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Abstract

Background: Corticotropin-releasing hormone (CRH) is an important neuromodulator that is widely distributed in
the brain and plays a key role in mediating stress responses and autonomic functions. While the distribution
pattern of fluorescently labeled CRH-expressing neurons has been studied in different transgenic mouse lines, a full
appreciation of the broad diversity of this population and local neural connectivity can only come from integration
of single-cell morphological information as a defining feature. However, the morphologies of single CRH neurons
and the local circuits formed by these neurons have not been acquired at brain-wide and dendritic-scale levels.

Results: We screened the EYFP-expressing CRH-IRES-Cre;Ai32 mouse line to reveal the morphologies of individual
CRH neurons throughout the whole mouse brain by using a fluorescence micro-optical sectioning tomography
(fMOST) system. Diverse dendritic morphologies and projection fibers of CRH neurons were found in various brain
regions. Follow-up reconstructions showed that hypothalamic CRH neurons had the smallest somatic volumes and
simplest dendritic branches and that CRH neurons in several brain regions shared a common bipolar morphology.
Further investigations of local CRH neurons in the medial prefrontal cortex unveiled somatic depth-dependent
morphologies of CRH neurons that exhibited three types of mutual connections: basal dendrites (upper layer) with
apical dendrites (layer 3); dendritic-somatic connections (in layer 2/3); and dendritic-dendritic connections (in layer
4). Moreover, hypothalamic CRH neurons were classified into two types according to their somatic locations and
characteristics of dendritic varicosities. Rostral-projecting CRH neurons in the anterior parvicellular area had fewer
and smaller dendritic varicosities, whereas CRH neurons in the periventricular area had more and larger varicosities
that were present within dendrites projecting to the third ventricle. Arborization-dependent dendritic spines of CRH
neurons were detected, among which the most sophisticated types were found in the amygdala and the simplest
types were found in the hypothalamus.
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Conclusions: By using the CRH-IRES-Cre;Ai32 mouse line and fMOST imaging, we obtained region-specific
morphological distributions of CRH neurons at the dendrite level in the whole mouse brain. Taken together, our
findings provide comprehensive brain-wide morphological information of stress-related CRH neurons and may
facilitate further studies of the CRH neuronal system.

Keywords: Corticotropin-releasing hormone, fMOST imaging, Dendritic morphology, Three-dimensional
reconstruction, Local circuit, Dendritic varicosities, Dendritic spine

Background
Corticotropin-releasing hormone (CRH), a 41-amino-
acid peptide, is an important neuromodulator that is
widely distributed in the brain [1]. As a neuroendocrine
hormone, CRH is abundantly expressed in hypothalamic
paraventricular nucleus (PVN) neurons and plays a cru-
cial role in the regulation of the hypothalamic-pituitary-
adrenal (HPA) axis [2, 3]. CRH-expressing neurons are
also broadly distributed in other brain regions, including
the inferior olivary nucleus, Barrington’s nucleus, pon-
tine tegmentum, cerebral cortex, hippocampus, and cen-
tral amygdala. Depending on their region-specific
somatic locations, CRH neurons participate in various
functional activities, such as learning memory, synaptic
plasticity, food intake, and drug addiction, as well as
anxiety-like and depression-like behaviors [4–7].
The anatomy of the brain CRH system has been stud-

ied in different mammalian species via immunohisto-
chemistry and radioimmunoassays [8–14]. However,
data from these studies have mainly been acquired from
histological imaging and through manual reconstruction
and counting of labeled neurons, which is time-
consuming, limits further systematic analysis, and can
introduce biases and/or artifacts. Recently, genetically
modified mouse models have been developed to identify
the whole-brain distributions of CRH neurons [15–19],
which has significantly advanced our understanding of
the morphological features of CRH neurons in the ro-
dent brain [20–23]. Advances in whole-brain optical im-
aging techniques, such as fluorescence micro-optical
sectioning tomography (fMOST) [24–27], have made it
feasible to further quantify cellular distributions and to
morphologically reconstruct cells at the whole-brain
level. The precision of imaging via fMOST can reveal
complex fiber orientations and can even distinguish indi-
vidual dendrites. Such quantitative three-dimensional
(3D) neuronal morphologies obtained at a brain-wide
scale can provide highly accurate arborization details
and comprehensive mapping of CRH neuronal connec-
tions throughout the brain.
Although the whole-brain expression patterns of CRH

have been qualitatively analyzed [17, 18, 28], high-
resolution reconstruction of the full morphologies (in-
cluding both somata and dendrites) of CRH neurons at

the single-neuron level has rarely been performed. Since
neuronal morphology is considered to be one of the
most defining features to distinguish among neuronal
types and network connectivities, characterizing single-
neuron morphologies may provide key information on
how neuronal information and signals are transmitted
within the local networks. Furthermore, analysis of de-
tailed morphological information (including data sets of
somatic locations, as well as dendritic and axonal mor-
phological features) of diverse CRH neurons may facili-
tate a better classification of CRH neuronal types and
help to reveal their local connectivity. For example, a re-
cent study employed fMOST to investigate CRH distri-
butions in the mouse brain, enabling quantitative
analysis of whole-brain CRH somata [18] that has pro-
vided us with substantial quantitative information on
brain CRH networks. However, at present, the morpho-
logical details of individual CRH neuronal fibers at the
whole-brain level remain poorly understood. In the
present study, we constructed a comprehensive whole-
brain map of genetically labeled CRH neurons in the
mouse brain, which provides dendritic distribution pat-
terns of single CRH neurons. Reconstructions and fur-
ther analysis showed that heterogeneous CRH
interneurons in the mPFC form layer-dependent
dendritic-dendritic and dendritic-somatic connections;
furthermore, there was a target-oriented distribution of
varicosities within the dendrites of hypothalamic CRH
neurons. This work provides a comprehensive descrip-
tion of the whole-brain CRH neuronal distribution pat-
tern and, more importantly, dendritic morphological
features of CRH neurons in the mouse brain.

Results
Comparison of morphological features of fluorescent-
labeled CRH neurons in three fluorescent-reporter mouse
lines
By crossing CRH-IRES-Cre mice with Ai6, Ai14, and
Ai32 reporter mice, in which the cassette containing
ZsGreen1, td-Tomato, or CHR2-EYFP was expressed in
a Cre-dependent manner, we obtained CRH-IRES-Cre;
Ai6, CRH-IRES-Cre;Ai14, and CRH-IRES-Cre;Ai32 mice,
respectively (Additional file 1, Figure S1. A). Then, we
compared the distributions and morphologies of
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fluorescent-labeled CRH neurons in several brain re-
gions, including the olfactory bulb (OB) (Fig. 1A, C),
cortex (Fig. 1D, F), PVN (Fig. 1G, I), bed nucleus of the
stria terminalis (BST) (Additional file 1, Figure S1. B and
D), and central nucleus of the amygdala (CeA) (Add-
itional file 1, Figure S1. E and G).
In the OB, the transgenic fluorescent proteins were

mainly distributed in the glomerular layer (Gl), external
plexiform layer (EPl), and the mitral cell layer (Mi) in all
three mouse lines. CRH-IRES-Cre;Ai6 mice showed the
brightest and largest number of fluorescent-labeled cells
in all these layers (Fig. 1A); in particular, more fluores-
cent cells were labeled in the granule cell layer (GrO) in
this mouse line compared to those in CRH-IRES-Cre;
Ai14 and CRH-IRES-Cre;Ai32 mice. However,
fluorescent-labeled neuronal fibers were short and their
fluorescent distributions were not uniform; for example,
the dendrites close to the cell bodies of mitral cells were
strongly labeled (Fig. 1A, a’, indicated by the arrow-
heads), but the branches extending to the Gl were not
clear (Fig. 1A, a, indicated by the dotted box). CRH-
IRES-Cre;Ai14 mice were also labeled with bright cell
bodies and dense fibers were labeled in the EPl (Fig. 1B,
b’), but only a few dendritic structures were labeled in
the Gl (Fig. 1B, b, indicated by the dotted box). By con-
trast, in each layer of CRH-IRES-Cre;Ai32 mice, the
fluorescence distributed in cell bodies and fibers exhib-
ited a uniform brightness (Fig. 1C), and the somata in
these sections were organized in a ring-like structure
(Fig. 1C, c’, indicated by the arrowhead). Unlike the
former two mouse lines, the Gl showed a bushy spher-
ical structure (Fig. 1C, c) that was comprised of mitral
cells and/or peribulbar cells.
In the cortex, fluorescent-labeled cells were found in

