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Summary

Smelt (Osmerus mordax were maintained at either not differ significantly between groups and had decreased
ambient water temperature or approximately 5°C and by the end of the study. Antifreeze protein (AFP)
various aspects of their freeze-avoidance response were expression increased over the duration of the experiment.
examined from early winter until early spring. Plasma In January samples, AFP activity (thermal hysteresis) did
levels of glycerol, trimethylamine oxide (TMAOQO) and urea  not vary significantly between groups but mRNA levels
were elevated by December 15 and continued to increase were significantly lower in the smelt held at warm
in fish held in ambient conditions. In contrast, fish held temperatures.
under warm conditions exhibited decreased glycerol and
urea content in plasma, muscle and liver. Plasma and liver
TMAO levels also decreased in these fish while muscle Key words: smelt,Osmerus mordaxfreeze-avoidance response,
TMAO did not vary from the initial values. The activity of thermal hysteresis, glycerol, trimethylamine oxide, urea, glycerol-3-
liver enzymes involved with the production of glycerol did  phosphate dehydrogenase, antifreeze.

Introduction

Marine waters may have seasonal temperatures thbvels of glycerol, TMAO and urea can also be significantly
approach and often reach the freezing point of approximatelshanged under laboratory conditions by acclimation
-1.8°C. Many marine teleost fishes survive at thes#éemperature. In fish caught during winter conditions (less than
temperatures through freeze avoidance, by migration;1°C) solute concentrations are lower following acclimation
supercooling or physiological freeze-resistance mechanisnier 14-15 days to temperatures above freezing, whereas in fish
of colligative and non-colligative forms (DeVries, 1982). caught during fall-type conditions (5°C) solute levels are
Rainbow smelt,Osmerus mordaxreferred to herein as increased when fish are maintained at —1°C for 21 days
smelt), produce an antifreeze protein, but in insufficien{Raymond, 1993, 1994; Raymond et al., 1996).
guantities to allow them to survive temperatures approaching Organic osmolytes are either synthesized or obtained
—2.0°C (Ewart and Fletcher, 1990). Smelt appear to bthrough feeding. The carbon sources for glycerol appear to
unique among teleost fishes because of their ability tbe stored glycogen and amino acids, which are accessble
elevate the osmolarity of their plasma, and presumably athe gluconeogenic pathway (Raymond, 1995; Raymond and
body fluids, to the point where they become near iso-osmotidriedzic, 1997). Furthermore, because smelt may lose
with sea water (Raymond, 1992). This is accomplished bgpproximately 10% of their total glycerol stores per day
the accumulation of small organic solutes, namely glycerolwhen winter-adapted (Raymond, 1993), it is very likely that
trimethylamine oxide (TMAOQ) and urea, and inorganic ionsdietary amino acids are a key precursor to glycerol on a
(Raymond, 1992, 1994). In some cases organic solutemntinual basis. Driedzic et al. (1998) have shown that levels
constituted >40 % of total plasma solutes (Raymond, 1992hf glycerol and amino acid metabolizing enzymes are several-
These increases in solutes are thought to act in a colligatifeld higher in the liver of smelt than in other teleosts collected
manner to further depress the freezing point of body fluiddfrom the same region during the winter. For amino acids to
and thus are an integral part of the smelt’s freeze-avoidande utilized for glycerol synthesis there must be a high
mechanism. capacity for deamination and subsequent excretion or

