scale bars = 1 cm

Fig. 3  Semi-quantitative tau severity grades and cytopathology progression in the locus coeruleus. a–e LC tau severity Grades 0–4 in rostral (a, b) 
and middle LC (c–e) sections. f Unstained, native neuromelanin rich LC neurons. g–j Progression of LC tau pathology from g dystrophic neurites 
to h–j somas filled with increasing amounts of tau. Note the spiked somatic protrusions characteristic of severe LC tangles in j. Scale bar = 100 μm
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to Grade 3. Supplementary Table 2 shows the tau grades 
for all samples.

Assessing severity in dorsal raphe
DRc severity was graded on a different five-point (0–4) 
scale on the same sections used to assess the LC. Grade 
0 signifies tissue devoid of any CP13 immunoreactivity 
(Supplementary Fig. 1a). Grade 1 shows only dystrophic 
neurites in the DRc without tangles (Supplementary 
Fig.  1b). Grade 2 includes dystrophic neurites and iso-
lated tangles (e.g., one to two tangles per section) (Sup-
plementary Fig. 1c). Grade 3 represents moderate tangles 
(e.g., three to four per section) and mild dystrophic neur-
ite prevalence (Supplementary Fig. 1d). Grade 4 indicates 
the most severe with at least five or more tangles in the 
DRc accompanied by abundant dystrophic neurites (Sup-
plementary Fig. 1e).

Statistical analysis
Ordinal mixed-effects models were constructed in R 
(v4.4.1) using the “ordinal” R-package to quantify the 
association between tau severity (Grade 0–4) and either 
BB stage or rostrocaudual sublevel. To account for 
dependent data (i.e., multiple slices per subject), a ran-
dom-intercept was included for each subject. For tau 
severity comparisons between BB stages, sublevel was 
included as a random effect. Likelihood ratio tests were 
calculated to determine whether the fixed effect had 
a significant effect on the response variable. If found to 
be significant, post hoc testing with Tukey contrasts was 
used to compare the means of the mixed model. We 
employed non-parametric tests to assess group differ-
ences because the data were not normally distributed. 
Mann–Whitney U Tests were applied to determine the 
differences between medians for our quantitative (MRI) 
data. Kruskal–Wallis tests with Dunn’s multiple compari-
son test were used to determine group differences in our 
semi-quantitative data. Spearman correlations assessed 
the association between LC anatomy (volume and length) 
and tau severity. Significance threshold for statistical 
tests was set at p < 0.05. Data presentation was conducted 
using GraphPad Prism (GraphPad Software, version 
10.3.1, www.​graph​pad.​com).

Results
High‑resolution MRI locus coeruleus spatial volumes 
and dimensions
These experiments represent a sensitive and specific eval-
uation of LC subdivision sizes based on high-resolution 
ex vivo MRI. Our manual labels extended slightly beyond 
the darkest voxels to accurately reflect the average LC 
width as determined by validated histology (~ 1.5 mm in 
diameter, Fig. 1). Figure 4a shows the location of the LC 

in sagittal MRI view relative to other brainstem regions 
and with a color-coded subdivision schema. Figure  4b 
provides a closer view of the rostrocaudal LC subdivi-
sions schema (light blue—rostral, blue—middle, dark 
blue—caudal). Figure  4c–f illustrate 3D reconstruction 
isoforms of representative samples at each BB stage (BB 
0-III). BB III samples were excluded from our quantitative 
comparisons to focus on the preclinical stage (BB 0-II), 
as AD symptoms tend to arise at this pathology stage [7, 
17, 23]. We detected significant whole volume differences 
between BB 0 and BB II (Fig. 4g, 30.0% smaller volumes 
in BB II, p = 0.0381, Mann–Whitney U test). At the same 
level, we observed a trend in whole length differences 
between the same two groups (Fig.  4k, 14.2% shorter 
lengths in BB II, p = 0.0667, Mann–Whitney U test) but 
these observations were not significant. Both trends were 
most pronounced in rostral LC volume (49.2% smaller 
rostral LC volumes between BB 0 and BB II, p = 0.0381, 
Mann–Whitney U test) and length (25.2% smaller rostral 
LC lengths between BB 0 and BB II, p = 0.0667, Mann–
Whitney U test). BB III samples appeared to follow a 
similar trend (Supplementary Fig. 2). No significant vol-
ume and length differences due to hemisphere (volume: 
p = 0.2667; length: p = 0.2667, Mann–Whitney U test) 
were observed in control samples (BB 0).