each layer in CRH-IRES-Cre;Ai6 mice (Fig. 1D). The cell
bodies were strongly labeled, while fibers were rarely
seen (Fig. 1D, d). The numbers of labeled cells in the
medial prefrontal cortex (mPFC) of CRH-IRES-Cre;Ai14
(103.4 ± 7.9/mm2) and CRH-IRES-Cre;Ai32 (108.7 ± 5.1/
mm2) mice were less than those in CRH-IRES-Cre;Ai6
(283.3 ± 27.8/mm2) mice (Fig. 1J, one-way ANOVA, P <
0.0001, F (2, 9) = 36.56), and the cells were mainly
distributed in layer 2/3 (Fig. 1E, F). Neurons in CRH-
IRES-Cre;Ai14 mice also showed clearer and brighter
cell bodies (Fig. 1E, e), whereas more fibers were labeled
(Fig. 1F) in CRH-IRES-Cre;Ai32 mice, especially in terms
of a dense distribution in the first layer (Fig. 1F, f).
The outlines of nuclei were clearly visible in the fluor-

escent labeling of CRH neurons in the PVN (Fig. 1G, I,
indicated by the dotted line), BST (Additional file 1, Fig-
ure S1. B and D, indicated by the dotted box), and CeA
(Additional file 1, Figure S1. E and G, indicated by the
dotted box) of the three mouse lines. Similarly, CRH-
IRES-Cre;Ai6 mice showed the highest number of

labeled neurons in the PVN (1702 ± 238.9/mm2, one-
way ANOVA, P = 0.2606, F (2, 9) = 1.57), BST (714.6 ±
125.3/mm2, one-way ANOVA, P < 0.005, F (2, 9) =
11.38), and CeA (1085 ± 67.35/mm2, one-way ANOVA,
P = 0.0778, F (2, 9) = 3.44) (Fig. 1J), as well as the stron-
gest fluorescent labeling within these cell bodies (Fig. 1G;
Additional file 1, Figure S1. B, a and E, d). In CRH-
IRES-Cre;Ai14 mice, distinguishable cell bodies and
dense fibers were labeled in the BST (Additional file 1,
Figure S1. C, b) and CeA (Additional file 1, Figure S1. F,
e), while only the cell bodies were clearly seen in the
PVN (Fig. 1H, indicated by the dotted line). By contrast,
CRH-IRES-Cre;Ai32 mice showed dense fibers in all of
these regions, and the fluorescent signals of the cell bod-
ies were distinguishable (Fig. 1I, Additional file 1, Figure
S1. D, c and G, f); especially in the PVN, neuronal fibers
extending to the lateral and third ventricle (Fig. 1I, i, fi-
bers indicated by the arrowheads) were visible, and there
was a uniform fluorescent intensity distributed in the
nearby cell bodies and fibers.
In summary, among the three reporter mouse lines,

CRH-IRES-Cre;Ai6 and CRH-IRES-Cre;Ai14 mice
showed clearer and brighter cell bodies of CRH neurons.
CRH-IRES-Cre;Ai6 mice had the largest number of la-
beled CRH cells in each tested brain region, but almost
no neuronal fibers were visible. CRH-IRES-Cre;Ai14
mice showed clear but incomplete fibers. Only CRH-
IRES-Cre;Ai32 mice showed the most complete fibrous
structures, especially in terms of distributions in neur-
onal terminals (e.g., the bushy spherical structures in the
glomerular layer of the OB; the extended fibers in the
cortex and PVN); regardless of their weaknesses in dis-
tinguishing single-cell bodies, the fluorescent distribu-
tions in the whole cell were uniform, which is conducive
to the adjustment of exposure and the collection of
complete morphologies of neurons during imaging.

Whole-brain distributions of CRH neurons at high
resolution in the CRH-IRES-Cre;Ai32 mouse line
Since the single-cell morphology of CRH neurons was
most clearly visible in CRH-IRES-Cre;Ai32 mice, we
used this mouse line to image EYFP-labeled CRH neu-
rons throughout the brain at a resolution of 0.2 × 0.2 ×
1.0 μm via an fMOST system. First, 100-μm down-
sampled coronal projection sections (Fig. 2a) were pro-
vided to show the overall distributions of CRH neurons
in various brain regions. EYFP-labeled cells were distrib-
uted in many regions that have not previously been re-
ported, such as in vascular organ of the lamina
terminalis (VOLT), ventromedial preoptic nucleus
(VMPO), caudate putamen (CPu), bed nucleus of the an-
terior commissure (BAC), triangular septal nucleus (TS),
suprachiasmatic nucleus (SCN), Kölliker-Fuse nucleus
(KF), and nucleus X (X) (Fig. 2a). We analyzed the co-
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Fig. 1 Comparison of the morphological features of CRH neurons in three fluorescent-reporter mouse lines. Comparisons of the distributions and
morphologies of fluorescent-labeled CRH neurons in several brain regions of CRH-IRES-Cre;Ai6, CRH-IRES-Cre;Ai14, and CRH-IRES-Cre;Ai32 mice in
the OB (A–C), cortex (D–F), and PVN (G–I). (A–C, a–c) The dotted boxes show ZsGreen1 (a), td-Tomato (b), and EYFP (c) labeling of synaptic
globular structures in the Gl of the three mouse lines. A–B (a’–b’) The dotted boxes and magnified images show ZsGreen1 (a’) and td-Tomato
(b’) labeling of cell bodies and dendrites (indicated by the arrowheads) in the Mi and EPl of CRH-IRES-Cre;Ai6 and CRH-IRES-Cre;Ai14 mice. C (c’)
The dotted box and magnified image show EYFP-labeled cell body (indicated by the arrowhead) and dendrites in a CRH-IRES-Cre;Ai32 mouse.
D–F (d–f) The dotted boxes and magnified images show ZsGreen1 (d), td-Tomato (e), and EYFP (f) labeling of cell bodies and dendrites in layer 1
and layer 2/3 of the three mouse lines. G ZsGreen1-labeled cell bodies in (dotted-curved box) and outside (arrowheads) of the PVN of CRH-IRES-
Cre;Ai6 mice. H Td-Tomato-labeled cell bodies in the PVN (dotted-curved box) of CRH-IRES-Cre;Ai14 mice. I (i) EYFP-labeled cells (I, dotted-curved
box) and fibers (i, dotted box and magnified image) in the PVN of CRH-IRES-Cre;Ai32 mice. Scale bars = 100 μm. J The difference in density of
fluorescently labeled neurons in several brain regions of three reporter mouse lines. Data are shown as mean ± SEM; n = 4 mice from
independent experiments, 4 slices per mouse
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localization of EYFP expression with CRH immunoreac-
tivity in these brain regions (Additional file 1, Figure S2.
A) and found that most of the EYFP-labeled “novel”
CRH neurons coexisted with CRH-immunoreactive cells
in all of the above brain regions (Additional file 1, Figure

