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Summary
The effects of cell age on protein synthesis were respiratory proteins were largely preserved. In contrast,

examined in the nucleated red blood cells of rainbow trout
(Oncorhynchus mykiss Total DNA content was unaffected
by cell age, whereas total RNA content in young red blood
cells was roughly ten times as high as that in old red
blood cells. The mRNA levels for haemoglobin, carbonic
anhydrase and the chloride/bicarbonate (CVHCO3")
exchanger were also approximately tenfold higher in young

the ability to mount a heat shock response was greatly
reduced in older red blood cells. Young red blood cells
produced 13 times more heat shock protein 70 mRNA
following heat shock and four times more 70kDa protein
after recovery. They also transcribed much more heat
shock cognate 71 and heat shock factor mRNA than did
older red blood cells under steady-state conditions.

red blood cells. Although young red blood cells synthesized
roughly five times more protein under steady-state
conditions, total protein concentration was not affected by
cell age. Despite large reductions in mRNA levels with red
blood cell ageing, the concentrations and/or activities of the

Key words: band 3, carbonic anhydrase, haemoglobin, heat shock,
stress protein, rainbow trouncorhynchus mykissageing, red
blood cell.

Introduction

In many ways, the red blood cells of non-mammaliaraerobic metabolic rate (Hunter and Hunter, 1957; Lane, 1984;
vertebrates are very different from those of mammals. One & hillips et al., 2000). However, the impact of these changes on
the most obvious differences is that non-mammalian red blogarotein synthesis has yet to be determined. Changes in protein
cells are nucleated whereas mammalian red blood cells extrudgnthesis as nucleated red blood cells age may act to alter the
their nuclei before entering the circulation. In addition, these&oncentration and/or activity of important respiratory proteins
nucleated red blood cells retain ribosomes (Sekhon and Beanas, well as the ability of red blood cells to respond to stress by
1969; Lane and Tharp, 1980; Lane et al., 1982) which enabiynthesizing heat shock proteins. Heat shock proteins are
them to synthesize proteins such as haemoglobin (Keen et dlighly conserved and ubiquitous proteins that not only provide
1989; Speckner et al., 1989) and heat shock proteins (Curiiiecreased protection to cells during stressful conditions, but act
and Tufts, 1997). They also retain functional mitochondria andonstitutively as ‘molecular chaperones’ to guide the proper
maintain higher rates of metabolism than their mammaliafolding and assembly of nascent polypeptides (Parsell and
counterparts (Boutilier and Ferguson, 1989). At present.indquist, 1993; Becker and Craig, 1994; Hartl, 1996).
however, it is not known whether cell ageing greatlyPrevious studies have shown that the ability to respond to
diminishes these unique properties of nucleated red blood celtress, reflected by the increased production of heat shock
or whether they are largely maintained throughout thenRNA and protein, generally becomes attenuated with
circulatory life span of the cells. increasing cell age in several mammalian tissues (Liu et al.,

