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Barany A, Shaughnessy CA, Fuentes J, Mancera JM, McCormick
SD. Osmoregulatory role of the intestine in the sea lamprey (Petro-
myzon marinus). Am J Physiol Regul Integr Comp Physiol 318:
R410-R417, 2020. First published November 20, 2019; doi:10.1152/
ajpregu.00033.2019.—Lampreys are the most basal vertebrates with
an osmoregulatory strategy. Previous research has established that the
salinity tolerance of sea lamprey increases dramatically during meta-
morphosis, but underlying changes in the gut have not been examined.
In the present work, we examined changes in intestinal function
during metamorphosis and seawater exposure of sea lamprey (Petro-
myzon marinus). Fully metamorphosed juvenile sea lamprey had
100% survival after direct exposure to 35 parts per thousand seawater
(SW) and only slight elevations in plasma chloride (CI7) levels.
Drinking rates of sea lamprey juveniles in seawater were 26-fold
higher than juveniles in freshwater (FW). Na™-K*-ATPase (NKA)
activity in the anterior and posterior intestine increased 12- and 3-fold,
respectively, during metamorphosis, whereas esophageal NKA activ-
ity was lower than in the intestine and did not change with develop-
ment. Acclimation to SW significantly enhanced NKA activity in the
posterior intestine but did not significantly change NKA activity in the
anterior intestine, which remained higher than that in the posterior
intestine. Intestinal CI™ and water uptake, which were observed in ex
vivo preparations of anterior and posterior intestine under both sym-
metric and asymmetric conditions, were higher in juveniles than in
larvae and were similar in magnitude of those of teleost fish. Inhibi-
tion of NKA by ouabain in ex vivo preparations inhibited intestinal
water absorption by 64%. Our results indicate drinking and intestinal
ion and water absorption are important to osmoregulation in SW and
that preparatory increases in intestinal NKA activity are important to
the development of salinity tolerance that occurs during sea lamprey
metamorphosis.

development; drinking rate; intestine Na*-K*-ATPase; ion transport;
water absorption

INTRODUCTION

Lamprey and hagfish are the most basal vertebrates and the
only extant members of the vertebrate superclass Agnatha.
Unlike hagfish, which are marine osmoconformers, lamprey
have an osmoregulatory strategy in which blood ion levels are
maintained relatively constant in both freshwater (FW) and
seawater (SW). Larvae (also called “ammocoetes”) of the
anadromous sea lamprey (Petromyzon marinus L.) spend 4—6
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yr in FW before metamorphosing and migrating to the sea.
Metamorphosis takes 4—5 mo and involves the radical trans-
formation from a substrate-dwelling, filter-feeding ammocoete
into a free-swimming, parasitic juvenile. Juveniles spend an-
other 2-3 yr in the sea before returning to FW to spawn and
die. The capacity for osmoregulation in SW is very low in
larval sea lamprey but increases dramatically during metamor-
phosis (39).

Lampreys and teleosts maintain an internal osmotic pressure
at approximately one-third that of SW, with plasma osmolality
values of ~300 mosmol/kgH,O. Fishes living in FW must
counteract the passive loss of ions and gain of water by a
process of active, ATP-dependent uptake of ions (primarily
Na™ and CI™) across the gill epithelium and removal of excess
water via the production of dilute urine. Fishes living in
hyperosmotic environments such as SW (~1,050 mosmol/
kgH>0) must counteract the passive gain of ions and loss of
water. To do this, fish in SW increase drinking and absorb
water in the gut while excreting excess divalent ions (primarily
Ca®" and Mg?") via the gut and kidney and monovalent ions
via the gills (14).

For most teleost fishes ingested SW is consecutively pro-
cessed by the different intestinal regions including the esoph-
agus, pyloric cecas, stomach, anterior intestine, middle-poste-
rior intestine, and rectum. Together, these regions desalinate
ingested SW until it is close to iso-osmotic with respect to the
blood and facilitate net water absorption, which occurs primar-
ily in the intestine (23, 29, 44). As ingested SW moves through
the gut, the osmolality of the lumen compartment is substan-
tially reduced, allowing for simultaneous net water absorption
(44) via two possible paths: transcellularly, in which aqua-
porins are involved (8, 50, 51), and paracellularly (37). Both
paths for water absorption from the lumen are driven by the
osmotic gradient, indicating Na* and C1~ absorption as major
contributors to reduction of gut osmolality that then allows
water uptake (24, 33). In teleosts it has been established that
luminal Na™ and Cl~ uptake occurs through the apical Na*-
K*-2C1™~ cotransporter (NKCC2) (11, 12, 20, 42). Transcellu-
lar movement of Na* is driven by basolateral Na*-K*-ATPase
(NKA). NKA also exchanges three K" for two Na*, which
provides an electrical gradient that favors movement of Cl1™
into the blood. The excess of monovalent ions taken up by the
gut to desalinize the imbibed SW is secreted by the gills (21,
25, 31). For most teleosts, SW acclimation results in elevated
levels of NKA activity in the gut and gill, which produce a
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favorable electrochemical gradients for the passive movement
of ions via cotransporters and ion channels (21, 24, 47).