Levels of small (non-protein) organic solutes are higher imetoxification of the ammonia that would be produced. The
wild smelt caught in winter than in specimens caught irhigh liver amino transferase activities (Driedzic et al., 1998)
summer and fall (Raymond, 1992, 1994). Tissue and plasnsaggest that these may play a critical role in amino acid flux
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into the glycerol pool. Since ammonia is toxic, even in 10- — Warm
ammoniotelic teleosts (Wright, 1995), the production of ure: . Ambient
may be a means of detoxifying ammonia produced from th 8-
deamination of amino acids. Thus if glycerol production from
amino acids increases, we might expect to see an increase
the levels of urea. Glycerol-3-phosphate dehydrogenas
(GPDH) activity is very high in winter-caught smelt relative
to other teleosts and appears to be a key enzyme in glyce!
synthesis (Driedzic et al., 1998). Since GPDH has such hig
activity in the liver, which is probably the major site of
glycerol synthesis, it may be an essential component in tot
glycerol synthesis and could have a regulatory role
Consistent with this hypothesis, winter-caught smelt held & T T T o T T
eIevated.temperatures. show decreased_ levels of liver GPC e Dec 1 Jan 1 Feb.1 Mar 1'Ap'r.1'Ma'1y1'Jur'1e1'
mRNA, in parallel with a decrease in plasma glycerol
concentration (Ewart et al., 2001). Fig. 1. Thermal profiles of warm and ambient temperature smelt
Previous studies have been restricted to comparisons ofdroups; arrows indicate sampling dates relative to the first day of the
limited number of time points and thus only provide a snapsh¢™month-
glimpse into the smelt antifreeze response. Moreover, the
have included smelt from different geographic locations andpart from sporadic incidental mortalities, experimental fish
these fish may respond differently to seasonal stimuli. Thappeared to be in good condition throughout the experiment.
present study is the first to examine a number of aspectsFish were maintained in two experimental groups: one tank
involved in cold acclimation in smelt from a consistently coldwas maintained at approximately 5°C and the other at ambient
region under laboratory conditions over an entire winteseawater temperatures. Fish were initially sampled in mid-
season. Unlike previous work which utilized short-termDecember, when the ambient water temperature was
acclimation, we used two groups of smelt, one maintained approximately 5°C, and then at approximately monthly
approximately 5°C and another that was allowed to trackitervals. Sample dates were December 15, 1999, January 11,
ambient winter water temperatures. We measured th2000, February 29, 2000, March 30, 2000 and May 15, 2000.
accumulation of glycerol, TMAO, urea and antifreeze proteilAmbient water temperatures were 0.8°C, 0°C and —0.8°C by
activity (thermal hysteresis), along with the expression oflanuary 11, February 29 and March 30, respectively (Fig. 1).
antifreeze protein (AFP) mRNA, to determine the temporalnitially, three fish from each tank were sampled. There was
sequence of the actual antifreeze response in smelt. By significant difference in all measured characteristics
measuring liver alanine aminotransferase (AlaAT), aspartateetween these fish and thus the data were pooled into a single
aminotransferase (AspAT) and GPDH activities, together wittnitial point. Due to lack of experimental animals, no ambient-
the expression of GPDH mRNA, we could examine thd@emperature fish were sampled in May.
temporal regulation of the levels of these enzymes with respectOver the duration of the experiment, mean body mass
to seasonal expression of glycerol synthesis. Finally, we test€f0.9+17.9 g) was not significantly different between the initial
the hypothesis that smelt maintained over winter asample (65.6+30.4g) and all following periods for both groups
temperatures well above freezing suppress their antifree£8>0.05, Student’s-test).
mechanisms and thus do not accumulate the organic osmolytes
or AFP. Sample collection and preparation
Fish were killed by a blow to the head. Blood was drawn by
caudal puncture through a 25-gauge heparinized syringe and
centrifuged at approximately 506@or 3min at 4 °C. Plasma
Animals was frozen at —60°C for later analysis. Liver and muscle
Smelt were caught in late October 1999 by beach seine nesamples were quickly removed and either used immediately for
Conception Bay, Newfoundland. Animals (approximately 180enzyme assays (GPDH) or frozen with liquid nitrogen for later
were transported to the Ocean Sciences Centre (Memoriahalysis.
University of Newfoundland) in seawater and held in two
40001, indoor free-flowing seawater tanks. The ambient water Biochemical assays
temperature at the time was approximately 10 °C. All fish were Plasma, muscle and liver were analyzed for glycerol, urea
offered and observed to feed on frozen brine shrimp dailgnd TMAO. Glycerol was determined directly from plasma,
throughout the duration of the experiment. Additionally, mosbut muscle and liver samples were first homogenized in 10
of the experimental animals had evidence of food consumptiorolumes of distilled water. For urea and TMAO analysis,
(material in the gut or stomach). Fish were kept on a naturglasma was diluted 1:10 with 5% trichloracetic acid (TCA)
photoperiod with fluorescent lights set on an outdoor photocel{w/v) and muscle and liver samples were homogenized in 9
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volumes of 5% TCA. Any further dilutions were also doneFollowing each probing, the membrane was washed and
with 5% TCA. Glycerol and urea contents were determine@xposed to film (Biomax MR, Kodak). The autoradiographic
using Sigma diagnostic kits 337-40A and 535, respectivelyimages were analysed by densitometry as previously described
TMAO was determined by the method of Wekell and Barnet{Ewart et al., 2001).

