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Abstract
Decapod crustaceans, like mammals, retain the ability to make new neurons throughout life. In mammals, immune cells 
are closely associated with stem cells that generate adult-born neurons. In crayfish, evidence suggests that immune cells 
(hemocytes) originating in the immune system travel to neurogenic regions and transform into neural progenitor cells. This 
nontraditional immune activity takes place continuously under normal physiological conditions, but little is known under 
pathological conditions (neurodegeneration). In this study, the immune system and its relationship with neurogenesis were 
investigated during neurodegeneration (unilateral antennular ablation) in adult crayfish. Our experiments show that after 
ablation (1) Proliferating cells decrease in neurogenic areas of the adult crayfish brain; (2) The immune response, but not 
neurogenesis, is ablation-side dependent; (3) Inducible nitric oxide synthase (iNOS) plays a crucial role in the neurogenic 
niche containing neural progenitors during the immune response; (4) Brain areas targeted by antennular projections respond 
acutely (15 min) to the lesion, increasing the number of local immune cells; (5) Immune cells are recruited to the area sur-
rounding the ipsilateral neurogenic niche; and (6) The vasculature in the niche responds acutely by dilation and possibly 
also neovascularization. We conclude that immune cells are important in both neurodegeneration and neurogenesis by 
contributing in physiological conditions to the maintenance of the number of neural precursor cells in the neurogenic niche 
(neurogenesis), and in pathological conditions (neurodegeneration) by coordinating NO release and vascular responses 
associated with the neurogenic niche. Our data suggest that neural damage and recovery participate in a balance between 
these competing immune cell roles.
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TBI	� Traumatic brain injury
THCs	� Total hemocyte counts

Introduction

In the adult mammalian brain, it has been shown that 
immune cells support neurogenesis from neural progenitor 
cells (Smith et al. 2018; Ziv and Schwartz 2008). In deca-
pod crustaceans, hemocytes (blood cells/immune cells) 
actively participate in neurogenesis, influencing the num-
ber of cells in the neurogenic niche (Benton et al. 2014). 
Additionally, hemocytes participate in neurodegeneration 
following injury (Benton et al. 2011; Chaves da Silva et al. 
2010, 2013a); however, it is not known how this affects the 
neurogenic niche containing neural progenitors.

In the crayfish Procambarus clarkii, neural progenitors 
reside in a vascularized niche located on the ventral surface 
of the brain, just beneath the sheath. These niche cells are 
bipolar, with short processes that project to a vascular cav-
ity located centrally in the niche, and long processes that 
extend to neuron clusters 9 and 10 (CL9, CL10) in the brain 
that contain local and projection neurons in the olfactory 
pathway. However, the niche cells do not undergo long-term 
self-renewal, instead having limited numbers of divisions to 
generate (transit-amplifying) daughters that proceed through 
several additional mitoses. Daughter clones migrate together 
along the processes of the bipolar niche cells to the brain cell 
clusters (Brenneis and Beltz, 2019; Sullivan et al. 2007a), 
where they differentiate into local and projection neurons 
(Fig. 1) (Sullivan and Beltz 2005).

In spite of the lack of long-term self-renewal, the neu-
ral progenitor cells are not depleted as crayfish grow and 
age, suggesting that this cannot be a closed system and 
that these must be replenished by a source external to the 
niche (Benton et al. 2013, 2014). In this context, in vitro 
experiments showed that hemocytes express a strong affin-
ity for the niche (Benton et al. 2011). In addition, the num-
ber of cells composing the neurogenic niche in crayfish is 
positively correlated with total hemocyte counts (THCs) 
and can be manipulated by raising or lowering the num-
ber of circulating hemocytes (Benton et al. 2011). Finally, 
when labeled donor hemocytes are transferred to recipient 
crayfish, these can be found in the neurogenic niche as 
well as in CL9 and CL10, where they produce appropriate 
neurotransmitters (Benton et al. 2011; Brenneis and Beltz 
2019). These findings suggest that hemocytes can enter 
the neurogenic niche and transform into neural progenitor 
cells. In insects, hemocytes have also been described as 
contributors to glial repair after selective disruption of 
glial cells in the abdominal nervous connectives, playing 
a critical role in both structural repair and recruitment of 
endogenous reactive cells (Howes et al. 1987; Smith et al. 

1984, 1987). Together, these data provide evidence that 
hemocytes are a source of neural progenitor cells under 
physiological conditions and/or a potential tool to dediffer-
entiate into neural cells during lesion (Smith et al. 1987).

In the crayfish, hemocytes are produced in the hemat-
opoietic tissue (HPT), which can be divided into three 
different regions: posterior HPT, anterior HPT, and the 
anterior proliferation center (APC) (Noonin et al. 2012). 
Data suggest that the APC contains multipotent stem cells 
and has direct access to regions where adult neurogenesis 
occurs (Chaves da Silva et al. 2013a; Noonin et al. 2012). 
Three types of hemocytes are produced by the HPT in 
crayfish (granular, semi-granular, and hyaline), and these 
have been studied due to their key roles in humoral and 
cell-mediated immune responses. Hemocyte activation ini-
tiates a series of events leading to phagocytosis, encapsu-
lation, and secretion of enzymes that eliminate pathogens 
(Hillyer et al. 2010; Lin and Söderhäll 2011; Noonin et al. 
2012; Novas et al. 2004). One of these enzymes is nitric 
oxide synthase (NOS), the enzyme that generates nitric 
oxide (NO) (Johansson and Carlberg 1994; Palumbo 2005; 
Tota and Wang 2005). NO production is among the early 
activation processes in pathogen defense, and this role has 
been conserved over the course of evolution (Palumbo 
2005; Tota and Wang 2005). Under physiological condi-
tions, NO is a messenger molecule that mediates diverse 
functions, such as blood vessel relaxation, immune activ-
ity, and neurotransmission in central and peripheral neu-
rons. However, an excessive production of NO following a 
pathologic insult can lead to neurotoxicity (Beckman and 
Koppenol 1996; Lind et al. 2017).

Following traumatic lesion, NO can have both ben-
eficial and detrimental effects (Beckman and Koppenol 
1996; Lind et al. 2017). In the adult crab Ucides cordatus, 
inducible NOS (iNOS) is produced acutely by hemocytes 
containing granules (semi-granular and/or granular cells) 
as an immune response triggered by traumatic injury of the 
eyestalk, suggesting a signaling mechanism to attract other 
immune cell types that perform defensive roles (Chaves da 
Silva et al. 2010, b) such as phagocytosis of cell debris 
(Smith and Söderhäll 1983; Söderhäll et al. 1986).

In juvenile crayfish P. clarkii, an increase in NOS 
immunoreactivity was observed in the olfactory pathway 
48 h after bilateral ablation of the antennule (Benton et al., 
2007). The antennules contain olfactory receptor neurons 
projecting to the ipsilateral OL (Mellon and Munger 
1990; Sandeman and Denburg 1976; Schmidt et al. 1992; 
Schmidt and Ache 1992, 1996a, b) and the lateral anten-
nular neuropil (LAN) in the deutocerebrum (Harzsch and 
Krieger 2018; Sandeman and Denburg 1976; Schachtner 
et al. 2015; Tuchina et al. 2015; Yoshino et al. 1983). 
Once this olfactory pathway was damaged, NOS increase 
was associated with a reduction in neurogenesis in CL10 
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(Benton et al. 2007). Unilateral amputation of the crayfish 
(Cherax destructor) antennule also causes a reduction in 
the number of local interneurons and projection neurons 
on the ipsilateral side, which is associated with a decrease 
in the volumes of the olfactory and accessory lobes, to 
which these neurons project (Sandeman et al. 1998). Uni-
lateral ablation of a crayfish antennule, therefore, effec-
tively induces a neurodegenerative process.

