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Tissue homogenates from rainbow trout gill had three-
to fivefold higher specific activity for 5′-nucleotidase (5′NT)
and more than twofold greater alkaline phosphodiesterase
(APD) activity than liver or kidney homogenates. In
isolated plasma membranes, gill 5′NT activity was 3–5
times greater than that of the kidney or liver; gill and
kidney plasma membranes had similar APD specific
activities, both more than five times that of liver. 5′NT and
APD activities were localized by histochemistry to the
endothelial (pillar) cells of trout gill secondary lamellae.
Staining was consistent with the concentration of both
activities at the apical plasma membranes of pillar cells (i.e.
at the lamellar microvascular surfaces). This localization
may reflect a capacity for processing nucleotide metabolites
circulating in the blood, perhaps relating to purinergic
regulation of local lamellar hemodynamics. There was no

histochemical evidence of either 5′NT or APD activity in
the gill epithelial (pavement) cells that interface directly
with the environment. In contrast, in trout kidney, both
enzyme activities localized to the apical region of tubule
epithelial cells. The absence of 5′NT and APD activity in
pavement cells reinforces the unique structural and
functional character of the gill–environment epithelial
barrier. The results indicate that 5′NT and APD activities
have particular potential application as markers in efforts
to isolate and characterize specific gill plasma membrane
fractions.

Key words: rainbow trout, Oncorhynchus mykiss, 5′-nucleotidase,
alkaline phosphodiesterase, gill, pillar cell, secondary lamella
plasma membrane, marker enzymes.
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The gill is the site of several important homeostat
processes in teleosts; gas exchange, iono/osmoregula
acid–base regulation and the elimination of nitrogenous wa
occur principally at the gill epithelium (Hughes and Morga
1973; Evans, 1993; Goss et al.1992; Wilkie, 1997). This range
of functions and the direct interfacial disposition of the gil
with the ambient environment make this tissue particula
remarkable among physiologically active epithelia.

Amplification of exchange surface areas underlies g
function and is conferred morphologically by extensiv
epithelial outfolding from the gill filaments. The flattened gi
epithelial (pavement) cells comprise more than 95 % of t
ambient-facing gill surface area in freshwater fish (Isa
1984); chloride cells and mucous cells are also present in
gill epithelium (Laurent and Dunel, 1980). Within each th
epithelial leaflet, or secondary lamella (see Fig. 2B), a cen
sinusoidal network produces an extensive vascular surf
with minimal blood-to-water diffusion distances (Hughes an
Morgan, 1973). The secondary lamellar microvasculature
structurally supported and lined by unique endothelial ce
termed pillar cells (Olson, 1991).

Revealing the structural basis for gill functions ha
contributed greatly towards a mechanistic appreciation of t
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physiologically dynamic tissue. For example, recent eviden
localizing a vacuolar H+-ATPase at the apical plasma
membrane of pavement cells has significant impact on mod
of acid–base regulation and Na+ uptake in freshwater fish (Lin
et al. 1994; Sullivan et al. 1995). The significance of
structure–function relationships extends to the gill circulator
system, where regulated adjustments in perfusion patte
influence gill function and components of the branchia
vasculature interact with circulating bioactive molecule
(Olson, 1991, 1998).

A number of enzymes, particularly those implicated in io
regulation (e.g. Na+/K+-ATPase or H+-ATPase), have attracted
significant attention in studies of gill physiology. However, th
occurrence of other enzymes and their relationship to g
function remain largely unexplored. Recently, in reportin
temperature-acclimation-associated changes in the choleste
levels of plasma membranes isolated from different tissues
trout, we noted elevated levels of activity in gill for severa
marker enzymes specific to the apical domain of epitheli
plasma membranes (Robertson and Hazel, 1995).

These data are intriguing because (i) high levels of enzym
activity suggest (teleologically) some role in gill function, and
(ii) plasma-membrane-associated enzyme activities could 
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useful as markers in efforts to isolate and characterize spe
gill cell types or particular membrane fractions (e.g. the api
plasma membrane of gill epithelial cells, which constitutes t
primary gill–environment barrier membrane). The morpholo
of the secondary lamellae accommodates two like
localizations for apical plasma membrane enzymes: at 
pavement cell barrier membrane and/or at the pillar c
membrane lining the microvascular surface (see Fig. 2B).

