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ABSTRACT: Implantable devices for continuous release or sensing of specific substances 
inside animal tissues have the potential to facilitate automatization of research on a multitude 
of species. However, injection of implants requires understanding of the species anatomies 
in order to ensure a proper contact with the chosen tissues and prevent damage of internal 
organs. Here, we dive into the unclear aspects of the anatomy of amphipods (Crustacea: 
Amphipoda), one of the most important groups of crustaceans, on the example of morpho-
logically diverse endemic amphipods from Lake Baikal. In particular, we searched for large 
lacunae in frozen sections of a relatively small shallow-water amphipod (~3 cm long) and 
tested the applicability of optical sensors close to the body surface of larger deeper-dwelling 
species (over 6 cm long) with outgrowths of exoskeleton. Apical muscles were found to be 
the most universal site for application of implantable optical sensors not only in smaller 
species but also in larger amphipods. For the cases when the implants should have direct 
contact with animal hemolymph, we identified a suitable large lacuna in the segments 9-10 
on the example of a shallow-water Eulimnogammarus verrucosus. As a by-product, we 
found dorsal carinae of the largest Baikal amphipods of the genus Acanthogammarus to 
contain a significant amount of adipose-like tissue.
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РЕЗЮМЕ: В настоящее время ведётся разработка широкого ряда имплантируемых 
устройств для целевой доставки или непрерывного мониторинга содержания раз-
нообразных веществ в тканях животных, что может способствовать повышению 
автоматизации исследований в области физиологии животных. Однако введение 
имплантов требует понимания анатомии объектов исследования для обеспечения 
его контакта только с выбранной тканью и минимизации вероятности повреждения 
внутренних органов. В контексте введения оптических сенсоров в данной работе 
проведена оценка анатомии амфипод (Crustacea: Amphipoda), одной из наиболее зна-
чимых групп ракообразных, на примере морфологически разнообразных эндемичных 
амфипод озера Байкал. Для этого проведён поиск крупных лакун на криотомных 
срезах тела относительно небольших прибрежных амфипод (длина тела ~3 см). Кроме 
того, проверена применимость оптических сенсоров вблизи поверхности тела более 
крупных видов (длиной более 6 см) с выростами экзоскелета, населяющих большие 
глубины. Установлено, что спинные мышцы являются наиболее универсальной точ-
кой введения имплантируемых оптических сенсоров как для небольших видов, так 
и для крупных амфипод. Для случаев, когда имплант должен иметь прямой контакт 
с гемолимфой, подходящей точкой введения оказалась крупная лакуна в сегментах 
9–10, обнаруженная на примере литорального вида Eulimnogammarus verrucosus. До-
полнительно, в спинном киле двух видов байкальских амфипод рода Acanthogammarus 
было обнаружено значительное количество жироподобной ткани.
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Introduction

Crustaceans are a significant group of in-
vertebrates widespread in both aquaculture and 
natural environments (Rabet, 2021). However, 
comprehensive physiological studies on the mul-
titude of species of economical or environmental 
importance are laborious and time-consuming, 
especially on small crustaceans. Currently, 
various implantable devices are being developed 
and may soon simplify and automatize physi-
ological research on different objects, including 
aquatic animals (Li et al., 2021; Rzhechitskiy et 
al., 2022; Hu et al., 2024; Madhu et al., 2024). 
Relatively simple implants can already be used 
for a slow release of loaded compounds into 
animal tissues (McCallum et al., 2019), which 
offers simplification of experimental treatments 
in ecotoxicological research and may be benefi-
cial for continuous drug or hormone release in 
aquaculture. The implantable microelectronic 
sensors (Sonmezoglu et al., 2021; Gudlaval-
leti et al., 2023) may allow long-term dynamic 
monitoring of critical biochemical parameters 
without the need in repetitive blood samplings 
or similar handling procedures. Another popu-
lar approach for determination of biochemical 
parameters in animal blood or interstitial fluid 
involves implants carrying some sensitive com-
ponents capable of transducing their signal via 
light without microelectronic parts (Kanick et al., 
2019; Ehrlich et al., 2021; Kaefer et al., 2021; 
Shchapova et al., 2022; Ivich et al., 2023). The 
sensitive component can be of various nature 
from fluorescent dyes detecting specific ions to 
larger complexes involving, e.g., aptamers selec-
tively binding certain molecules and requires an 
external device for acquiring and analyzing the 
signal encoded in the light spectrum or temporal 
pattern. The advantages of these optical sensors 
are simple preparation and miniaturization down 
to microns in size, which is especially impor-
tant for small animals such as many species of 
crustaceans.

