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SUMMARY:  28 
The locus coeruleus is a small cluster of neurons involved in a variety of physiological processes. 29 
Here, we describe a protocol to prepare mouse brain sections for studies of proteins and metals 30 
in this nucleus. 31 
 32 
ABSTRACT: 33 
The locus coeruleus (LC) is a major hub of norepinephrine producing neurons that modulate a 34 
number of physiological functions. Structural or functional abnormalities of LC impact several 35 
brain regions including cortex, hippocampus, and cerebellum and may contribute to depression, 36 
bipolar disorder, anxiety, as well as Parkinson disease and Alzheimer disease. These disorders are 37 
often associated with metal misbalance, but the role of metals in LC is only partially understood. 38 
Morphologic and functional studies of LC are needed to better understand the human 39 
pathologies and contribution of metals. Mice are a widely used experimental model, but the 40 
mouse LC is small (~0.3 mm diameter) and hard to identify for a non-expert. Here, we describe a 41 
step-by-step immunohistochemistry-based protocol to localize the LC in the mouse brain. 42 
Dopamine-β-hydroxylase (DBH), and alternatively, tyrosine hydroxylase (TH), both enzymes 43 
highly expressed in the LC, are used as immunohistochemical markers in brain slices. Sections 44 



   

adjacent to LC-containing sections can be used for further analysis, including histology for 45 
morphological studies, metabolic testing, as well as metal imaging by X-ray fluorescence 46 
microscopy (XFM). 47 
 48 
INTRODUCTION:  49 
The locus coeruleus (LC) is an important region in the brainstem and a major site of 50 
norepinephrine (NE) production1. The LC sends projections throughout the brain2 to the cortex, 51 
the hippocampus and the cerebellum3 and regulates major physiological processes, including 52 
circadian rhythm4,5, attention and memory6, stress7, cognitive processes8, and emotion9,10. 53 
Dysfunction of LC has been implicated in neurological and neuropsychiatric disorders11, including 54 
Parkinson disease12-14, Alzheimer disease14, depression15-17, bipolar disorder18,19, and anxiety20-24. 55 
Given these roles, analysis of LC is crucial to studying its function and dysfunction.  56 
 57 
Mice are widely used for studies of physiologic and pathophysiologic processes. Due to their small 58 
size, the mouse LC has an average diameter of ~300 μm, leading to difficulty locating the 59 
structure. During brain sectioning, the LC can easily be missed in either coronal or sagittal 60 
sections. Available studies describing identification of LC in animals do not offer a step-by-step 61 
protocol that a non-expert can follow1,25. Thus, to offer guidance for the localization of LC, we 62 
describe a protocol that we developed to locate this region in the mouse brain for several 63 
applications (Figure 1-3). The protocol applies carefully controlled brain sectioning and 64 
immunohistochemical detection of DBH26,27, or alternatively TH24, both enzymes highly enriched 65 
in the LC28. Once LC is located by immunohistochemistry, adjacent brain slices can be used for 66 
further studies, including morphological and metabolic analyses, as well as metal imaging studies 67 
via X-ray fluorescence microscopy (XFM)29. We describe XFM as an example in this protocol (Figure 68 
3). 69 
 70 
PROTOCOL:  71 
 72 
Studies of animals was approved by Johns Hopkins University Animal Care and use (ACUC) 73 
protocol number M017M385. 74 
 75 
1 Brain Slicing 76 
 77 
1.1 To immobilize, anesthetize mice by the application of 3% isoflurane.  78 
 79 
1.1.1 Soak a cotton ball with drops of isoflurane and place it in a 15 mL microcentrifuge tube. 80 
Place the animal’s nose into the tube and allow it to inhale the isoflurane. Check for the depth of 81 
anesthesia by the lack of response to toe-pinch.  82 
 83 
1.2 Place the animal on its back and immobilize it by pinning its extremities down with a T pin 84 
while having access to its abdomen. 85 
 86 
1.3 Cut the animal with surgical scissors by making a snip from the abdominal skin and cut 87 
through the skin in the thorax region. Pin the skin down using T pins. Then break the peritoneal 88 