The importance of the intestine to osmoregulation has been
clearly established in teleost fish; however, there is little
understanding of the role of the intestine in osmoregulation of
lamprey. Although there is some information on morphological
and molecular changes that occur in the intestine related to
changes in external salinity and metamorphosis (15, 26), there
is very limited direct physiological evidence for the role of the
gut in ion uptake of juvenile marine lamprey. Drinking rate and
intestinal ion uptake have been examined in migrating river
lamprey (38), but these studies were limited to use of 50% SW
due to the limited salinity tolerance of upstream-migrating
adults.

The present study focused on the ionoregulatory changes in
the sea lamprey intestine during metamorphosis and after
salinity acclimation as juveniles. Our aims were to characterize
changes in the osmoregulation of the gut during metamorpho-
sis, the developmental period when there are large increases in
the salinity tolerance of sea lamprey. Specifically, we exam-
ined developmental changes in NKA activity and examined
drinking rates, ion uptake, and water absorption during SW
acclimation of anadromous sea lamprey.

MATERIALS AND METHODS

Animals and experimental designs. Sea lamprey were caught in the
Sawmill River, a tributary of the Connecticut River (Massachusetts),
by electrofishing or Fyke net capture from July to November in 2016.
For the metamorphic series, lamprey were sampled in the field
immediately upon capture. The metamorphic stage of individuals was
determined according to the descriptions presented by Youson and
Potter (54). Salinity acclimation experiments were carried out under
laboratory conditions at the United States Geological Survey (USGS)
Conte Anadromous Fish Research Center (Turners Falls, MA) with
larvae and postmetamorphic juveniles captured from the Sawmill
River. Lamprey were placed into 1-m diameter tanks with flow-
through Connecticut River water at ambient temperatures. Juveniles
were then directly transferred to SW [35 parts per thousand (ppt)] or
FW; only juveniles were exposed to SW because larvae cannot
survive above 8 ppt (39). Experimental SW was prepared by mixing
artificial sea salt (Crystal Sea Salt, Baltimore, MD) and dechlorinated
municipal fresh water. Lamprey were kept under natural photoperiod
conditions and at a constant temperature of 15°C in 60-liter recircu-
lating glass aquaria equipped with mechanical, chemical, and biolog-
ical filtration. The animals were not offered food because anadromous
sea lamprey naturally stop feeding during metamorphosis and do not
resume feeding until they begin parasitic feeding once they reach the
ocean. Water quality and mortalities were monitored daily. All ex-
periments were carried out in accordance with USGS guidelines and
approved by the USGS Institutional Animcal Care and Use Commit-
tee (Protocol No. LBOOA30O-117).

Sampling protocol and blood analysis. Lamprey were euthanized
using a lethal dose of 160 mL MS-222/L water (400 mg/L buffered
with NaHCOs, pH 7.0; Argent Chemical Laboratories, Redmond,
WA) and then measured for length and body mass and sampled for
blood, muscle, and intestine. Blood was collected from caudal vessels
into 0.5-mm heparinized capillary tubes. Hematocrit (measured as
percentage of total blood volume) and plasma were obtained via
centrifugation (5,000 g for 5 min). The anterior intestine was ligated
at either end, removed, and emptied into 1.5-mL vials. Anterior
intestinal fluid was obtained via centrifugation (13,000 g for 5 min)
from SW-acclimated juveniles to determine osmolality. Muscle
(~0.2 g) was collected from the region posterior to the anal vent,
blotted dry, and placed in a 60°C drying oven for determination of
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muscle water content, which was used as an index of tissue hydration
state. Intestinal tissues (esophagus, anterior intestine, and posterior
intestine) were collected for determination of NKA activity in 1.5-mL
microcentrifuge tubes containing homogenization buffer (SEI in mM:
150 sucrose, 10 EDTA, and 50 imidazole, pH 7.3). All plasma and
intestinal tissue samples were immediately frozen and stored at
—80°C. Plasma Cl~ concentration was determined using a digital
chloridometer (Haake Buchler Instruments, Saddlebrook, NJ). Plasma
osmolality was measured with a vapor pressure osmometer (model
550, Wescor 5500, Logan, UT).