In previous studies conducted in crayfish, we showed 
that the neurogenic niche is closely associated with the 
vasculature (Chaves da Silva et al. 2012; Sullivan et al. 
2007b), as are niches in the mammalian brain (Doetsch 
et al. 1999; Pathania et al. 2010) where the immune and 
vascular systems are necessary for neuronal generation and 
neural stem cell fate determination (Leiter et al. 2016). In 
addition, the activation of the immune system may regulate 
adult neurogenesis by releasing inflammatory cytokines, 
whereas vasculature may contribute to the neural stem cell 
niche by providing a homing environment for neural stem 
cells (Horgusluoglu et al. 2017; Leiter et al. 2016; Smith 
et al. 2018).

The present study examines how the immune system 
responds to neural injury and the process of neurodegen-
eration, and the relationship of these events to neurogen-
esis in the crayfish P. clarkii. The olfactory lobe (OL) 
receives projections from the antennule and is targeted by 
the processes of CL9 and 10 neurons—the same cell clus-
ters that contain adult-born neurons. A previous study in 
the crayfish C. destructor showed that antennular ablation 
resulted in both neurodegeneration and a later increase in 
bromodeoxyuridine (BrdU)-labeled profiles in CL10 dur-
ing the period when the antennule was being reconstituted 
(Sandeman et al. 1998). This suggested that antennular 
ablation may influence both neurodegeneration and neu-
rogenesis. Thus, the present study investigates the acute 
and short-term effects of unilateral antennular ablation on 
the neurogenic niche, focusing particularly on the role of 
hemocytes and the response of the vasculature.

Materials and Methods

Animals

Adult male and female freshwater crayfish P. clarkii (Mala-
costraca, Decapoda, Astacidae; carapace length 15–20 mm) 
were obtained from Carolina Biological Supply Company 
(Burlington, NC) and maintained at 21 °C in aquaria with 
artificial pond water and a 12:12-h light:dark cycle. Main-
tenance of crayfish was overseen by full-time staff in the 
AALAC-approved Animal Care Facility at Wellesley Col-
lege. All procedures were conducted according to animal 
welfare guidelines.

Antennular Ablation and BrdU Assays

Crayfish antennules are frequently damaged during aggres-
sive displays, and the surgical approach used was intended to 
mimic commonly occurring damage. The antennular flagella 
of juvenile crayfish (n = 5 crayfish per group) were ablated 
unilaterally just proximal to the bifurcation point (Fig. 1e), 
in order to cause a traumatic injury. All injuries were per-
formed on the right side; “ipsilateral” is used throughout to 
refer to the same side as the injury. Brains were dissected 
and assayed immunohistochemically for iNOS, universal 
NOS (uNOS), and glutamine synthetase (GS) at several 
time points after unilateral ablation (15 min, 1 h, 24 h, 48 h, 
5 days). Proliferation of cells in CL9 and CL10 and the 
neurogenic niche were examined at 24 h, 48 h, and 5 days 
after ablation (Fig. 1e-black line); crayfish were incubated 
in the S-phase marker BrdU (Sigma-Aldrich, St. Louis, MO) 
(2 mg/mL artificial pond water) for 24 h before sacrifice 
(Fig. 1e-green line). Unablated animals of the same size 
were used as controls (n = 5). Standard immunohistochemi-
cal methods were used for the detection of BrdU (see 2.4 
below).

Total Hemocyte Count (THC) Following Antennular 
Ablation

Hemolymph was collected from 5 crayfish just prior to 
antennular ablation and at 24 h, 48 h, and 5 days following 
ablation. A 25-gauge 5/8″-long ice-cold needle was used 
to obtain a hemolymph sample. The needle was inserted 
superficially just ventral to the abdominal musculature, to 
the left or right of the abdominal artery. The needle was 
gently removed when approximately 30–40 µL of blood was 
collected in the hub of the needle.

For each sample, 10 µL of hemolymph was pipetted 
immediately into an Eppendorf tube on ice containing 20 
µL of anticoagulant buffer (0.14 M NaCl, 10 mM EDTA, 
30 mM trisodium citrate, 26 mM citric acid, 0.1 M glucose; 
pH 4.6) in order to prevent blood clotting. The buffer and 
plasma solution was then mixed 1:1 (vol:vol) with trypan 
blue in order to label cells. Trypan blue is an azo dye that 
selectively stains dead cells, and was used here so that these 
could be distinguished from live cells during the counting 
procedure. The resulting solution was pipetted into a dispos-
able 4-chip hemocytometer (Bulldog Bio, Inc., Portsmouth, 
NH) and the number of cells counted using standard meth-
ods. Calculations were done to account for the dilution of 
the sample and to represent counts as the number of cells per 
milliliter of hemolymph (the THC). THC after antennular 
ablation was normalized by calculating the percent change 
from pre-ablation THC levels and by presenting these as 
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relative THC values. Results are expressed as mean ± SE 
(24 h: 1.50 ± 0.49; 48 h: 1.20 ± 0.36; 5 days: 0.98 ± 0.06).

Immunohistochemical Protocols

Dissected brains (n = 5 per group) were immersion fixed 
with 4% paraformaldehyde in 0.1 M phosphate buffer (PB; 

20 mM NaH2PO4, 80 mM Na2HPO4; pH 7.4) for 12–24 h 
and then rinsed in PB. Standard immunohistochemical meth-
ods were used to localize specific antigens. Primary antibod-
ies diluted in PB with 0.3% v/v Triton X-100 (PBTx) were 
applied to tissues overnight at 4 °C. The following primary 
antibodies were used to label cells in the neurogenic niche 
and the surrounding region: mouse anti-GS (1:100; Becton 
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Dickinson, Franklin Lakes, NJ) or mouse anti-tyrosinated 
tubulin (1:1000; Sigma-Aldrich, Saint Louis, MO); rat anti-
BrdU (1:50; Accurate Chemical, Westbury, NY); rabbit 
anti-uNOS (1:200; Affinity BioReagents, Golden, CO); and 
rabbit anti-iNOS (1:100; Sigma-Aldrich, Saint Louis, MO). 
After primary antibody incubations and rinses in PBTx, tis-
sues were incubated in the complementary secondary anti-
bodies overnight at 4 °C: goat anti-rat Alexa 488; goat anti-
mouse Alexa 649; and goat anti-rabbit Alexa 488 (1:100; 
all from Jackson ImmunoResearch Laboratories, Inc., West 
Grove, PA). After several rinses in PB, brains were stained 
with the nucleic acid marker propidium iodide (PI; 1:100, 
Sigma-Aldrich, Saint Louis, MO), which facilitated counting 
the total number of niche cells. Brains were then mounted 
using Fluoro-Gel (Electron Microscopy Sciences, Hatfield, 
PA) and viewed with a confocal microscope. Some images 
were adjusted for brightness and contrast with Adobe Pho-
toshop 6.0 software (Adobe Systems, CA, USA). Secondary 
antibody specificities were tested by omitting the primary 
antibodies.

Dextran Injections

Fluorescein isothiocyanate (FITC)-conjugated dextran 
3000 MW (Invitrogen, Carlsbad, CA) (400 µL of a 1 mM 
solution in crayfish saline: 205 mM NaCl, 5.4 mM KCl, 
34.4 mM CaCl2, 1.2 mM MgCl2, and 2.4 mM NaHCO3) 
was injected into the pericardial sinus of crayfish in order to 
label the brain vasculature, including that associated with 

the neurogenic niche. Animals (15–20 mm carapace length; 
n = 5 per group) were placed in artificial pond water for 
30 min following injection. The brains were dissected in 
saline and the sheath was preserved in order to maintain the 
vasculature surrounding the niche. The brain was then fixed 
in 4% paraformaldehyde overnight at 4 °C. Using standard 
immunohistochemical techniques, tissues were labeled with 
mouse anti-GS (1:100; Becton Dickinson, Franklin Lakes, 
NJ) followed by overnight incubation in goat anti-mouse 
Alexa 649 (1:100; Jackson ImmunoResearch, West Grove, 
PA) and then stained with the nuclear marker PI.