(1991), modified for use with small sample volumes. As in

Raymond (1998), disposable plastic cuvettes were used. TMA Statistical analysis

was determined for a number of tissues and found to be very Means were compared with a one-way analysis of variance
low relative to TMAO; as in Raymond (1994), all TMAO data (ANOVA) for all measurements anB<0.05 was taken as
were not corrected for the minor TMA content. Glycogen wasignificant.

measured by the method of Walaas and Walaas (1950) as

described by Driedzic et al. (1998).

For enzyme assays, liver samples were weighed and Results
homogenized with 9 volumes of ice-cold buffer (20 mmbl| Plasma osmolality
imidazole, 5.0mmoH! EDTA, 5.0mmolt! EGTA, Initial osmolality was 349 mOsmolk§ and increased in

10mmolF!  mercaptoethanol, 50mmoH NaF and poth groups of fish (Fig. 2). The osmolality of the ambient
0.1mmolf! PMSF, pH7.4) for determination of GPDH, group was significantly elevated from the initial values by
AlaAT and AspAT. Samples were homogenized using @anuary 11 and that of the warm group by February 29. The
Polytron tissue homogenizer for 10s and centrifuged ajsmolality of both groups remained elevated for the duration
approximately 10,009 in an Eppendorf centrifuge for 5min of the experiment and the ambient group reached
at 4°C to remove cellular debris. Enzyme assay conditiongpproximately 840 mOsmolky§ by February 29. The
were modified from Driedzic et al. (1998). Assay conditionspsmolality of the ambient group was highly variable and

were as follows. GPDH: 20mmofl imidazole, pH7.2, significantly greater than that of the warm group on March 30.
0.15mmoltl NADH; the reaction was initiated by

2.0 mmol t1 dihydroxyacetone phosphate. AlaAT: 50 mmé| | Glycerol

imidazole, pH7.4, 0.05mmofl pyridoxal phosphate,  Mean initial plasma glycerol concentration was
0.2mmol 1 NADH, 2Uml! lactate dehydrogenase (LDH), 80 mmolt! (Fig. 3A). Plasma glycerol increased by
200mmolt! alanine; the reaction was initiated by addingapproximately threefold, peaking at 234 mmélby January
10mmolF! a-ketoglutarate d-KG). AspAT: 50mmoltl 11 in the smelt held at ambient water temperatures, which
imidazole, pH7.4, 0.05mmofl pyridoxal phosphate, was significantly greater than the 68 mmdliound in the
0.2mmol 1 NADH, 1Umi! malate dehydrogenase (MDH), fish maintained in warm water. Glycerol levels in the ambient
30mmoll! aspartate; the reaction was initiated by addingyroup remained significantly higher than those in the warm
10 mmol 1 a-KG. All assays were done on a Gilford Model temperature group for the duration of the experiment;
2600 spectrophotometer with a circulating water-jacketed cefiowever, the concentration decreased from February 29 to
holder maintained at 15°C. GPDH activity was determined olarch 30 and was then not significantly different from the
fresh tissues; AlaAT and AspAT assays were done on frozggvels in the initial sample. Plasma glycerol levels in the