Fish red blood cells are thought to live in the circulation forl989; Niedzwiecki and Fleming, 1993; Pahlavani et al., 1995;
as long as 6 months, during which time their main function isee et al., 1996). Thus, ageing in nucleated red blood cells may
the transport of respiratory gases. Previous studies on fish rhdve significant implications in terms of the role of red blood
blood cell morphology have shown that cellular ageing i<ells in gas exchange as well as their ability to maintain
associated with a loss of ultrastructural features such d®meostasis during periods of stress.
ribosomes and mitochondria (Sekhon and Beams, 1969; LaneAlthough there is a paucity of direct evidence in this area,
and Tharp, 1980; Lane et al., 1982; Keen et al., 1989%ignificant differences in the red blood cell age prafilgivo
Recently, it has been shown that the loss of organelles afmde probably relatively common in fish. Studies have shown
ribosomes in ageing rainbow trout red blood cells is alsthat the red blood cell population of fighvivois a mixture
accompanied by a substantial reduction in red blood cebf cells of different ages and that juvenile cells make up
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5-57% of the circulating red blood cell population (Hardig,cells that largely result from a rise in mean erythrocyte
1978; Lane and Tharp, 1980; Keen et al., 1989; Murad et ahaemoglobin concentration during maturation. It should be
1990; Houston and Murad, 1991). Moreover, numerous factorsoted that some degree of contamination between age fractions
have been shown to stimulate erythropoiesis and would expected when cells are separated using this approach
therefore be expected to increase the relative proportion ¢fooze and Davies, 1963; Hardig, 1978; Keen et al., 1989).
juvenile cells. In rainbow trout, for example, erythropoiesis isVioreover, the resolution is limited by the trade-off between
generally stimulated by a decrease in the tissue oxygen supptire number of fractions that can be chosen while still providing
to-demand ratio that may occur as a result of hypoxia, anaemé@mough sample volume for analysis. Nonetheless, this
or temperature increases (Hevesy et al.,, 1964; Lane et dlkchnique does provide valuable insight into the relative effects
1982; Nikinmaa, 1990). In addition, seasonal release of thyroidf age on red blood cell variables. Furthermore, it should be
hormones can result in changes in the relative proportions oécognized that the magnitude of any observed differences
young and old cells observed in salmonids (Denton anHetween the youngest and oldest cell fractions are probably
Yousef, 1975; Lane, 1979; Hardig and Hoglund, 1984). Thug;onservative estimates that might be even larger if the cells
age-related differences in red blood cell properties could hawgere separated into a greater number of fractions.
important implicationsin vivo. Furthermore, differences in  In the present study, the methodology for separating the red
blood properties due to different red blood cell age profileblood cellsvia fixed-angle centrifugation was identical to that
may also explain some of the variation in results that isecently described by Phillips et al. (2000), by whom the
commonly observed between individual studies or fronprocedure was optimized for trout blood. Briefly, cells were
different laboratories working in this area. adjusted to a hematocrit (Hct) of approximately 80% and
Against this background, the present study examines hoeentrifuged in a narrow centrifuge tube (diameter 13 mm, length
cell ageing affects protein synthesis and the concentraticdtDOmm, volume 6.5ml) at a fixed angle of 30° to the vertical
and/or activity of specific respiratory proteins in the nucleate@l0000g, 14 °C) for 15min using a model J2-21M centrifuge
red blood cells of the rainbow trodcorhynchus mykisslt ~ (Beckman). This approach creates an internal circulation within
also investigates the effects of ageing on the ability of the retthe filled centrifuge tube, allowing red blood cells to be separated
blood cells to respond to stress by examining protein synthesis the basis of density alone into different age fractions (Murphy,
and mRNA transcription of key stress proteins during heat973; Cohen et al., 1976; Speckner et al., 1989; Phillips et al.,
shock. It is hypothesized that the reduction in aerobi000). Following centrifugation, the red blood cells were
metabolic rate observed during ageing in nucleated red bloaghrefully pipetted from the tube in six equal 1 ml fractions (the
cells (Phillips et al., 2000) will be associated with lower rateyoungest cells being in the uppermost fraction, the oldest in the
of protein synthesis during normal conditions and a reductiohottom), washed twice in saline, and maintained on ice until
in the ability to synthesize heat shock proteins in response tubjected to one of the six experimental series described below.
temperature stress.
Series 1. Total DNA, RNA and protein: isolation and analyses
. Total DNA was extracted as previously described (Leary et
Materials and methods al., 1998). Initially, 20Qul of packed red blood cells was added
Blood preparation and separation of age fractions to 1.8ml of extraction buffer (20 mmof Hepes at pH7.0,
Freshwater rainbow trou@ncorhynchus mykigsvalbaum) 1 mmolfl EDTA, 0.1% Triton X-100). This extract was
(1—4 kg), obtained from a commercial hatchery (Pure Springseated with 1Qu of sodium dodecyl sulphate (SDS) (0.1 %)
Trout Farm, Belleville, Ontario, Canada), were held in theand DNAase-free RNAase (igul™t) to degrade RNA.
Biosciences Aquatic Facility at Queen’s University where theyProteinase K treatment began with the addition of BGOfF
were maintained in aerated dechlorinated water at 10-15 °@uffer, bringing the final concentrations in the extract to
and fed commercial fish pellets. 100mmolfl NaCl, 25mmoltl EDTA, 10mmoltl Tris
Trout were anaesthetized in dechlorinated water containingH 8.0), 0.5% SDS and 0.1 mgThiproteinase K, followed
250mg ! 3-aminobenzoic acid ethyl ester (MS-222, Sigma)by digestion for 20h at 50°C. Samples were extracted in an
buffered with 500 mgft NaHCQs. Approximately 15ml of equal volume of phenol/chloroform/isoamyl alcohol (24:25:1
blood was collected by caudal puncture into a chilled roundsy volume), vortexed for a few seconds, and centrifuged at
bottomed flask containing heparinized (40i.unkaline (in ~ 25°C for 10 min at 3009. The supernatant was then removed,
mmol?: 124 NacCl, 5 KCI, 0.5 MgGJ 1.1 CaC4, 5.5 glucose and the DNA was precipitated overnight in 0.5volume of
and 10 NaHC®. Red blood cells were then washed three7.5mol 1 ammonium acetate and 2 volumes of 100 % ethanol.
times with saline. During the washing procedure, white bloodhe DNA samples were centrifuged for 5min at 3600
cells were removed and discarded with the supernatant.  washed in 70% ethanol and dissolved in 1 ml of autoclaved
Red blood cells were separated into different age fractionsater. Total DNA quantity and purity were assessed by
using the fixed-angle centrifugation method. This techniqueneasuring absorbance at 260 and 280 nm with a Spectramax
has been used successfully in a number of previous studiBtus plate spectrophotometer (Molecular Devices) in triplicate.
(Murphy, 1973; Cohen et al., 1976; Speckner et al., 1989) and Total RNA was extracted by the acid/phenol method of
takes advantage of density differences between young and dhomczynski and Sacchi (1987), as modified for fish blood by
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Currie et al. (1999). Packed red blood cells {@)@rom each Probes were labelled using-p2P]JdCTP (specific activity
fraction were added to 20ml of guanidinium thiocyanatel®®cts mimlugtDNA) and the Ready-To-Go labelling
(GTC), shaken vigorously for 5min and storeg&d °C. Upon  system (Pharmacia). Membranes were prehybridized at 68 °C
thawing, the following were then added with thorough mixingfor 30 min with QuickHyb hybridization solution (Stratagene).
after each step: 2ml of 2motl sodium acetate (pH4.0), Blots were hybridized for 2h in the same solution at 68 °C,
20ml of buffer-saturated phenol (pH4.0) and 4ml ofwith approximately 1®cts mirml of denatured probe. Blots
chloroform/isoamyl alcohol (49:1 by volume). Samples werevere then washed twice with a«3SC/0.1% SDS solution
shaken vigorously for 20s, left on ice for 15min, and(15min, 26°C) followed by an additional wash in
centrifuged for 30 min at 30@0 The supernatant (20 ml) was 0.1xSSC/0.1% SDS (30 min, 68 °C). Blots were exposed to a
collected and added to an equal volume of isopropanol tohosphor screen (Kodak) and then visualized and quantified
precipitate the RNA overnight a0 °C. The RNA pellet was using a phosphoimager (Molecular Dynamics) driven by
collected by centrifugation for 30min at 30§)0dissolved ImageQuant software. Band densities fieglobin, carbonic
in 5ml of GTC and the phenol extraction/isopropanolanhydrase and AE1l were corrected for total RNA and
precipitation repeated. Following this, the RNA pellet wasexpressed as a ratio of the band density of fraction 1. All
redissolved in 0.3ml of GTC and reprecipitated in 0.3ml ofmembranes were also probed with a human 18S rRNA
isopropanol, centrifuged (10 min at 30§)0 washed in 75% (Battersby and Moyes, 1998) to correct blots for loading
ethanol diluted with diethyl pyrocarbonate (DEPC)-treatedlifferences.
water, dried and dissolved in 2040 of DEPC-treated
water. Total RNA was quantified using a Spectramax Plate  Series lll. Radioisotopic labelling to quantify protein
Spectrophotometer (Molecular Devices) in triplicate. synthesis at 10°C