Electron Microscopy

Dissections of unablated (control) brains (n = 5) were per-
formed in cold crayfish saline. The fixation was done by 
immersion in 4% paraformaldehyde, 2.5% glutaraldehyde, 
and 0.5% tannic acid in PB (pH 7.2) for 2 h. Samples were 
then post-fixed in 1% osmium tetroxide in PB in the dark for 
30 min. Samples were rinsed in PB and stained en bloc in 
1% uranyl acetate overnight, dehydrated in a graded ethanol 
series up to 100%, and embedded in Spurr Resin (Electron 
Microscopy Sciences, Kit #14,300). Following polymeriza-
tion for 12 h at 80 °C, semi-thin sections (400–500 nm) were 
obtained with a Sorvall MT-5000 ultramicrotome (DuPont 
de Nemours, Wilmington, DE), stained with a mixture of 
toluidine blue and borax, and examined with a light and 
fluorescent compound microscope (Zeiss Axioskop 2 micro-
scope equipped with a CCD color camera Evolution™MP; 
Media Cybernetics, Rockville, MD). Ultrathin sections 
(60–70 nm) were then obtained from blocks of interest 
using a RMC MT 6000 ultramicrotome, stained with uranyl 
acetate and lead citrate, and examined with a JEOL 1200 EX 
transmission electron microscope operated at an accelerating 
voltage of 80 kV.

Data Analysis and Statistics

Cell Counting

The number of PI+ cells in the niche and BrdU+ cells in 
CL9 and CL10, the niche, and its vicinity were counted 
from 3D stacks of optical images. A single optical section 
was projected onto the monitor and the labeled cells traced 
onto a transparent sheet. This was repeated for each sec-
tion and the cells were then counted from the transparen-
cies. In order to quantify BrdU+ cells in the vicinity of the 
niche, a circular zone (500 μm diameter) around the niche 
was delimited; the vascular cavity in the niche was consid-
ered the center of the zone. Only BrdU+ cells within the 
selected area were counted (circled in Fig. 3). iNOS− and 
GS+ cells (Figs. 5 and 8) around the neurogenic niche were 
also counted. In this case, fluorescence confocal images 

Fig. 1   Adult neurogenesis in the crayfish (Procambarus clarkii) 
brain. a The neurogenic system in the adult brain is located in the 
deutocerebrum, which contains the olfactory (OL) and accessory 
(AL) lobes. The diagram of the brain shows clusters 9 (CL9) and 10 
(CL10) (green circles), respectively, where later divisions of progeni-
tor cells occur. b Region indicated in the black square in A, show-
ing the OL and AL and the neurogenic niche containing the 1st gen-
eration neural progenitors. Following several divisions in the niche, 
migratory streams, and proliferation zones, daughter cells integrate 
into CL9 and CL10, where they differentiate. c Immunofluorescence 
showing the niche and the migratory streams on the surface of the AL 
labeled immunocytochemically for glutamine synthetase (GS, blue). 
BrdU+ cells (green) were observed in the niche, migratory streams, 
and in the cell clusters. Propidium iodide (PI, red) labels cell nuclei. 
d The neurogenic niche is closely associated with the vasculature. 
This is shown by injecting dextran dye (red) into the cerebral artery 
in order to fill the blood vessels in the brain. The dextran is observed 
in a blood vessel just beneath the niche and in the vascular cavity, 
which is delineated by ELAV immunoreactivity (green), suggesting 
a direct vascular connection to the niche. e Diagram of the crayfish 
P. clarki showing the antennules and the ablation point (arrow). The 
inset shows a higher magnification of the cut region—right below the 
bifurcation. The time points used to analyze the samples after abla-
tion (15  min, 1  h, 24  h, 48  h, 5  days) are shown on the right side 
as well as the BrdU injections performed 24 h before sacrifice (green 
line)—only 24  h, 48  h, and 5  days after ablation. PI (blue). Scale 
bars: c 100 µm; d 20 µm. (Images a and b adapted from Beltz and 
Benton 2017; c and d from Sullivan et al. 2007b)

◂
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at the same magnification were used to count all labeled 
cells in the entire microscopic field, positioning the vascu-
lar cavity in the center of the images. All data are shown 

as mean ± SEM. Comparisons between different groups of 
animals were made by using ANOVA with the Tukey post 
hoc test (for total niche cell counting) and Kruskal–Wallis 
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with Newman–Keuls post hoc test (for BrdU and iNOS 
labeled cells). A value of p < 0.05 was considered statisti-
cally significant.

Analyses of Blood Vessel Changes

The density of dextran-FITC labeling (Fig. 11) was meas-
ured using the program Image J and the percentage of dex-
tran fluorescence was then quantified. The same parameters 
(such as magnification, fluorescence intensity, and binary 
image conversion) were adjusted equally for all images in 
each group, including controls. The blood vessels were 
counted from the ventral to the dorsal surface of the niche 
in brains with intact sheaths (throughout the Z-stack con-
focal image). In order to measure the caliber of the blood 
vessels surrounding niches on both sides of the brain, the 
average of the five largest vessels revealed by the FITC fluo-
rescence in each image was calculated. All data are shown 
as mean ± SEM. Comparisons between different groups of 
animals were made with Kruskal–Wallis nonparametric test, 
followed by Neuman–Keuls post hoc analysis, using Prism 
software (GraphPad Software, San Diego, CA).

Results

Four types of cell counts were used to assess the effects 
of antennular ablation on the immune response and adult 
neurogenesis: (1) The number of BrdU+ cells was quanti-
fied in the neurogenic niche, CL9 and CL10, in order to 
analyze the effect of the ablation on neural proliferation. 
BrdU+ cells in the vicinity of the niche were also examined 
because this region has a close physical relationship with 
the niche and neural progenitor cells are likely to access the 
niche by passing through this area; (2) PI-labeled cells in the 
niche were counted to determine the total number of niche 
cells; (3) The number of iNOS+ cells in the area around the 
niche was quantified as one measure of the immune response 
after ablation; (4) The THC was calculated at various time 
points after antennular ablation, as a second measure of the 
immune response.

Proliferative Cells in the Niche and Brain Clusters 
9 and 10 Decrease Bilaterally After Unilateral 
Antennular Ablation

The crayfish antennule is a structure containing olfactory 
receptor neurons that project to the ipsilateral OL (Mellon 
and Munger 1990; Sandeman and Denburg 1976; Schmidt 
et al. 1992; Schmidt and Ache 1992, 1996a, b), as well as 
mechanoreceptors, statocysts, and nonaesthetasc chemore-
ceptors that project to the ipsilateral lateral antennular neu-
ropil (LAN) in the deutocerebrum (Harzsch and Krieger 
2018; Sandeman and Denburg 1976; Schachtner et al. 2005; 
Tuchina et al. 2015; Yoshino et al. 1983). These pathways 
were examined in the present study.

Cutting the antennular nerve triggers an initial response 
characterized by a reduced volume of the ipsilateral OL due 
to the death of olfactory afferents (Sandeman et al. 1998). In 
the present study, in order to observe the effect of antennular 
ablation on a population of newborn neurons that project to 
the OL, we quantified BrdU+ local and projection neurons 
in CL9 and CL10, respectively, at 24 h, 48 h, and 5 days 
after unilateral ablation (Fig. 2) Following unilateral abla-
tion, the number of BrdU+ cells decreased bilaterally in both 
cell clusters (CL9 and CL10) compared with the control 
group (Fig. 2i-l). However, CL9 showed an earlier response 
(48 h after ablation) than CL10 (Fig. 2i, k). Neither ipsi-
lateral nor contralateral CL10 exhibited statistically signifi-
cant changes in the number of BrdU+ cells until 5 days after 
ablation (Fig. 2j, l). The neurogenic niche contains neural 
progenitor cells, and at any given time 2–4 cells can usually 
be labeled with BrdU, indicating that they are actively in 
the cell cycle. Mitotic divisions of cells next to the vascular 
cavity and of cells within the niche have also been observed 
(Brenneis and Beltz, 2019). Their migrating progeny travel 
along the processes of the niche cells to the proliferation 
zones associated with CL9 and CL10, where the adult-born 
neurons divide again and differentiate. These cells require 
5–7 days to migrate from the niche to CL9 and CL10, where 
they undergo neural differentiation (Sullivan et al. 2007a; 
Benton et al. 2011; Sullivan and Beltz 2005). Since both 
neuron clusters had fewer proliferating (BrdU +) cells after 
antennular ablation (Fig. 2), BrdU+ cells in the neurogenic 
niche were also counted to evaluate whether the ablation 
also caused a change in the number of proliferating neu-
ral precursor cells (Fig. 3). In addition, BrdU+ cells were 
often observed embedded in the connective tissue or blood 
vessels surrounding the niche, and these were also quanti-
fied (Fig. 3f, h). Twenty-four hours after the ablation (see 
Fig. 1e), the number of BrdU+ cells in the niche did not dif-
fer significantly from that in the control; however, there were 
fewer BrdU+ cells surrounding the niche, in the connective 
tissue or within the blood vessels near the niche. Forty-eight 
hours after the ablation the number of BrdU+ cells was 