S2. A, indicated by arrows), but low ratio of co-labeling
was observed in some regions such as in the BAC, CPu,
SCN, and TS, and some CRH-immunoreactive neurons
did not express EYFP. Furthermore, bundles of CRH
projection fibers were visible in accumbens nucleus,
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Fig. 2 Whole-brain distributions of CRH neurons at high resolution in the CRH-IRES-Cre;Ai32 mouse line. a Whole-brain distributions of EYFP-
labeled CRH neurons, using the fMOST system, contained in 100-μm coronal-projected sections showing the general distributions of EYFP-labeled
CRH neurons in different brain regions. b EYFP-labeled clusters of fiber projections from CRH neurons in the AcbSh, IPAC, acp, cc, and icp. c EYFP-
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the 3V. i EYFP-labeled vascular-like structures in the VOLT. j EYFP-labeled terminals of PVN CRH neurons in the ME
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shell (AcbSh), interstitial nucleus of the posterior limb
of the anterior commissure (IPAC), anterior commis-
sure, posterior (acp), corpus callosum (cc), and inferior
cerebellar peduncle (icp) (Fig. 2a, indicated by arrow-
heads and Fig. 2b). The movies of serial sections showed
that the fibers in the AcbSh, IPAC, and acp were projec-
tions from neurons in the OB (Additional file 2, Movie 1)
and that fibers in the icp were projections from IO CRH
neurons (Additional file 1, Figure S2. B and Add-
itional file 3, Movie 2). Moreover, we found novel popu-
lations of CRH-positive neurons in some brain regions,
such as a sparsely distributed group in the CPu (Fig. 2c)
that had dendrites that were radially distributed (with
the maximum radius from the terminals to the somata
being 40–70 μm). Neurons gathered in the BAC (Fig. 2d)
had round cell bodies and two short processes. The
average number of CRH-positive neurons found in the
SCN was 45.67 ± 0.88, and nearly every neuron had two
thick primary dendrites with few branches (Fig. 2e).
Neurons in the dorsal cochlear nucleus (DC) (Fig. 2f)
had dense apical dendrites distributed in the superficial
glial zone, and chandelier cells with apical dendrites ver-
tically distributed were labeled in the cerebellum
(Fig. 2g). A cluster of swollen structures (Fig. 2h, indi-
cated by arrowheads) presenting transparent smooth
surfaces was visible around the third ventricle (3 V) and
always extended to the 3 V border. Densely labeled
vascular-like structures and terminals of CRH neurons
were found in VOLT (Fig. 2i) and ME (Fig. 2j). The dis-
tributions and morphologies of CRH neurons in other
brain regions are shown in Additional file 1, Figure S2.
B.

Three-dimensional distributions and single-cell
reconstructions of CRH neurons in several brain regions
We reconstructed EYFP-labeled CRH neurons in several
brain regions (Fig. 3a, h), including the OB (Fig. 3a), dor-
sal part of lateral septal nucleus (LSD) (Fig. 3b), BST
(Fig. 3c), CeA (Fig. 3d), VMPO (Fig. 3e), hippocampus
(Hip) (Fig. 3f), SCN (Fig. 3g), and DC (Fig. 3h). We
found that the reconstructed neurons in several brain re-
gions (e.g., mPFC, BST, VMPO, anterior parvicellular
part of paraventricular hypothalamic nucleus (PaAp),
periventricular hypothalamic nucleus (Pe), and SCN)
shared similar morphological characteristics consistent
with bipolar neurons (Fig. 3i). CRH neurons in the LSD
had the largest average volume of somata (1632 ±
159.6 μm3) (Fig. 3j) and the longest dendritic length
(1.9 ± 0.2 mm) (Fig. 3k). Dendritic length significantly in-
creased as a function of somatic volume (R2 = 0.597, P =
0.0032) (Fig. 3n). CRH neurons in the VMPO also had a
larger cell bodies (1172 ± 228.1 μm3) (Fig. 3j), but the
number of dendritic branches (15.2 ± 3.7) (Fig. 3l) and
dendritic length (1.1 ± 0.1 mm) (Fig. 3k) was less than

those of neurons in the LSD. Dendritic length was also
positively correlated with somatic volume in the VMPO
(Fig. 3o). Sholl analysis showed that neurons in the LSD
had the largest maximum number of intersections, while
the VMPO had the least maximum number of intersec-
tions. For all of these regions, the maximum numbers of
intersections were located at radial distances of 50–
100 μm from the somata (Fig. 3m). The more complex
dendrites of CRH neurons in the LSD, compared to
those in other areas, suggested that CRH neurons in the
LSD may receive comparatively more inputs. Most of
the dendritic morphologies of CRH neurons in the
hippocampus exhibited a similar pattern of an umbrella
shape of upward dendrites (Fig. 3f). CRH neurons in the
SCN were scattered throughout the nucleus and the
dendrites were interlaced with one another (Fig. 3g). We
next compared the parameters of all reconstructed neu-
rons (Additional file 1, Table S1) in different brain re-
gions and found that CRH neurons in hypothalamic
regions—including the PaAp (640.1 ± 60.4 μm3), Pe
(951.2 ± 108.3 μm3), and SCN (636.0 ± 55.4 μm3)—had
smaller somatic volumes (Fig. 3j and Additional file 1,
Table S1). Similarly, there were also shorter dendritic
lengths of CRH neurons in the PaAp (0.5 ± 0.02 mm), Pe
(0.5 ± 0.06 mm), and SCN (0.6 ± 0.05 mm) (Fig. 3k and
Additional file 1, Table S1). The simpler morphologies
of hypothalamic CRH neurons may be related to their
endocrine and other conserved functions.

Multiple morphological types of CRH neurons form
distinct dendritic connections in the medial prefrontal
cortex (mPFC)
Recent studies have shown that CRH neurons in the
mPFC play a critical role in higher cognitive functions
[29, 30]. In the prelimbic cortex (PrL) within the mPFC,
we reconstructed the entire somata (Fig. 4A, purple bod-
ies) and dendrites (Fig. 4A, color lines) of EYFP-labeled
CRH neurons within a column that had a volume of
350 × 500 × 500 μm. The cell bodies of these neurons
were mostly distributed within layers 2–4 and most of
their dendrites were vertically distributed. There were
dendritic branches in both the upper and lower parts of
the somata. The apical dendrites that branched in the
first layer formed a dense dendritic network, and most
of them reached the pia mater (Fig. 4A, reconstructed fi-
bers indicated in layer 1); furthermore, the basal den-
drites extended and branched into layer 4 at a distance
of approximately 500 μm from the cortical surface
(Fig. 4A, reconstructed fibers indicated in layer 4). Indi-
vidual reconstructed neurons were classified according
to the distances (50–100, 100–150, 150–200, 200–250,
and > 250 μm) between their somata and the surface of
the cortex (Fig. 4B), and the percentages of neurons in
these categories were 19%, 31%, 35%, 10%, and 5%,

Wang et al. BMC Biology           (2021) 19:47 Page 6 of 18



mPFC BST VMPO PaAp Pe SCN

0 25 50 7510
0
12

5
15

0
17

5
20

0
22

5
25

0
27

5
30

0
32

5
35

0
37

5
40

0

0

5

10

15

 Radial distance from soma    ( µ   m   )

N
u

m
b

er
o

f
in

te
rs

ec
ti

o
n

s LSD

VMPO

BST

0 1 2 3
0.0

0.5

1.0

1.5

2.0

2.5

Soma volume (x103µm3)

D
en

d
ri

ti
c

le
n

g
th

(m
m

)

0 1 2 3
0

1

2

3

4

Soma volume (x103µ   m3)

D
en

d
ri

ti
c

le
n

g
th

(m
m

)

A B

C D

E F

G H

OB LSD

BST CeA

VMPO Hip

SCN DC

I

J K L

M

m
PFC

LSD
 B 

ST

VMPO Hip
CeA

PaA
p Pe

SCN

0.0

0.5

1.0

1.5

2.0

S
o

m
a

vo
lu

m
e

(x
10

3 µ
m

3 )

m
PFC

LSD
BST

VM
PO Hip

CeA
PaA

p Pe
SCN

0.0

0.5

1.0

1.5

2.0

2.5

T
o

ta
lf

ib
ro

u
s

le
n

g
th

( m
m

)

N O

33 17 12 9 11 8 20 9 15 13 17 6 10 5 204 9 15

m
PFC

LSD
  B 

 S
T

VM
PO Hip

CeA
PaA

p Pe
SCN

0

10

20

30

40

50

60

N
u

m
b

er
o

f
fi

b
ro

u
s

b
ra

n
ch

es

20

14 17 7 10 8 4

10 15

Fig. 3 (See legend on next page.)