Determination of drinking rate. Drinking rates were determined by
following a modified protocol of Petzel (34). Lamprey were exposed
to 0.04 g/L phenol red (114529, Sigma) in aerated glass aquaria for
2.5 h (in FW) or 0.5 h (in SW) to avoid imbibed phenol-water leaking
through the rectum. During sampling, intestinal fluid and the remain-
ing digestive tract were collected in 1.5-mL microcentrifuge tubes,
and 500 pL of deionized water were added to each tube. The tubes
containing the samples, as well as a water blank and a exposure water
control (containing phenol red), were rotated for 1 h at 4°C to ensure
the complete release of phenol red from between microvilli into
solution. The samples were then centrifuged at 3,000 g for 10 min, and
250 pL of the supernatant were added to 125 L 10% trichloro-acetic
acid, then vortexed and centrifuged again at 13,000 g for 5 min. After
centrifugation, 250 wL of the supernatant were added to 125 uL 2 N
NaOH and then vortexed and centrifuged at 13,000 g for 5 min.
Finally, 200 L of the final supernatant were measured at 560 nm
(THERMOmax microplate reader using SOFTmax software, Molec-
ular Devices, Menlo Park, CA). Absorbance of a water blank was
subtracted from the absorbance reading from the final supernatant.
Drinking rate was calculated using the following formula (expressed
in mL-h~ kg~ 1): volume of water ingested (mL-h~'kg 1) = [(A, X
V X DIA)IT/W, where A, is absorbance in the gut sample, A,, is ab-
sorbance in the exposure water (containing phenol red), V is mL
(deionized water added to the sample), D is2.25 (dilution fac-
tor = Viinal/ Vinitial), T 1s exposure time, and W is weight.

Determination of intestinal water absorption and net chloride
(CI™) flux. Water absorption and net C1™ fluxes in whole intestine and
isolated intestinal regions (anterior and posterior) were determined
following previous methods (20, 25, 28). The intestinal sections were
isolated, flushed and then incubated for 30 min in serosal saline
bubbled with a physiological gas mixture (99.5% 0,-0.5% CO»).
The lumen was then filled via a syringe with either /) a serosa-like
saline (“iso-osmotic™; “symmetric model”) that was specifically for-
mulated to recreate lamprey plasma (in mM: 128.0 NaCl, 1.3
NaH>PO,, 5.0 NaHCOs3, 4.0 KCl, 2.4 CaCl,, 0.9 MgSO4, 0.9 MgCl,,
and 5.5 glucose; 270 mosmol/kgH-O and pH 7.8); 2) a 50% SW
solution (530 mosmol/kgH>O; 50% dilution of 100% SW solution;
“asymmetric model”); or 3) a 100% SW solution (1,072 mosmol/
kgH,0; “asymmetric model”’) made from the commercial sea salt mix
described above (in mM: 524.0 C1—, 452.0 Na™, 53.0 Mg>*, 10.2
Ca?*, and 9.7 K™). Saline was maintained at 15°C and pregassed for
at least 30 min before experimentation. The ends of the intestinal
samples were sealed at each end using dental line and placed in a
beaker containing serosal saline supplied with the gas mixture. The
intestinal preparations were weighed every 15 min for 1 h. Samples
from the luminal fluid for CI™ analysis were taken at the beginning
and end of the 1-h experiment. At the end of the experiment, each
intestinal section was opened, placed on graph paper, and then
photographed. Surface area of the intestinal segment within the tied
region was determined using ImageJ software (NIH, Bethesda, MD).
Change in mass over time was used to determine a slope, converted to
volume, and then normalized to the intestinal surface to calculate a
rate of water absorption (uL-cm™2h™!). To determine net C1~ flux,
luminal C1™ concentrations (t;-tp) were normalized to their respective
intestinal surfaces just as in calculation of water absorption rates
(rEq-cm™2h ™). A negative rate indicated C1~ secretion (from sero-
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sal to luminal), and a positive rate indicated C1~ absorption (from
luminal to serosal).