Fig. 2   The number of BrdU+ cells in CL9 and CL10 decreases bilat-
erally following antennular ablation. a–h BrdU+ (green) cells in CL 
9 and 10 in controls a, b, e, f and 5  days after ablation c, d, g, h, 
i, j Number of BrdU+ cells in the clusters after ablation (24 h, 48 h, 
and 5 days) on the ipsilateral and contralateral side k, l. The number 
of BrdU+ cells decreased in the ipsilateral CL9 i and CL10 j com-
pared with the control groups. Note that the ipsilateral CL10 did not 
exhibit any change in the number of cells until 5 days after ablation. * 
p < 0,05. ** p < 0,005. (n = 5). PI (red) labeled cell nuclei. Glutamine 
synthetase (GS, blue) labels the migratory streams as these enter CL9 
and CL10 (most visible in f). Scale bars: a-h 30 µm

◂
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Fig. 3   The number of 
BrdU+ cells in the neuro-
genic niche and surrounding 
region decreases bilaterally 
after ablation. a Control. The 
neurogenic niche is outlined. b 
24 h after ablation, the number 
of BrdU+ cells (green) in the 
niche ipsilateral to the ablation 
remained similar to the control, 
however, there were fewer cells 
in a measured area surrounding 
the ipsilateral niche (circular 
area indicated in a–d). The 
white line represents the diame-
ter of the circular counting area, 
with the center of the line posi-
tioned on the vascular cavity in 
the niche. c By 48 h after abla-
tion, the number of BrdU+ cells 
was sharply reduced both within 
and surrounding the ipsilateral 
niche, remaining lower for at 
least 5 days post ablation (d). 
Quantitative analyses of the 
number of BrdU+ cells within 
e, g and surrounding f, h the 
niche in the control and lesioned 
animals (24 h, 48 h, and 5 days). 
* p < 0,05. ** p < 0,005. (n = 5). 
GS (blue) labels the niche and 
streams; PI (red) labels cell 
nuclei. Scale bars: a–d 100 µm
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significantly lower both within and surrounding the niche, 
and remained reduced for at least 5 days post ablation. This 
response was observed bilaterally (Fig. 3g, h).

We therefore asked whether the total number of niche 
cells was altered by antennular ablation. On the side ipsilat-
eral to the lesion, niche cell numbers did not differ signifi-
cantly from control (Fig. 4a). On the contralateral side, a 
small increase (10–15%) in niche cell numbers was observed 
that was statistically significant only at 48 h after the abla-
tion, with numbers returning to control values by 5 days 
(Fig. 4b). However, an analysis of both ipsilateral and con-
tralateral niche cell numbers demonstrated no statistical dif-
ference between these (Fig. 4c).

These results show that unilateral antennular ablation 
suppresses neural progenitor cell proliferation bilaterally in 
the neurogenic niche and brain cell clusters during the first 
5 days following ablation (Figs. 2 and 3), while the total 
number of niche cells is relatively stable (Fig. 4).

Antennular Ablation Increases iNOS Labeling 
in the Vicinity of the Neurogenic Niche

According to an earlier study in which the antennule was 
ablated in juvenile lobsters (Homarus americanus) (Benton 
et al. 2007), increased NOS immunoreactivity was observed 
in the brain in the first 2 days following ablation; this study 
used a universal NOS (uNOS) antibody that recognizes all 
three isoforms of NOS. However, the neurogenic niche was 
not the focus of this previous study. In the current study, 
we therefore conducted experiments that aimed to identify 
a specific NOS isoform, inducible NOS (iNOS), which is 
mainly expressed in macrophages, astrocytes, and microglial 
cells upon neurotoxic, traumatic, and inflammatory damage 
(Calabrese et al. 2007). Below, we show the results related 

to the immune response (iNOS labeling) after unilateral 
ablation.

iNOS labeling was observed bilaterally in the area imme-
diately adjacent to the niche at 1 h, 24 h, 48 h, and 5 days 
after ablation (Fig. 5). Unablated (control) animals did not 
show iNOS labeling around the niche (Fig. 5a, f). One hour 
after ablation, the ipsilateral side showed an increase of 
iNOS+ cells around the niche and within the vascular cav-
ity (Fig. 5b, k), whereas the contralateral side showed weak 
labeling around the niche and punctate labeling in the vas-
cular cavity (Fig. 5g, l) compared with the control (Fig. 5a, 
f). We also observed GS+ cells near the ipsilateral niche, 
but iNOS labeling did not colocalize in these cells (see text 
below and Fig. 8). Twenty-four and forty-eight hours after 
ablation, the vascular cavity and a wide area around each 
niche was labeled bilaterally by anti-iNOS, (Fig. 5c, d, h, 
i). The iNOS immunoreactivity was clearly less extensive 
on the contralateral than ipsilateral side 5 days after abla-
tion, suggesting that this begins to subside first on the side 
further from the ablation (Fig. 5e, j). The number of iNOS+ 
cells in the vicinity of the ipsilateral niche was higher than 
the control throughout the experimental period, never re-
establishing the control number of labeled cells (Fig. 6a), 
while the number of iNOS+ cells near the contralateral 
niche increased by 24 h after ablation and control levels 
were re-established by 5 days (Fig. 6b). Additional data are 
provided in Online Resource 1.

Because the number of iNOS+ cells in the vicinity of the 
niche increased bilaterally 24 h after ablation, we reasoned 
that this might be one element in the immune response to 
ablation. We then counted the total number of cells circulat-
ing in the hemolymph, THC, following antennular ablation 
(see Sect. 2.3), since a change in THC would also be an 
expected part of any immune system response. We observed 
that relative THC values (compared with pre-ablation 

Fig. 4   Unilateral ablation does not alter the total number of niche 
cells. a Number of niche cells in the ipsilateral niche (24 h, 48 h, and 
5 days) after ablation. There was no significant difference among the 
time points. b Number of niche cells in the contralateral niche (24 h, 

48 h, and 5 days) after ablation. *p < 0,05. c Number of niche cells on 
both sides were compared at each time point. No significant differ-
ence was observed in the number of niche cells on the ipsilateral and 
contralateral sides
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controls) also increased by 24 h after the lesion, gradually 
returning to control values by 5 days (Fig. 6c). However, in 
the present study, we did not assess whether iNOS+ cells are 
responsible for the increase in THC.

The iNOS labeling also extended to the OL and to clus-
ter 16 (CL16) (Fig. 7), which contains the cell bodies of 
neurons that project to the OL and LAN. CL9 and CL10 
did not show intense iNOS labeling but appear to contain 
scattered individual iNOS+ cells. Fifteen minutes after 
ablation, iNOS+ cells were observed connecting CL16, 
which was not previously known to be involved in neuro-
genesis, to the ipsilateral neurogenic niche (Fig. 7c; see 

also control in Fig. 7b). One hour after ablation, iNOS+ 
cells were found in groups or scattered near the niche 
(Fig. 7e). iNOS+ cells were also noted in the niche 1 h 
after ablation (Fig. 7f, asterisk). Figure 7f also shows 
cells near the niche that are GS+ but iNOS−, indicat-
ing that there are at least two populations of cells around 
the niche within the first hour after antennular ablation: 
GS+/iNOS− and iNOS+. Because GS+ cells around the 
niche did not colocalize with BrdU labeling (Fig. 3b), we 
hypothesize that these cells reach the niche from an exter-
nal source instead of proliferating in the region around 
the niche.