samples. warm temperature group steadily decreased to significantly

Antifreeze activity measurement

Plasma thermal hysteresis (antifreeze activity) wa: 12501
measured as the difference between the melting and freezi ] —e—\Warm
points using a Clifton nanolitre osmometer (Clifton Technical 1000 —o— Ambiert
Physics, Hartford, NY, USA) as described by Ewart et al T 1
(2000). x 1 a
& 7501 0
Gene expression analysis % ] a
Total RNA was isolated from smelt livers using the ]
RNeasyM Mini kit (Qiagen) according to the manufacturers 3 2001
instructions and stored at —80 °C in the presence of RNR4sin 8 ] a a
RNAase inhibitor (Promega) until analysis. Northern blotting 3 250 ]
was performed on 130y samples of total RNA and ]
hybridization was carried out wita32P-labelled DNA probes. 1
For smelt GPDH, the probe consisted of a 1012 base pair (b 0 — 77—
fragment of the GPDH cDNA; for smelt AFP, the probe was Dec.1 Jan.1 Febl Mar.1 Apr.l Mayl Junel

a full-length smelt AFP cDNA (Ewart et al., 1992, 2001).Fig. 2. Plasma osmolality, in warm and ambient smelt. Values are
Probes were labelled by random priming using a commerciallmeans +s.em. (N=2-5); 3significant difference from initial value,
supplied kit (Roche) and hybridized with the blot membrane*significant difference between warm and ambient fizk0(05).
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300- a decrease from February 29 to March 30. As with plasma,
A muscle glycerol levels in the warm temperature group began
250 ] decreasing in January, were significantly less than the initial
] value by February and continued to decrease throughout the
T 2005 experiment. Similar to plasma, muscle glycerol levels in warm-
g ] and ambient-temperature groups were significantly different at
£ 1505 all sampling periods.
S ] Liver glycerol levels also followed a trend of increasing
§ ] significantly in the ambient temperature group from the initial
& 1007 level of 56umol g1 to a maximum of 158mol g-tin January
] (Fig. 3C). Glycerol levels were maintained in this group
501 throughout the experiment and were significantly greater than
] the initial values and those found in fish held at warm
0+— — temperatures. Interestingly, in the warm-acclimated group,
125- liver glycerol levels did not show any significant decrease from
1B initial values throughout the experiment.
100+ Trimethylamine oxide
a ] The mean plasma TMAO concentration was initially 14 mmol
%” 75 I-1 and increased in both groups by January 11 (Fig. 4A). On
g 1 February 29, when the ambient temperature fell below 0°C, the
e ] ambient group reached its peak TMAO concentration at
§ 50 19mmoltl Plasma TMAO had significantly decreased to
= 1 9mmol 1 by February 29 in the warm-acclimated group and,
) - . . .
25 ] Ilke.glycerol, continued to decrease throughout_ the experlment.
1 Unlike glycerol, plasma TMAO concentrations in the ambient-
] temperature smelt group remained elevated in March.
o OO o OO Muscle TMAO levels did not change significantly from the
200+ initial sample values with either treatment at any time
{1 C (Fig. 4B). There was a significant difference between warm
] and ambient groups on February 29; however, neither value
150 was significantly different compared to the initial values.
a ] Liver TMAO levels mirrored the trend seen in plasma,
g where levels significantly increased from the initial
= ] 13umolg? to 17umolg? in the ambient group, whereas
% 100 TMAO levels continually decreased from the initial
§ concentration in the warm-acclimated fish (Fig. 4C).
>
O gl Urea
] Initially, concentrations of plasma urea followed a very
similar pattern to glycerol, with an approximately threefold
: increase from 3mmott on December 15 to 9 mmokl by

Decl Jan.1 Feb.1 Mar.1 Apr.1 Mayl Junel February 29 in the ambient-temperature fish (Fig. 5A). As

Fig. 3. Glycerol levels in warm and ambient smelt. (A) Plasma;W?th.glycerpl’ plasma. urea concentrations 'began decref’:lsing

(B) muscle; (C) liver. Values are means.£m. (N=6 initially; N=5 within the first month in vv'arm-temperature.flsh and remalned

for all other points).2Significant difference from initial value; |0W throughout the experiment. However, in cold acclimated

*significant difference between warm and ambient fi%0(05). smelt plasma urea remained elevated, like the TMAO
concentration.