Introduction and application of the implants 
inside animal tissues requires good understand-
ing of the body structure and its variation during 
movements and depending on the such factors 
as season or sex. This is necessary in order to 
(i) keep the internal organs undamaged during 
the injection and (ii) ensure the proper contact 
with the chosen tissue and preferably only with 

this tissue. The tissue of interest is usually blood/
hemolymph or muscle, and the safe procedure 
for implant injection into either depends on the 
anatomy of the species. Another important factor, 
particularly in the case of microelectronics-free 
sensors, is optical properties of different organs 
since autofluorescence or poor light transmittance 
can significantly complicate the signal acquisi-
tion and analysis in certain body parts.

Amphipods (Crustacea: Amphipoda) are one 
of the most species-rich orders of crustaceans 
with approximately 10,000 species described 
that colonized immense variety of ecological 
niches with mostly benthic forms, benthopelagic 
representatives, some pelagic species, animals 
that flourish in forest litter, and a few species that 
live as commensals or parasites (Ahyong et al., 
2011; Bellan-Santini, 2015; Bhoi et al., 2023). 
The variability in niches dictates a corresponding 
variability in body sizes and forms. A substantial 
part of the possible morphological diversity of 
amphipods in general is nicely represented in 
just one waterbody, ancient Lake Baikal, with 
its over 350 species and subspecies of endemic 
amphipods (Takhteev, 2000; Takhteev et al., 
2015; Drozdova et al., 2020). Most littoral species 
in Baikal are typical benthic forms of variable 
size up to 4 cm long with smooth, protrusion-free 
bodies. However, the bodies of deeper-dwelling 
animals may be much larger and distinguished 
by outgrowths of exoskeleton, such as knolls, 
ridges, carina, spines, denticles, and so forth, 
which are sometimes observed on the sides and 
sometimes on the sagittal dorsal line of all or 
some of the segments (Kozhov, 1963).

The anatomy of amphipods has been the 
subject of extensive research for a long time 
(Schmitz, 1967) with the majority of studies 
focusing on specific organs or systems, such as 
the nervous and excretory systems (Wirkner, 
Richter, 2007; Hyne, 2011; Mekhanikova et 
al., 2012; Ramm, Scholtz, 2017; Wittfoth et al., 
2019). However, most of the studies employed 
tissue dehydration techniques in analyzing 
overall body structure, which could substantially 
reduce the hemolymph-filled spaces between 
the organs during the sample preparation and 
result in the organs becoming more closely 
aligned before sectioning and visualization. 
This can be critical for planning the injections 
of implant that should have the direct contact 
with amphipod hemolymph. Moreover, the 
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information about internal anatomy of larger 
amphipod species, especially the ones carrying 
exoskeleton outgrowths, is almost absent. At 
the same time, we found littoral Eulimnogam-
marus verrucosus (Gerstfeldt, 1858) and other 
amphipods from Lake Baikal to be convenient 
models for developing implantable optical sen-
sors for crustaceans of different sizes (Gurkov et 
al., 2016, 2018; Nazarova et al., 2023).

In this study we aimed at obtaining more 
information about anatomy and optical proper-
ties of different organs for applying implants 
in bodies of endemic amphipods from Lake 
Baikal. In particular, we asked the main ques-
tions whether (i) benthic littoral species have 
significant hemolymph-filled spaces between 
their organs, (ii) optical sensors can be readily 
visualized under the thick exoskeleton of larger 
amphipods and (iii) exoskeleton outgrowths of 
the larger amphipods contain live tissues. The 
last question was raised since the outgrowths 
may be a convenient injection site where the 
implant can be easily found. The first question 
was addressed again on the example of E. ver-
rucosus as one of the largest littoral species, 
while the second and the third were applied to 
deeper-dwelling larger Acanthogammarus vic-
torii (Dybowsky, 1874) and Acanthogammarus 
(Brachyuropus) grewingkii (Dybowsky, 1874) 
with similar morphology.