Fig. 5   Antennular ablation 
increases the number of iNOS+ 
cells adjacent to the neurogenic 
niche. a–e Ipsilateral side. f-j 
Contralateral side. a, f Controls. 
b 1 h after ablation iNOS+ 
cells (green) around the niche 
and within the vascular cavity 
(arrow; arrows in a–l indi-
cate the vascular cavity) were 
observed on the side ipsilateral 
to antennular ablation. The con-
tralateral side g showed weak 
labeling around the niche and 
more intense labeling in the vas-
cular cavity compared with the 
control. c, h 24 h after ablation 
the vascular cavity (arrow) and 
a wide area around the niche 
were labeled bilaterally with 
anti-iNOS. d, i 48 h after abla-
tion some niche cells (arrow-
heads in M) as well as the area 
around the niche on both sides 
of the brain were labeled by 
anti-iNOS. iNOS labeling was 
less extensive in the contralat-
eral side 5 days after ablation j 
than 48 h after ablation (i). k, 
l The same region of b and g, 
respectively, showing higher 
magnification images of iNOS 
labeling. m Ipsilateral niche 
48 h after ablation (different 
image than in d and show-
ing only the iNOS channel). 
GS (blue) labels cells in the 
niche and their processes in the 
migratory streams. We can also 
see GS+ /iNOS− cells, possibly 
hemocytes, around the niche; PI 
(red) labeled cell nuclei. Scale 
bars: 50 µm
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GS immunolabeling has been used to identify niche cells 
in P. clarkii (Sullivan et al. 2007b; Zhang et al. 2009). As 
expected, anti-GS antibodies labeled niche cells in the cur-
rent studies. In addition, anti-GS also labeled granular and 
semi-granular hemocytes near the niche, which were evi-
dent 1 h and 24 h after ablation near the ipsilateral niche 
(Fig. 8c, e); this number decreased to control levels by 48 h 
post ablation, which was maintained at the 5 days time point 
(Fig. 8g). However, the contralateral side did not show statis-
tical difference in the number of GS+ cells in the vicinity of 
the niche at any of the time points after ablation (Fig. 8d, f).

These results suggest that the immune response triggered 
by antennular ablation is somewhat lateralized, with more 
dramatic changes ipsilateral to antennular damage, espe-
cially in the first few hours after lesion. This is unlike the 
findings related to neurogenesis reported above, in which 
there was a bilateral suppression of cell proliferation in the 
niche and brain cell clusters following unilateral antennular 
ablation.

uNOS/GS‑Labeled Cells are Associated 
with the Lateral Antennular Neuropil After 
Antennular Ablation

Because mechanoreceptors, statocysts, and nonaesthetasc 
chemoreceptors from the antennule project to the ipsilateral 
LAN in the deutocerebrum (Sandeman and Denburg 1976; 
Schmidt et al. 1992; Schmidt and Ache 1996b; Tuchina et al. 
2015; Yoshino et al. 1983), we asked whether the ablation 
of the ipsilateral antennule would affect the LAN. Also, we 
used a uNOS antibody that recognizes all three isoforms 
of NOS in order to observe whether these cells would be 
labeled similarly to iNOS. Interestingly, antennule abla-
tion did not alter the gross morphological appearance of 

the LAN, however, 15 min after ablation uNOS + (Fig. 9b, 
ci) cells were observed in this region. Because the LAN is 
a synaptic region that does not contain neuronal cell bodies 
and because of the rapidity of their appearance after abla-
tion, it is assumed that the uNOS + cells are associated with 
the vascular/immune system. Further, we observed cells 
labeled with GS, uNOS, and PI within blood vessels dor-
sal to the niche, also suggesting that these cells reach the 
LAN via the circulation (Fig. 9e). One hour after ablation, 
we observed uNOS + labeling colocalized with GS in semi-
granular and/or granular hemocytes around the LAN, which 
is directly associated with the antennules, but (to our knowl-
edge) not with the neurogenic niche. In this case, however, 
the two labels are not in the same cellular domains (Fig. 9d). 
Triple-labeled (GS, uNOS, and PI) cells near the niche were 
also observed (Fig. 9f).

Effect of Antennular Ablation on the Vasculature 
Dorsal to the Niche

A notable feature of the neurogenic niche in the crayfish 
brain is its close relationship with blood vessels, which are 
embedded in the surrounding connective tissue. Evidence 
supports the view that blood vessels, perivascular cells, and 
hemocytes penetrate the connective tissue upon which the 
niche rests (Chaves da Silva et al. 2012). Electron micro-
graphs of cells within the blood vessels located dorsal to 
niche in control crayfish show that these cells can cross the 
vessel lining (Fig. 10) and pass through the connective tissue 
(Fig. 10d, e), potentially gaining access to the niche.

Because we observed a close spatial relationship 
between the neurogenic niche and the vasculature 
(Chaves da Silva et al. 2012; Sullivan et al. 2007b), we 
wanted to visualize the blood vessel network and how 

Fig. 6   The number of iNOS+ cells around the niche and total 
hemocyte counts (THC) increase after ablation. a,b Quantifica-
tion of iNOS+ cells in the vicinity of the niche on the ipsilateral a 
and contralateral b sides (n = 5). See Sect. 2.7 for counting method. 

(*p < 0.05. ** p < 0.005.) c Average relative THCs were calculated for 
each time point (24 h, 48 h, and 5 days). 24 h: mean: 1.50; SE: 0.49; 
48 h: mean: 1.20; SE: 0.36; 5d-mean: 0.98; SE: 0.06). See Sect. 2.3 
for counting method
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it is affected by antennular ablation. Dextran-FITC was 
injected into the dorsal artery of both control and ablated 
animals during the peak iNOS labeling period (1 h, 24 h, 
and 48 h after ablation). Crayfish were killed 30 min after 
dextran injection, and the brains were processed for immu-
nohistochemistry using GS antibody to identify niche cells 
(Fig. 11). In controls, as expected, dextran labeling showed 
a complex blood vessel network surrounding the niche 
(Fig. 11a, ai). However, by one hour after antennular abla-
tion the ipsilateral niche was completely surrounded by a 
much denser system of blood vessels filled with dextran 

(Fig. 11b, e), suggesting that neovascularization or dilation 
of small vessels is occurring in response to the ablation. 
On both ipsilateral and contralateral sides, the region cov-
ered by blood vessels increased in the 24 h following abla-
tion (Fig. 11b, c, e, f). The density of the vascular network 
on both sides returned to control levels by 48 h after abla-
tion (Fig. 11d–f). In order to identify whether the increase 
in the dextran-labeled region was related to blood vessel 
caliber after ablation, we measured the diameter of blood 
vessels (FITC fluorescence) surrounding the neurogenic 
niche in all experimental conditions. The results show 