Muscle urea followed a very similar trend to plasma urea,
less than the initial values on March 30 and to an almostith levels in the ambient group increasing fromngol gt
negligible amount by May 15. initially to a maximum of umol gt on February 29 (Fig. 5B).

Muscle glycerol levels followed a very similar trend to The urea concentration in the warm-temperature group was
plasma levels (Fig. 3B), but were consistently lower. In thesignificantly different from the initial value on March 30, but
ambient temperature group, the mean initial glycerol levehot in any other month.
in muscle was 4@molg! and increased to a maximum of Urea levels in liver followed the same trend as in plasma
116pumolg?t on February 29. Glycerol levels tended toand muscle (Fig. 5C). Liver urea levels in the warm group on
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Fig. 4. TMAO levels in warm and ambient smelt. (A) Plasma;Fig- 5. Urea levels, in warm and ambient smelt. (A) Plasma;
(B) muscle; (C) liver. Values are means.&m. (N=6 initially; N=5  (B) muscle; (C) liver. Values are means.ewm. (N=6 initially; N=5

for all other points).2Significant difference from initial value; for all other points).3Significant difference from initial value;
*significant difference between warm and ambient f&t0(05). *significant difference between warm and ambient fi3t0(05).

February 29 and March 30 were significantly less than th&om the initial values by May 15 in warm-acclimated fish.
initial values. Activity of AspAT significantly increased in both groups by
January 11 but was not different from the initial value on

Liver enzymes February 29 and March 30. GPDH activity was highest initially

Activities of AspAT, AlaAT and GPDH in liver did not and significantly decreased in both groups by February 29.
significantly differ at any time between experimental groupsComplementing the GPDH activity data (Fig. 6C), levels of
(Fig. 6). All enzymes had significantly decreased in activityGPDH mRNA isolated from smelt liver showed no significant
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] a However, by March 30, levels of liver glycogen in the warm
140} A W group had already decreased from the peak on January 11 to a
1201 :A;rg?em value not significantly different from the initial value. Note that
rg ] the warm group had significantly h|gher liver glycogen than
T 1001 the ambient group at all sample periods.
% 80 Plasma antifreeze protein
5 605 Thermal hysteresis, a measure of AFP activity, increased
= ] a significantly in both groups by the first month (Fig. 9).
é- 401 However, hysteresis was not significantly different between
< ] experimental groups. In the ambient fish, AFP activity
20 a continued to increase throughout the experiment, while activity
] in the warm group leveled off after the initial increase. AFP
e MRNA expression was significantly higher in January in the
150, ambient fish than in the warm fish (Fig. 10), even though there
B was no significant difference in AFP activity.
PN 125 -
o . .
T 1001 Discussion
E Organic osmolytes, antifreeze protein and osmolality
g 751 Glycerol levels in Newfoundland smelt are in the same range
2 as previously reported for smelt in New Brunswick, Canada
'{r} 501 a (Raymond, 1994; Driedzic et al., 1998) and substantially
< higher than those of smelt from the Atlantic coast of Nova
25 ] Scotia (Ewart et al., 2001). Although the TMAO and urea
levels observed here are lower than those found by Raymond
(1994) in cold-acclimated smelt, the trends seen by us are
or——— consistent with these previous studies. The present experiment
2001 C begins to provide insight into the sequence of events involved
175 1 in the smelt antifreeze response.
The smelt antifreeze response appears to have already been
*’g 1504 upregulated by the beginning of our experiment. We found that
T 1251 even at water temperatures around 5°C, in mid-December, the
= glycerol accumulation response had already begun, with
S 1004 glycerol levels peaking by January or February 29 in fish
£ tracking ambient temperatures. The TMAO accumulation
g 75 appeared to be well beyond half-complete by this initial
5o sampling period. Urea accumulation did not seem to begin until
© January, when ambient temperatures consistently dropped below
25 2 °C. Although ambient temperatures remained below 0 °C from
February 29 to March 30, the plasma and muscle glycerol levels
0 Dec.l Jan.1 Feb.l Ma.l Apr.1 Mayl Junel decreased over this time in the ambient-temperature fish.

