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Abstract In crustaceans, the lack of reliable methods
often prevents the determination of individual age. The
quantification of the autofluorescent age pigment, lip-
ofuscin, has revealed promising results in boreal and
tropical species. We studied the presence of morpho-
logical lipofuscin and its possible application as an age
marker in five Arctic and five Antarctic species, com-
prising decapods, amphipods and a euphausiid. Lip-
ofuscin granules were located in the brain, using
confocal fluorescence microscopy, and quantified from
digital images. The pigment was found in 94 of 100 in-
dividuals and in all 10 species, and granules occurred in
easily detectable amounts in 5 species. Two scavenging
amphipod species, the Antarctic Waldeckia obesa and
the Arctic Eurythenes gryllus, revealed the most con-
spicuous and numerous granules. There was a broad,
though weak, correlation of lipofuscin concentration
with individual body size within a species, but not with
absolute body size of one species compared to another.
In larvae of the decapod Chorismus antarcticus, lipofu-
scin accumulation was quantified over the 1st 4 months
after larval release. Morphological lipofuscin is a po-
tential index of age in those investigated species with a
sufficient accumulation rate of the pigment.

Introduction

Individual age is a basic parameter in population dy-
namics, required for calculating growth, mortality,
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productivity, maturation etc. The few attempts to de-
termine age in polar crustaceans (e.g. Bregazzi 1972;
Rakusa-Suszczewski 1982; Gorny et al. 1993; Klages
1993) have predominantly used size-based data, as
crustaceans lack permanent hard structures carrying
potential age markers. The separation of size-frequency
distributions into cohorts is hampered by interference
between age classes and moulting stages (Klages 1993)
and insufficient resolution in long-lived slow-growing
species owing to variation in individual growth (France
et al. 1991). Currently, a promising alternative approach
is to quantify the autofluorescent age pigment, lipofuscin
(Belchier et al. 1994, 1998; Sheehy et al. 1994, 1995,
1996; O’Donovan and Tully 1996).

The existence of morphological lipofuscin (as op-
posed to soluble or extractable age pigments) has been
demonstrated in post-mitotic tissue such as nerve tis-
sue, heart and muscles of various invertebrates and
vertebrates (e.g. Donato and Sohal 1978; Bassin et al.
1982; Hunter and Vetter 1988; Clarke et al. 1990;
Girven et al. 1993). Free radical-induced lipid peroxi-
dation processes are thought to lead to the formation
of lipofuscin (Sohal 1981; Zs-Nagy 1988). Accumula-
tion of the pigment over the lifespan of an individual
appears to be a universal correlate of animal senes-
cence. For crustaceans, a solvent extraction method
(Ettershank 1983, 1984) was used to quantify lipofuscin
in several species (Hirche and Anger 1987; Sheehy and
Ettershank 1988) including the Antarctic krill, Eup-
hausia superba (Ettershank 1983, 1984; Berman et al.
1989, Nicol et al. 1991). Sheehy (1996), however,
demonstrated that soluble autofluorescence bears no
quantitative relationship to lipofuscin. The author
concluded that the histologically based quantitative
method with concurrent visual microscopic verification
of in situ morphological lipofuscin’s fluorescence and
histochemical attributes is the only reliable method for
quantification. Several recent studies have been at-
tempted to assess the applicability of morphological
lipofuscin as an age marker (O’Donovan and Tully
1996; Belchier et al. 1998; Sheehy et al. 1998). Besides



E. superba (Sheehy 1990a), no other species from high
latitudes has been studied until now.

The two major aims of this study are: (1) to investi-
gate the occurrence of lipofuscin in selected polar crus-
tacean species, and (2) to assess the potential of image
analysis of morphological lipofuscin as a quantification
procedure for the age-marker pigment. Five species each
from the Arctic (two amphipod and three decapod
species) and the Antarctic (one amphipod, one eu-
phausiid and three decapod species), covering different
taxa, feeding types and bathymetric distribution ranges,
were examined for the occurrence of lipofuscin and its
age-dependent accumulation.