Total protein from each age fraction was assayed in triplicate The amount of protein synthesized by b®f red blood
on the packed red blood cells from each of the six fractionsells (adjusted to a Hct of 20%) over a 2h interval was also
using the bicinchoninic acid (BCA) protein assay reagentletermined. Samples of red blood cells were incubated for

method (Pierce). 30min at 10 °C before labelling with L0 of [3°S]methionine
(4000kBgmtl: NEN Life Science). In preparation for
Series II. Northern blot analyses @fylobin, carbonic fluorographic analysis, each fraction was washed twice for
anhydrase and the GHCOs™ exchanger 2min at 200@ and sonicated for several seconds at a low

For northern blots, 10g of total RNA was fractionated setting. Nuclei were removed from the suspension by
by glyoxal/dimethyl sulphoxide (DMSO) denaturing centrifugation for 10min at 10@) and the supernatant was
electrophoresis on a 1% agarose gel and transferred to a nyliven frozen at-80°C. Following thawing, proteins were
membrane (Stratagene Duralon) usingx Zlandard saline denatured by adding 10 from each sample to 3Q0 of a
citrate (SSC). Membranes were ultraviolet-crosslinked (Fishet % SDS/10 mmol Tris (pH 8) solution and boiling for 5min.
UV crosslinker) twice at optimal setting prior to hybridization. After boiling, 20ul of a 6xSDS loading dye was added to a