Here, we investigate two plasma membrane marker enzy
activities found to be elevated in trout gill, 5′-nucleotidase
(5′NT) and alkaline phosphodiesterase (APD). Continuou
time enzyme assays are utilized to confirm and extend p
observations concerning these activities in homogenates 
isolated plasma membranes from the gill and other tissue
trout. In addition, APD and 5′NT activities are localized using
histochemistry to the endothelial (pillar cell) compartment 
the gill secondary lamellae. The implications of these findin
are discussed in relation to gill function and their potent
application in studies involving gill membrane isolation.

Materials and methods
Animals

Rainbow trout [Oncorhynchus mykiss(Walbaum)], obtained
from the Alchesay National Fish Hatchery (Alchesay, A
USA), were housed in the aquaculture facilities of the Anim
Resource Center at Arizona State University. Fish we
maintained in fresh water at 20 °C under recirculating cultu
conditions; animals were held under a constant 12 h:12 h L
cycle and were fed a commercial diet to satiation daily. T
body masses of the trout used in this study ranged 100 to 30

Tissue homogenate and plasma membrane preparations

Complete details of these procedures have been publis
(Robertson and Hazel, 1995). Briefly, after the trout had be
killed by a blow to the head, the tissues were quickly excis
for processing. Crude homogenates were prepared from 
(epithelial scrapings), liver and kidney (whole organs
samples for enzyme assays were stored at −70 °C in
250 mmol l−1 sucrose, 20 mmol l−1 Tris buffer (pH 7.4). Plasma
membranes, isolated using further sucrose and Percoll den
gradient centrifugations, were stored in 20 mmol l−1 Tris buffer
(pH 7.4) at −70 °C until assayed. The protein content o
preparations was measured using the bicinchoninic a
method (Smith et al.1985).

5′-Nucleotidase enzyme assay

A coupled, continuous-time spectrophotometric assay w
adapted (Pieri et al.1992; Belfield and Goldberg, 1969; Ipata
1967) to measure the specific activity of 5′NT (EC 3.1.3.5) in
trout samples. In this assay, the production of inosine fr
adenosine (by adenosine deaminase) is consequent to
liberation of adenosine from AMP (by 5′NT). Final reaction
mixtures (total volume 1.0 ml) contained 50 mmol l−1 Tris
(pH 7.6), 15 mmol l−1 β-glycerophosphate, 1 mmol l−1 MgCl2,
0.1 mmol l−1 AMP, 2.5µg ml−1 (0.4 units ml−1) adenosine
cific
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deaminase and 25µl of homogenate or membrane sample
Assays were run at room temperature (23 °C); the line
decrease in absorbance at 264 nm was followed over 12 m
using a Hewlett Packard 8452A diode array spectrophotome
Because inosine has a lower molar absorbance than AMP
264 nm, enzyme-mediated conversion results in declini
absorbance readings. 5′NT activity was quantified from the
negative slope of absorbance over time using the differen
between the extinction coefficients of AMP and inosine und
the assay conditions (i.e. 8.1×103cm−1mol−1).

Alkaline phosphodiesterase enzyme assay

The activity of APD (EC 3.1.4.1; also commonly referred t
as phosphodiesterase I) was determined according to 
continuous-time method of Razzell (1963). Reaction mixtur
(1.0ml final volume) contained 100mmol l−1 Tris (pH8.9),
0.5mmol l−1 thymidine 5′-monophosphate p-nitrophenol ester
(Sigma, St Louis, MO, USA) and 25µl of homogenate or
membrane sample. The linear increase in absorbance at 400
due to enzymatic liberation of p-nitrophenol from substrate, was
followed at room temperature over 12min. APD activity wa
calculated using an extinction coefficient of 1.8×104cm−1mol−1

for p-nitrophenol. When included in reactions, MgCl2 and EDTA
were added as 25µl samples of stock solutions prepared in assa
buffer. Some assays were also carried out using an alterna
substrate (1mmol l−1 p-nitrophenol phenylphosphonate; Sigma
in 100mmol l−1 Tris at pH8.1 (Kelley et al.1975).