Materials and methods
Sampling

Specimens from the Antarctic (Table 1) were caught between 170 m
and 2,100 m depth during the expedition ANT XV/3 (EASIZ II,
1998) of R/V Polarstern to the eastern Weddell Sea. Average annual
temperature close to the sea bottom ranges from 0.4°C (Circumpolar
Deep Water) to —1.8°C (Antarctic Surface Water), with seasonal
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variability generally <0.8°C (Hellmer and Bersch 1985; Arntz et al.
1992). Specimens from the Arctic (Table 1) were caught during the
expeditions ARK XIII/1+2 (1997) to the northern Barents and
Greenland Seas, and ARK XV/1 (1999) to the Greenland Sea at
depths between 140 and 5,550 m. Average annual temperatures close
to the sea bottom in these areas are +0.5°C to —1.5°C (Coachman
and Aagard 1979; Loeng 1989) with minimal seasonal variation. All
investigated specimens were fixed in 4% buffered formaldehyde-
seawater solution immediately after sorting the catches, and were
stored in the solution until analysis in summer 1999.

Life maintenance

Several females of Chorismus antarcticus were caught with fertilised
eggs attached to the pleopods in January to March 1998. In Sep-
tember/October 1998, 11 females released zoea I-stage larvae, which
were transferred to 100-ml plastic bottles. The larvae were fed with
live Artemia spp. nauplii and water was replaced every other day.
They were reared at 0+ 0.2°C. At intervals, some larvae were fixed in
4% buffered formaldehyde-seawater solution for lipofuscin analysis.
After 4 months all larvae were fixed, or had died.

Sample preparation

Sex, wet weight and body size were recorded (carapace length
in decapods to the nearest 0.1 mm, and body length from
rostrum to the end of the telson to the nearest millimetre in

Table 1 Species investigated in

the present study. Depth ranges Species Taxonomy Sampling area  Depth range (m) Feeding type
and feeding types are added -
from the literature if available Min. Max.
Arctic
Eurythenes gryllus Lysianassidae s.I., Greenland Sea 0° 6500° Scavenger"
(Lichtenstein, 1822) Amphipoda
Uristes sp. Dana, Lysianassidae s.I., Greenland Sea 5550 Scavenger®
1849 Amphipoda ?
Sabinea Crangonidae, Barents Sea 30 300% Predator®
septemcarinata Decapoda
Sabine, 1821
Sclerocrangon ferox Crangonidae, Barents Sea 1008 1000  Predator®
Sars, 1877 Decapoda
Pandalus borealis Pandalidae, Greenland Sea 150 7008 Predator,
Kroyer, 1844 Decapoda omnivorous
Antarctic
Waldeckia obesa Lysianassidae s.1.,  Weddell Sea 0¢ 900* Scavenger®
(Chevreux, 1905) Amphipoda
Euphausia superba Euphausiidae, Weddell Sea Pelagic  Herbivorous
Dana, 1850 Euphausiacea filterfeeder/
icescraper’
Nematocarcinus Nematocarcinidae, Weddell Sea 600° 2505°¢ Predator,
lanceopes Bate, 1888 Decapoda ) omnivorous®
Notocrangon antarcticus Crangonidae, Weddell Sea 5 1320° Predator,
(Pfeffer, 1887) Decapoda ) omnivorous
Chorismus antarcticus ~ Hippolytidae, Weddell Sea 5 915° Predator,
(Pfeffer, 1887) Decapoda omnivorous

“Personal observations
Arntz and Gorny (1991)
“Barnard and Karaman (1991)
9DeBroyer and Klages (1990)
°Gorny (1999)

{Gorny et al. (1992)

¢Heegard (1941)

"ngram and Hessler (1983)
'Kirkwood and Burton (1988)
JReid et al. (1999)

kWenner (1979)

"Wienberg (1981)
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amphipods and euphausiids). Brains of the investigated species
were prepared for lipofuscin measurement essentially as
described for various decapod species by Sheehy (1989, 1990a)
and Sheehy and Wickins (1994). The brains were dissected and
dehydrated in ascending ethanol concentrations from 70% to
100%. For the larvae of C. antarcticus, complete heads were
embedded due to the small size. Unstained, serial, 6-um resin
(Technovit, Kultzer) sections were prepared following standard
embedding procedures excluding, however, mounting medium.
Figure 1 shows how brains were orientated and serially sec-
tioned.