Material and methods

Animal Sampling and Maintenance
All experimental procedures with amphipods were 

conducted in accordance with the EU Directive 2010/63/
EU for animal experiments and were approved by the 
Animal Subjects Research Committee of the Institute 
of Biology at Irkutsk State University (the protocol 
#10/2022). All studied species are not endangered nor 
protected. The species were determined according to 
the keys by (Bazikalova, 1945; Takhteev, 2000).

Precopulas of E. verrucosus with animal sizes of 
approximately 25–35 mm in length were collected 
using a hand net (kick sampling) in the littoral zone of 
Lake Baikal in the vicinity of the Listvyanka village at 
depths of 0.01–1.2 m. The animals were transported 
to the laboratory and kept in 2.5-L-aquaria with con-
tinuous aeration at approximately 6  °C for several 
days before further procedures. For cryosectioning, 
males and females were separated and frozen in liquid 
nitrogen. Individuals of A. grewingkii (~60–70 mm 
long) were obtained by trawling from 300 to 1450 
m in the Central and Southern basins of Lake Bai-

kal. The animals were frozen in liquid nitrogen for 
cryosectioning or fixed for histological analysis (see 
details below) right after capture. A. victorii (~65–70 
mm long) was sampled by divers near the Bolshie 
Koty settlement on the shoreline of Lake Baikal 
from depths of 8-16 m. The amphipods were kept in 
the laboratory conditions at 4 °C in a 30-L-aquarium 
with constant aeration for 52 days before implanting 
fluorescent sensors or other analyses. The animals 
were fed every two weeks. Lengths of animals from 
rostrum to telson were determined by photos using 
ImageJ v.1.52a (Schneider et al., 2012).

Frozen sectioning and visualization
Five animals of A. grewingkii, five individuals 

of A. victorii and 40 animals of E. verrucosus have 
been used to analyze the anatomy of these species. 
Аmphipods were subjected to frozen sectioning fol-
lowing their shock freezing in liquid nitrogen. On 
the day prior to cryosectioning, the amphipods were 
transferred from liquid nitrogen to a temperature of 
–30 °C in order to facilitate the cutting of samples. 
Before placement in the cryostat, amphipods were 
fixed in a matrix cryotomy medium Tissue-Tek 
O.C.T. Compound (Sakura Finetek, USA) on a 
holder. Longitudinal cryosections (30 μm thickness) 
of amphipods were obtained with HM525 NX cryostat 
(Thermo Fisher Scientific, Germany) at –15  °C. A 
part of the cryosections was stained with hematoxylin 
and eosin as described below (see the next section). 
The cryosections were captured by an EOS 1200D 
camera (Canon, Japan) either alone or in combination 
with a Z16 APO macroscope (Leica Microsystems, 
Germany). Transverse cryosections were obtained by 
cutting the samples with scalpel (without the embed-
ding medium; 1–3 mm thick sections were removed 
at each step) in the direction from the head to the uro-
some and were visualized under an SPM0880 zoom 
stereomicroscope (Altami, Russia); both stages were 
performed at –5 °C. Image correction and, if necessary, 
image stitching were conducted using GIMP v.2.10.20 
(https://www.gimp.org); figures were prepared using 
Inkscape v.1.0.2 (https://inkscape.org). Autofluores-
cence imaging of internal organs and exoskeleton of 
E. verrucosus was performed on transverse cryosec-
tions using a Celena S inverted microscope (Logos 
Biosystems, the Republic of Korea). The obtained 
images are available in the open repository: https://
figshare.com/projects/Anatomy_of_endemic_amphi-
pods_from_Lake_Baikal/223560.

Paraffin sectioning and visualization
Individuals of A. grewingkii (n = 3) and A. victorii 

(n = 4) were fixed prior to histological analysis by the 
following steps. Approximately 0.1 mL of Davidson’s 
solution (ethanol, 95%, 1200 ml; formaldehyde, 37%, 
800 ml; tap water, 1200 ml; glacial acetic acid, 400 
ml) was injected into the central vessel using a medi-
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cal syringe with a 16G (0.6 mm) needle. Immediately 
after the injection, the urosome was excised, and the 
crustacean was fully immersed in Davidson’s solution 
for further fixation. The samples were stored at 25 °C 
for a period of between one day and five months.