   

membrane up to the thorax. Expose the heart by cracking the thoracic cavity and cutting the 89 
diaphragm.  90 
 91 
1.4 Cut the right atrium to allow the blood to flow out of the animal. Insert a 10 mL syringe 92 
with a 25-gauge needle into the left ventricle and perfuse with 10 mL of phosphate-buffered 93 
saline (PBS).  94 
 95 
NOTE: This allows the solution to flow through systemic circulation and exit through the right 96 
atrium. 97 
 98 
1.5 Remove the 10 mL syringe and insert a 25-gauge needle attached to the 60 mL syringe. 99 
Perfuse through the left ventricle with 50 mL of ice cold 4% paraformaldehyde (PFA). 100 
 101 
1.5.1 Prepare ice cold 4% PFA solution by diluting 10% PFA solution in H2O and chilling the final 102 
4% PFA solution at 4 °C. 103 
 104 
1.6  Isolate the head of the mouse and remove the brain from the skull. 105 
 106 
1.6.1 Cut the skin from the neck, and then cut towards the eyes to expose the skull. Crack the 107 
skull from the neck to the nose, and then from one eyeball to the other. Peel the skull out and 108 
excise the whole brain. 109 
 110 
1.7 Incubate the brain in 4% PFA for 24 h at 4 °C. 111 
 112 
1.8 Transfer the brain with forceps into a 50 mL conical tube filled with 25 mL of 30% sucrose 113 
solution. Keep it at 4 °C for 48-72 h until the brain sinks to the bottom of tube.  114 
 115 
1.9 Cut the brain with an adult mouse brain slicer matrix coronal through the midbrain (~3 116 
mm posterior of bregma). Keep the brain section containing the brainstem. 117 
 118 
NOTE: This will result in two brain sections – one containing most of cortex (anterior of the cut) 119 
and one containing the brainstem/cerebellum (posterior of the cut). Use the brainstem section 120 
for the following steps.  121 
 122 
1.10 Embed the brainstem section with the cut surface placed on the bottom of an embedding 123 
mold, surrounded by optimal cutting temperature compound (OCT); move the embedded brain 124 
to a -80 °C freezer and freeze for at least 12 h – until further use. 125 
 126 
1.11 Cutting at the cryostat: place the embedding mold containing the brain in OCT into the 127 
cryostat; incubate it in the cryostat for several hours to adjust the temperature of the brain block 128 
to that of the cryostat. 129 
 130 
1.12 Peel away the embedding mold to expose the OCT block containing the brain. 131 
  132 



   

1.13 Use razor blades to remove excess of OCT from the surface of the block without touching 133 
the brain. 134 
 135 
1.14 Mount the OCT block on the chuck of the cryostat, exposing the cut surface of the brain 136 
toward the front. 137 
 138 
1.15 Adjust the cut surface of the brain so that it is oriented in parallel to the razorblades of 139 
the cryostat. 140 
 141 
1.16 Trim the brain beginning at the medulla, cutting 100 µm sections rostrally. 142 
 143 
1.17 Trim rostrally until the cerebellum and brainstem cut as one continuous slice. Begin 144 
collecting slices at 50 µm thickness.  145 
 146 
NOTE: As one trims rostrally from the medulla, the brainstem and cerebellum will cut as two 147 
separate sections. In rostral sections, the brainstem and cerebellum will eventually merge at the 148 
level of the 4th ventricle. Once the lateral edges of the 4th ventricle are well-formed, then the 149 
cerebellum and brainstem will come out as one continuous slice. 150 
 151 
1.17.1 Collect OCT-surrounded brain slice with forceps and place it in a well of a 24-well plate 152 
filled with PBS (Figure 2a). The LC will be most prominent when the cerebellum and inferior 153 
colliculus meet one another at ~-5.52 mm posterior of bregma (Figure 1b). 154 
 155 
NOTE: The most anterior part of LC will disappear once the cerebellum has been fully sectioned 156 
and no longer surrounds the inferior colliculus at ~-5.34 mm posterior of bregma (Figure 1c). 157 
 158 
2 Immunohistochemistry for Dopamine β-Hydroxylase or Tyrosine Hydroxylase (Figure 2) 159 
 160 
2.1 Day 1 161 
 162 
2.1.1 Wash the selected slices three times for 5 min in PBS. 163 
 164 
2.1.2 Permeabilize for 24 h in 0.5% phosphate buffered saline with detergent (PBSD) at 4 °C. 165 
 166 
2.1.2.1 Dilute 125 µL of detergent in 25 mL of PBS. 167 
 168 
2.2 Day 2 169 
 170 
2.2.1 Wash slices three times for 5 min in 0.5% PBSD. 171 
 172 
2.2.2 Add the primary antibody, anti-DBH or anti-TH for 18 h at a dilution of 1:500 in 0.5% PBSD 173 
at 4 °C. 174 
 175 
2.3 Day 3 176 