Fig. 7   iNOS+ cells are found 
in CL16 after antennular abla-
tion. a Schematic diagram of 
the crayfish brain showing the 
LAN and cluster 16 (CL16) 
(black circle). b Control brain 
(unablated) showing the niche 
(arrow) labeled with GS (blue) 
on the surface of the accessory 
lobe (AL). Cells in the neuron 
clusters (CL 9, 10, and 16) are 
labeled with the nucleic acid 
marker PI (red). c 15 min after 
ablation iNOS+ cells (green) 
were observed (arrowheads) 
between CL16 and the ipsilat-
eral neurogenic niche. d iNOS+ 
cells were observed in groups 
near the niche 1 h after lesion. 
e Both iNOS+(green) and 
GS+ (blue) cells were observed 
near the niche (white circle) 1 h 
after lesion. Note that iNOS and 
GS labeling did not colocal-
ize to the same cells. f iNOS+ 
cells (arrows) near or within 
the niche (asterisk) 1 h after 
ablation. Insert shows a high 
magnification of the iNOS+cell 
within the niche and its nucleus 
(PI: red). Note that some 
GS+ cells (arrowheads) are also 
located near the niche. Scale 
bars: b, c 100 µm; d 30 µm; 
e 60 µm; f 15 µm. (Image a 
originally from Sandeman et al. 
1992, Figure 3B on page 309. 
Order license # 4653110596087 
obtained on 08/20/2019)
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Fig. 8   GS+ cells are observed 
near the ipsilateral but not the 
contralateral neurogenic niche 
after antennular ablation. The 
niches and streams are deline-
ated by dotted lines. a, b Con-
trols. c, d 1 h after lesion. Insets 
show higher magnification of 
the granular cells labeled with 
GS (red). 1 h (c) and 24 h (e) 
after ablation there was a sig-
nificant increase in the number 
of GS+ cells on the ipsilateral, 
but not the contralateral, side 
(d, f, respectively). g The graph 
shows the number of GS+ cells 
near the niche on the ipsilat-
eral side. Note that after 24 h 
the number of cells decreased 
and the control level was 
re-established by 5 days after 
ablation. h The contralateral 
side did not show any statistical 
differences from the controls at 
any time point following abla-
tion. * p < 0,05; ** p < 0,005; 
*** p < 0,001. Scale bars: a–d 
50 µm; e, f 100 µm
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that the caliber of blood vessels increased significantly 
by 24 h after ablation and returned to control dimensions 
after 48 h, indicating reversible vasodilation (Fig. 11g, h) 
associated with antennular ablation.

Discussion

In both vertebrates and invertebrates, the production of 
adult-born neurons is regulated by a variety of factors such 
as environmental enrichment, diet, circadian signals, seroto-
nin, and nitric oxide (Abrous et al. 2005; Beltz and Benton 

Fig. 9   uNOS + /GS+ labeled cells are observed in the lateral anten-
nal neuropil (LAN) after antennular ablation. Schematic diagram of 
the crayfish brain showing the LAN and cluster 16 (CL16) shown by 
the black circle (a). b Immunofluorescence for GS (white) and uNOS 
(green) of the ipsilateral hemisphere of the crayfish brain showing 
GS+ /uNOS + cells (area circled with white stippling) 15  min after 
ablation. bi The GS channel of the image in B is separated from the 
other fluorophores. c LAN 1 h after ablation. Note that GS (blue) and 
uNOS (green) colocalize in this region. ci Only the uNOS channel of 
image (c). d Higher magnification of GS+ /uNOS + cells. Insets show 

cytoplasmic granules labeled with uNOS (green), GS (blue) and PI 
(red) although the labels appear to be in distinct cellular domains. e 
Confocal microscopy Z-stack image showing a blood vessel (bounded 
by a dotted line) dorsal to the niche containing GS+ /uNOS + cells. 
ei uNOS channel from image (e). eii GS channel from image (e). f 
Another blood vessel dorsal to the niche with GS+ blood cells inside. 
PI (red). Scale bars: b 50 µm; c 100 µm; d 20 µm; e, f 40 µm. (Image 
a originally from Sandeman et  al. 1992, Figure  3B on page 309. 
Order license # 4653110596087 obtained on 08/20/2019)



Cellular and Molecular Neurobiology	

1 3

2017; Beltz and Sandeman 2003; Ming and Song 2005). In 
vertebrates, traumatic brain injury (TBI) may directly affect 
the proliferation of neural precursor cells (Wang et al. 2016) 
and induce a complex response that disrupts immune sys-
tem homeostasis by releasing inflammatory molecules and 
recruiting immune cells (Carpentier and Palmer 2009). This 
primary immunological effect of injury may be beneficial, 
however, it can also be detrimental, since extreme reactiv-
ity can trigger excessive inflammatory cascades (Dash et al. 
2001; Stoecklein et al. 2012). Some of the delayed responses 
include neovascularization, impaired brain blood flow, glial 
cell dysfunction, and cell degeneration, all of which may 
result in secondary damage (Cernak et al. 2001; Price et al. 
2016; Taber et al. 2006).

Here, we performed unilateral antennular ablation in cray-
fish in order to study the effect of this injury on adult neuro-
genesis, regions targeted by antennular projections, and the 
immune and vascular systems. The antennular nerve con-
tains the primary afferents from olfactory receptors on the 
flagella; all axons from the olfactory sensilla (aesthetascs) 

project to the OL (Mellon and Munger 1990; Sandeman 
and Denburg 1976; Schmidt and Ache 1992). Nonaethetasc 
chemosensory and mechanosensory receptors innervate the 
LAN and medial antennal neuropil (MAN) (Sandeman and 
Denburg 1976; Tuchina et al. 2015). Further, the OL con-
tains projections from neurons in CL9 and CL10 into which 
adult-born neurons are integrated. Our hypothesis therefore 
was that antennular ablation would directly affect CL9 and 
CL10 neurons, as well as the neurogenic niche that generates 
these neurons. Thus, this is an appropriate model to study 
the relationship between neurodegeneration and neurogen-
esis in adult crustacean brains.

Four remarkable events are documented here: (1) Unilat-
eral antennular ablation results in a bilateral suppression of 
neural precursor cell divisions (measured with the S-phase 
marker BrdU) in the neurogenic niche and in both cell clus-
ters that incorporate adult-born neurons (CL9 and CL10); 
(2) At least two types of cells (iNOS+and GS+ /iNOS−) 
near the niche were selectively activated following anten-
nular ablation, with the greatest and most rapid change on 

Fig. 10   Hemocytes have cytoplasmic projections on the luminal of 
blood vessels. a Semi-thin section of the neurogenic niche and the 
vascular cavity (vc) positioned centrally in the neurogenic niche, 
located on the ventral surface of the accessory lobe (AL). Connec-
tive tissue (ct) dorsal to the niche (colorized purple). Note hemocytes 
(arrows) embedded in the ct. b Hemocyte (colorized yellow) within a 
blood vessel (bv) located dorsal to the niche (not shown) with projec-

tions that appear to be inserting into the inner side of the blood vessel 
lining (c, higher magnification of b). d Hemocyte (colorized yellow) 
in the surrounding ct, with a cytoplasmic process extending towards 
the niche. e Higher magnification of d. Double-headed arrow on the 
right side of the image indicates the position of the niche and the AL 
relative to the section. Scale bars: a 20 µm; b 4 µm; c–e 2 µm. (Image 
a from Chaves da Silva et al. 2012)
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Fig. 11   Blood vessels surrounding the neurogenic niche dilate after 
antennular ablation. a–d A vascular net (green) envelops the neuro-
genic niche (blue). ai–di Higher magnification images of a–d. In the 
controls a, ai, dextran labeling (green) shows a complex blood ves-
sel network on the ventral surface of the niche. GS+ niche cells are 
shown in blue. 24 h after ablation, the niche ipsilateral to the antennu-
lar damage (B) was more densely surrounded by blood vessels (B,Bi). 
The vascular network typical of the controls was re-established 48 h 

after ablation on both sides (D,Di). e–f Quantitative analysis of the 
region occupied by blood vessels, presented as a percentage of the 
viewing area (1 h, 24 h, and 48 h). g–h Quantitative analysis of the 
diameter of the five largest blood vessels surrounding the niches was 
calculated for the controls and for each time point following anten-
nular ablation (1 h, 24 h, and 48 h). (n = 5). *p < 0,05; **p < 0,005; 
***p < 0,001. Scale bars: a–d 50 µm
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the side ipsilateral to the ablation; (3) Cells presumed to 
come from the immune system via the circulation are found 
in brain regions that receive inputs from the antennule in 
the first minutes after ablation; and (4) The niche vascu-
lature increases in complexity and blood vessels dilate in 
response to antennular ablation. These immune and vascular 
responses are summarized in Fig. 12. Here, unlike in our 
previous work, the brain was not desheathed during dissec-
tion, and therefore, the vasculature attached to the niche was 
preserved. The advantage is that we could observe the entire 
niche with its associated vasculature, from ventral to dorsal 
surfaces and adjacent areas.