Fixed amphipods were divided into segments 
and immersed in Isoprep solution (HP-IS-AL05, 
BioVitrum, Russia) three times for 15 min, after 
which they were placed in paraffin (BioVitrum, Rus-
sia) three times for 30 minutes at 65 °C. The paraffin 
molds were sectioned with a thickness of 6 μm using 
S700 microtome (RWD, China). The sections were 
deparaffinized after three times in xylene for 5 min, 
two times in Isoprep solution for 5 min and placing 
in tap water for 10 min. Finally, the sections were 
stained with hematoxylin and eosin (H&E) with the 
following liquids: solution of Mayer’s hematoxylin 
(HK-G0-DD05, BioVitrum, Russia) for 2–3 min, 
tap water for 5 min, alcohol eosin solution (HK-ES-
BL01, BioVitrum, Russia) for 1 min, 96 % ethanol 
for 5 min, Isoprep two times for 1 min, xylene 5–10 
min and Vitrogel (12-005/250, Biovitrum, Russia). 
The stained sections were observed under upright 
DMLB microscope (Leica Microsystems, Germany) 
equipped with a 20 megapixel digital color camera 
(Lacopa, Russia). Image correction was conducted us-
ing GIMP v.2.10.20 (https://www.gimp.org). Obtained 
images are available in the open repository: https://
figshare.com/projects/Anatomy_of_endemic_amphi-
pods_from_Lake_Baikal/223560.

Preparation and injection of pH sensors
As the model implantable sensor for testing trans-

lucency of A. victorii exoskeleton, we used hydrogel 
fibers carrying the dye seminaphtharhodafluor-1 
(SNARF-1) changing its fluorescence color in response 
to shifts in the solution pH. The sensor was prepared 
by mixing 27.5 μL of 1.2 mg/mL SNARF-1 conjugated 
with dextran (D-3304, Thermo Fisher Scientific, MA, 
USA), 10 μL of distilled water, 30 μL of the solution 
containing 30% acrylamide (A1089, AppliChem, 
Germany) and 0.8% N,N′-methylenebisacrylamide 
(A3636, AppliChem, Germany), 0.5 μL N,N,N′,N′-
tetramethylethylenediamine (Acros-13845, Acros 
Organics, Belgium), and 1 μL of 10% ammonium 
persulfate solution. Once the mixture was combined 
and mixed, it was transferred into glass capillaries 
with an internal diameter of approximately 0.3 mm 
for several minutes. Following polymerization, the 
polyacrylamide gels were manually extracted from the 
capillaries and incubated in distilled water for two to 
five hours to remove any unpolymerized components.

The injection of the gels of approximately 1–2 
mm in length into amphipod tissues was performed 
using 16G hypodermic needles (SF Medical Products 
GmbH, Germany). A piece of thin fishing line was 
used as the plunger to keep the sensor in tissue after 
the needle was introduced and removed.

Spectroscopy of amphipods
All analyses described in this section were 

performed strictly on alive and active individuals 
to imitate the conditions of laboratory physiological 
experiments on the study objects. Sensor fluorescence 
and autofluorescence of E. verrucosus (n = 4) and 
A. victorii (n = 3) were visualized under the Z16 APO 
macroscope (Leica Microsystems, Germany) with a 
fiber spectrometer QE Pro (OceanOptics, FL, USA; 
INTSMA-200 optical slit, 350–1100 nm wavelengths 
range, QP400-2-VIS-NIR optical fiber) attached to the 
photo port for recording the spectra. The red channel, 
which has a peak excitation wavelength of 520 nm 
and a long-pass emission filter transmitting from ap-
proximately 590 nm, was employed for fluorescence 
excitation. The software package Scilab v5.5.2 (https://
www.scilab.org) was employed for analysis of the 
acquired spectra. Individuals of E. verrucosus were 
maintained under the microscope using a thermo-
static chamber containing circulating Baikal water 
at the temperature of 5–8 °C as previously described 
(Gurkov et al., 2018). A. victorii was placed under the 
macroscope in a Petri dish containing Baikal water, 
and the temperature control and water exchange were 
performed manually.

Results

Structure of pereon and pleon of Eulim-
nogammarus verrucosus

In this study, one of the primary goals was 
to assess the natural dimensions of the spaces 
filled with hemolymph between the organs in 
different areas of the littoral amphipod body in 
order to identify the optimal size, shape, and 
possible insertion ways for implants. Specifically 
for this task we utilized native frozen sections 
on E. verrucosus, which has generally smooth 
body but also some spines and setae on pleon.