Tau severity mapping in locus coeruleus
Tau pathology in the LC became more dense and severe 
during the progression through preclinical AD stages, 
specifically between BB I and II (Fig. 5b; 37.6% increase, 
p < 0.0001, Dunn’s multiple comparison test). Based on 
abnormally phosphorylated tau (CP13) in three sections 
per pons sublevel (rostral, middle, and caudal), we cre-
ated a tau severity heatmap (Fig. 5a). This heatmap rep-
resents a highly sensitive spatial matrix with detailed 
severity for the LC. There were no Grade 0 LC sections 
in our dataset. All somatic neurofibrillary tangles in the 
LC and DRc either partially or fully filled the soma; we 
did not observe any mature “flame-like” tangles (no 
ghost tangles). Supplementary Fig. 3 shows the compari-
sons including BB III cases. Both BB 0 and BB I samples 
showed significantly different tau severities than BB II 
(Fig.  5b; p < 0.0001, Dunn’s multiple comparison test; 
Supplementary Table  3), reflecting greater tau accumu-
lation occurring at BB II, prior to the symptomatic stage 
beginning at BB III. LC sublevel did not have a significant 
effect on tau severity (Fig. 5c, p = 0.2762, Kruskal–Wallis 
test). However, when including BB IIIs in the comparison 
and accounting for pseudoreplications, we observed a sig-
nificant difference between rostral and middle LC sever-
ity, with greater severity affecting the middle component 
(Supplementary Table 4; 11.3% greater, p = 0.0289, Tukey 
multiple comparisons test). We observed that significant 

http://www.graphpad.com
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Fig. 4  Locus coeruleus in MRI. a Brainstem schema in midsagittal ex vivo MRI, localizing LC. Scale bar = 1 cm. b The three LC rostrocaudal sublevels: 
light blue–rostral, blue–middle, dark blue–caudal. c–f 3D label reconstructions in aged control (BB 0) and earliest stages of Alzheimer’s disease 
neuropathologic change (BB I-III) in samples #3, 13, 18, and 21. Median volumes (g–j) and lengths (k–n) for whole LC and its rostral, middle, 
and caudal portions, respectively, with interquartile range shown. Significant differences between BB 0 and BB II observed in whole (Panel g, 
p = 0.0381, Mann–Whitney U test) and rostral LC volumes (Panel h, p = 0.0381, Mann–Whitney U test). Plus ( +) symbols indicate mean. Scale 
bar = 2 mm
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abnormal tau accumulation (Fig. 5b) occurs with signifi-
cant LC structural atrophy (Fig. 4g) at BB II, in the pre-
clinical phase.

Tau severity in dorsal raphe
Abnormally phosphorylated tau was present in the DRc 
of all samples, including BB 0 samples, and was most 
severe at the rostral-most subdivision. We demonstrate 
a tau severity matrix for DRc samples at the same ros-
trocaudal upper pons sublevels as the LC (Supplemen-
tary Fig.  4). Not surprisingly, tau appeared most severe 
in the BB II group in DRc, but this was not a significant 
difference (Supplementary Fig.  4b; p = 0.7306, Kruskal–
Wallis test; Supplementary Table  5). When comparing 
tau severities at each upper pons sublevel, the rostral-
most DRc segment bore significantly more severe tau 
burden than both the middle and caudal portions (Sup-
plementary Fig. 4c; 37.3% decrease in rostral vs. middle 
DRc p = 0.0267, 58.2% decrease in rostral vs. caudal DRc 
p < 0.0001, Dunn’s multiple comparison test; Supplemen-
tary Table  6). The middle DRc trended towards greater 
severity than the caudal level, but this lacked significance 

(Supplementary Fig. 4c, p = 0.1251, Dunn’s multiple com-
parison test).