Probes for-globin (a subunit of haemoglobin), carbonic 100ul subsample of the 4Q0 denatured solution. Samples
anhydrase and the @HCOs~ exchanger (AE1l) were of 10ul were then loaded on a one-dimensional SDS
generated from first-strand cDNA from rainbow trout bloodpolyacrylamide (15%) gel and subjected to electrophoresis
MRNA. Thep-globin probe was a 446 base pair (bp) fragmen{Laemmli, 1970). Following this, gels were stained for 1 h with
between nucleotides 9 and 455 fromBhglobin rainbow trout 0.1 % Coomassie Blue R250 and destained overnight in 40 %
MRNA sequence (GenBank accession no. D82926) (Yoshikamiethanol, 10 % acetic acid, 50 % water. Gels were placed on
et al., 1996). This probe was amplified using the forward phosphor screen to be imaged and quantified for all resulting
primer B-ATGGTCGACTGGACAGATCC-3and the reverse band densities.
primer 3-CTAGTGGTACTGTCTGCCAAG-3 The probe
for carbonic anhydrase was a 322bp fragment between Series IV. Protein concentrations/activities
nucleotides 336 and 658 from the zebrafish mMRNA sequence Mean erythrocyte haemoglobin (Hb) concentration (MEHC)
(GenBank accession no. U55177) (Peterson et al., 1997). Theas measured using the Hb/cyanide method (Betke and
forward primer, 5CAGTTCCATTTCCATTTGGG-3and the  Savelsberg, 1950; van Kampen and Zijlstra, 1961) and a DU
reverse primer' sSGTGGTCAGAGAGCCCTCA-3were used 640 spectrophotometer (Beckman). The Hct of each fraction
to amplify the carbonic anhydrase probe. The probe for AEWvas determined following centrifugation of the samples for
was a 117 bp fragment between amino acids M423 and E4@&1min in an IEC MB microhaematocrit centrifuge (Damon/IEC
of the rainbow trout AE1l protein (Hubner et al., 1992).Division). The MEHC for each fraction was calculated as
This probe was amplified using the forward primér 5 [Hb]/Hct.

GGGGAATTCATGGGCGTGTCTGA-3 and the reverse Carbonic anhydrase activity was assayed using the
primer B-TTTGGATCCCTCAAACA-3. All amplifications electrometric pH method (Henry, 1991; Henry et al., 1993).
were performed at an annealing temperature of 50°Racked red blood cells from each fraction were diluted 1:500
Polymerase chain reaction (PCR) products were ligated int@y volume) in distilled water to form lysates which were
plasmids and sequenced. frozen at-80 °C until the day of the assay. Following thawing,
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50ul of lysate was added to 10ml of reaction buffer (inCCGGCCTTCCTRACCAAGCTGTGG-3and the reverse
mmol "1 225 mannitol, 75 sucrose and 10 Tris base adjustgorimer 3-CTCCCGCCACAGRGCCTCRTTSTC-3in which
to pH7.4 with 1.0moH! HCI) and held at 4°C. To start the R canbe A or G and S can be G or C. An annealing temperature
reaction, 40Qul of COp-saturated distilled water was added toof 55°C was used, and the identity of the product was
the mixture using a 10Q0 gas-tight Hamilton syringe. The confirmed by sequencing. Probes for Hsp 70 and heat shock
reaction was then measured over a change of 0.15pHunitegnate 71 (Hsc 71) were as described previously (Currie et
using a GK2401 C combined electrode (Radiometer) attachead., 1999).
to a PHM64 research pH meter (Radiometer). The true All probes were labelled as in series Il and, with the
catalyzed rate was calculated by subtracting the uncatalyzedception of HSF, were prehybridized and hybridized in
rate from the observed rate and measuring buffer capacity @uickHyb hybridization solution (Stratagene), and washed,
convert from pH units mirt to mol H* min~1, under the same conditions as in series Il. Membranes to be
The rate of C/HCOs~ exchange across the red blood cellprobed for HSF were prehybridized for 6 h in»%56C/0.5%
membrane was measured according to the method of Lamb&DS/5<Denhardt’s solution, followed by an 18 h hybridization
and Lowe (1978) with minor modifications (Stabeneau et alwith the probe in the same solution, both at 42 °C. Blots probed
1991; Tufts et al.,, 1999). Red blood cells from each agéor HSF were washed twice inx$SC/0.1% SDS (15 min,
fraction were washed three times in HC@ee, Ct-rich  42°C) and once in 0.X5SC/0.1% SDS (15min, 42°C). As
saline (in mmoltl: 124 NacCl, 6 KCI, 1.5 Cag|5 glucose, 1 in series Il, the blots for Hsc 71 and HSF were exposed to a
Hepes, 5 EDTA, adjusted to pH 7.8). After the final wash, the@hosphor screen (Kodak), visualized and quantified by
supernatant was removed and i00@f red blood cell pellet phosphoimager (Molecular Dynamics), corrected for total
was injected into 10ml of a rapidly stirred HE®ich, C-  RNA and expressed as a ratio of the band with the highest
free solution (in mmoH: 320 sucrose, 2 NaHGQ1 Hepes, density. Blots for Hsp 70 were visualized using Kodak X-Omat
0.005 carbonic anhydrase, adjusted to pH7.8) in ®&lue XB-1 film and quantified using a flatbed scanner (Canon
thermostatted (10°C) vessel. The pH change was thdiX-4015) with associated UN-SCAN-IT software. Band
monitored for 10s using a GK2401 C combined electrodelensities were corrected for total RNA and were expressed
(Radiometer) attached to a PHM64 research pH meteelative to the period of greatest induction. As in series Il, all
(Radiometer). The initial rate of THCOs~ exchange Huni) membranes were also probed with human 18S rRNA to
was then calculated according to the following equation:  determine whether there were any significant differences in