   

 177 
2.3.1 Wash slices three times for 10 min in 0.5% PBSD. 178 
 179 
2.3.2 Add the desired secondary antibody (488 donkey anti-rabbit for green fluorescence) at a 180 
dilution of 1:1000 in 0.5% PBSD for 16 h. 181 
 182 
2.3.3 Wrap the 24 well plate in aluminum and place at 4 °C. 183 
 184 
2.3.4 Wash slices three times for 5 min in 0.5% PBSD. 185 
 186 
2.3.5 Wash for 5 min in PBS. 187 
 188 
2.3.6 Transfer slices with a pencil brush into a water container. 189 
 190 
2.3.7 Mount slices floating in water on charged slides. 191 
 192 
2.3.8 Coverslip sections with hard-set mounting media (without DAPI). 193 
 194 
2.3.9 Dry the mounted brain sections for 30 min at room temperature. 195 
 196 
2.3.10 Image brain slices at a confocal or fluorescent microscope with settings to detect signal 197 
from appropriate secondary antibody fluorophore wavelength. 198 
 199 
2.3.11 Adjust the microscope to the focal plane of the brain slice and take a single image at 10X 200 
magnification. 201 
 202 
2.3.12 To locate a possible LC region in the brain slice, use the 4th ventricle for orientation; the 203 
cerebellum is located above the ventricle, pons and brainstem are found below30. 204 
 205 
2.3.13 To locate the LC, focus on the lateral edges of the 4th ventricle; the LC originates from the 206 
edges of the 4th ventricle and points toward the pons/ brainstem region (Figure 2b, 2c). 207 
 208 
2.3.14 Following imaging and localization of the LC in certain brain slices, store slides containing 209 
brain slices at 4 °C. 210 
 211 
3 Detection of the LC in Brain Slices 212 
 213 
3.1 To locate the brain section containing the LC, slice the mouse brain as described above 214 
and collect sections in PBS filled 24 well dishes, as shown in Figure 2a. 215 
 216 
3.1.1 Place one brain section per well to allow for the proper localization of the LC. 217 
 218 
3.2 Collect a total of 48 brain slices that will be immunostained per brain.  219 
 220 



   