Wang et al. BMC Biology           (2021) 19:47 Page 7 of 18



(See figure on previous page.)
Fig. 3 Three-dimensional distributions and single-cell reconstructions of CRH neurons in several brain regions. a–h Original images (left half) and
reconstructions (right half) of CRH neurons in different brain regions, including the OB (a), LSD (b), BST (c), CeA (d), VMPO (e), Hip (f), SCN (g), and
DC (h). The original images were inverted into grayscale images. The reconstructed somata and dendrites of neurons are indicated by purple
bodies and red lines, respectively. i Typical reconstructed neurons show the common bipolar morphology found in different brain regions,
including the mPFC, BST, VMPO, PaAp, Pe, and SCN. j Somatic volumes of CRH neurons in different brain regions [one-way ANOVA, P < 0.0001, F
(8, 125) = 23.24], number in the bars indicate the number of neurons calculated. k Total fibrous lengths of CRH neurons in different brain regions
[one-way ANOVA, P < 0.0001, F (8, 90) = 13.93]. l Numbers of fibrous branches of CRH neurons in different brain regions [one-way ANOVA, P <
0.0001, F (8, 96) = 26.94]. m Sholl analysis of dendrites of neurons in the LSD, BST, and VMPO illustrate changes in the mean number of
intersections with increasing radial distance from the soma, n = 16 cells for LSD, 7 cells for BST and 10 cells for VMPO. n Correlation between
dendritic length and somatic volume in LSD neurons (Pearson’s correlation coefficient r = 0.68, P = 0.0029). o Correlation between dendritic length
and somatic volume in VMPO neurons (Pearson’s correlation coefficient r = 0.88, P = 0.0019)

Fig. 4 (See legend on next page.)
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respectively (Fig. 4B, indicated in the pie chart). We
found that there was significant correlation between the
somatic depth (distance from the cortical surface) and
both the total dendritic length (Fig. 4C, upper half, r =
0.4440) and total Euclidean distance (the straight-line
distance from the soma to the given point of the den-
drite) (Fig. 4C, bottom half, r = 0.5399). Sholl analyses
showed that the number of intersections with a radial
distance from the soma being less than 50 μm was larger
in neurons with a somatic depth of 50–100 μm than that
of neurons with a somatic depth of 100–150 μm; in con-
trast, the number of intersections with a radial distance
from the soma being more than 50 μm was smaller and
ended at approximately 100 μm of the radial distance
from the soma in neurons with a somatic depth of 50–
100 μm. Interestingly, the maximum numbers of inter-
sections were similar between these two types of neu-
rons (Fig. 4D). Sholl analyses of CRH neurons with
different somatic depths are shown in additional file 1,
Figure S3. J. We also found that the total dendritic
length (Fig. 4E, left half, one-way ANOVA, P = 0.0008, F
(2, 60) = 8.100) and the total Euclidean distance (Fig. 4E,
right half, one-way ANOVA, P = 0.0002, F (2, 60) =
9.915) of neurons with a somatic depth of less than
100 μm were significantly smaller than those with som-
atic depths of 100–150 μm (P = 0.0285) and more than
150 μm (P = 0.0005), while there were no significant dif-
ferences in the total number of dendritic branches or
the total number of dendritic terminal points (Additional
file 1, Figure S3, K). The average dendritic lengths of
neurons at somatic depths of less than 100 μm, 100–
150 μm, and more than 100–150 μm were 0.82 ± 0.26,

1.33 ± 0.54, and 1.48 ± 0.68 mm, respectively; further-
more, their total Euclidean distances were 14.65 ± 5.19,
38.77 ± 25.49, and 48.67 ± 30.38 mm, and their total
numbers of dendritic branches were 23.23 ± 8.65,
32.86 ± 20.28, 33.32 ± 19.44, respectively.
To investigate local CRH-CRH connection patterns

within the cortex, we divided CRH-CRH connections
into three types (Fig. 4F, H). Type I consisted of basal-
to-apical connections. Here, somata in layer 2 sent den-
drites downward (the green cell of Fig. 4F, a) that con-
tacted with the upward dendrites (the purple cell of
Fig. 4F, a) from the somata in layer 3 (as shown in the
red dotted box of Fig. 4F, a, b). Type II consisted of
basal-to-somatic connections (as shown in the yellow-
dotted box of Fig. 4Gc, d). In layer 2–3, a soma in the
upper layer sent dendrites downward (as shown in
Fig. 4G, c, red cell), and the end of one branch (Fig. 4G,
d red arrows) was in contact with an adjacent lower cell
body (Fig. 4G, c, orange cell; Fig. 4G, d, orange arrows).
Type III consisted of basal-to-basal connections
(Fig. 4G, c, e; Fig. 4H, f, green-dotted box). Two cell
bodies in layers 2–3 sent dendrites downward, and the
end of one branch (Fig. 4G, e, red arrows; Fig. 4H, g,
yellow arrows) from the upper soma and the branch
(Fig. 4G, e, orange arrows; Fig. 4H, g, blue arrows) from
the lower soma formed a connection. A common fea-
ture of the three types of connections was that the
fluorescent intensity increased at the contact point, in-
dicating a possible connection of structures (Fig. 4F, b,
G, d and e, and H, g, purple arrows). Examples of type-
II and type-III connections are demonstrated in Add-
itional file 4, Movie 3.