Neurogenesis and Traumatic Injury

In vertebrates, it has been shown that neurogenesis can be 
upregulated in response to different brain insults, including 

TBI (Dash et al. 2001; Harry 2008; Zheng et al. 2013), and 
that newly generated neurons can migrate to the site of dam-
age (Richardson et al. 2007). Several studies using different 
vertebrate models of TBI have demonstrated alterations in 
adult neurogenesis following injury (Robinson et al. 2016; 
Shapiro 2017; Wang et al. 2016). Such alterations include 
increased and/or decreased numbers and survival rates of 
newborn neurons (Robinson et al. 2016; Wang et al. 2016), 
as well as aberrant growth and integration of the newborn 
neurons into existing circuitry (Ibrahim et al. 2016; Robin-
son et al. 2016; Villasana et al. 2015). However, the sever-
ity and/or type and location of injury may impose different 
impacts on neurogenesis (Shapiro, 2017). For example, it 
has been shown that mild TBI does not affect neurogenesis 
with respect to proliferation, migration, or differentiation; 
moderate TBI may promote proliferation of neural stem 
cells without increased neuronal production; and severe TBI 

Fig. 12   Immune and vascular responses of the neurogenic niche after 
antennular ablation. The left side of the image (dark yellow) shows 
the immune and vascular events associated with the neurogenic niche 
on the ipsilateral side of the brain. The right side of the diagram (light 
yellow) shows the side contralateral to the ablation. Every time point 
after ablation is represented in the blue circle for both sides of the 
brain (ipsilateral and contralateral). The light blue (on top) represents 
the acute phase (1 and 24  h) following ablation, and the dark blue 
(on the bottom) represents the longer-term time points (48  h and 5 
days). The scheme of the whole brain is shown in the middle of the 
circle. Ipsilateral response (left side): 1 h after ablation, iNOS+and 
uNOS + /GS+ cells migrate to the niche (Figs.  5, 8, 9) and the vas-

culature dilates (Fig.  11). This response persists until 24  h. Forty-
eight hours after ablation, the population of GS+ cells is reduced in 
number (Fig. 8g), and the vascular response returns to control levels 
(Fig. 11e–g). However, there is still iNOS labeling on the ipsilateral 
side at 5 days post ablation. Contralateral response (right side): the 
immune and vascular responses begin by 24  h after ablation, but 
no GS+ cells are seen (Fig. 7h). Forty-eight hours after ablation the 
region occupied by dextran labeling and the blood vessel diameter 
are at control levels (Fig. 11f, h). No immune cells are observed by 
5  days. The immune and vascular responses are therefore more pro-
nounced on the side ipsilateral to the damage
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promotes increased neurogenesis via all of these pathways 
(Wang et al. 2015).

Among invertebrates, there is very little information on 
the relationship between neurogenesis and injury. Adult 
neurogenesis has been analyzed mainly in arthropods, 
including several species of insects (Cayre et al. 1996) and 
decapod crustaceans (Chaves da Silva et al. 2015; Schmidt 
2007). The relationship between antennule ablation, adult 
neurogenesis, and NO was examined in juvenile lobsters 
(H. americanus) (Benton et al., 2007). These studies sug-
gested that NOS levels in the olfactory pathway increase 
after antennular ablation and (either directly or indirectly) 
suppress neurogenesis among the olfactory projection neu-
rons. However, the neurogenic niche was not the focus of 
this study. Here, we performed unilateral antennular abla-
tion and then observed decreased proliferation in both brain 
cell clusters (CL9 and CL10) that incorporate adult-born 
neurons. Additionally, CL9 was affected first (48 h) on both 
sides of the brain (Fig. 2), while the response of CL10 was 
delayed (by 5 days).

It is known that CL9 and CL10 contain the cell bodies of 
local and projection interneurons, respectively, that project 
to the OL and accessory lobe (AL) (Fig. 1a; terminology of 
Sandeman et al. 1992). Further, axons of the CL10 neurons 
project bilaterally via the olfactory globular tract to neuro-
pil regions in the lateral protocerebrum (Sullivan and Beltz 
2001). We hypothesized that antennular ablation would dis-
proportionately affect CL9 because it contains only local 
interneurons, while CL10 has multiple sources of input that 
might attenuate or delay the effects of injury. Indeed, in this 
study antennular ablation resulted in more rapid and severe 
effects on cell proliferation in CL9 than in CL10.

CL9 and CL10 neurons are generated by a cellular lineage 
beginning with progenitor cells composing the neurogenic 
niche (Sullivan et al. 2007a). According to our results, the 
number of BrdU+ cells in the niche decreased gradually fol-
lowing antennular ablation, which resulted in a significant 
suppression of proliferation by 48 h that was sustained for 
at least 5 days (Fig. 3e, g). However, antennular ablation 
had an even more rapid and severe impact on the number 
of cells surrounding the niche (Fig. 3f, h). Because these 
cells require 5–7 days to complete their migration to the 
proliferation zones (Sullivan et al., 2007a), we suggest that 
the decreasing number of BrdU+ cells in the niche would not 
reduce the number of cells in CL9 and CL10 until day 5 of 
our study, or later. The initial suppression of cell prolifera-
tion observed in CL9 and CL10 therefore must be independ-
ent of the reduction in niche cell proliferation.

BrdU+ cells may reach the area around the niche via the 
cerebral artery that carries cells from the anterior prolif-
eration center (Chaves da Silva et al. 2013b). The APC, as 
mentioned in the Introduction, is a specialized region of the 
hematopoietic system that may provide neuronal stem cells 

for adult neurogenesis (and potentially for other functions 
as well) (Chaves da Silva et al. 2013b; Noonin et al. 2012). 
Here, we suggest that the BrdU+ cells surrounding the niche 
(Fig. 3) come from the immune system—potentially the 
APC—via the circulation, and that their reduced number 
(at 24 h) may be related to the drop in BrdU+ cells in the 
niche at 48 h post ablation.

It has been shown that the number of circulating hemo-
cytes can vary and decreases dramatically during an infec-
tion (Lorenzon et  al. 1999; Persson et  al. 1987; Smith 
and Söderhäll 1983) due to cell recruitment to the site of 
infection. According to Söderhäll et al. (2003), short-term 
responses to injury or infection lead to a reduction of free 
circulating hemocytes followed by compensatory and pro-
portional production of cells, with a continuous release 
from the HPT and migration to the injury/inflammation site 
(Johansson et al. 2000; Söderhäll et al. 2003). In the present 
study, we observed an increase in circulating hemocytes 
24 h after ablation (Fig. 6c), perhaps suggesting that by this 
time point the HPT was activated in order to compensate for 
recruitment of immune cells to the site of antennular injury 
(Johansson et al. 2000; Söderhäll et al. 2003). In future stud-
ies, it will be interesting to examine THC at earlier time 
points following antennal ablation, to assess the time course 
of the anticipated reduction in THC.

A close relationship between the HPT and the generation 
of neural progenitor cells was demonstrated in adult crayfish 
by correlating THC with the total number of cells in the neu-
rogenic niche. These experiments showed that manipulating 
levels of circulating hemocytes resulted in highly predict-
able and rapid changes in the total number of niche cells 
(Benton et al. 2014). In the current experiments, the THC 
was increased by nearly 50% following antennular ablation 
(Fig. 6c), a change that would have correlated in past stud-
ies with a proportional increase in niche cell number. How-
ever, we did not observe any changes in the total niche cell 
count following ablation (Fig. 4). We therefore suggest that 
although antennular ablation activates the hematopoietic 
system, resulting in increased THC, that the newly released 
hemocytes are committed to the site of injury rather than 
to generating new neurons (as observed by the reduction of 
BrdU+ cells around and within the niche) (Figs. 12 and 13).

iNOS Labeling Around the Neurogenic Niche

In vertebrates, NO has been described as a neurogenesis 
modulator, some authors suggest that NO inhibits neurogen-
esis, while others suggest that NO promotes neurogenesis, 
particularly under inflammatory conditions (Carreira et al. 
2012). The target cell type, NO cell source, reactive sta-
tus, timing of synthesis, and concentration are major deter-
minants of NO effects (Cárdenas et al. 2005). Our results 
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suggest that the NO system also exerts powerful control over 
the formation of new neurons in invertebrates.