Tau severity heatmaps on 3D locus coeruleus 
reconstructions
Once we semi-quantitatively graded LC tau severity on all 
histopathology sections, we averaged these data per sam-
ple, per sublevel. These average tau grades from validated 
histopathology sections were manually mapped onto the 
3D MRI reconstructions to generate LC pathology heat-
maps (n = 11 samples) (Fig. 6a–k) at the preclinical stage. 
These reconstructions demonstrate LC tau severity in the 
preclinical window (e.g., non-Alzheimer’s diagnosed or 
Alzheimer’s disease Neuropathologic Change, ADNC). 
Figure 6l shows the averaged data from preclinical sam-
ples (BB 0-II) and mapped onto an LC model. The aver-
age tau severities at rostral, middle, and caudal LC levels 
were 2.51, 2.79, and 2.67, respectively (n = 14). Sublevel 
had no statistical effect on tau severity for this subset 
(p = 0.2762, Kruskal–Wallis test). Representative samples 
from each observed tau severity grade were included to 
illustrate the early and specific pathology (Fig. 6m–p).

Fig. 5  Tau burden in locus coeruleus at earliest Braak and Braak stages. a Heatmap of mean LC tau severity scores at each rostrocaudal sublevel. 
Panels b and c show median semi-quantitative tau burden by Braak stage (b; significant differences between BB 0 and BB I vs. BB II, p < 0.0001, 
Dunn’s multiple comparison test) and sublevel (c) for preclinical (BB 0-II) samples. Plus ( +) symbols indicate mean
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Correlations between locus coeruleus spatial dimensions 
and tau severity
LC volume and length measurements at each rostrocau-
dal sublevel were paired with their corresponding aver-
age tau severities for (n = 11) validated samples (i.e., with 
both histology and MRI data). Spearman correlations 
between tau severity and MRI volume (Supplementary 
Fig.  5a, r = −0.1699, p = 0.344) and MRI length (Supple-
mentary Fig. 5b, r = −0.1460, p = 0.4176) revealed nonsig-
nificant inverse relationships for both correlations.

Discussion
The LC has been a region of interest in understanding 
Alzheimer’s disease development due to its early tau 
pathology. Our study used a combination of histopa-
thology and ex vivo MRI to investigate the LC and DRc 
in the early stages of AD. We created manual LC labels 
to report accurate LC volume and length changes within 
the preclinical window of Alzheimer’s disease. Our data 
provided precise measures given available histological 
validation and having complete, high-resolution, 3D MR 
images of the whole LC without missing slices. Patho-
logically, we observed phosphorylated tau in the LC for 
all cases, confirming that the LC is an early site for tau 
accumulation prior to the cortex. We noted several sta-
tistically significant trends reflecting subregional atrophy 
(Fig.  4) and tau accumulation (Fig.  5) within our cases. 
This was striking given the narrow window of preclini-
cal (BB I-II) stages evaluated. We also expanded upon the 
Braak subcortical pretangle stages ‘a’, ‘b’ and ‘c’ [18, 36] to 
account for the variation in tau severity and applied this 
grading structure to the three rostrocaudal subregions of 
the LC and DRc. Our findings culminated in 3D recon-
structions of tau severity heatmaps with subregional LC 
specificity and sensitivity. These data reflect a systematic 
and rigorous approach to pathology assessment at its ear-
liest stage.