Fluorescence microscopy

Sections were analysed with an inverted Leica TCS NT confocal
microscope, using 488 nm excitation wavelength of a KrAr laser
(Omnichrome) and a x40 oil immersion lens with a high numer-
ical aperture of 1.25. The sections were additionally viewed using
an HBO 50 mercury lamp and 365 nm, as well as 450-nm exci-
tation filters fitted to the same microscope to assess the colour of
the fluorescence. In decapods, the (posterior) lateral somacluster
of the olfactory lobe was localised (nomenclature after Sandeman
et al. 1992); this is composed of cell bodies of ascending olfactory
projection neurons (Schmidt and Harzsch 1999). Lipofuscin has
proven to be especially dense in this area in decapod crustaceans
(Sheehy 1989, 1990b; Sheehy et al. 1995, 1998). In amphipods, we
identified regions of high lipofuscin density, so far not described
in the literature, and afterwards used them for analysis. In
E. superba, the entire brains were scanned for lipofuscin. Six,
approximately equidistant, sections of the investigated brain areas
were selected for lipofuscin analysis. Digital images of
1,024x1,024 pixels resolution (250x250 um frame area) were re-
corded, applying Kalman averaging of 4 images each to reduce
noise. Photomultiplier intensity, laser power and offset were ad-
justed whenever necessary.

Lipofuscin quantification

Image analysis was carried out using “Image” software (National
Institute of Health). Autofluorescent lipofuscin granules were dis-
criminated using manual greyscale thresholding. The total area

olfactory globular tract
protocerebrum

____— deuterocerebrum
olfactory lobe
oesophageal connective
lateral somacluster

— antenna I+l nerve roots
tritocerebrum

anterior inferior + superior
lateral + medial somaclusters
protocerebrum

optic nerve
deuterocerebrum

tritocerebrum

— tritocerebral connective

1mm

Fig. 1 Schematic views of the brains of a medium-sized a caridean
decapod, and b lysianassoid amphipod. Hatchings mark the tissue
areas used for lipofuscin quantification. Horizontal lines indicate
the planes of sectioning

fraction of lipofuscin granules in the binarised selected area of the
images was calculated by dividing the area of lipofuscin granules by
the total area of analysed tissue, multiplied by 100. Finally, the
geometric average area fraction over all analysed sections per
specimen was computed (which — in line with stereological con-
vention — corresponds to volume fraction in % lipofuscin).

Histochemistry

The characteristic lipophilia of lipofuscin was confirmed in selected
sections of each species by staining with Sudan Black. The resin
sections were rehydrated in graded ethanols (95%, 90%, 80%,
70%) for 2 min each. They were then stained by immersion in a
saturated solution of filtered Sudan B in 70% ethanol for at least
30 min (modified after Romeis 1968 and Sheehy and Wickins
1994). After rinsing excess stain with ethanol and water, the sec-
tions were dried on a heating table for 5 min. The same sections
that had been recorded for lipofuscin autofluorescence were re-
corded digitally for Sudan B staining. Again, no cover glass was
applied.

Results

Morphological lipofuscin was found in 94 of 100 indi-
viduals and in all species (Table 2). Granules were de-
tected in considerable amounts in five of the ten
investigated species, and lipofuscin concentrations ran-
ged from <0.01 to 1% lipofuscin area fraction (ex-
cluding Waldeckia obesa which cannot be directly
compared, see below). The two scavenging amphipod
species, Eurythenes gryllus and W. obesa, revealed the
most conspicuous and largest granules with the most
intense fluorescence. Among the decapod species, com-
paratively high concentrations were found in Notocran-
gon antarcticus, C. antarcticus and Sclerocrangon ferox
(max. 0.2% area fraction). Only single small granules
were discriminated in the amphipod Uristes sp., in the
decapods Pandalus borealis, Sabinea septemcarinata and
Nematocarcinus lanceopes and in the euphausiid Eup-
hausia superba.