The typical structure of sexually mature 
adults of E.  verrucosus is shown in Fig.  1. 
Depending on its function, the implant should 
mostly be in contact with muscles or hemolymph, 
and here we focused the analysis around these 
two options.

The muscles on the dorsal part of benthic 
amphipods are typically most convenient for 
injection and visualization of implants, and 
longitudinal sections of E. verrucosus revealed 
that the apical muscles are the largest in the seg-
ments from the sixth to the tenth (Fig. 1A,C). 
Moreover, the cross sections (Fig. 1B) suggest 
the muscles are even more developed slightly 
to the sides from the sagittal body plane, which 
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is supported by H&E staining of the respective 
longitudinal section of E. verrucosus (Fig. 2).

We found a number of significant hemo-
lymph-filled spaces on cryosections of E. ver-
rucosus. Amphipods have a dorsal pulsatile heart 
that is connected to the anterior and posterior 
aortae in the body axis to form the hemolymph 

vascular system. The posterior aorta is con-
nected to the dorsal diaphragm and descends 
into the pereon, or abdomen, as a straight tube 
(Fig. 1D). Together with the diaphragm the apical 
muscles form a lacuna due to their association 
with exoskeleton (Fig. 1D). The hepatopancreas 
ducts are situated in close proximity to the 

Fig. 1. Cryosections of the littoral amphipod Eulimnogammarus verrucosus (n = 32). A — lateral view at 
the anatomical structures of a male; B — transversal section of male pleon at 9th segment; C, E — lateral 
view at the anatomical structures of females at different stages of reproduction; D, F — transversal sections 
of female pereon at 5th and 6th segments respectively at different stages of reproduction. The dashed lines 
on A, C and E show the respective cross sections on B, D and F.
Abbreviations: an — antenna; cs — cardiac stomach; dd — dorsal diaphragm; e — esophagus; h — lumen of the heart; 
hem — hemolymph; hg — hind-gut; hp — hepatopancreas; lp — lipid droplets; mg — mid-gut; nc — nerve cord; m — 
muscle; osv — oocyte in secondary vitellogenesis; ov — ovary.
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intestine, which is located medially, while the 
basal muscles, similarly to the apical ones, are 
also attached to cuticle. From the second to the 
seventh segment, a hemolymph-filled space is 
also formed between the dorsal diaphragm and 
the gut (Fig. 1D). The dorsal diaphragm ceases 
up to the eighth segment. The hepatopancreas is 
composed of four tubules that become thinner 
and terminate approximately at segments nine or 
ten along with the midgut entering the rectum. 
Together, these anatomical features result in the 
formation of a substantial lacuna approximately 
from the anterior part of the eighth to the anterior 
part of the tenth segment (Fig. 1B).

The size of these hemolymph-filled spaces 
was found to be highly dependent on two main 
factors. First, the digestive activity of the indi-
vidual can substantially influence the volume of 
lacuna under the dorsal diaphragm. The second 
factor specifically for females is reproductive 
season. The male reproductive organs, the semi-
nal vesicles, are located under the diaphragm 
from the third to the seventh segment (Fig. 1A). 
In females, oocyte vitellogenesis occurs during 
the reproductive period in the gonads that are 

located in the space between the intestine and the 
diaphragm from the third to the eighth or ninth 
segment (Fig. 1F). Thus, the space decreases sig-
nificantly as the oocytes mature, and the space at 
the ninth segment can also be affected (Fig. 1E).

Interestingly, both males and females of 
E. verrucosus demonstrated accumulations of 
lipid droplets on the hepatopancreas ducts mostly 
during the reproductive season (Fig. 1C,E). The 
droplets are approximately 7–100 μm in diameter, 
vary from having red color to no coloration and 
have no internal structure (Fig. 3). Individual 
analysis revealed that these clusters appear to 
be structurally linked by connective tissue to 
the hepatopancreas ducts and intestine, rather 
than just being adjacent.