Tissue preparation for histochemistry

The first three gill arches on both sides were quick
dissected free and gently blotted to remove any surface blo
Gill filaments were trimmed free from arches at the base 
filaments and cut into approximately 1 cm panels; owing to t
presence of the interfilament septum, panels remained 
contiguous units. Tissue was immediately frozen by bein
placed for 1–2 min in hexane cooled to approximately −70 °C
by immersion in a methanol/dry ice slurry. Frozen gill tissu
was then kept on dry ice for cryosectioning the same day. F
kidney tissue, segments of the whole organ 1–2 cm in leng
were carefully isolated from the posterior region of the bod
cavity and treated as above.

In perfusing the gills for histochemical studies, an isolate
head method was used to clear the gill vasculature w
Cortland’s trout saline, as previously described (Robertson a
Hazel, 1995). Effective perfusion was judged by uniform
bleaching of filaments; perfused gills were subsequen
processed for histochemistry as noted.

Cryosectioning and general histochemical procedures

Frozen tissue was sectioned at 10–12µm on a cryostat.
Sections were mounted on microscope slides and stored
−20 °C for up to 48 h. Immediately prior to histochemica
reactions, sections were air-dried at room temperature (23
for 10 min. Enzyme incubations were performed at roo
temperature by flooding tissue sections with reaction mixtu
After enzyme reactions, sections were fixed in 4 %
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formaldehyde for 10 min, rinsed several times in distille
water, mounted in glycerol jelly and examined under a lig
microscope. The results described are based on an analys
2–5 tissue samples from at least three fish.

5′NT histochemistry

A modified lead salt capture method (Frederiks and Ma
1988) was used to localize 5′NT activity. The basic reaction
mixture contained 100 mmol l−1 Tris maleate buffer (pH 7.2),
10 mmol l−1 MgCl2, 7.2 mmol l−1 PbNO3, 17 % polyvinyl
alcohol and 5 mmol l−1 AMP. Enzymatic hydrolysis of
substrate (AMP) produces phosphate, which reacts w
PbNO3 to form a precipitate of lead phosphate at the site
5′NT activity. The best results with trout tissue sections we
obtained using 10–15 min incubations in this primary reacti
mixture. Reactions were terminated by rinsing sections 
distilled water. To visualize reaction product, lead phosph
was converted to lead sulfide by incubating the tissue in 1
ammonium sulfide for 1 min.

Routine negative controls included the omission of substr
from the reaction mixture and the use of sections that had b
heat-inactivated by immersion in distilled water at 100 °C f
5 min. Typically, negative controls were also incubated for
least twice as long as concurrent positive sections. To confi
the specificity of 5′NTase activity, other control reaction
mixtures were employed as detailed in the Results section

APD histochemistry

The activity of APD was localized using a direct azo dy
coupling technique (Sierakowska and Shugar, 196
Sierakowska et al. 1963). The reaction mixture was made u
of 100 mmol l−1 Tris (pH 9.0) containing 2 mg ml−1 thymidine
5′-monophosphate p-naphthyl ester (Sigma) and 0.8 mg ml−1

Fast Red TR. Naphthol liberated from the substrate reacts w
Fast Red TR to form an insoluble red product marking t
location of APD activity. The optimal time for incubation o
trout cryosections was found to be 20–30 min. Reactions w
stopped by rinsing sections in distilled water. The omission
substrate from the incubation mixture and the use of he
inactivated sections were employed as standard nega
controls.
Table 1. Specific activities of 5′-nucleotidase (5′NT) and alka
continuous-time spe

5′NT Crude homogenates (nmol min−1 mg−1)
Plasma membranes (nmol min−1 mg−1)
Purification factor

APD Crude homogenates (nmol min−1 mg−1)
Plasma membranes (nmol min−1 mg−1)
Purification factor

Values for crude homogenates and density-gradient-isolated pl
The membrane purification factor is the ratio of the specific acti
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Results
Enzyme specific activities

In crude tissue homogenates, mean 5′NT specific activity in
gill was five times higher than in kidney and more than thre
times that in liver (Table 1). Plasma membranes from each 
these tissues were isolated by density gradient centrifugatio
purified gill membranes had 3–5 times greater 5′NT specific
activity than those from kidney and liver, respectively.

The mean specific activity of APD in crude homogenate
was more than two times higher in gill than in liver or kidney
(Table 1). Plasma membranes isolated from gill and kidne
had similar APD activities, both more than five times that o
liver membranes.