Buni = (dpHe/d)(Be)(LHCt)(1N) , loading.
where pHe is extracellular pitjs time,Be is the extracellular Series VI. Radioisotopic labelling to quantify protein
non-HCQ~ buffer capacity at the initial pHe, Hct is the pellet synthesis following heat shock
haematocrit an¥ is the volume of pellet added (jid). Following age separation by centrifugation, two ub0

samples of packed red blood cells from fractions 1 and 6 were
Series V. Northern blot analyses of heat shock factor, heatresuspended in heparinized saline (adjusted to a Hct of 20 %)
shock cognate 71 and stress-inducible heat shock protein 7@nd incubated at 10°C for 30 min. Each fraction was heat-
With the exception of heat shock protein 70 (Hsp 70shocked for 2 h at 25°C and then returned to 10 °C and labelled
experiments, total RNA was extracted from each of siwith 4000 kBqmt? of [35S]methionine (NEN Life Science) for
fractions immediately following the separation process. FoRh. One set was incubated with 2)mI~1 actinomycin D for
Hsp 70 measurements, red blood cells from the youngestie 2h period at 10°C to prevent transcription of new mRNA.
(fraction 1) and oldest (fraction 6) fractions were resuspendéed preparation for fluorographic analysis, samples were
in heparinized saline (20% Hct) and incubated in rotatingrepared using the same methods described for series lll.
aerated tonometers (1% @Cat 10°C for 30 min. A 50l Samples of 1fl were then loaded onto a one-dimensional
control sample was taken and homogenized by shaking BDS polyacrylamide (10%) gel and subjected to
10ml of GTC. The temperature was then raised to 25°C (thelectrophoresis (Laemmli, 1970). Gels were then stained,
temperature of peak Hsp 70 production; Currie and Tuftdmaged and quantified using the methods described in series
1997), and 500l samples were taken after 0.5, 1, 1.5, 2, 3 andill.
4h. Samples were frozen &80 °C until analyzed. Northern
blots of Hsp 70 mRNA levels were then performed using the Statistical analyses
methods described for series Il. The heat shock factor (HSF) Significant differencesR=0.05) between fraction means
probe was a 468 bp fragment between nucleotides 46 and 5A@re detected using one-way analyses of variance (ANOVAS)
generated by PCR amplification of cDNA from reverseand identified using the Student—-Newman-Keuls test.
transcription of RNA from C212 immortalized mouse
myoblasts. Primers were designed for heat shock transcription
factor from a human HSF1 mRNA coding sequence reported Results
by Rabindran et al. (1991) (GenBank accession no. M64673). DNA and RNA
This probe was amplified with the forward primel- 5  Total red blood cell DNA content was unaffected by cell
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Fig. 1. Total DNA (N=4), RNA (N=6) and proteinN=6) content in

six age fractions of rainbow trout red blood cells (rbcs). The B
youngest red blood cells are in fraction 1 and the oldest in fraction 6.

Asterisks denote a significant difference from the total RNA in B-Globin_’
fraction 1 P=<0.05). All values are expressed as meas.gf.

age, whereas total red blood cell RNA content decreased acrc

the six age fractions (Fig. 1). Total red blood cell RNA conten

peaked at 0.7dgul~tredblood cells in fraction 1, ten times cA—> . .... .

higher than that in fraction 6. Total RNA content decrease

sharply between fractions 1 and 2 and then declined mol

gradually across the older fractions. This relationship betwee

age and RNA levels influences all the subsequent da

expressing mMRNAI1blood. Although samples were —>

electrophoresed with a constant amount of RNA per lane AEL -'

subsequent results involving quantitative representations a

corrected for RNAII~1 on the basis of these mean values. 1 2 3 4 5 6
Representative northern blots are shown paglobin, rbc age fraction

carbonic anhydrase and AE1 (Fig. 2B). After correcting for,

; - . . Fig. 2. (A) Relative mRNA concentrations for northern blot3of
total RNA (Fig. 1) and loading differences, analysis of ban(globin, carbonic anhydrase (CA) and the”/BCOs~ exchanger