(See figure on previous page.)
Fig. 4 Multiple morphological types of CRH neurons form putative connections in the mPFC. A Overview of reconstructed CRH neurons
including somata (indicated by the purple bodies) and fibers (indicated by the colored lines) from layers 1–4 in a column with a volume of 350 ×
500 × 500 μm in a PrL subregion within the mPFC. B Representation of 67 reconstructed somata and dendrites of CRH neurons arranged along
their somatic depths with respect to the pial surface; the pie chart at the bottom right shows the percentages of neurons distributed at different
somatic depths. C Upper half: Correlation between total dendritic length and somatic depth in PrL neurons (Pearson’s correlation coefficient r =
0.51, P < 0.0001); Lower half: Correlation between total Euclidean distance and somatic depth in PrL neurons (Pearson’s correlation coefficient r =
0.59, P < 0.0001). D Sholl analysis of the dendrites of neurons with somatic depths = 50–100 μm and 100–150 μm illustrating changes in the mean
number of intersections with increasing radial distance from the soma. Inset images show exemplary intersections on two typical neurons (left:
somatic depth = 50–100 μm, right: somatic depth = 100–150 μm) with different somatic depths, n = 15 cells for somatic depths = 50–100 μm and
19 cells for somatic depths = 100–150 μm. E Left: The total dendritic length of CRH neurons with somatic depths < 100 μm showed differences
compared with those with somatic depths = 100–150 μm (one-way ANOVA, multiple comparisons, P = 0.0285) and soma depths > 150 μm (one-
way ANOVA, multiple comparisons, P = 0.0005). Right: The total Euclidean distance of CRH neurons with a somatic depth of < 100 μm showed
differences compared with those with soma depths = 100–150 μm (one-way ANOVA, multiple comparisons, P = 0.0213) and somatic depths >
150 μm (one-way ANOVA, multiple comparisons, P = 0.0001), n = 13 cells for somatic depths < 100 μm, 21 cells for 100–150 μm and 31 cells for >
150 μm. F–H Three types of connections between CRH neurons in the mPFC. F a (reconstructed neurons) and b (original image) show the type-I
connection (the connection site is indicated by the purple arrowhead in the red dotted box). G The yellow-dotted boxes in c (reconstructed
neurons) and d (original image) show the type-II connection (red arrowheads indicate a branch of basal dendrites of one neuron and the orange
arrowhead indicates the cell body of another neuron; the connection site is indicated by the purple arrowhead). Green-dotted squares in c
(reconstructed neurons) and e (original image) showed the type-III connection (red arrowheads indicated a branch of basal dendrites of one
neuron and the orange arrowheads indicate a branch of basal dendrites of another neuron; the connection site is indicated by the purple
arrowhead). H Green-dotted squares in f (reconstructed neurons) and g (original image) also showed the type-III connection (yellow arrowheads
indicate a branch of basal dendrites of one neuron and the blue arrowheads indicate a branch of basal dendrites of another neuron; the
connection site is indicated by the purple arrowhead)
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We next performed immunofluorescent staining to de-
termine the specificity of EYFP-labeled neurons in CRH-
IRES-Cre;Ai32 mice. The results showed that most of
the EYFP-labeled neurons in the mPFC were CRH-
immunoreactive cells (Additional file 1 Figure S3, A–C,
indicated by white arrowheads). We further identified
that these CRH interneurons were GAD67-GFP-positive
neurons (Additional file 1, Figure S3, D-F, indicated by
white arrowheads) by using CRH-IRES-Cre;Ai14;
GAD67-GFP mice. Interestingly, in adult mouse brains,
EYFP-labeled pyramidal neurons were visible in layer 3
or layer 5 of the cortex (Additional file 1 Figure S3, H),
but there were no EYFP-labeled pyramidal neurons on
the 21st day after birth (Additional file 1, Figure S3, G).
These fluorescently labeled pyramidal neurons were not
CRH-immunoreactive cells (Additional file 1, Figure S3,
I), including within their dendrites and spines (Add-
itional file 1, Figure S3, a, indicated by arrowheads). We
also observed that some EYFP-labeled neurite swellings
in layer 1 were also labeled with CRH antibodies (Add-
itional file 1, Figure S3, b, indicated by arrowheads).

Reconstructions and morphological features of CRH
neurons in the PaAp and Pe
Hypothalamic neuroendocrine CRH neurons play an im-
portant role in stress responses, but neurons within dif-
ferent subregions require more detailed morphological
analysis. We chose EYFP-labeled neurons in the PaAP
and Pe to reconstruct their somata and processes
(Fig. 5A, C; Additional file 1, Figure S4, A and B). There
was a noteworthy co-localization pattern (Additional file
1, Figure S4, E–G) for the EYFP-labeled signals and
CRH immunoreactivity in the PaAP. There were vesicu-
lar fluorescent labels (dendritic varicosities) (Fig. 5B, D,
gray reconstructed structures) on the neurites of neu-
rons in both the PaAP and Pe, and they also co-labeled
with CRH immunopositive-structures (Additional file 1,
Figure S4, H, indicated by arrowheads). In terms of their
3D patterns, the somata of some neurons (Fig. 5A, B,
purple reconstructed cell bodies) distributed in the PaAP
sent out fibers rostrally (Fig. 5A, B, red lines), and there
were spaced and small dendritic varicosities (Fig. 5B, b–
d, gray bodies) on these fibers. An example of these
reconstructed cells is shown (Fig. 5B) according to the
primary branches and number of dendritic varicosities,
and there were four distribution patterns of these neu-
rons. Pattern 1 (Fig. 5B, a) consisted of cells that had
two primary branches with the shortest dendritic length
and no varicosities. Pattern 2 (Fig. 5B, b) consisted of
cells that had two primary branches with similar den-
dritic lengths at both ends of the somata and were dis-
tributed almost vertically, and the fibers extending
rostrally had varicosities. Pattern 3 (Fig. 5B, c) consisted
of cells with both ends of the dendrites having

varicosities and the one dendritic branch that was dis-
tributed horizontally was longer and extended rostrally,
whereas the other short branch was distributed verti-
cally. Finally, pattern 4 (Fig. 5B, d) consisted of dendrites
of multipolar cells extending rostrally having varicosities
and being distributed horizontally. The locations of the
reconstructed somata in the PaAP are shown in Add-
itional file 1, Figure S4 A (purple bodies indicated by red
circles).
In the Pe, the reconstructed somata were located in

the lower part of the PaAp and around the 3V (Fig. 5C,
purple bodies; Additional file 1, Figure S4, B, indicated
by red circles). These cells sent out fibers and one or
two of them extended close to the 3V (Fig. 5C, D, red
line). There were large varicosities on the dendrites
(Fig. 5D, gray reconstituted bodies; Fig. 5E, indicated by
white arrowheads) and they terminated (Fig. 5G, indi-
cated by the yellow arrowhead) near the ependymal cell
(Fig. 5G, indicated by the white arrowhead) layer adja-
cent to the 3V. Most of the reconstructed cells within
the Pe were bipolar neurons (Fig. 5D, e, f), and the fibers
extending downward to the 3V had more varicosities
(Fig. 5D, f, g). We further identified the immunopositive
substances contained in these varicosities and found that
there were extentive MAP 2 -immunopositive signals (a
marker of dendrite) in the varicosities (Fig. 5E, indicated
by white arrowheads; Additional file 1, Figure S4, I).
Chromogranin B (ChgB) immunoreactivity (associated
with large dense core vesicles) was also found in the
dendritic varicosities in PaAp (Fig. 5F) and Pe (Add-
itional file 1, Figure S4, J-L) indicating that these varicos-
ities contain a large amount of dense core vesicles.
Interestingly, the ependymal cells adjacent to the 3V
were also found to be ChgB immunopositive (Fig. 5G).
The dendritic varicosities were also stained with Kine-
sins (molecular motors used for intracellular transport
and trafficking) in PaAp (Additional file 1, Figure S4, M-
O) and Pe (Additional file 1, Figure S4, P-R).
Next, we compared the somatic and dendritic parame-

ters of the neurons in the PaAP and Pe and found that
the average volume of the soma in the Pe (951.2 ±
108.3 μm3) was larger than that in the PaAP (640.1 ±
60.4 μm3) (Fig. 5H, P = 0.0119, t = 2.697), and the num-
ber of dendritic varicosities in the Pe (19.4 ± 2.5) was sig-
nificantly greater than that in the PaAP (7.9 ± 1.6)
(Fig. 5I, P = 0.0005, t = 3.974). The total dendritic
varicosities volume (2678 ± 652.3 μm3) (Fig. 5J, P = 0.0003,
t = 4.348) per cell and the average volume of dendritic var-
icosities (153.4 ± 43.1 μm3) (Fig. 5K, P = 0.0047, t = 3.148)
in the Pe were significantly larger than those (468.2 ±
79.2 μm3 and 47.7 ± 5.3 μm3) in the PaAP. We also found
that there was a negative correlation between the number
of dendritic varicosities and the soma volume in the PaAP
(r = − 0.4519, P = 0.0455) (Fig. 5L). There was no
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significant difference in the total dendritic length (PaAP:
455.4 ± 24.1 μm, Pe: 537.5 ± 57.6 μm) (Fig. 5M) or the total
number of dendritic branches (PaAP: 5.4 ± 0.9, Pe: 6.3 ±
1.6) (Fig. 5N) of neurons in the PaAP and Pe. We found
that most (75% in the PaAP and 70% in the Pe) (Fig. 5O,
right half, indicated in the pie chart) of the reconstructed
neurons were bipolar neurons, which were characterized
by the number of primary dendritic branches (Fig. 5O, left
half).
Collectively, these 3D reconstructions of hypothalamic

CRH neurons may be indicative of the transport and
storage of CRH peptides in hypothalamic neurons, as
well as the possible their release sites, such as the third
ventricle. These findings provide a structural basis for
further elucidating the neural circuits and functions of
CRH neurons.