Structure of carinae of Acanthogammarus 
amphipods

Optical sensors in deep tissues of amphipods, 
which are significantly larger than E. verrucosus, 
are practically impossible to visualize due to light 
scattering. However, the sensors may still be 
applied close to the surface in muscles or other 
organs. Intriguing body parts in this context 

Fig. 2. H&E stained longitudinal cryosection showing anatomical structures to the side from the sagittal body 
plane of Eulimnogammarus verrucosus.
Abbreviations: an — antenna; ap.m — apical muscles; cs — cardiac stomach; cu — cuticle; h.m — head muscles; m — 
muscles; pl — pleopod.
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Fig. 3. Lipid droplets extracted from Eulimnogammarus verrucosus (n = 3). A — general view of intestine 
with lipid droplets; B — enlarged view of lipid droplets in the connective tissue.

Unfortunately, we were not able to obtain more 
samples of this species for longitudinal section-
ing and had to use to another species of the same 
genus, A. victorii. Histological analysis showed 
the same anatomy of carinae on transverse sec-
tions (Fig. 5C,D) and revealed that the chitinous 
structure separating adipose-like tissue inside 
carina from apical muscles is a simple fold of 
amphipod exoskeleton (Fig. 5A,B).

Optical features of amphipod tissues
The optimal organs for application of optical 

sensors should have minimal autofluorescence 
and maximal translucency of tissues and exoskel-
eton. Since previously we externally observed 
intense autofluorescence of some internal organs 
of E. verrucosus (Shchapova et al., 2019) but the 
current study revealed significant hemolymph-
filled spaces in pereon of the species as potential 
implantation sites, we decided to search for the 
exact sources of autofluorescence using cryosec-
tions. Exoskeleton of the species generally had 
low autofluorescence with exceptions to spines 
and setae on urosome (Fig.  6B). Previously 
we had hypothesized that autofluorescence of 
internal organs was mostly due to intestine 
(Shchapova et al., 2019), but it turned out to be 
also caused by hepatopancreas ducts (Fig. 6A).

Next, in order to evaluate the applicability 
of fluorescent sensors in larger amphipods with 
markedly more substantial exoskeleton, we again 
chose A.  victorii as the species that could be 
relatively easily collected and brought alive to 
laboratory. We visualized filamentous hydrogels 

are various outgrowths of exoskeleton such as 
dorsal carinae. In order to analyze the anatomy 
of deeper-dwelling animals and their carinae 
specifically, we initially chose A.  grewingkii, 
the largest (Takhteev, 2000) amphipod species 
in Lake Baikal (Fig. 4A).

The deep-water species A.  grewingkii is 
several times larger than littoral E. verrucosus 
but has generally similar anatomy despite some 
peculiarities such as large coxal plates with 
projections or highly developed musculature, 
including apical muscles (Fig. 4). The presence 
of carinae, i.e. outgrowths on the dorsal side, is 
one of its distinguishing characteristics, and the 
largest carinae are observed in segments from the 
seventh to ninth. Morphologically at their base the 
carinae are approximately 1 mm thick (Fig. 4B). 
However, anatomically the tissue inside carina 
also covers most of the animal’s dorsal surface 
under its exoskeleton and is separated from api-
cal muscles by another layer of chitinous cuticle 
(Fig. 4C,D). The tissue inside carinae is similar 
to adipose tissue by its histological structure 
(Fig. 4D,E) and seemingly contains some hemo-
cytes, i.e. the immune cells mostly concentrat-
ing in the hemolymph (Fig.  4F). Similarly to 
E. verrucosus, we also observed lipid droplets 
in ovigerous females A. grewingkii (only those 
were subjected to cryotomy), but in this species 
they were located laterally in segments from the 
third to the fifth (Fig. 4B).

The internal chitinous structure on A. grew-
ingkii transverse sections raised the obvious 
question of how it is formed by the exoskeleton. 
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Fig. 4. Anatomy of Acanthogammarus grewingkii. A — general view of fixed Acanthogammarus grewingkii, 
the dashed lines show the cross sections; B — transverse cryosection of the fifth segment of Acanthogam-
marus grewingkii (n = 5); C–F — transverse histological section of the eighth segment of pleon stained with 
H&E (n = 3); C — general view of the eighth segment; D, E, F — general structure of the carina and tissue 
in the carina.
Abbreviations: ct — adipose connective tissue; cu — cuticle; dd — dorsal diaphragm; dl — dorsal longitudinal (apical) 
muscle; fv — fat vacuole; h — lumen of the heart; he — putative hemocyte; lp — lipid droplets; mg — midgut; n — nucleus 
of adipose connective tissue; om — oblique muscle. Scale bars: A — the major scale on the ruler is 1 cm.
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Fig. 5. Anatomy of Acanthogammarus victorii. A — longitudinal histological section of the eighth and ninth 
segments of the pleone stained with H&E (n = 2); B — longitudinal cryosection of the eighth and ninth seg-
ments of the pleone (n = 3); C — transverse histological section of the fifth segment of pereon stained with 
H&E (n = 2); D — transverse cryosection of the fifth segment of pereon (n = 2). The scale bar is identical 
for B and D.
Abbreviations: ct — adipose connective tissue; cu — cuticle; dl — dorsal longitudinal (apical) muscle; m — muscle; 
mg — mid-gut; hp — hepatopancreas.