NOTE: All the wells of the two dishes shown in Figure 2a contain brain slices from one animal. 221 
 222 
3.3 Immunostain every third to fifth slice for DBH, or TH. Preferably, perform 223 
immunohistochemistry of those brain slices that are adjacent to those that are assayed further 224 
(via X-ray fluorescence microscopy, XFM).  225 
 226 
NOTE: This procedure allows for exact localization of the LC in the final assay slices (Figure 2a; 227 
labeled with numbers between the wells). 228 
 229 
3.4 Adjust the number of brain slices that are immunostained depending on the application, 230 
e.g., whether they require exact location of the center and edge of the LC, or just a rough 231 
approximation. 232 
 233 
3.5 Following immunohistochemistry, detect brain slices containing LC via a characteristic 234 
pattern of expression at both sides of the 4th ventricle (Figure 2b, 2c). Magnification of the DBH 235 
signal in the LC of consecutive brain slices is shown in Figure 2d, 2e; the magnified image of the 236 
LC that is stained for TH is shown in Figure 2f. 237 
 238 
3.6 Use the sections adjacent to those containing LC for further studies - in this case for XFM 239 
to quantify metal levels (Figure 3). 240 
 241 
3.7 To perform XFM, collect 10-30 µm (depending on the setup) thin coronal brain slices on 242 
thin polymeric film with which they can be mounted on sample holders and imaged at the 243 
synchrotron. 244 
 245 
3.8 Store brain slices which are prepared on thin polymeric film for XFM at room temperature 246 
and perform XFM.  247 
 248 
4 Metal Imaging in the LC via XFM 249 
 250 
4.1 Slice example mouse brain as described above, determine LC, and measure metal levels 251 
via XFM from these brain slices containing the LC. 252 
 253 
4.2 Image elemental distributions on beamline 2-ID-E at the Advanced Photon Source 254 
(Argonne National Laboratory, Argonne IL). 255 
 256 
4.3 Record data ‘on the fly’ as described previously31. 257 
 258 
4.4 Determine elemental concentrations in brain slices containing the LC using the program 259 
MAPS32,33. 260 
 261 
REPRESENTATIVE RESULTS:  262 
Changes in metal homeostasis (such as Cu, Fe, Zn, and Mn) are often observed in neurologic 263 
disorders, including changes in the LC34,35. Thus, determining metal levels in the brain is necessary 264 



   

for understanding of disease mechanisms. The brain sections generated using the described 265 
protocol can be used to quantify the levels of Cu and other metals in the LC and compare them 266 
to the levels in regions outside of the LC. (Figure 3). In our example, the brain slice that was cut 267 
through the LC, phosphate, potassium, chloride and copper was measured. Only copper was 268 
specifically elevated in the LC. Higher resolution XFM imaging (not shown here) can also be 269 
performed for detection of subcellular distribution of metal levels. Further possible applications 270 
of this protocol include the detection of abundance and intracellular distribution of DBH (Figure 271 
2b, 2d, 2e), TH (Figure 2c, 2f), and other proteins expressed in the LC individually or in the co-272 
staining assays, studies of LC morphology and neuronal density. 273 
 274 
FIGURE AND TABLE LEGENDS:  275 
 276 
Figure 1: Localization of LC in the mouse brainstem. (a) Schematic demonstrating the region of 277 
the brainstem that will be sectioned to localize the LC. (b) Based on the Paxinos and Franklin brain 278 
atlas30, LC will be most prominent when the cerebellum and inferior colliculus meet one another 279 
(-5.52 mm posterior of bregma). The left image shows a coronal section cut through the LC, while 280 
the right image demonstrates localization of LC on the lateral edges of the 4th ventricle via Nissl 281 
staining. (c) The most anterior part of LC will disappear once the cerebellum has been fully 282 
sectioned and no longer surrounds the inferior colliculus (-5.34 mm posterior of bregma). Nissl 283 
staining on the right image shows that LC is only marginally present in this coronal slice.  284 
 285 
Figure 2: Detection of LC by immunostaining brain slices for DBH or TH. (a) One mouse brain 286 
was sectioned into 50 μm slices around the brain stem and collected in two 24 well dishes. Every 287 
5th to 8th collected brain slice was mounted on film covered coverslip for imaging via XFM. These 288 
slices are labeled with blue numbers between the wells. Adjacent slices floating in PBS were 289 
immunostained for DBH to detect LC (labeled with red cross on wells). Green circles denote slices 290 
positive for DBH signal, and thus contain LC. (b) A coronal brain slice containing LC was 291 
immunostained with DBH and imaged on a confocal microscope. The image shows strong signal 292 
in the LC (in green). (c) A coronal slice containing LC was immunostained for tyrosine hydroxylase 293 
(TH) and imaged on a fluorescent microscope. Image shows strong signal for both left and right 294 
LC. (d) Slices were immunostained for DBH, and slices 7 (on the left) and 9 (on the right) contained 295 
LC. Adjacent sections were selected for XFM analysis. (e) Slice 10 also showed LC. In this section, 296 
the left LC was cut through its center while the right LC was captured at its anterior-most edge. 297 
(f) A section containing LC was immunostained for TH and imaged on a confocal microscope. 298 
Image shows TH expressing neurons in the LC labeled in green. 299 
 300 
Figure 3: Imaging of metal levels in the LC. The brain of a male 12-week-old mouse with a 301 
knockout of Cu-transporter ATP7B was isolated and prepared as described in this protocol. Non-302 
stained slices adjacent to LC-containing sections were taken and metal levels were measured via 303 
XFM. Cu levels were specifically increased in the LC (labeled with yellow arrows) as compared to 304 
the surrounding brain region, while other elements (K, P, and Cl) were unchanged. 305 
 306 
DISCUSSION:  307 
Properly orienting the specimen is a crucial step in this protocol. Because we are using anatomical 308 