Arborization-dependent dendritic spine characteristics of
CRH neurons
We further detected and analyzed the characteristics of
dendritic spines of CRH neurons. In general, CRH neu-
rons with sparse dendritic branches had less spines.
Consistent with previous studies, mushroom-like and
thin dendritic spines were found in the cortex, hippo-
campus, BST, and CeA (Fig. 6A, B). There were also sev-
eral areas containing CRH neurons with dendritic spines
that have not previously been reported. CRH neurons in
the VMPO and SCN were aspiny with few strong
filopodia-like spines (Fig. 6A, VMPO and SCN, indicated
by arrowheads), the maximum lengths of which reached
5 μm. Furthermore, CRH neurons in the LSD had
mushroom-like spines (Fig. 6B, LSD, indicated by arrow-
heads). CRH neurons with few dendritic branches

appeared to be aspiny, such as bipolar CRH neurons in
the cortex, VMPO, SCN (Fig. 6A), and BST (Fig. 6E),
while CRH neurons with many branches (CRH neurons
showed in Fig. 6B) were spiny. In the BST and CeA, we
further calculated the densities of dendritic spines and
found that CRH neurons in the CeA had more spines
than those in the BST (Fig. 6C, P < 0.0001, t = 5.467, 11
different lengths of dendrites from three mice were cal-
culated). Most oGAD67-GFP-positive CRH neurons in
both the BST (Fig. 6D, a) and CeA (Fig. 6F, b) were
spiny, while aspiny CRH neurons (Fig. 6E) and GAD67-
GFP-negative spiny CRH neurons (Fig. 6c) were also
found in the BST and CeA. Interestingly, by injecting
fluorogold into the mPFC (Fig. 6G) in CRH-IRES-Cre;
Ai32 mice, we found that long-range-projecting CRH
neurons that were co-labeled with fluorogold (Fig. 6H,
d) in the anteromedial thalamic nucleus were aspiny
(Fig. 6e, thin spines indicated by the arrows).

Discussion
During the last few decades, transgenic rodent models
have become powerful tools for studying the distribution
[15, 17, 19] and function [31–34] of CRH neurons in the
brain. In order to probe the morphological characteristics
of CRH neurons at single-cell resolution, we combined
genetic labeling (using transgenic mouse lines) with the
fMOST platform to generate high-resolution imaging
datasets, with which we characterized the morphologies of
distinct CRH neurons distributed in various brain regions
throughout the whole mouse brain.
The robust native fluorescence of each of these re-

porter mouse lines enabled direct visualization of fine
dendritic and axonal structures of labeled neurons,

(See figure on previous page.)
Fig. 5 Reconstructions and morphological features of CRH neurons in the PaAp and Pe. A Three-dimensional distribution of reconstructed whole
morphologies of CRH neurons in the PaAp. The somata are indicated by the purple bodies, the gray bodies indicate the dendritic varicosities, and
the red lines indicate the dendrites; the transparent structure on the left represents the reconstructed 3V. B Four typical reconstructed neurons in
the PaAp. B (a) A bipolar neuron with short dendrites and no varicosities; B (b) a bipolar neuron with varicosities located on the dendrite at one
end of the cell body. B (c) A bipolar neuron with varicosities located on dendrites at both ends of the cell body; B (d) a multipolar neuron with
varicosities located on the dendrites (scale bar = 100 μm). C Three-dimensional distribution of reconstructed whole morphologies of CRH neurons
in the Pe. The somata are indicated by purple bodies, the gray bodies indicate the dendritic varicosities, and the red lines indicate the dendrites;
the transparent structure in the center represents the reconstructed 3V. D Three individual reconstructed neurons in the Pe. D (e) A bipolar
neuron with both ends of dendrites extending to the 3V and with varicosities located on the dendrites at both ends of the cell body; D (f) a
bipolar neuron with one end of the dendrite extending to the 3V and with varicosities located on the dendrite at one end of the cell body; D (g)
shows a multipolar neuron with one dendrite extending to the 3V and with varicosities mostly located on the dendrite at one end of the cell
body (scale bar = 100 μm). E EYFP-labeled varicosities contain MAP 2-immunopositive signals (indicated by the arrowheads, image below is a
magnified image from the dotted box of the upper image, scale bar: 50 μm and 10 μm for the magnified image). F EYFP-labeled varicosities
contain ChgB-immunopositive signals (indicated by the arrowheads in the magnified images from the dotted boxes, scale bar: 50 μm and 10 μm
for the insert). G The dendrite extends to the third ventricle and a large varicosity (indicated by the yellow arrowhead) is attached to the
ependymal cells (indicated by the white arrowhead, scale bar: 10 μm). H–K Statistical results showing the differences of somatic volume (H)
(P = 0.0119), varicosities number (I) (P = 0.0005), total varicosities volume per cell (J) (P = 0.0003), and the average volume of the varicosities (K)
(P = 0.0047) between neurons in the PaAp and Pe. L Correlation between somatic volume and varicosities number of neurons in the PaAp.
Spearman’s correlation coefficient was r = − 0.4519, P = 0.0455. Each point in the scatterplot represents a single cell. M, N There were no
significant differences in dendritic features (M, total dendritic length; N, total number of dendritic branches) of neurons between PaAp and Pe.
ns: not significant. O Comparison of primary dendritic branches and the proportions of bipolar or multipolar cells in the PaAp and Pe. N = 20 cells
for PaAp and 10 cells for Pe
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which has been demonstrated to be useful for mapping
neuronal circuitry, as well as imaging and tracking spe-
cific cell populations [35–37]. We compared the distri-
bution patterns of fluorescent-labeled CRH neurons in
three reporter mouse lines. We found that adult CRH-
IRES-Cre;Ai6 mice showed the highest number of la-
beled neurons in several brain regions (Fig. 1J). Although
the three mouse lines were designed in a similar manner,
the results may have been due to the sensitivity to Cre
and strength of fluorescent reporters. Ai6 reporter lines
are more sensitive to low levels of Cre, leading to a more
thorough identification of Cre-positive populations [35],
and the expression of the enhanced fluorescent protein
ZsGreen1 were more easily to be seen. Another possible

explanation is that Cre-mediated recombination had oc-
curred in more cells in Ai14 or Ai32 reporter lines, but
it was undetected owing to low reporter expression.
Notably, the fluorescent fusion protein, CHR2-EYFP, is
membrane-bound and is therefore distributed along the
plasma membrane of neuronal processes within CRH-
IRES-Cre;Ai32 mice [38, 39], which enables a clear
visualization of the entire neuronal morphology. There-
fore, we utilized CRH-IRES-Cre;Ai32 mice for whole-
brain imaging and reconstructions. Interestingly, a large
number of EYFP-labeled cortical pyramidal neurons was
also observed in adult mice (which has not been re-
ported previously from the onset age of postnatal day
21) (Additional file 1, Figure S3).