To our knowledge, APD activity in fish gills has not been
examined previously. As a basis for comparing the activit
present in trout gills with that characterized from other source
we manipulated components of APD reaction mixtures
Although the addition of exogenous divalent cation was no
required for activity, including increasing concentrations o
MgCl2 (up to 1.6 mmol l−1) in reaction mixtures potentiated
APD activity in plasma membranes isolated from gill (Fig. 1)
The addition of a divalent cation chelator (EDTA) to the
reaction mixtures abolished enzyme activity. Similar result
(not shown) were obtained for trout liver and kidney plasm
membrane APD activity. Assays employing an alternativ
substrate (p-nitrophenol phenylphosphonate) resulted in 10- t
100-fold lower APD specific activities in plasma membrane
prepared from all three trout tissues (data not shown).

Enzyme histochemistry

The functional significance of elevated activities of 5′NT
and APD in trout gills could well relate to their cellular
localization. To examine this further, we used enzym
histochemistry to localize 5′NT and APD in trout gills. For
histochemical studies, trout gills were rapidly frozen an
cryosectioned along the long axis of filaments (Fig. 2A).

5′-Nucleotidase

The histochemical reaction product for 5′NT unambiguously
localized to the core of the secondary lamellae in trout gil
(Figs 3A,B, 4). This localization corresponds to the pilla
line phosphodiesterase (APD) in trout tissues measured using
ctrophotometric assays

Gill Kidney Liver 

8.2±0.6 1.6±0.1 2.4±0.3
53.6±3.9 16.7±1.4 10.1±0.6

6.5 10.4 4.2
8.4±0.5 3.7±0.2 3.3±0.3

100.6±8.0 118.9±7.1 18.4±3.8
12 32.1 5.6

asma membranes are means ±S.E.M. of five samples.
vity of plasma membranes to that of crude homogenates.
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Fig. 1. Divalent cation requirements of alkaline phosphodiester
(APD) in plasma membranes isolated from trout gill. Speci
activity is potentiated by including increasing concentrations 
MgCl2 in reaction mixtures and is abolished in the presence
0.5 mmol l−1 EDTA. Values are means + S.E.M. (N=5). An asterisk
indicates a value significantly different from that in the absence
MgCl2 (t-tests; P<0.05).
(endothelial) cells which form the lamellar microvascul
network (Fig. 2B). Significantly, the overlying pavement (gi
epithelial) cells showed no indication of reaction product, ev
in sections reacted three times longer than was found
produce an optimal signal in pillar cells.

In sections cut perpendicular to the plane of the second
lamellae (i.e as in Figs 2A or 3), 5′NT reaction product was
not homogeneously distributed. A pattern of intermitten
regularly spaced bands of intense staining was typical in th
sections (Fig. 3A,B). In many instances, high concentratio
of reaction product could clearly be seen to be associated 
the margins of vascular spaces (Figs 3B, 4B). This patt
indicates that greatest 5′NT activity is located along the walls
of secondary lamellar blood channels, which are formed 
pillar cell apical plasma membranes (see Fig. 2B).

The folding of some respiratory leaflets resulted in sectio
cut parallel to the plane of the lamellae. In these cases, de
5′NT reaction product was distributed in a pattern of rin
within each lamellae (Fig. 4). These circular profiles aga
Fig. 2. Trout gill secondary lamellar structure.
(A) In gill sectioned along the long axis of
two adjacent filaments (F), many secondary
lamellae project into the interfilament space.
Here, lamellae are cut perpendicular to the
plane of blood flow. Cryostat section (10µm
thick), stained with 0.6 % Toluidine Blue.
Scale bar, 50µm. (B) Schematic
representation detailing the cytoarchitecture
of a secondary lamella. Pavement cells (PV)
lie on the gill surface, their apical plasma
membranes representing the gill–environment barrier membrane
their apical plasma membranes form the lining of the blood spac
share a basement membrane (*). Columns extending through t
opposing sides of the lamellae. Redrawn from Olson (1991) with p
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appear to correspond to the plasma membranes of the pillar 
trunks which delimit the secondary lamellar blood spaces (s
Fig. 2B). This interpretation is further supported by the
apparent presence of a central (pillar cell) nucleus within ma
of the rings.

To investigate the possible contribution of blood
constituents to these results, we cleared trout gills by perfusi
with Cortland’s saline and then processed the tissue f
histochemistry. An identical pattern of staining for 5′NT (and
APD) activity was found in sections from perfused and non
perfused animals, indicating that humoral factors were unlike
to have been responsible for the observed localization 
activity.