densities revealed that the mRNA content fdglobin, (A1) in ageing rainbow trout red blood cells (rbbs:3 for each).
carbonic anhydrase and AE1 was 8-10 times higher in fracticthe youngest red blood cells are in fraction 1 and the oldest in
1 than in fraction 6 (Fig. 2A). The decline in mRNA contentfraction 6. Band densities from northern blots were corrected for
for these respiratory proteins was therefore similar to thtotal RNA (perpl of red blood cells) as well as loading differences
decline in total RNA content. using 18S rRNA and are expressed relative to the age fraction with
the highest band density. Asterisks denote a significant difference
Protein synthesis and total protein content under normal from the respective band density in fraction 1. All values are
conditions expressed as mean sE.M. (B) Representative northern blots fr
The representative fluorogram from experiments involvinggIObin' carbonic anhydrase and AEL in ageing rainbow trout red
[3°S]methionine radioisotopic labelling (Fig. 3A) shows that?100d cells.
protein synthesis in fraction 1 red blood cells was roughly five
times higher than that in fraction 6 red blood cells (Fig. 3B)study is very similar to that observed in previous studies using
However, total protein concentration did not changdfish red blood cells (Speckner et al., 1989; Phillips et al., 2000).

significantly between any of the six fractions (Fig. 1). These results therefore confirm that the methodology used in
o _ . o the present study was effective in separating trout red blood
Individual protein concentrations/activities cells into fractions with different mean ages. Unlike MEHC,

Unique trends were seen for each protein with regardsarbonic anhydrase activity decreased with red blood cell age
to concentration/activity. Mean erythrocyte haemoglobin(Fig. 4B). The mean fraction 1 carbonic anhydrase activity of
concentration (MEHC) increased with red blood cell67 mmolmirr®pl~—tredbloodcells was nearly 160 % of that in
fraction age (Fig.4A). The MEHC for fraction 6 of fraction 6. In contrast to both MEHC and carbonic anhydrase
242ugul~tredbloodcells was 122% of the MEHC of activity, the rate of C/HCOs~ exchange across the cell
fraction 1 of 198gul~2red blood cells. The magnitude of this membrane was not significantly affected by the age of the red
difference in MEHC across the six fractions in the presenlood cell (Fig. 4C).
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Fig. 3. Representative fluorogram of protein synthesis (A) and = 0.02 ; ; ; , , .
relative band densities (B) in ageing rainbow trout red blood cells 1 2 3 4 5 6
labelled with f5S]methionine. The results represent the total amount rbc age fraction

of protein synthesized by 250 of red blood cells (haematocrit

20%) over 2h I{=3) relative to that synthesized by the youngestFig- 4. Concentrations/activities for haemoglobin (measured as
cells. Molecular masses of proteins are indicated in kDa. ThMEHC) (A), carbonic anhydrase (CA) (B) and the”/BICOs”
youngest red blood cells are in fraction 1 and the oldest in fraction €*changer (AE1) (C) in ageing rainbow trout red blood céls(

Asterisks indicate a significant difference from fraction 1. All bandfor €ach). The youngest red blood cells are in fraction 1 and the
density values are expressed as measetil. oldest in fraction 6. Asterisks denote a significant difference from

fraction 1 P=<0.05). All values are expressed as meanszlv.

. . MEHC, mean erythrocyte haemoglobin concentration.
Stress-associated mMRNA concentrations