In the investigated decapod species, the autofluores-
cent, roundish to irregularly shaped granules of pre-
dominantly 1-5 pum in size were observed in the
posterior lateral somacluster of the olfactory lobe
(Fig. 1), as known from other decapod species. In am-
phipods, lipofuscin granules of comparable shape and
average size but of higher maximum size, probably due
to aggregation, were associated with the anterior inferior
lateral and medial somaclusters (and associated bridge),
and the anterior superior lateral and medial somaclus-
ters (nomenclature after MacPherson and Steele 1980;
Fig. 1). In Eurythenes gryllus, lipofuscin granules con-
centrated in dense aggregations in which single granules
seemed to merge. These aggregations were more or less
evenly distributed over the somaclusters. Granules were
also found in neuropils and nervecords, though in less
dense aggregates. In W. obesa, however, lipofuscin
concentrated in the transition zone between the so-
maclusters and the associated neuropils, and was not
found in the clusters themselves. For analysis, a different
portion of the tissue was therefore selected in this spe-



Table 2 Lipofuscin concentrations in individuals of ten polar
crustacean species: summary of the survey results. Lipofuscin
concentration means and standard deviations of the image analysis
of six brain sections per specimen are given. Maximum sizes and
estimates for maximum ages of the species are added from the
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literature if available [BL body length (Amphipoda, Euphausiacea),
CL carapace length (Decapoda), fe female, ma male, N sample size;
bold type conspicuous concentrations of lipofuscin]. Note that most
estimates of maximum age of species are based on size-data and
should for reasons discussed in the text be interpreted with caution

Species Depth of N Size range Max. size Wet weight Lipofuscin Estimated
sampling analysed in study range concentration range max. age
(m) (mm CL/BL) area analysed (g) (% area fraction)+SD of species
(mm CL/BL) (years)
Min. Max.

Arctic

Eurythenes 2500 3 33 50 1408 0.9 32 0.17+0.04 1.04+021  9(fe)/4(ma)"
gryllus

Uristes sp. 5550 2 5 8 14* 0.005 0.013 <0.01 0.01+<0.01 ?

Sabinea 160 6 8.8 16.4 BL80" 0.8 4.0 0 0.02+ <0.01 4-6*
septemcarinata CL18.0*

Sclerocrangon 160-300 4 12.8 21.7 29.9* 33 11.4 <0.01 0.07+0.03 46"
ferox ) )

Pandalus 300 6 8.1 22.4 25 0.5 8.2 0 0.01+ <0.01 6
borealis

Antarctic

Waldeckia 400-800 32 19 29 334 0.21 0.45 0.44+0.07 2.79+0.61  6(-9)°
obesa

Euphausia 400-1400 6 39 41 70! 0.7 1.0 0 <0.01 6°
superba

Nematocarcinus 1680 7 22.1 29.7 35.0° 4.5 11.1 <0.01 0.01+<0.01 ?
lanceopes

Notocrangon 245440 20 9.5 24.4 27.1° 0.8 12.9 <0.01 0.21+0.04 ?
antarcticus

Chorismus 245440 14 1.8 19.2 21.6° <0.1 5.8 <0.01 0.21+£0.05  7-10F

antarcticus

“Personal observations

®Arntz and Gorny (1991)

“Berman et al. (1989)

dChapelle (1995)

°G. Chapelle, personal communication
{Gorny et al. (1993)

0.030

n=27
r’=0.62

Lipofuscin concentration
(% area fraction)

13 ‘
0 50 Age (days) 100

150

Fig. 2 Relationship between age and lipofuscin in the lateral
somacluster of the olfactory lobe of Chorismus antarcticus larvae.
Means and standard deviations of the image analysis of six brain
sections per specimen are given

cies. This increased absolute values of concentrations
and, thereby, made them incomparable to other species,
but reduced the standard deviation between sections of
one individual. In the euphausiid, lipofuscin neither

®Ingram and Hessler (1983)

"ngram and Hessler (1987) (age at maturity)
'Marschall (1988)

JTeigmark (1983)

“Weslawski (1987)

occurred in somaclusters nor in nerve cords and neu-
ropils in considerable amounts.

In laboratory-reared larvae of C. antarcticus, age-
dependent accumulation of lipofuscin was quantified
over the Ist 4 months after larval release (Fig. 2).
Granules were, however, inconspicuous and compara-
tively small (1-2 pm in diameter, max. 4 um). No lip-
ofuscin was found in freshly released larvae, whereas a
concentration of up to 0.02% area fraction
(SD=0.008% area fraction), an order of magnitude
lower than maximum concentrations found in adults,
was measured in 4-month-old individuals. Within the
analysed age range, a linear regression fits the data
best.