We sought to introduce three anatomically defined 
rostrocaudal sublevels within the upper pons to assess 
neuronal vulnerabilities in the LC and DRc during 
these preclinical stages of AD. LC topography is a rel-
evant feature in AD due to its cortical connections, 
studied extensively in rats [51, 47, reviewed in 52] that 
have recently been observed in humans [74]. In both 
rats and humans, projections from the rostral half of 

the LC innervate key regions in memory formation 
and AD vulnerability within the medial temporal lobe 
(e.g. hippocampus). Therefore, designating a rigorous 
system for subdividing the LC would allow for more 
consistent studies into regional differences within the 
nucleus. Moreover, by establishing and defining ana-
tomical landmarks that can be identified in in vivo MRI 
scans, we provide additional groundwork for future 
investigations to assess the LC clinically. Additionally, 
we implemented a comprehensive system for assess-
ing tau severity in the LC and DRc. Previous studies 
have used measures such as qualitative scores [33, 62], 
binary scoring criteria for the presence or absence of 
either dystrophic neurites or somatic tangles [17, 18], 
and quantitative means [3, 9, 28] to gauge tau burden. 
Therefore, we devised a semi-quantitative system for 
grading tau pathology in both the LC and DRc that 
includes aspects from many of these past studies.

High-resolution ex  vivo MRI scans were utilized to 
measure the volume and length of the LC. Our measures 
were likely similar to in vivo sizes due to minimal post-
fixation tissue shrinkage, based on previous reports [43, 
61, 68]. Brain weight did not have a significant effect on 
LC volume or length (data not shown). We observed no 
significant inter-hemispheric differences in either LC 
volume or length, consistent with previous studies [12, 
21, 31, 32]. The LC has sexually dimorphic characteris-
tics [49, 77], but due to low sample size, sex differences 
could not be accurately assessed. Our manual LC labels 
were validated with ground truth histological data (Fig. 1) 
and by comparing our measurements against previous 
reports (Supplementary Table 7). Our control data align 
with these reported ranges; however, our volume meas-
ures appeared smaller than was expected based on the 
findings from [44] and [55]. This disagreement is likely 
due to differences in labeling protocols.

LC volume decreased significantly with BB stages 
(Fig.  4g) with the effect being most pronounced at ros-
tral LC (Fig. 4h). Our findings indicate that rostral LC is 
selectively vulnerable to atrophy early in AD progression. 
This appears to conflict with our histopathology findings, 
which showed greater tau severity in the middle LC com-
pared to its rostral end. However, it has been shown that 
tangle burden is not entirely reflective of neuronal loss in 
AD [2, 35], which may explain the trend we observed.

(See figure on next page.)
Fig. 6  Histopathologically-validated locus coeruleus tau severity maps. a–k Heatmaps in ex vivo MRI reconstructions based on average tau severity 
grades in respective samples #2, 11, 15, 20, 3, 13, 18, 21, 4, 5, and 9. Age and sex are shown at bottom for each sample. l Average (n = 14) tau severity 
at each sublevel (rostral LC mean ± s.d. = 2.51 ± 0.81; middle = 2.79 ± 0.84; caudal = 2.67 ± 0.69) from preclinical (BB 0-II) histopathology samples. Note 
the darker hue in the middle third of LC indicating more severe tau burden. m–p Tau (CP13 +) histopathology stains demonstrate LC tau severity 
grades 1–4 at middle LC in samples #3, 11, 4, and 21. a–k Scale bar = 2 mm. m–p Scale bars = 100 μm
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Fig. 6  (See legend on previous page.)
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Notable increases in LC tau severity were observed 
between BB 0, BB I, and BB II (Fig. 5b). Due to the low 
sample size of BB III cases, statistics were performed 
with and without these samples. However, no such sig-
nificant differences were noted between BB II and III 
(Supplementary Fig.  3d). These data suggest that severe 
tau accumulation in the LC arises between BB I and BB 
II. When comparing the three rostrocaudal sublevels in 
BB 0-III, we observed significantly greater tau severity 
in the middle LC compared to its rostral portion (Sup-
plementary Table 4); however, this significant difference 
was not present without BB III samples (Fig. 5c). Taken 
together, our findings indicate that the regionality of LC 
tau accumulation becomes relevant between BB II and 
BB III stages. In the DRc, we observed greater tau sever-
ity between BB 0 and BB III samples (Supplementary 
Fig. 4d). Tau severity differences between BB stages were 
difficult to assess in the DRc due to the low sample size. 
More notably, we observed a significant gradient in DRc 
tau severity across the three rostrocaudal sublevels in BB 
0-II samples, where tau burden was more severe rostrally 
than caudally (Supplementary Fig.  4c). This implies a 
highly specific regional vulnerability within the DRc and 
warrants a future stereological study to confirm its valid-
ity. It is possible that the DRc intrinsically contains fewer 
cells at its caudal-most end, which would account for the 
less severe pathological burden observed caudally in our 
data.