Fig. 6. Autofluorescence of Eulimnogammarus verrucosus. A — transverse cryosection of the fifth segment 
(n = 8); B — spines (indicated with the arrowhead) and setae on pleon of alive amphipod (n = 3). Overlays 
of red and green fluorescent channels.
Abbreviations: cu — cuticle; dd — dorsal diaphragm; g — gonads; h — lumen of the heart; hem — hemolymph; hp — 
hepatopancreas; mg — mid-gut; m — muscle.

the comparison to the sensor fluorescence. Quan-
titative comparison showed that exoskeleton and 
tissues of E. verrucosus reduced the registered 
sensor fluorescence intensity about three times in 
comparison to free gels, and in case of A. victorii 
the decrease was approximately tenfold. Thus, 
the difference in light transmittance at ~600 nm 

carrying a substantial amount of the pH-sensitive 
fluorescent dye SNARF-1 after injecting them 
under the exoskeleton into the apical muscles 
of both E. verrucosus and A. victorii (Fig. 7). 
Surprisingly, exoskeleton autofluorescence of the 
fifth and sixth segments of not only E. verrucosus 
but also A. victorii was found to be negligible in 
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between two species was indeed substantial but 
the sensor fluorescence was still visible by eye 
and detectable by spectrometer for A. victorii.

Discussion
Implants may have different purposes dictat-

ing their injection sites for either systemic or 
local tissue application. An unexpected finding 
of the study was the observation of numerous 
lipid droplets both in littoral E. verrucosus and 
deep-water A. grewingkii at least in certain condi-
tions (Figs 1, 4), which might be potential sites 
for targeted release of hormones or other hy-
drophobic compounds. Such localized delivery 
may be beneficial for increasing bioavailability 
of these compounds (Shrestha et al., 2014) dur-
ing cultivation or research on amphipods. Even 
a more easily accessible site for slow release of 
hydrophobic compounds specifically in the case 
of Acanthogammarus may be their carinae, as 
we found a substantial amount of adipose-like 
tissue under the dorsal part of their exoskeleton 
(Fig. 4). However, the rate of further diffusion 
from these two types of structures to other tis-
sues is now completely unpredictable and may 
be restricting for such application, especially in 
the case of adipose-like tissue in carinae due to 
the exoskeleton fold partially separating it from 
the rest of the body. The last concern is equally 
relevant for application of implantable sensors 
in carinae of A. victorii and similar species.

Fortunately, we found that implantable opti-
cal sensors can be used even simply in muscles 
of larger amphipods on the example of A. victorii 
(Fig.  7), which is morphologically similar to 
A. grewingkii. Thus, apical muscles on either 
side from the sagittal body plane (Fig. 2,4) can 
be equally used for monitoring of tissue physiol-
ogy both in relatively small amphipods as we 
previously showed for E. verrucosus (Nazarova 
et al., 2023) and in large species as we showed 
here. Moreover, to our experience, these muscles 
are the most realistic site for safe injections into 
even smaller species of ~1 cm long, such as 
adults of important crustacean model Parhyale 
hawaiensis (Dana, 1853) (Paris et al., 2022). If 
such injections are practically feasible, it would 
make apical muscles the most universal site for 
implantation of optical sensors in amphipods of 
different sizes.