   

features of the dorsal surface of the brain to locate LC (boundary between cerebellum and 309 
inferior colliculus), it is important that the sections be aligned properly. This requires care in 310 
properly setting the brain into the mouse brain slicer matrix. We recommend cutting ~500 μm 311 
more tissue anterior and posterior to LC to avoid missing the nucleus. The most common mistake 312 
is to cut too few sections that results in missing the LC entirely. Thus, for one’s first time following 313 
this protocol, we recommend cutting more sections than necessary. Careful study of the brain 314 
atlas images prior to staining is very helpful. The appearance of the brainstem changes 315 
appreciably every few hundred microns and, with some experience, it is possible to know what 316 
sections are worth staining simply by the macroscopic appearance. 317 
 318 
During the process of localizing the LC, there might be variations in the signal depending on how 319 
well the brain was oriented during sectioning. When cutting through the center of the LC, the 320 
signal is bright and covers a larger area as compared to the edge of the LC, which will show up as 321 
a signal over a much smaller area. In the case that coronal slices are slightly tilted, the LC of one 322 
side of the 4th ventricle might be apparent and the one on the other side might only be visible in 323 
an adjacent slide. Thus, one cannot always expect the appearance of both LC regions at maximum 324 
intensity within one brain slice. This artifact can be avoided by cutting the brain exactly coronal 325 
in the mouse brain slicer matrix and carefully embedding the brain into the cubical embedding 326 
mold with OCT. 327 
 328 
Immunostaining, at least with the anti-tyrosine hydroxylase antibody, is extremely forgiving and, 329 
in our experience, works on sections up to 100 μm in thickness. We have found that blocking 330 
solution is not necessary for high signal-to-noise staining of LC, reducing cost and reducing the 331 
amount of time needed to locate LC. In our experience, the staining protocol can be sped up – 332 
albeit with reduced quality and penetrance of staining – by reducing permeabilization to 2 h, 333 
primary antibody for 8 h, and secondary antibody for 2 h. Additionally, if one is simply interested 334 
in locating LC (e.g., for validating injection of a virus/tracer), sections from a fixed brain can be 335 
cut on a vibratome at 100 μm thickness. 336 
 337 
One limitation of this protocol is it, by design, requires euthanizing the animal and removing the 338 
brain. Therefore, it is not useful for in vivo localization (e.g., electrophysiologic recordings). 339 
Another limitation is that this protocol requires PFA fixation which might alter the native state of 340 
the tissue. These alterations include the elemental content such as copper, calcium, iron and 341 
zinc36. The actual alteration of metal distribution caused by PFA fixation may be tested in one 342 
sample which can be run in parallel to a non-fixed sample. A comparison of the metal distribution 343 
between these two samples will provide evidence on the effect of PFA fixation on the distribution 344 
of the metal which is of interest in a certain study. If PFA fixation must be avoided, the general 345 
principle of this protocol (locating LC by immunostaining and using adjacent sections for follow-346 
up experiments) can be extended to frozen sections without fixation.  347 
 348 
We note that this protocol is largely a refinement of existing methods to solve this problem. The 349 
novelty exists in tailoring previous approaches to locate a very small, easily missed nucleus. We 350 
expect that this protocol can be easily modified and extended based on need (e.g., using 351 
transgenic animals expressing fluorophores in LC to avoid immunostaining).  352 
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