Among the species with considerable amounts of
lipofuscin, small and supposedly young individuals
within a species tended to contain less lipofuscin than
much larger, heavier and supposedly older ones, as
shown for W. obesa, Notocrangon antarcticus and the
protandrous hermaphrodite, C. antarcticus, in Fig. 3.
Within similar sizes, however, different lipofuscin con-
centrations were observed. Among the species with
negligible amounts of lipofuscin, no such trend was
measured. In amphipods, the two larger species con-
tained considerably more pigment than the small spe-
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Fig. 3 Relationship between (a) 4.0 (b) 4.0
body size and body weight, = 3.5 4 35
respectively, and lipofuscin c68 3.0 - T < S 3.0 T
concentration in a, b the 388 2.5 - 5= '§ 2.5
amphipod Waldeckia obesa 2Ey 2.0 - T TT S=E 20 T -ITT T
(n=32), ¢, d the decapod sg¢e 15 - IT 283 15;
Notocrangon antarcticus O 1.0 - ¥¥T -85 10 T
(n=20), and e, f the decapod = 0.5 - T _EFTTFET < 05 R )
Chorismus antarcticus 0.0 0.0 " T
(n=14) (dots females, circles 15 20 25 30 0.1 0.2 0.3 0.4 0.5
males, squares larvae). Body length (mm) Wet weight (g)
Means and standard devia-
tions of the image analysis of (c) 0.30 (d) 0.30
six brain sections per speci-
men are given. Larvae of = 025 T T < 025 T
C. antarcticus were not =68 020 82 020 T
weighed to avoid damage 883 288
ZEE o5 T SEE 015 T
288 283
555 010 - FE5 o TT T
°® 005+ T & 005 - £ 7 I
T
0.00 T T 0.00 LT T
5 10 15 20 25 0 5 10 15
Carapace length (mm) Wet weight (g)
(e) 0.30 ) 0.30
T 0.25 I LT 0.25 I
c8% 020 £L2E 020
= (53
58S 2 S0
SE= 015 SE+ 015
288 288
FE5 0101 :g T Sgm 010 f T
O R © ®
< 0.05 = < 005 T
0.00 Lk S 0.00 S >
0 15 20 0 2 4 6

cies, although it must be noted that the maximum size of
Uristes sp. is not definitely known as yet. Nematocarci-
nus lanceopes, however, with the largest absolute body
size of the investigated decapod species, contained con-
siderably lower lipofuscin concentrations than the
smaller species Notocrangon antarcticus and C. antarc-
ticus. Highest maximum concentrations within a species
were found in female specimens compared to males

(Fig. 3).

Discussion

This study confirms the occurrence of morphological
lipofuscin in polar crustaceans for the first time. All in-
vestigated Arctic and Antarctic species displayed at least
some lipofuscin granules. The granules were conspicu-
ous in five of the ten investigated species, with consid-
erable variability in density and fluorescence intensity
between species. Unlike the lipofuscin distribution in all
decapods investigated so far, lipofuscin in the amphipod
W. obesa did not occur within the somaclusters but be-
tween somaclusters and neuropils. Up to this point we
have no explanation for this phenomenon. Those spec-
imens without obvious pigment granules do not neces-
sarily lack the pigment, but granules may not have been
detectable with the applied methodology. Although we

5 10
Carapace length (mm)

Wet weight (g)

tried to include specimens close to the known maximum
size of the species, age-pigment concentrations ranged
an order of magnitude lower than measured in species
from lower latitudes (Sheehy et al. 1994, 1998; Belchier
et al. 1998).

Lipofuscin has been called a physiological age
marker, associated with “subjective” (life)time passing
at an individual’s or species’ pace, as opposed to ob-
jective time passing at the same pace universally. ““Sub-
jective” time is a function of the metabolic “clock”,
which in turn depends on genetic as well as environ-
mental parameters. Formation and accumulation of
lipofuscin may, therefore, be affected by spatial and
temporal environmental variability (Sheehy et al. 1996).
Temperature has been identified as one of the primary
factors, as metabolic rate increases with temperature.
O’Donovan and Tully (1996), for example, found a
significant difference in lipofuscin accumulation of Eu-
ropean lobsters kept at 8°C and 13°C. Hence, the rate
of formation and accumulation of lipofuscin in polar
crustaceans can be expected to be low compared to
lower latitudes.