Upon examination of a representative Hsc 71 blot (Fig. 5B)
MRNA levels appear to increase with increasing red blood ceflampling period (Fig. 6A). The Hsp 70 mRNA response
age. Correcting for total RNA differences (Fig. 1), howeverreaches a plateau after 1 h of heat shock for both fractions 1
reverses this relationship and results in Hsc 71 mRNA leveland 6, from which point the younger cells maintain an average
in fraction 1 being five times greater than those in fraction @3-fold greater response than the older cells (Fig. 6A).
and in HSF mRNA levels in fraction 1 being 7.7 times greater
than those in fraction 6 (Fig. 5A). When comparing Hsp 70 Protein synthesis following heat shock
mMRNA induction between red blood cells of fraction 1 and Fig. 7 illustrates the effect of a 2h, 25°C, heat shock on
fraction 6 over a 4h time course at 25°C, it is apparent frorprotein synthesis during a subsequent 2h recovery period at
both the representative blot (Fig. 6B) and the corrected bartd °C. Red blood cells from both fractions 1 and 6 produce
densities that younger cells produce more Hsp 70 at eachore of a protein with an apparent molecular mass of 70kDa
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Fig. 5. (A) Relative mRNA concentrations for northern blots_ of he"’_“shock protein 70 (Hsp 70) in young and old red blood cells (rbcs;
shock cognate 71 (Hsc 71) and heat shock factor (HSF) in ageiln=3) Band densities from northern blots were corrected for total
rainbow trout red blood cells (rbds=3 for each). The youngest red g (perpl of red blood cells, using total RNA concentrations from
blood“cells are in fraction 1 and the oldest in fraction 6. Ban(Fig. 1) as well as loading differences using 18S rRNA and are
densities from northern blots were cqrrected for to.tal RNA (ipef expressed relative to the period at which Hsp 70 mRNA level was
red blood cells) as well as loading differences using 18S rRNA anyighest for fraction 1. Asterisks denote a significant difference from
are expressed relative to the age fraction with the highest barne respective band density in fraction 1 at each sampling period
density. As_terl_sks den_ote a significant difference from the respectlx(P$0_05), and double daggers indicate a significant difference from
band density in fraction 1P(£0.Q5). All values are expressed as iha control value within the respective age gro@s=@.05). Al
mean +1sem. (B) Representative northern blots for Hsc 71 and, 5,5 are expressed as mears£l. (B) Representative northern
HSF in ageing rainbow trout red blood cells. blot for Hsp 70 induced during a 4 h time course at 25 °C (starting at
10°C indicated byC) in both young (Y, fraction 1) and old (O,
fraction 6) rainbow trout red blood cells.
than any other protein both in the presence and in the abser
of actinomycin D. Red blood cells from fraction 1 also
synthesize a large amount of a protein with an appare®0 % decrease in total RNA content that occurs as the cell ages
molecular mass of 90 kDa, although this response is attenuat@feig. 1). The disappearance of ribosomal RNA, which
in the presence of actinomycin D. constitutes the majority of red blood cell RNA, severely
restricts the translation potential of the cell. Northern blots for
B-globin, carbonic anhydrase and AE1l show that levels of
Discussion MRNA for these specific proteins also fall by nearly 90 %
It has been documented that ageing in rainbow trout re(Fig. 2). The observed reduction in mRNA for these
blood cells is accompanied by a significant reduction in aerobiespiratory proteins (as well as the heat shock associated
metabolic rate (Hunter and Hunter, 1957; Lane, 1984; Phillipproteins below) suggests either (i) that transcription declines
et al., 2000). However, the effects of a decline in red blood cellith increasing red blood cell age, or (ii) that transcription
metabolic status on the energetically expensive process oéases, but because of the differential stabilities of the mRNAs
protein synthesis are unknown. The rate of protein synthesis imeasured, some still remains even in the oldest cells. Further
the present study was found to decline in ageing nucleated retldies would be necessary, however, to distinguish between
blood cells by roughly 80 % (Fig. 3). Since total DNA contentthese two possibilities.
remains constant in each age fraction, the decrease in the ratd®espite the fact that mRNA levels for the essential
of protein synthesis is probably a reflection of the observerespiratory proteins decline with increasing red blood cell age,
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such as metabolic enzymes that have relatively rapid turnover
rates (Phillips et al., 2000). It should be noted, however, that
the relative importance of other membrane transport proteins
or cytoskeletal proteins in this regard is unknown.

Although their basic respiratory function seems to be
maintained, older red blood cells display a greatly reduced
capacity to mount a heat shock response. Levels of Hsp 70
MRNA following 1 h of heat shock are over 13 times higher in
younger cells (Fig. 6) and result in the translation of four times
——— — as much 70kDa protein, 2h after the heat stress (Fig. 7), in

comparison with older red blood cells. The observed 80%
decline in the amount of steady-state Hsc 71 mRNA and 87 %
decline in HSF mRNA with increasing red blood cell age
(Fig. 5) also suggest that ageing may be associated with a
decreased ability to ‘sense’ stress or a deficit in the capacity to
‘chaperone’ the synthesis of new proteins. This is based on the
assumption that a reduction in Hsc 71 and HSF mRNA leads
to a decrease in the amount of their respective proteins being
v 0 Y+AD O+AD synthesized. Because the heat shock response is believed to be
initiated by the trimerization of HSF and its subsequent binding
Fig. 7. Representative fluorogram of protein synthesis in both young the heat shock element on the heat shock gene (Morimoto,
(Y, fraction 1) and old (O, fraction 6) rainbow trout red blood cellslggg; Kroeger and Morimoto, 1995; Mestril and Dillman,
labelled _vvith F5S]m_ethionine. The results represent the total amc_)un1995), one would hypothesize that a reduction in HSF mRNA
of frore'n synthesized by 250 of red blood cells (haematocrit ;) jncreasing red blood cell age might lead to a reduction in
20%) over 2h at 10°C following & 2h heat shock at 25 °C, both "Ihe amount of HSF protein available for binding and, thus, to

the presence and in the absence of actinomycin D (AD). Molecular . . .
P y (AD) a possible decrease in the heat shock response. Again, the