Na™*-K*-ATPase activity. Intestinal NKA activity was analyzed
using an NADH-linked kinetic assay in a 96-well microplate run at
25°C for 10 min, as described by McCormick (30). Frozen intestinal
regions were homogenized on ice in either 150 pL (larvae to stage 5)
or 600 pL (stage 6 to juvenile) of SEID (0.1% sodium deoxycholate
in SEI buffer, pH 7.3) and centrifuged at 3,200 g for 5 min at 4°C. The
supernatant was assayed in duplicate for ATPase activity in the
presence and absence of the NKA-specific inhibitor ouabain (0.5
mM). NADH was determined spectrophotometrically at 340 nm, and
the difference in NADH reduction rates between the inhibited and
uninhibited solutions was used to calculate NKA-specific (ouabain-
sensitive) activity (expressed as pmol-ADP mg protein™!-h~'. Total
protein was measured using the bicinchoninic acid protein assay with
a bovine serum albumin standard (Thermo Scientific, Rockford, IL).
Both assays were run on a THERMOmax microplate reader using
SOFTmax software (Molecular Devices, Menlo Park, CA).

Calculations and statistical analysis. Fulton’s condition factor (K)
was calculated with the formula 1,000 X [wet weight (g) X length ™3
(cm)] (41). Percent water content was calculated as: [(wet mass — dry
mass) X 100]/wet mass. All data are represented as the means = SE.
Detection of significant differences were carried out by using unpaired
Student’s  test, one-way ANOVA, or two-way ANOVA, followed by
a Tukey’s or Sidak’s post hoc analysis. All statistical analyses were
performed with GraphPad Prism 6.0 (GraphPad Software, La Jolla,
CA). Significance for all tests was set at P < 0.05.

RESULTS

There were no mortalities of fully metamorphosed juvenile
sea lamprey transferred directly from FW to SW over the 3-wk
exposure period. SW juveniles had significantly lower condi-
tion factor compared with FW larvae and FW juveniles (Table
1). Plasma Cl— was significantly (37%) higher in FW juveniles
than in FW larvae, and exposure of juveniles to SW resulted in
a slight increase in plasma Cl~ (12%). Muscle water content
did not significantly differ between larvae and juveniles in FW
but was slightly higher (2.7%) in SW juveniles (Table 1).
Hematocrit values were significantly lower in SW juveniles
compared with FW larvae and FW juveniles (Table 1). Osmo-
lality of anterior intestinal fluid of SW juveniles was 575 = 79
mosmol/kgH>O (~50% SW).

Drinking rates. Drinking rates in FW larvae and FW juve-
niles were relatively low (Fig. 1). Drinking rates in juveniles
increased with increasing salinity and were over 4-fold higher
in 10 ppt and 26-fold higher in SW juveniles compared with
FW juveniles.

Whole intestinal water absorption. Whole intestine water
absorption under iso-osmotic conditions were over twofold

Table 1. Biometric data, muscle water content, hematocrit,
and plasma Cl~ in larvae and FW- and SW-acclimated
Juvenile sea lamprey

FW Larvae FW Juvenile SW Juvenile
Length, cm 13403 148 0.3 152 +0.3
Mass, g 3.0*02 43*+0.2 4.1*+03
Condition factor, K 1.24 = 0.03>b 1.34 +0.022 1.17 = 0.06°
Muscle water content, % 72.0 £ 1.02 74.1 £ 04 76.8 = 0.8°
Plasma chloride, mM 85 + 1.32 117 = 1.1° 131 = 1.4¢
Hematocrit, % 27 £ 1.02 29 £ 1.0° 19 +0.9°

Values represent means * SE (n = 10). FW, freshwater; SW, seawater.
Different lowercase letters indicate significant differences (P < 0.05, one-way
ANOVA, Tukey’s post hoc).
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Fig. 1. Drinking rate for larvae and freshwater (FW)-, 10 ppt-, and seawater
(SW; 35 ppt) -acclimated juvenile sea lamprey. Values represent means + SE
(n = 4-9). *Significant difference (P < 0.05, unpaired ¢ test analysis).
Different letters indicate significant differences among salinities in juveniles
(P < 0.05, one-way ANOVA, Tukey’s post hoc).

higher in FW juveniles compared with FW larvae (Fig. 2A).
Acclimation of juveniles to SW resulted in a 25% increase in
water absorption that was significantly different from FW
juveniles. Intestinal water absorption in SW-acclimated juve-
niles was 64% lower with serosal addition of ouabain (500
nM) compared with the control (Fig. 2B).