Fig. 6 Dendritic spine characteristics of CRH neurons. A The dendritic spine characteristics of aspiny CRH neurons in brain regions of the cortex,
VMPO, and SCN. The thin spines are indicated by the arrows and the filopodia-like spines are indicated by the yellow arrowheads. B The dendritic
spine characteristics of spiny CRH neurons in brain regions of the LSD, hippocampus, BST, and CeA. The thin spines are indicated by the arrows
and the mushroom-like spines are indicated by the white arrowheads. The inserted images are magnified images from the dotted boxes (scale
bar: 50 μm and 5 μm for the inserts). C The difference in dendritic spine density between the BST (n = 11) and CeA (n = 11) (P < 0.0001, t = 5.467).
D (a) The GAD67-GFP-positive CRH neurons in the BST are spiny. a is a magnified image from the dotted box in D. E The aspiny CRH neurons in
the BST. F (b) and (c) The GAD67-GFP-positive (b) and -negative (c) CRH neurons in the CeA are spiny. b and c are magnified images from the
dotted box in F. The inserted images are magnified images from the dotted boxes (scale bar: 50 μm for D and F, 10 μm for E and a–c. and 5 μm
for the inserts). G–H The retrograde-labeled CRH neurons in the AM (H, d) by injecting fluorogold in the mPFC (G) are aspiny (e, the thin spines
are indicated by the arrows). d and e are magnified images (scale bar: 1 mm for G and H, 50 μm for d, and 5 μm for e)
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Next, we focused our analyses of reconstructed neu-
rons mainly in several stress-related regions, including
the mPFC, hypothalamus, amygdala, BST, and hippo-
campus. For example, it has been reported that local
CRH-synthesizing neurons are prominent in the PFC [8,
40–43] and may modulate the activities of pyramidal
neurons [7]. However, until now, the complete morph-
ologies of CRH neurons in the mPFC have rarely been
reported. Here, we reconstructed fluorescent-labeled
CRH neurons in the cortical column in the PrL within
mPFC across layers 1–4 (Fig. 4A). Importantly, we clas-
sified different neuronal types by their soma depths and
arborization patterns (example listed in Fig. 4B). For the
first time, we showed the distribution of CRH neurons
with different morphological types in different cortical
layers. We found there were dense dendrites (Fig. 4A)
with dendritic swellings (Additional file 1, Figure S3, b)
in layer 1 (the soma of which were located in layer 2/3
or layer 4), and that fibers extended to the surface of the
cortex. According to the layer-specific dendritic loca-
tions and their different projection targets, several types
of putative connection patterns between CRH neurons
were identified in the cortex (listed in Fig. 4F–H). Such
a diverse dendritic connection pattern of cortical CRH
neurons may reflect differential innervation of down-
stream output targets (each amplified subfigure shown
in Fig. 4F–H). Therefore, by characterizing their somatic
locations and unique respective local dendritic morph-
ologies of CRH neurons, our present study not only in-
creases our current understanding of the distribution of
CRH neurons, but also enables future studies to further
elaborate upon cell-specific classifications. Taken to-
gether, these findings may help elaborate future func-
tional studies of morphologically diverse CRH neurons
in the PFC.
Importantly, CRH functions as a neuropeptide hor-

mone produced in neuroendocrine neurons in the PVN
and regulates the synthesis and secretion of glucocorti-
coids from the adrenal glands through the action of ad-
renocorticotropic hormone. For the first time, we
reconstructed the intact morphologies of CRH neurons
and their neurite varicosities located within dendrites
(Fig. 5E) in the PaAp (Fig. 5A, B) and Pe CRH neurons
(Fig. 5C, D). In the PaAp, most dendrites with varicosi-
ties projected rostrally (Fig. 5B), while in the Pe, the ends
of the dendrites extended to the third ventricle and the
large varicosities were attached to ependymal cells
(Fig. 5C–D, G). We further identified that these den-
dritic varicosities contained the large dense core vesicle-
associated protein, ChgB, and molecular motors (e.g.,
kinesins) used for intracellular transport and trafficking.
Interestingly, a number of varicosities at the end of a
dendrite located closely to the out layer of ependymal
cells to third ventricle which were ChgB immunopositive

(Fig. 5G). In addition, there were no EYFP-labeled CRH
fibers distributed in the ependymal cells or passed
through the cells. These results suggested that fibers of
CRH neurons in the Pe make direct contacts to epen-
dymal cells and may release to the 3rd ventricle by epen-
dymal cells. Therefore, we speculate that these
endocrine CRH neurons are different from those that
project to the median eminence and that CRH may be
also released by dendrites to other areas of the hypothal-
amus or cerebrospinal fluid to participate in its regula-
tory functions. We further found a negative correlation
between somatic volume and varicosities number in the
PaAp (Fig. 5L). Thus, our reconstructed morphological
characteristics of dendritic varicosities may facilitate fu-
ture classifications (according to different fiber orienta-
tions and varicosities distribution patterns) of
hypothalamic CRH neurons and advance our under-
standing of their potentially diverse functions.
The reconstructed CRH neurons in different brain re-

gions showed diverse distribution patterns and morph-
ologies (Fig. 3a–h). We found that some neurons shared
a common bipolar shape across various brain regions
(Fig. 3i), especially in the hypothalamus (75% in the
PaAp, 100% in SCN) and cortex. It has been reported
that parvocellular CRH neuroendocrine neurons typic-
ally have two relatively thick primary dendrites that ex-
tend from opposite sides of the soma in a bipolar
arrangement and branch once [44, 45]; furthermore, bi-
polar cells are commonly found in the cortex [12, 46,
47]. Thus, our present study in CRH-reporter mice is
consistent with these previous studies and is the first to
describe the specific neural structures of these CRH neu-
rons, such as the different types of connections between
CRH neurons in the mPFC, as well as the intact morph-
ologies of dendritic varicosities in hypothalamic CRH
neurons. Such simplified branching properties of these
CRH neurons in the hypothalamus may be conducive to
their endocrine functions. Among all the reconstructed
CRH neurons across different brain regions, their
somata had different sizes (Fig. 3j), with somata in the
LSD, VMPO, and hippocampus being larger than those
in the PaAp, Pe, and SCN. Also, we found differential
dendritic branch complexities across these regions. For
example, CRH neurons in the mPFC, LSD, and hippo-
campus all exhibited more complex dendritic morpholo-
gies compared to those in the PaAP, Pe, and SCN
(Fig. 3k–l). Hupalo et al. demonstrated that chemoge-
netic activation of caudal but not rostral dmPFC CRH
neurons potently impaired working memory, whereas in-
hibition of these neurons improved working memory
[29]. In addition, CRH acts in the medial septum to im-
pair spatial memory [48] and acts in the BNST to par-
ticipate in stress-induced maladaptive behaviors [49].
However, the functions of CRH in the OB, SCN, and
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VMPO remain unclear. Therefore, our current study
may provide a detailed morphological basis for future
functional-based studies on CRH neurons in these dif-
ferent brain regions. Interestingly, the PaAP, Pe, and
SCN are all contained within the hypothalamus, and
CRH neurons in these regions had smaller somata and
exhibited more prevalent bipolar branching patterns
compared to those of other brain regions analyzed in
our present study. In the PVN, CRH neurons have been
identified as parvocellular cells [44, 50]. We found that
the mean somatic volume of CRH neurons in the Pe was
larger than that of CRH neurons in the PaAP (Fig. 5H).
Hence, we speculate that these data may be indicative of
two different types of CRH endocrine neurons within
the hypothalamus. Collectively, our quantitative analysis
of these reconstructions demonstrates a region-specific
diversity of CRH neurons in terms of both somatic size
and branching complexity.
Dendritic spines are conventionally believed to be

largely absent from inhibitory neurons. Previous studies
by other groups and our previous research have shown
that CRH neurons are GABAergic neurons that are lo-
cated in many different brain regions, such as in the cor-
tex [30] and hippocampus; furthermore, CRH neurons
are usually aspiny, while some long-range projecting
CRH neurons in the BST and CeA have been reported
to have spines [38]. In our present study, the
arborization-dependent pattern of dendritic spines of
CRH neurons was detected where the most sophisticated
types of spines in the extended amygdala (BST and CeA)
and the simplest one in the hypothalamus (VMPO and
SCN). Interestingly, while spiny GABAergic CRH neu-
rons in the BST and CeA were confirmed, aspiny CRH
neurons were also found in these areas.