The group of warm fish began decreasing all measured
Fig. 6. Liver activities of aspartate aminotransferase (ASPAT)organiC osmolytes either initially (glycerol and urea) or by
alanine aminotransferase (AlaAT) and .glycerol-3-phosphatganuary (TMAO). This strongly suggests that the mechanisms
dehydrogenase (GPDH) from warm and ambient smelt. Values afg, q|yed in accumulation of these solutes are turning off or
means SEM. (l_\I:_E_S initially; N=5 for all other points):Significant downregulating if temperatures remain warm. Thus, although
difference from initial value. - - -
the accumulation of organic osmolytes may be triggered by
decreasing temperature, as shown by previous acclimation
difference between warm and ambient groups on January kludies (Raymond, 1993, 1994; Raymond et al., 1996),
(Fig. 7), although levels were variable within groups and therenaintaining these high levels appears to require continuing low
was a trend towards lower levels in the warm-temperature fiskemperatures.
The initial sample had an osmolality of 349 mOsmofkg
Liver glycogen which is well within the range given by Holmes and Donaldson
Liver glycogen levels increased dramatically in the warm(1969) for Salmoniformes, an order that is closely related to
acclimated fish but remained low in the ambient group (Fig. 8the Osmeriformes, to which the smelt belong. This normal
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value was obtained despite the fact A B

we found values of 80mmat 30 Ambient Wam
14 mmol F1and 3 mmoltlfor glycerol 1 2 3 12 3
TMAO and urea, respective 25 ]
Therefore these organic osmoly
made up approximately one third of
total solutes at a water tempera
of 5°C. By February 29, plasr
osmolality in both groups was w
above normal for marine teleosts, v
glycerol, TMAO and urea accounti
for slightly less than a third of the tc
solutes in fish at @C.

There was appreciable plasma /
activity, based on thermal hysteresis
the time of our initial sample, ag: 0
suggesting that the antifreeze resps

had already begun. The AFP activ  Fig. 7. Liver glycerol-3-phosphate dehydrogenase (GPDH) mRNA expression in smelt. The
after the initial sample, was in the s¢  plot was probed as described in the Materials and methods. (A) Densitometric analysis of the
range as that found in wild smelt ca blots showing mean valuess£.M. (B) Blot images for three males sampled on January 11.
in February (Duman and DeVri
1974). Like the accumulation of t
measured organic osmolytes, AFP activity tended to be higheut metabolically expensive enzyme activation/osmolyte
in ambient fish than in warm-temperature fish, with the singlgystem to a less expensive, gene expression AFP system as
exception of the January sample, which appeared to be a reswihter progresses.
of increased synthesis, as indicated by the increased AFP
mMRNA expression in the ambient group. Liver glycogen

Total plasma organic osmolytes and AFP activity in the Liver glycogen levels in ambient fish continually decreased
ambient group would result in a total freezing-point depressioand were significantly less on March 30 than the initial levels
more than adequate for the fish to survive near-freezing marime December. However, glycogen reserves were not entirely
waters in the ambient group by February 29. These levels wegepleted over the duration of the experiment. In wild-caught
maintained in the ambient group until our final sampling datepsmerid fishes, Raymond et al. (1996) found that levels of
It seems that while the colligative antifreeze effect hadtorage compounds such as triacylglycerides and glycogen
decreased, the non-colligative AFP activity increased. The datiecreased as water temperatures approached and fell below
suggest a shift in antifreeze strategy, from an easily regulat®@*C. These decreases were attributed to the carbon
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Fig. 8. Liver glycogen levels in warm and ambient smelt. Values arFig. 9. Plasma thermal hysteresis in warm- and ambient-held smelt.
means 1s.E.M. (N=6 initially; N=5 for all other points)éSignificant  Values are means &p. (N=2-5). @Significantly different P<0.05)
difference from initial value; *significant difference between warmfrom initial value; *significantly differentR<0.05) between warm
and ambient fishR<0.05). and ambient fish.
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requirement for the synthesis of glycerol. In ~ ao B Ambient Wam
present study, the decline in liver glycor 20 1 2 3 1 23
levels could contribute to an increase 18 T

glycerol in plasma, muscle and liver but cc

161
141
121
101

not account for all of the glycerol producti
given a constant loss to the water (Raym:
1993).