Water absorption and net ClI~ flux by intestinal region.
Water absorption rates of the anterior intestine did not differ
between symmetrical (iso-osmotic) and asymmetrical (50 and
100% SW) conditions (Fig. 3A). In the posterior intestine, the
highest water absorption rate was observed in 50% SW (Fig.
3A). Significantly higher water absorption rates (~2-fold) were
observed in anterior compared with posterior intestine for
iso-osmotic and 100% SW conditions but were similar for 50%
SW (Fig. 3A4). Net C1™ absorptive flux in the anterior intestine
increased with increasing osmotic concentration of the luminal
solution (iso-osmotic < 50% SW < 100% SW; Fig. 3B). For
posterior intestine a significant enhancement of Cl~ uptake
was observed for luminal 50% SW but was lower in iso-
osmotic and 50% SW (Fig. 3B). Interestingly net CI~ flux
showed small secretory rates (from serosa to lumen) under
iso-osmotic conditions across the membranes (Fig. 3B). There
were no significant differences in water absorption or net C1™
flux between FW- and SW-acclimated juveniles in either an-
terior or posterior intestine (data not shown).

Na™-K*-ATPase activity. NKA activity levels in the anterior
and posterior intestine of wild-caught sea lamprey were low in
larvae and stage 2-3 individuals and increased progressively
through the later stages of metamorphosis (Fig. 4, A and B,
respectively). In the anterior and posterior intestine, NKA
activity increased 18- and 3-fold, respectively, between stage 2
and 3 and downstream migrating juveniles (Fig. 4, A and B).
Esophageal NKA activity remained low throughout metamor-
phosis (Fig. 4C). The highest NKA activity was observed in the
anterior intestine, followed by the posterior intestine, and then
the esophagus (Fig. 4, A—C). Biometric data for the samples in
the field are shown in Table 2. Laboratory-reared juveniles had
significantly higher NKA activity in the anterior and posterior
intestinal regions compared with larvae (over 36- and 4-fold,
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Fig. 2. Whole intestinal water absorption for larvae and freshwater (FW)- and
seawater (SW)-acclimated juvenile sea lamprey (A). Values represent
means = SE (n = 6-10). *Significant differences (P < 0.05, unpaired Stu-
dent’s ¢ test). Effect of ouabain on whole intestinal water absorption in
SW-acclimated juvenile sea lamprey (B). In B, ouabain was added to the
serosal side (500 wM) and intestinal sacs were incubated for 30 min with the
test agent before the effect was evaluated every 15 min for 1 h. Values
represent means * SE (n = 4). Different letters indicate significant differences
(P < 0.05, unpaired Student’s ¢ test).

respectively, Fig. 5). In the anterior intestine, NKA activity
increased slightly after SW-acclimation but was not signifi-
cantly different between FW- and SW-acclimated juveniles.
However, in the posterior intestine, SW-acclimated juveniles
had fourfold higher NKA activity than FW-acclimated juve-
niles (Fig. 5).

DISCUSSION

In the present study we have found that NKA activity in
anterior and posterior intestine increases dramatically during
metamorphosis in association with high levels of salinity tol-
erance. Drinking rates of fully transformed juveniles in SW are
more than 20-fold higher than juveniles in FW. Both the
anterior and posterior intestine can take up Cl~ and water.
Water absorption is substantially inhibited by ouabain, a spe-
cific inhibitor of NKA. These are the first studies to examine
intestinal function in sea lamprey in FW and SW, and these
data provide direct evidence that intestinal ion and water
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uptake may be driven by NKA and critical to osmoregulation
in SW.