Food availability and, therefore, caloric intake are
the second important parameter affecting metabolism
and lipofuscin formation processes. After starvation of
individuals of W. obesa for 64 days, Chapelle et al.
(1994) measured a decrease of oxygen consumption to



60% which, after feeding, went straight up again. These
findings indicate that short-term lipofuscin accumula-
tion rates may vary considerably. On longer time scales,
however, short-term metabolic variability will not affect
overall lipofuscin accumulation rates.

Generally, food availability over the year is lower in
the study areas of this investigation than in shelf areas of
lower latitudes (summarised in Arntz et al. 1992). This,
in combination with low temperatures and, conse-
quently, comparatively low standard metabolism
(Chapelle and Peck 1995), is assumed to lead to the slow
growth and high longevity observed in many polar in-
vertebrates. Slow ageing processes cause low lipofuscin
accumulation rates (Nakano et al. 1995), and hence
the comparatively low observed amounts of lipofuscin
found in this study are not surprising.

Beside environmental variability, genetically deter-
mined factors inherent to a species and/or individual,
such as the activity level or feeding type, can affect
lipofuscin accumulation. Our data, however, are incon-
clusive in this respect. Eurythenes gryllus, for example,
known for its strong swimming ability (Ingram and
Hessler 1987; Hargrave et al. 1995), displays high lipo-
fuscin concentrations whereas Euphausia superba, also
permanently active, lacks conspicuous granules. Look-
ing at feeding types, the scavenging amphipods contain
more lipofuscin than the predatory decapods, as well as
the predominantly herbivorous euphausiid. Obviously,
an insufficient number of species has been investigated
so far to discern a clear pattern. Moreover, we know
little about differences between taxa when regarding
metabolic processes leading to lipofuscin generation.
Hence, the crucial factor causing the pronounced dif-
ferences between species remains unknown.

There are two possibilities for calibrating lipofuscin
concentration against age: (1) analysis of a group of
individuals of known age, covering as much of a species’
lifespan as possible; (2) statistical separation of a lip-
ofuscin-frequency distribution, analogous to the com-
monly used size-frequency distributions, into distinct
groups representing age classes (Sheehy et al. 1998).

For obvious logistic reasons, calibration by an age-
lipofuscin relation is rarely possible in polar species. We
measured age-dependent lipofuscin accumulation di-
rectly in laboratory-reared C. antarcticus larvae over the
Ist 4 months after larval release (11 months after the
eggs have become attached to the pleopods; Gorny et al.
1993). Lipofuscin concentrations were very low and
granules were inconspicuous, as also observed by Sheehy
(1990a) and Sheehy et al. (1994) in Cherax quadrinatus
during the initial months. As in this study, Sheehy
(1990b), O’Donovan and Tully (1996) and Sheehy et al.
(1998) observed linear accumulation in juveniles but
cautioned against extrapolation of this pattern to total
life span. Sheehy (1992) and Sheehy et al. (1994), how-
ever, observed apparently decelerating accumulation
with advancing age.

Slow growth in mature individuals combined with
individual variability in growth lead to a merging and
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pile-up of age classes towards the larger size classes in
size-frequency distributions (e.g. Arntz and Gorny 1991;
Sheehy et al. 1998), which hamper statistical separation
of age classes. Present data indicate that, in those spe-
cies, the relation between age and lipofuscin is much less
variable than the relation between age and body size,
thus making lipofuscin-frequency distributions more
suitable for age-class separation (Sheehy et al. 1994,
1998).

Our findings are encouraging for the future use of
lipofuscin for age determination in those of the investi-
gated species displaying a sufficiently high increase in
lipofuscin concentration over their life spans. None of
the factors potentially influencing lipofuscin formation
are presently considered sufficient to reject the applica-
bility of the method. Stable environmental temperatures
and long life spans integrating short-term variations
could possibly be helpful in lipofuscin analysis. A study
is currently underway to assess population-age distri-
bution in the amphipod W. obesa and the decapod
Notocrangon antarcticus, by applying a lipofuscin age
index.
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