Liver enzymes

Tissue levels of glycerol were alrec
elevated by our initial sample and there
no correlation between glycerol levels
GPDH activity. More specifically, GPD
activity was highest initially and decrea:
significantly in both groups by February
even though glycerol levels were still v Ambient ' Warm
high at that time in fish at ambie
temperature. Moreover, although the GP
MRNA levels were approximately twice
high in January in the ambient fish than in
warm fish, the difference was not significi
In  contrast, glycerol levels we..
approximately threefold higher in the ambient fish and the Glucose
difference was significant. It appears that if there is ¢ :
regulatory interval, it occurs prior to December, when wate
temperatures are above 5°C. It is possible that GPDH activit
increased early in the fall, facilitating rapid glycerol synthesis
initially, followed by a subsequent decrease to maintenanc
levels of activity for the balance of the winter. The observer
decrease in GPDH activity by February 29 is followed by :
relatively constant levels and precedes the observed decre: PEP

RNA level (arbitrary units)
*

oM o
-

Fig. 10. Liver AFP mRNA expression in smelt. The blot was probed as described in
Materials and methods. (A) Densitometric analysis of the blots; values are means *
s.e.M. (N=3). (B) Blot images for three males sampled on January 11. *Significant

difference P<0.05).

v
6 FBP 6

GAP —7> DHAP ? G3P —9> Glycerol
A

in glycerol levels, as would be expected if, by February 2€ g T 1

the activity of this enzyme decreases to levels approprial OAA < Aspartate

for maintenance of glycerol metabolism rather thar A P

accumulation. These results contrast with those of previot Glutamate aKG

work on smelt from the Atlantic coast of Nova Scotia that dic \ 3

show a significant difference in GPDH mRNA levels betweer 4 Glutamate — aKG + NHg* ceeeee » Urea

warm- and ambient-acclimated fish in February (Ewart et al / \

2001). It would be interesting to determine whether this is . Glutamate oaKG

population difference or due to experimental conditions \

(length of time held at temperature, time of year, etc.). Pyruvate « Alanine
Amino acids are a major source of carbon for glycero 2

production in smeltvia transamination or deamination to g 11. Proposed pathways for the production of glycerol in smelt.
pyruvate or oxaloacetate (OAA) and the phosphorylation oFBp, fructose-1,6-bisphosphate; GAP, glyceraldehyde-3-phosphate;
OAA to PEP by PEPCK (Raymond and Driedzic, 1997). INDHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phosphate;
accordance with data from radiolabelled precursors, smePEP, phosphoenolpyruvate; OAA, oxaloacetateKG, alpha-
have very high levels of amino acid-metabolizing enzymes iketoglutarate. Enzymes are (1) aspartate aminotransferase;
their liver compared to other teleosts from the samd2) alanine aminotransferase; (3) glutamate dehydrogenase;
environment (Driedzic et al., 1998). Though we found muct(4) pyruvate carboxylase; (5) phophoenolpyruvate carboxykinase;
lower AspAT activity and higher AlaAT activity than the (6) aldolase; (7) “triose isomerase; (8) glycerol-3-phosphate
previous study, our data are consistent with the trend shomgqeur;zs;rg%i?szfs’iéa)sge'i’)‘;er°|'3'ph03phatase' Dotted arrows indicate
by Driedzic et al. (1998) in that our initial aminotransferase '

activities are still several-fold higher than in other teleost:

sampled in the earlier study. Both AspAT and AlaAT didin January, which was significantly higher than the initial
not significantly differ between the warm- and ambient-values in the warm group, both groups returned to activities
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