We found that fully metamorphosed juvenile sea lamprey
survived for 3 wk after direct exposure from FW to SW,
consistent with previous research demonstrating that larval sea
lamprey have poor salinity tolerance, which increases dramat-
ically during metamorphosis (3, 4, 39). Other studies in our
laboratory indicate that they will survive under these SW
conditions for many months (C. A. Shaughnessy and S. D.
McCormick, unpublished results). Lamprey acclimated to SW
experienced only moderate (14 mM) increases in plasma Cl ™,
and their absolute levels of plasma Cl~ (131 mM) are similar
to those seen in fully acclimated teleosts in SW (14). It has
been shown that adult sea lamprey experiencing poor survival
after reexposure to brackish water (25 ppt) have much higher
levels of plasma CI™ (276 mM) (15) and even that plasma CI ™~
of surviving adults in brackish water is higher (149 mM) than
the SW-acclimated juveniles in the present study. In addition,
muscle water content of SW-acclimated juveniles was actually
higher than that of FW-acclimated juveniles, indicating that
they were not experiencing tissue dehydration that would occur
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Fig. 3. Intestinal water absorption (A) and net chloride (C17) flux (B) in the
anterior and posterior intestinal regions under different luminal solutions
[iso-osmotic saline, 50% seawater (SW), or 100% SW] in juvenile sea lamprey
acclimated to SW. Values represent means = SE (n = 5-8). Different letters
indicate significant differences among luminal solutions within the same
intestinal region. *Significant differences between regions under the same
luminal solution (P < 0.05, two-way ANOVA, Sidak’s post hoc).
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Fig. 4. Na*-K*-ATPase (NKA) activity in the anterior (A) and posterior
intestine (B) intestine and esophagus (C), during metamorphosis of sea lam-
prey from larvae to downstream migrating juveniles. Values represent
means = SE (n = 2-19). Different letters indicate significant differences (P <
0.05, one-way ANOVA, Tukey’s post hoc).
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Table 2. Biometric data from various developmental stages
and downstream migrating juvenile sea lamprey collected
and sampled in the field

Length, cm Mass, g Condition Factor, K
Larvae (Jul.) 12.2 £0.6* 2.8 0.4 1.39 £ 0.06
Larvae (Aug.) 14.4 = 0.4° 4.3 *+ 0.3 1.39 £ 0.05
Larvae (Oct.) 14.7 +0.3° 4.6 + 0.3 1.41 £ 0.06
Stages 2-3 16.0 = 0.8° 4.8 +0.2%0 1.16 = 0.11
Stages 4-5 152 = 0.2° 53*0.5° 1.49 = 0.09
Stage 6 14.8 = 0.5° 4.9 *+ 0.6%° 1.48 =£0.10
Stage 7 153 = 0.5° 5.8 £0.3° 1.50 £ 0.03
Migrating juvenile 159 £ 0.3° 53+03° 1.29 = 0.02

Values represent means = SE (n = 2-19). Different lowercase letters
indicate significant differences (P < 0.05, one-way ANOVA, Tukey’s post
hoc).

in fish that are unable to osmoregulate in SW. These higher
levels of muscle hydration may be related to the initial ener-
getic demands of osmoregulation in SW, resulting in lower
lipid and higher muscle water, a relationship seen in most
teleost fish (6). In the case of a teleost fish, Atlantic salmon
(Salmo salar) acclimated to SW experience a moderate (3%)
decrease in muscle water content showing a similar total
muscle water content (76%) (5) to that seen in SW-acclimated
sea lamprey juveniles. We found a 10% decrease in sea
lamprey exposed to SW, similar in direction but lower in
magnitude than the 1-4% decrease in hematocrit of Atlantic
salmon exposed to SW (5). Although the lower levels of
hematocrit seen in SW juveniles may be due lower red blood
cell volume, this seems unlikely because plasma ion levels in
FW and SW were similar. Alternatively, lower hematocrit in
SW may be the result of higher plasma volume in SW or
simply reduced concentration of red blood cells.

Drinking rates in SW-acclimated juvenile lamprey were
26-fold higher than juveniles in FW, which agrees with previ-
ous studies in teleosts in which drinking rates are substantially
higher in fish in SW compared with FW (17). Drinking rates in
the sea lamprey reported here are twofold higher than those
reported in the migrating European river lamprey (Lampetra
Auviatilis) acclimated to 50% SW (6 mL-h~ kg™ ') and the

80 [ Fw Larvae
J E Fw Juveniles

Bl sw Juveniles

[=2]
o

NKA activity
(. mol ADP mg protein” h'1)
N »
o o

Anterior intestine Posterior intestine

Fig. 5. Intestinal Na™-K*-ATPase (NKA) activity in laboratory-reared larvae
and freshwater (FW)- and seawater (SW)-acclimated juvenile sea lamprey.
Values represent means = SE (n = 9-10). Different letters indicate significant
differences within an intestinal region. *Significant differences between intes-
tinal regions of the same group (P < 0.05, two-way ANOVA, Sidak’s post
hoc).
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same for FW acclimated river lamprey (0.4 mL-h™ kg™ ") (37).
When these are compared with values for teleost fishes, the
observed drinking rates in SW-acclimated sea lamprey in the
present study were similar to that reported for Red River
pupfish (Cyprinodon rubrofluviatilis), ~14 mL-h~'kg™! (40)
and higher than those reported for other teleost species, which
ranged from 2 to 6 mL-h~"kg~! (16, 17, 34). These higher
drinking rates in sea lamprey may relate in part to the relatively
small size of the animals. Irrespective of these differences, our
overall finding of higher drinking rate in SW compared with
FW in sea lamprey is consistent with a role of the gut in
recovering water that is passively lost while in a hyperosmotic
SW environment.