Conclusions
In summary, in the present study, we generated high-
resolution imaging datasets to characterize, at single-cell
resolution, the fine morphologies of CRH neurons dis-
tributed in diverse brain regions. Such region-specific re-
constructions of intact morphologies of CRH neurons
may help in further elucidating both CRH-mediated
physiological functions in various brain circuits and the
associations of their dysfunction in various neuropatho-
logical diseases.

Methods
Animals
CRH-IRES-Cre (B6(Cg)-Crhtm1(cre)Zjh/J; stock number:
012704), Ai6 (B6.Cg-Gt (ROSA)26Sortm6(CAG-Zs-

Green1)Hze/J; stock number: 007906), Ai14 (B6.Cg-Gt
(ROSA)26Sortm14(CAG-TdTomato)Hze/J; stock number:
007914), Gad67-GFP, and Ai32 (B6;Cg-Gt (ROSA)26-
Sortm32(CAG-COP4*H134R/EYFP)Hze/J; stock number: 012569)

mice have been described previously [35, 36, 51, 52].
CRH-IRES-Cre, Ai6, and Ai32 mice were purchased
from Jackson Laboratory. Gad67-GFP and Ai14 mice
were obtained from the laboratories of Fuqiang Xu
(WIPM, China) and Minmin Luo (NIBS, China), re-
spectively. All of the mice were bred onto a C57BL/6 J
genetic background. CRH-IRES-Cre;Ai6, CRH-IRES-Cre;
Ai14, and CRH-IRES-Cre;Ai32 mice were derived from
crosses of CRH-IRES-Cre/Ai6, Ai14, and Ai32 geno-
types, respectively. CRH-IRES-Cre;Ai14;Gad67-GFP
mice were derived from crosses of CRH-IRES-Cre;Ai14
and Gad67-GFP genotypes. Male mice at 8–12 weeks of
age were used for experiments. Each group of 3–4 mice
was used for visualizing and quantifying fluorescent-
labeled neurons in three different mouse lines and den-
dritic spines analysis. Three CRH-IRES-Cre;Ai32 male
mice were used for fMOST imaging and neuronal recon-
structions. The mice were housed on a 12-h light/dark
cycle with food and water provided ad libitum. All ani-
mal experiments were performed according to the pro-
cedures approved by the Institutional Animal Ethics
Committee of the University of Science and Technology
of China.

Histology
All histological procedures have been previously de-
scribed [26, 53, 54]. Briefly, for whole-brain imaging,
mice were anesthetized and perfused with 0.01M of
phosphate-buffered saline (PBS; Sigma-Aldrich Inc., St.
Louis, USA), followed by 4% paraformaldehyde (PFA)
and 2.5% sucrose in 0.01M of PBS. The brains were ex-
cised and post-fixed in 4% PFA for 24 h. After fixation,
each intact brain was rinsed overnight at 4 °C in 0.01M
of PBS and was subsequently dehydrated in a graded
ethanol series. Then, the brains were impregnated with
glycol methacrylate (GMA, Ted Pella Inc., Redding, CA)
and embedded in a vacuum oven.
For immunofluorescence and visualizing fluorescent-

labeled neurons in three different mouse lines, the fixed
brains were embedded by agarose and consecutive 50-
or 100-μm-thick coronal sections were collected using a
vibrating microtome (Leica VT1200S, Germany). For im-
munofluorescence, 50-μm-thick sections were washed
three times in PBS (10 min each time) and permeabilized
with 0.3% Triton X-100 for 30 min, followed by incuba-
tion in 5% normal-donkey-serum blocking solution at
room temperature for 1 h. Sections were then incubated
with rabbit anti-CRF (1:2000, Bachem, T4037), rabbit
anti-MAP 2 (1:200, SYSY, 188002), rabbit anti-
Chromogranin B (1:100, Abcam, ab12242), or mouse
anti-Kinesin (1:200, Millipore, MAB1614) primary anti-
body in PBS containing 0.3% Triton X-100 overnight or
for 24–36 h at 4 °C. After washing in PBS, sections were
incubated with Alexa Fluor 594 or 647-conjugated
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donkey anti-rabbit or donkey anti-mouse secondary anti-
body (1:200, Jackson Immuno Research) diluted in 0.1%
Triton X-100 in PBS at room temperature for 2 h. After
washing in PBS, sections were mounted on slides with
antifade mounting medium (Vector Laboratories, Inc.,
H-1000) and stored at 4 °C. For CRH immunofluores-
cence, the mice were colchicine pretreated by intra-
cerebroventricular injection of colchicine (0.2 mg/kg)
and the samples were collected after 48 h. For visualizing
fluorescent-labeled neurons in three different types of
mouse lines and dendritic spines, 100-μm-thick sections
were washed in PBS and mounted on slides. All images
were photographed using an LSM 880 (Zeiss, Germany)
or FV3000 (Olympus, Japan) confocal microscope. Ab-
breviations of brain regions are summarized in Add-
itional file 1, Table S2.

Whole-brain imaging
Whole-brain imaging was performed by the fMOST sys-
tem [26]. Briefly, the immersed samples were fixed on
the imaging plane, and a WVT system automatically
performed the sectioning and imaging to complete the
brain-wide data acquisition. We acquired the data sets
after sectioning at a 1-μm thickness and imaging at a
voxel size of 0.2 × 0.2 × 1 μm or 0.32 × 0.32 × 1 μm. To
enhance the in-focus EYFP signal, we added Na2CO3

into the water bath. Most of the EYFP molecules were
preserved in a nonfluorescent state, rather than directly
damaged, through chromophore protonation during the
resin-embedding procedure. These fluorescent signals
were chemically recovered to the fluorescent state using
0.05M of Na2CO3 during imaging. For the CRH-IRES-
Cre;Ai32 samples, real-time PI staining was performed.

Image preprocessing
The raw data acquired by the fMOST system required
image preprocessing for mosaic stitching and illumination
correction. This process has been described previously
[26]. Briefly, the mosaics of each coronal section were
stitched to obtain an entire section based on accurate
spatial orientation and adjacent overlap. Lateral illumin-
ation correction was performed section by section. Image
preprocessing was implemented in C++ and optimized in
parallel using the Intel MPI Library (v.3.2.2.006, Intel).
The whole data sets were executed on a computing server
(72 cores, 2GHz per core) within 6 h. All full coronal sec-
tions were saved at an 8-bit depth in LZW compression
TIFF format after image preprocessing.

Visualization and reconstruction
We visualized data sets using Amira software (v.5.2.2,
FEI) and Imaris software (v.9.2.1, bitplane, Switzerland)
to generate figures and movies. To process the TB-sized
data on a single workstation, we transformed the data

format from TIFF to the native LDA type using Amira.
The visualization process included extracting the data in
the range of interest, sampling or interpolation, reslicing
the images, identifying the maximum intensity projec-
tion, volume and surface rendering, and generating
movies using the main module of Amira. The segmenta-
tion editor module of Amira was utilized for the manual
outline segmentation of the third ventricle, somata, and
varicosities. We applied the filament editor module of
Amira to trace the morphologies of EYFP-labeled neu-
rons in 3D via a human-machine interaction. The recon-
structed neurons were checked back-to-back by three
individuals. The tracing results with original position in-
formation were saved in SWC format and the results of
the analyses were generated by L-Measure software
(v.5.3).

Statistics
All statistical graphs were generated using GraphPad
Prism v.6.01. Two-tailed Student’s t tests and one-way
ANOVAs, followed by Tukey’s post hoc tests, were also
performed using Graphpad Prism v.6.01 and SPSS (IBM
SPSS Statistics 23). A P < 0.05 was considered to be sta-
tistically significant. All results are presented as the
mean ± standard error of the mean (SEM).
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