masses of proteins are indicated in kDa. This fluorogram wa . . . ]
representative of three separate experiments. declines in Hsc 71 gnd HSF mRNA with age directly parallel
the 90% decrease in total RNA (Fig. 1) that occurs as the red
blood cells age. This study focuses mainly on Hsp 70, but it is
the respiratory functions of the red blood cells seem to bmteresting to note that there was also a reduction in the amount
largely preserved throughout the lifetime of the cell. Althoughof a 90kDa protein in response to heat shock (Fig. 7). In
results from this study show that the carbonic anhydrasemammals, Hsp 90 has been shown to be necessary for the
activity in young red blood cells is 160% of that in old redfunction and stability of many signalling proteins and
blood cells (Fig. 4B), MEHC actually increases with red bloodranscription factors, including HSF-1 (Nadeau et al., 1993).
cell age (Fig. 4A) and the rate of THCOs~ exchange across  In the presence of actinomycin D, there is an obvious
the cell membrane is unaltered during red blood cell ageingeduction in the amount of the 70 and 90kDa proteins
(Fig. 4C). This is interesting because the rate ofHZO3~  synthesized during the 2h recovery period following the 2h
exchange across vertebrate red blood cell membranes heat shock in both young and old red blood cells. This indicates
thought to be the rate-limiting factor in blood £€@ansport that a significant amount of the mRNA response to heat stress
(Perry, 1986; Perry and Gilmour, 1993). Thus, while trout re@ccurs during the recovery period in both young and old red
blood cells appear to lose nearly half their carbonic anhydrasdood cells, not solely during the heat stress (Fig. 7). From the
activity during ageing, it is unlikely that these changes willpresent mRNA and protein data, it is impossible to deduce
have a negative impact on the contribution of the cell to thevhether the decreased Hsp 70 response in older cells occurred
process of blood C&ransport. Preserved functional capacity,as a result of a general decline in the ability of the majority of
despite low rates of synthesis, suggests that enzyme abfttler cells to respond to temperature stress or whether there is
transporter levels are maintained by low rates of proteim subpopulation of older cells that eventually are unable to
turnover or degradation. Since total RNA measurements amdspond to the temperature stress. A significant challenge for
northern blots represent the balance between RNA synthedigure studies in this area may, therefore, be to determine how
and degradation, it is not possible to distinguish between thefee characteristics of individual red blood cells change with
two possibilities. It is also interesting that, while proteinage.
synthesis in rainbow trout red blood cells declines by 90% In conclusion, the present study indicates that the activity of
during ageing (Fig. 3), the total protein content of the celthe major respiratory proteins, and therefore the basic
remains relatively constant (Fig. 1). These results demonstratespiratory function, of trout red blood cells is largely preserved
that proteins with relatively long half-lives, such asthroughout their lifespan, despite large declines in mRNA for
haemoglobin and the anion exchanger AE1, probably exertf&globin, carbonic anhydrase and AE1 and a general reduction
greater influence on total protein concentration than proteiria protein synthesis with increasing red blood cell age. The

90 —p

70 —p
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preserved functional capacity of these proteins, despite lowartl, F. U. (1996). Molecular chaperones in cellular protein folding.
levels of synthesis, suggests that enzyme and transporter level§lature381, 571-580.

are maintained because of low rates of protein turnover dtenry, R. P.(1991). Techniques for measuring carbonic anhydrase
degradation. While the lower level of transcription is adequate activity in vitro. In The Carbonic Anhydrasggd. S. J. Dodgson,

to maintain respiratory function in older cells, they have a ;I.ei.u ;alik::fsr; G. Gros and N. D. Carter), pp. 119-131. New York:
severely reduced capacity to mount a heat shock response. N ‘ .

only doyolder red bIoF())d cnélls produce significantly Iesg Hsp 7 enry, R. P., Tufts, B. L. and Boutilier, R. G. (1993). The

S . . distribution of carbonic anhydrase type | and Il isozymes in
MRNA and 70kDa protein in comparison with younger red lamprey and trout: possible co-evolution with erythrocyte

blood cells upon heat shock, but they also have much lower chorige/bicarbonate exchange.Comp. Physioll63 380—388.
steady-state levels of Hsc 71 and HSF mRNA. This indicatégevesy, G., Lockner, D. and Sletten, K(1964). Iron metabolism
that the ability of trout red blood cells to sense and respond toand erythrocyte formation in fishActa Physiol. Scand60,
stress is reduced with increasing age. Although nucleated red256-266.

blood cells differ from the enucleated red blood cells ofHouston, A. H. and Murad, A. (1991). Hematological
mammals in terms of their metabolic capacity (Phillips et al., characterization of goldfishCarassius auratusL., by image
2000), protein synthetic ability (Speckner et al., 1989) and heat analysis: effects of thermal acclimation and heat shGek. J.
shock protein response (Currie and Tufts, 1997; Currie et al. __ZOO"GQ' 204,1_2047-

1999), the present study shows that these differences may bner, S., Michel, F., Rudloff, V. and Appelhans, H.(1992).

largely diminished with increasing cell age, at least in the Amino acid sequence of band-3 protein from rainbow trout
9ely 9 9¢, erythrocytes derived from cDNAiochem. J285 17-23.

nucleated red blood cells of the rainbow trout. Hunter, A. S. and Hunter, F. R.(1957). A comparative study of
erythrocyte metabolisml. Cell. Comp. Physiol9, 479-502.
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