In a series of ex vivo experiments, we characterized the
magnitude and nature of water transport across the intestinal
epithelium in juvenile sea lamprey and sought to further
examine the possible regionalization of water absorption in the
sea lamprey intestine. Water absorption rates using the whole
intestine under symmetrical conditions showed higher rates of
water absorption in FW- and SW-acclimated juveniles com-
pared with FW larvae. These results indicate that the intrinsic
capacity for intestinal water uptake (and likely also ion uptake)
in metamorphosed sea lamprey is greater than that for larval
sea lamprey and that this may be related to the observed
increases in whole animal osmoregulatory ability of juveniles.
These findings agree with previous literature indicating that
that water absorption rates increase during smolt development
of salmonids when SW tolerance increases (46). In addition,
the higher levels of intestinal water absorption observed after
SW acclimation in the present study is consistent with findings
in coho (Oncorhynchus kisutch) and Atlantic salmon (9, 48).

Our results indicate that, as in teleost fishes, water absorp-
tion in sea lamprey is strongly dependent on NKA activity and
active uptake of ions. Serosal addition of ouabain resulted in
64% reduction in intestinal water absorption under symmetri-
cal conditions. Because net Cl~ fluxes under symmetrical
conditions were so low, we were unable to demonstrate an
effect of ouabain on CI™ fluxes. In teleost fishes an effect of
ouabain on intestinal water uptake has been shown in coho and
Atlantic salmon (9, 28, 48). Previous studies demonstrated that
ouabain significantly reduce Na™ influx in isolated anterior
intestine of adult sea lamprey acclimated to 50% seawater (35).

In the present study, the vast majority of total intestinal
ATPase activity was ouabain sensitive. NKA activity was
greater in the anterior intestine compared with the posterior
intestine, similar to what has been shown in migrating river
lamprey (35). Intestinal NKA activity increases dramatically
during metamorphosis, especially in the anterior intestine.
These changes correspond to what has been observed in the
gill, where NKA activity and ionocyte abundance increased
during metamorphosis and were associated with increased
salinity tolerance (39). Increases in intestinal NKA activity
have also been observed in salmonids during smolt develop-
ment (46, 49). Our results indicate that intestinal changes
during metamorphosis is critical to the development of salinity
tolerance that occurs before downstream migration of sea
lamprey juveniles.

We cannot rule out the possibility that some of the changes
in intestinal NKA activity are due to the demands of a new
feeding regime in parasitic sea lamprey following metamor-
phosis. Nutrient absorption processes are likely to change
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during parasitic feeding and so could be linked with changes in
NKA activity. Most nutrient absorption processes, such as
movement of carbohydrates (52, 53), amino acids (27, 32), and
some vitamins and minerals (27) across the apical membrane
of intestinal enterocytes are Na™-dependent, and these nutri-
ents have to move across highly polarized epithelial cell layers.
NKA might also be involved in regulating the intracellular
Na™ levels that are critical for nutrient transport, in addition to
its role in osmoregulation. Further research is needed to un-
derstand the relationship between nutrient absorption mecha-
nisms and osmoregulation in the intestine of anadromous
lamprey.

To better understand how water movement is related to
macro-scale solute gradients, water absorption preparations for
anterior and posterior intestinal regions were isolated and
luminally exposed to iso-osmotic, 50% SW and 100% SW
solutions. Anterior intestine exhibited no change in water
absorption rates across the three luminal solutions tested, but
the water absorption rate in posterior intestine increased sig-
nificantly under 50% SW, reaching the same range as anterior
intestine. This is in accordance with previous studies on Eu-
ropean eel (Anguilla anguilla) that showed increasing intestinal
water absorption in preparations with a slightly higher osmotic
solution in the lumen with respect to plasma (44). The rate of
water absorption in preparations of whole intestine that we
observed in the present study (20 pL-cm™2h™!; ~250
mL-kg~!-day~! after unit conversion) is higher than rates
previously reported in adult lampreys (~20 mL-kg™'-day ')
(36) and similar to rates reported in marine teleosts (14-20
pL-cm™2h™1) (7, 28, 40).