Previous studies have reported different tau severity 
trends within the early BB stages of the whole LC. [9] and 
[3] both report higher overall LC tau severity in stages 
BB III-IV samples compared to BB I-II, while [5] report 
an uptick in severity between BB I and II with no signifi-
cant differences between BB IIs and IIIs, the latter being 
consistent with our results (Fig. 5b). Our agreement with 
[5] and disagreement with [9] and [3] may be attributed 
to the different tau severity scoring systems employed, 
since [9] and [3] used quantitative systems while [5] used 
a semi-quantitative grading scale. The similarities in our 
results confirm the high sensitivity of semi-quantitative 
tau severity assessments and suggest that severe tau 
accumulation appears in the LC prior to BB III.

There is a strong need for accurate LC MRI labels 
in  vivo, as the connection between the LC and AD has 
led to several studies that utilized the LC’s natural MR 
contrast to assess its integrity through signal contrast 
ratios. Significant contrast ratio differences between AD 
and controls [38, 45] and specific increases in maximum 
signal intensity within the rostral LC of older individuals 
[13, 22] suggest that LC contrast ratios are useful meas-
ures for assessing LC pathology in  vivo. Studies by [19, 
20, 30, 40] reported an association between LC integ-
rity and AD pathology, and demonstrated correlations 

between lower LC intensity and increased cortical tau 
prevalence (measured via PET imaging), greater beta-
amyloid deposition (via PET), and worsening cognitive/
neuropsychiatric symptoms. Other studies investigated 
the impact of different LC subregions in AD symptom 
development in  vivo. Dahl et  al. [24] and [14] demon-
strated lower rostral LC integrity to be associated with 
worse memory performance and AD dementia, respec-
tively, further supporting the pathological relevance of 
LC subregionality in AD. In all, these studies identified 
the LC as a specific site affected in early AD progression, 
highlighting the need for further investigations into LC 
integrity as a reliable early AD biomarker.

The DR is primarily composed of serotonergic neurons 
and innervates the hippocampus, entorhinal cortex, and 
neocortex, among other brain regions [1, 42, 53]. The DR 
normally functions in mood regulation and sleep, both 
of which, similar to the LC, become dysregulated early in 
AD progression and frequently lead to depressive symp-
toms [60, reviewed in 65 and 26]. Past studies into the 
DR and AD reported early tau accumulation appearing 
at BB I and greater severity occurring at later (BB III +) 
Braak stages [28, 62]. Our data agree with [62], and we 
expanded on their study; we established a more detailed 
DR grading scale and included control samples in our 
dataset. Our results indicate the presence of tau pathol-
ogy in the DRc in the control samples at approximately 
the same severity as BB I-II (Supplementary Fig.  4b). A 
shift in tau severity only occurs at BB III (Supplementary 
Fig. 4d), suggesting a correlation between AD symptom 
onset and severe tau accumulation in the DRc. However, 
these observations lacked statistical significance given 
the low sample size.