In the lobster H. americanus, it has already been shown 
that NO participates in the neural response to injury. NOS 
levels increase after antennular ablation in the olfactory 
pathway and are associated with a suppression of neuro-
genesis among the olfactory projection neurons. The direct 
involvement of NO in neurogenesis was demonstrated by 
using the NO donor SNAP and NOS inhibitor L-NAA to 
manipulate NO levels and examine the influence on neu-
ral proliferation (BrdU+ profiles) (Benton et al. 2007). This 
was also confirmed by preliminary results using L-NAA 
obtained in adult P. clarkii (data not shown). Here, we 
observed three important aspects of iNOS immunoreactivity: 
(1) a time-dependent increase in iNOS expression around the 
niche and in the vascular cavity after lesion (Fig. 5); (2) the 
lateralized expression of iNOS 1 h after ablation in cells in 
the vicinity of the niche (Fig. 7); (3) a lack of GS labeling 

in iNOS+ cells, but not in uNOS + cells. Considering that 
iNOS was expressed bilaterally in and around the niche by 
24 h after ablation and that this correlated with the decreased 
numbers of BrdU+ cells surrounding the niche (Fig. 3), we 
hypothesize that iNOS expression may have suppressed the 
proliferation of neural progenitors in the niche by decreas-
ing the number of BrdU+ cells available in the vicinity of 
the niche. It is not known whether immune cells go through 
S-phase prior to integrating into the niche, where the cell 
cycle may be completed, although the current data allude 
to this possibility.

According to our results, the peak in bilateral iNOS labe-
ling was seen between 24 and 48 h after ablation (Fig. 5), 
which is the same time frame for the observed vascular dila-
tion (Fig. 11). However, by 48 h, the vascular response in the 
neurogenic niche returned to that seen in the control animals, 
although intense iNOS labeling in cells around the niche per-
sisted for at least 5 days and was particularly pronounced on 

Fig. 13   The crosstalk between neurodegeneration and neurogen-
esis: What is the effect of unilateral ablation on neurogenesis and 
the immune response in adult crayfish? a The immune response 
(light green square) is ablation-side dependent in the first few hours 
(15  min) after lesion: the unilateral antennular ablation activates 
(green arrow) the hematopoietic tissue (HPT/APC), inducing an 
increase in total hemocyte count (THC). This response is correlated 
with an increase (dark green arrowheads) in the number of iNOS, 
uNOS, and GS+ cells (gray curved arrow) around the neurogenic 
niche on the ipsilateral, but not on the contralateral side (15  min) 
after ablation. Once these cells are activated, they may contribute to 
releasing of nitric oxide (NO), which is hypothesized to cause vaso-

dilation and recruitment of other blood cells. 24 h after ablation, an 
immune response (gray curved arrow) was observed on the contralat-
eral side, although this was not as intense as on the ipsilateral side 
(light green arrowheads). The dark green square (bottom) shows the 
ablation effects on neurogenesis, which is ablation-side independ-
ent. A decrease in BrdU+ cells in and around the niche was observed 
on both sides of the brain (Fig.  3e, f), however, with no significant 
changes in the total number of cells in the niche (Fig. 4). b It is pro-
posed that the immune response to antennular ablation shifts the 
balance such that newly produced hemocytes (immune system), are 
recruited preferentially to the site of Damage & Degeneration (left 
side) rather than to Regeneration & Neurogenesis (right side)
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the side ipsilateral to the ablation, although NO levels were 
not quantified. These results suggest that (1) active mol-
ecules in addition to NO are released by the immune cells or 
in response to NO after antennular ablation; or (2) because 
NO rapidly diffuses (Kelm 1999), its action may have less-
ened over time, as appears to have occurred with the vascu-
lature in both sides of the brain. These features related to NO 
action may contribute to the specific response of the brain 
vasculature after ablation. In the future, we will examine the 
response of the vasculature to antennal ablation in other tis-
sues/locations apart from the brain, to determine whether the 
vascular response extends beyond the brain regions directly 
affected by cutting the antennule. Interestingly, GS+ cells 
found near the neurogenic niche following ablation co-
labeled for uNOS (Fig. 9d) (an antibody that detects the 
three isoforms of NOS) but not for iNOS. This indicates that 
the production of NO by GS+ cells did not occur as a result 
of iNOS activity. It is possible that these cells produce the 
constitutive isoform of NOS via endothelial and/or neuronal 
NOS (eNOS or nNOS, respectively), which in vertebrates 
are related, among other functions, with positive regulation 
of neurogenesis (Jin et al. 2017). According to these data, 
we believe that at least two types of cells were recruited to 
the niche acutely after injury: (1) iNOS+ cells, which may 
induce inflammatory processes (Chaves da Silva et al. 2010, 
2012), and (2) uNOS + /GS+ cells, whose functions in this 
system are not known. It is important to note that, unlike the 
BrdU experiments that show the accumulated labeling over 
a 24-h period, the iNOS and GS labeling represent only a 
snapshot at a specific time. Therefore, dynamic changes in 
the synthesis of these molecules during the sampling period 
may not have been detected.

LAN and Cluster 16

While the olfactory (aesthetasc) afferents in the antennu-
lar nerve project exclusively to the OL, mechanoreceptors, 
statocysts, and nonaesthetasc chemoreceptors project to the 
LAN (Blaustein et al. 1988; Schmidt and Ache 1996a). Fur-
ther, CL16 contains cell bodies that project to both the OL 
and LAN (Arbas et al. 1988). The antennular nerve, OL, 
LAN, and Cluster 16 therefore comprise a major part of the 
neural pathway involving the antennules.

Here, we observed that the ipsilateral LAN and CL16 
were responsive to the injury unilaterally since iNOS+ and 
uNOS+ circulating cells were associated with those regions 
15 min after ablation. Because the antennular nerve is com-
posed of fibers projecting to the LAN, the ablation procedure 
was adequate to trigger an inflammatory response by acti-
vating circulating cells in both the LAN and CL16. These 
results suggest that signaling molecules were retrogradely 
transported to the neuronal somata in CL16 in the first few 

minutes after ablation, even though there were no gross mor-
phological changes observed in the cellular/brain structure.

These data therefore suggest that within minutes of anten-
nular ablation, the targets of the antennular nerve (OL and 
LAN) begin to respond to the injury, as well as those neu-
rons projecting to these regions (CL9, CL10, CL16) that 
may lose their innervation or post-synaptic target as a result 
of the ablation. While the current work has described the 
short-term effects (15 min—5 days) of antennular ablation 
on these regions, it will be interesting in future studies to 
follow the progression of this injury response on a longer 
time scale, as the OL is reconstituted and adult neurogenesis 
re-establishes the numbers of neurons in CL9 and CL10, as 
previously demonstrated by (Sandeman et al. 1998).

Conclusions

Here, we suggest that hemocytes play a key role in both 
neurodegeneration and neurogenesis: in physiological condi-
tions, they maintain the number of niche cells and promote 
neurogenesis, while in pathological conditions (neurode-
generation), they appear to be involved in NO release and 
vascular responses associated with the neurogenic niche, as 
summarized in Fig. 13.

Our data suggest that these processes are co-regulated, 
and that neural damage provokes an immediate suppression 
of neurogenesis in both the neurogenic niche and in CL9 
and CL10 where adult-born neurons differentiate. Because 
hemocytes in crayfish are a source of neural progenitor cells 
as well as agents of immune function, we suggest a bal-
ance between these sometimes competing roles (Fig. 13). 
Our results indicate that tissue damage is the key factor in 
the deployment of hemocytes for injury and repair func-
tions, rather than for neurogenesis. Further clarity regard-
ing the role of the immune system will come with a greater 
understanding of the specific hemocyte types and signaling 
mechanisms that participate in neurogenesis and repair.
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