Interestingly, the intestine of the sea lamprey was able to
transport water from lumen to serosa even when the osmolality
of the luminal fluid was markedly higher than plasma. This
phenomenon of apparent nonosmotic water uptake has been
reported before in chicken cloaca (43), European eel intestine
(44), and European river lamprey (36), although these previous
reports did not test for or observe intestinal water uptake under
as large as a gradient difference as we have tested for and
observed in this study. This apparent nonosmotic water flow is
assumed to be caused by osmotic flow into the hyperosmotic
lateral interspaces between enterocytes (10, 13, 22), which
agrees with the hypothesis that water movement against a
gradient is caused by local osmosis due to the salt-linked water
flow (45). Water uptake may also be facilitated by the complex
morphology of the gut which can allow for osmotic concen-
trations in the interstitial spaces to be much lower than those of
the bulk flow and would be further facilitated by the high levels
of CI™ influx.

In the sea lamprey, increasing luminal osmolality in the
anterior intestinal region (under asymmetric conditions) in-
creased net Cl~ absorptive net fluxes from lumen to serosa;
however, very small net CI~ secretory net fluxes were ob-
served for both intestinal regions under symmetric conditions.
An explanation for the apparent C1™ secretory net fluxes we
observed could either be /) they are the result of a transepi-
thelial pathway for Cl™ secretion present in the sea lamprey
intestine, or 2) they are an artifact of the observed net water
absorption from the lumen to serosa, which may be due to
solute-linked water flow occurring in the hyperosmotic lateral
interspaces between enterocytes. Anecdotally, during our sam-
pling of SW-acclimated juveniles, we observed aggregate pre-
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cipitates in both intestinal regions (anterior and posterior), but
did not observe any precipitate formation in FW-acclimated
larvae or FW juveniles, indicating a similar role of carbonate
precipitation as seen in teleost fishes (7, 20).

We observed greater NKA activity and greater maximum
capacity for ion uptake in the anterior intestine compared with
the posterior intestine. The two regions had similar levels of
water uptake capacity when the luminal solution was 50% SW,
but the anterior intestine had higher levels of water uptake
under isosmotic and 100% SW. Similar differences in between
anterior and posterior intestine in NKA activity, ion uptake,
and water absorption highlighted in this study are similar to
what has been reported for other fishes, including mummichog
(Fundulus heteroclitus) (19), Sparus aurata (20); Solea sen-
egalensis (2), Anguilla spp (1, 25), rainbow trout (On-
corhynchus mykiss) (18), and Lampetra fluviatilis (35).

The findings of the present study support the hypotheses 1)
that processes of ion and water absorption are coupled, and 2)
that major driving forces water absorption across the intestinal
epithelium are NKA activity and CI~ uptake (3, 24, 47). We
propose the mechanism responsible for this absorptive net C1™
flux is the immediate action of the passive apical cotransporters
(possibly NKCC2) and/or Na*/Cl~ cotransporter (NCC) in
response to the polarization of membranes due to the forced
gradient across the epithelia generated by NKA activity. We
propose that the anterior intestine is the primary site for active
ion uptake, which likely occurs via a mechanism of removing
excess of monovalent ions from the imbibed SW, as indicated
by this region having the highest NKA activity and the largest
increases in NKA activity during metamorphosis.

Perspectives and Significance

The observation that basal vertebrates such as sea lamprey
exhibit proximal to distal intestinal regionalization of ion- and
water-absorptive processes indicates that development and
environmental salinity have been major factors driving intes-
tinal differentiation from early on in the vertebrate lineage. The
observations of increased drinking in SW and active uptake of
ions and absorption of water by the intestine provide strong
parallels between the osmoregulatory strategy of lamprey and
teleost fishes, indicating that this is an ancient and conserved
strategy among ion- and osmo- regulating fishes in SW. We
provide evidence of substantial increases in NKA activity in
the intestine during lamprey metamorphosis, indicating that
preparatory changes in the intestine and gill are similar to those
in smolting salmonids and critical to the development of
salinity tolerance that allows for rapid movement from FW to
SW. Further studies on the specific pathways for the movement
of monovalent ions and water are necessary to fully understand
the likely complex role of the intestine in osmoregulation in
Agnathans and to establish an evolutionary relationship with
teleost fishes. The establishment of juvenile sea lamprey as a
viable model for examining osmoregulatory physiology in
these basal vertebrates could open up new areas of investiga-
tion, including examination of the specific transport pathways
used for ion, nutrients, and water movement in the intestine, as
well as the hormonal control of drinking rate and osmoregu-
latory function of the gut.
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