Abnormal tau presence at this earliest stage corrobo-
rates the findings of [33] and supports the DR as one of 
the earliest sites to accumulate tau, but it is still uncertain 
whether the LC or DR is the first site for tau accumula-
tion [65]. Grinberg and colleagues [33] demonstrated that 
the DR exhibits pathology during BB 0, with their young-
est sample being from a 54-year-old individual. In [18], 
two samples between the ages of 1 and 10 had phospho-
rylated tau in the LC but not the DR. Other regions (e.g. 
substantia nigra, ventral tegmental area, periaqueductal 
gray, amygdala, thalamus, and hypothalamus) contained 
tau pathology at BB 0 in samples as young as 21 years old 
[67]. However, the same study [67] reported that both the 
LC and DR exhibited greater pathological burden com-
pared to the other regions examined, suggesting early 
vulnerability of the two nuclei. In the present study, we 
observed tau outside of the LC and DRc in the pons, con-
sistent with previous findings from [18] who observed 
AT8-immunoreactive neurites in the central tegmental 
tract, the superior cerebellar peduncle, and the midbrain 
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tegmentum, lateral to the medial longitudinal fasciculus. 
Taken together, this suggests that the earliest AD patho-
logical change does not always start in either the LC or 
DR, instead, these two nuclei together may represent the 
most common sites of early AD pathology.

Our study comes with some limitations. First, our low 
sample size for BB III cases, which often represents the 
earliest stage when memory impairment manifests clini-
cally [7, 17, 23]. Our low BB III sample size limits the 
conclusions we can draw concerning brainstem pathol-
ogy present at AD symptom onset. Second, the DRc was 
not always included in the sample when the brain hemi-
spheres were bisected. As a result, we had a smaller sub-
set (n = 9) of samples to study. The low availability of DRc 
tissue, as well as our lack of rostral DR sections, limits 
our insight into DR tau pathology during preclinical AD.

Our study also has notable strengths. By focusing on 
cognitively unimpaired BB 0-III samples, we have noted 
pathological changes within the LC and DR that may 
be affected by the conversion from preclinical to symp-
tomatic AD. We leveraged high-resolution ex  vivo MRI 
scans to build histologically validated LC labels, which 
further corroborated previous LC volume and length 
measurements [10, 21, 31, 32, 69] in rigorous detail. 
Our findings highlight the potential for in vivo MRI LC 
measurements to serve as biomarkers for tracking pre-
clinical AD progression, which may soon become a real-
ity through the development of higher-resolution in vivo 
LC imaging [56, 59, 78]. Our histology data were highly 
sensitive on account of the multiple sections stained per 
LC sublevel and the CP13 antibody used to detect early 
pretangle material [76]. Overall, this study’s strength 
was combining histology and MRI data on the same 
samples and at the same time point (i.e. postmortem). 
This allowed us the ability to compare tau pathology 
against structural atrophy with highly specific regionality 
throughout the entire LC.

Conclusion
We combined histopathology and high-resolution MRI 
to study the LC and DRc in the preclinical and early 
symptomatic stages of AD. Our 3D MRI reconstruc-
tion results show a significant downward trend in LC 
volume with higher BB stages, specifically within the 
rostral LC segments. Our histology results confirm the 
early presence of abnormally phosphorylated tau in 
both the LC and DRc in cases without cortical tau (BB 
0). Progressive increase in tau severity was visualized 
throughout the preclinical (BB I-II) and early symp-
tomatic (BB III) stages of AD. Our findings elucidate 
regional hotspots for tau burden within the middle LC 
and rostral DRc at these early stages. This investigation 
also demonstrates the pathological changes occurring 

within these two brainstem nuclei during the early 
stages of AD before dementia onset. This stage has the 
most significant potential for developing effective clini-
cal applications or interventions.
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