However, our main focus with smaller am-
phipods in this study was the search for potential 
sites where the implant may have direct contact 
with hemolymph for most prompt monitoring 
of physiological changes in the organism or 
adjustments with drug release. Previously when 
we injected fluorescent microcapsules into the 
hemolymph of E.  verrucosus (Gurkov et al., 
2016; Shchapova et al., 2019), we supposed that 
the microcapsules mostly settled in the dorsal ves-
sel (or central hemolymph vessel; i.e. heart with 
aortae) and probably numerous smaller lacunae 
between organs, as we relied on most available 

Fig. 7. Fluorescence intensities of the sensory gels containing SNARF-1 in the apical muscles in fifth-sixth 
segments of Eulimnogammarus verrucosus and Acanthogammarus victorii. Each dot represents individual 
amphipod and the lines show medians.
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schematics concentrating around the circulatory 
system (Wirkner, Richter, 2007; Wirkneret et 
al., 2013). Frozen sectioning of E. verrucosus 
showed it is the other way around with the main 
lacunae being much larger than the dorsal vessel, 
and in some cases the microcapsules could have 
been observed previously from those cavities 
and not from the vessel. We found three main 
hemolymph-filled spaces in E. verrucosus: two 
above and under the dorsal diaphragm and the 
united one from the ninth segment where the 
diaphragm ends (Fig. 1). The space under the 
dorsal diaphragm is the least promising in the 
context of optical sensors due to light scattering 
by surrounding organs, intense autofluorescence 
of both intestine and hepatopancreas (Fig. 6), 
variable volume depending on digestive activity 
and oocyte vitellogenesis in females (Fig. 1), as 
well as high risk of damaging the internal organs 
during the injection.

On the contrary, the other two spaces may 
have specific applications defined by their distinct 
features. The space above the dorsal diaphragm 
is relatively small, and there is a risk of damag-
ing the heart during the injection into this space 
(Fig. 6). Thus, large sensors or implants for drug 
release (over ~100 μm in diameter) are hardly ap-
plicable here, but in the case of smaller structures 
such as microcapsules (~4 μm in diameter) this 
dorsal lacuna is even preferred over the dorsal 
vessel since the microcapsules should settle here 
immediately and not distribute further around 
the body so intensely. The microcaplsules are 
sometimes better suited as carriers for specific 
sensors, for example, due to faster response 
times in comparison to hydrogel fibers. The 
transversal sections obtained in this study (Fig. 6) 
also suggest that fluorescent microcapsules in 
the dorsal part of the body should be visualized 
from above the amphipod and not from its side 
as we did previously (Gurkov et al., 2016) since 
in the latter case the light is highly scattered by 
apical muscles. However, due to small size, the 
microcapsules are faster affected by the animal 
immune system (Shchapova et al., 2019) and 
larger sensory implants are usually preferred.

The highest potential for application of dif-
ferent implants specifically in amphipod hemo-
lymph is probably related to the large posterior 
lacuna that was found in the ninth-tenth segments 
of E. verrucosus (Fig. 1). The risk of damaging 
internal organs is minimal with injecting large 

implants (~300 μm in diameter) in this space. The 
only apparent drawback of this site for applica-
tion of optical sensors is high autofluorescence of 
sclerotized armor (Fig. 5) as we briefly mentioned 
previously (Shchapova et al., 2019), but it can 
be avoided by using non-fluorescent sensors or 
complex sensors with infrared excitation and 
visible luminescence (Nazarova et al., 2023).

An unexpected finding of our study that 
deserves further anatomical research was the 
internal fold of exoskeleton separating the 
adipose-like tissue from muscles in the carinae 
of Acanthogammarus amphipods. The overall 
structure resembles by form the hump of camels 
used for nutrient storage (Endo et al., 2000) and 
may have similar function in Baikal amphipods. 
It is yet unclear where the tissues inside carina 
are connected to the rest of the living tissues for 
hemolymph inflow and how those structures of 
carinae develop during ontogeny.

Conclusion

This study resolved the major remaining 
questions about application of implantable 
sensors in amphipods of different sizes. When 
the implants must be in direct contact with 
hemolymph of middle-sized animals similar to 
E. verrucosus (~2–4 cm in length), the injec-
tions can be performed into the large lacuna in 
the ninth-tenth segments if the sensors are large 
(~300 μm thick) or into the lacuna above dorsal 
diaphragm if the sensors should be smaller due 
to any reason (up to ~50 μm). The most univer-
sal implantation site for amphipods of various 
sizes seems to be the apical muscles, specifically 
their parts located laterally from the sagittal 
body plane. Additionally, here we also found 
adipose-like tissue in carinae of A. grewingkii 
and A. victorii separated from apical muscles 
by internal fold of chitinous exoskeleton that 
deserves further anatomical research.
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