Cartilage and the vascular endothelium of gill filaments als
stained for 5′NT (and APD) activity. However, our present
interests concern the exchange surfaces associated w
functions specific to the secondary lamellae. In addition
specific activity data were generated from gill epithelia
scrapings, which are compositionally weighted toward
respiratory lamellar elements. Thus, the localization describ
here is limited to the secondary lamellae.

Omitting substrate (AMP) from 5′NT reaction mixtures (Fig.
3C) or heat-treating sections at 100 °C for 5 min prior t
incubation (not shown) resulted in a lack of formation o
reaction product. To ensure that the results obtained using t
histochemical method specifically reflected 5′NT activity, a
number of other control conditions were used (data not show
Incorporation of 50 mmol l−1 sodium fluoride, 10 mmol l−1 ADP
or 10 mmol l−1 EDTA in the incubation mixtures eliminated the
staining pattern seen when these inhibitors were not presen

Additionally, even though 5′NT histochemistry reactions
were carried out under nearly neutral conditions (pH 7.2), th
possible contribution of alkaline phosphatase to the observ
results was tested. No effect on the pattern or intensity 
reaction product formed was observed when an inhibitor 
alkaline phosphatase (10 mmol l−1 tetramisole) was added to
the reaction mixtures. Thus, the results obtained using th
method in trout gill parallel those obtained for rat liver
(Frederiks and Marx, 1988) and are consistent with speci
histochemical localization of 5′NT.

ase
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 of
 (arrows). Pillar cells (PL) define the central vascular network of the lamellae;
e (arrowheads). At their basal plasma membranes, pavement and pillar cells

he pillar cells provide a structural link between the basement membranes on
ermission.
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Fig. 3. Enzyme histochemistry of trout gill
secondary lamellae. (A) Brown reaction
product for 5′-nucleotidase (5′NT)
histochemistry is localized to the core of
the secondary lamellae. (B) At higher
magnification, staining for 5′NT activity is
clearly restricted to the pillar cells of the
lamellae. The overlying pavement cells
show no indication of enzyme activity
(arrows). Reaction product is distributed in
a banded pattern within the lamellar
endothelium; in some cases, staining is
clearly concentrated around the margins of
vascular spaces (arrowheads). (C) No
product formation is seen when substrate
(AMP) is omitted from the 5′NT
histochemistry reaction mixture.
(D) Histochemistry for alkaline
phosphodiesterase (APD) produces a red
reaction product which is clearly restricted
to the secondary lamellar endothelium.
(E) Again, no APD activity is detectable in
the pavement cells (arrow). (F) Omission of
substrate during APD histochemistry
incubations eliminates reaction product
formation. Scale bars: A, D, 50µm; B, C, E
and F, 25µm.
Alkaline phosphodiesterase
Preliminary studies indicated that an APD histochemis

method developed for rat tissues (Sierakowska and Shu
1963) could be effectively employed in trout gill sections wi
some modification. Specifically, it was necessary to reduce
concentration of capture dye (Fast Red TR) to 0.8 mg m−1

(from 4 mg ml−1) in reaction mixtures in order to achieve a
optimal histochemical signal for APD activity in trout gills
Polyvinyl alcohol (PVA) has been reported to improve th
histochemical localization of several enzyme activitie
(Frederiks and Marx, 1988). However, the inclusion of 17
PVA in APD reaction mixtures was found not to affect th
localization of reaction product; therefore, PVA was not us
in APD histochemistry.

The results of APD histochemistry of trout gill cryosection
were very similar to those for 5′NT. ADP reaction product was
exclusively localized to the core endothelial compartment 
the secondary lamellae (Fig. 3D,E). Again, there was 
indication of APD activity associated with the pavement cel
even in sections exposed to extended incubation. As was fo
for 5′NT, the most intense staining for APD activity in gil
sections was consistent with an apical plasma membr
(microvascular wall) pillar cell disposition.

Omitting substrate from APD incubation mixtures resulte
in an absence of reaction product formation in gill sectio
(Fig. 3F). Negative results were also obtained wh
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10 mmol l−1 EDTA was included in the reaction mixtures o
when sections were heat-treated (100 °C, 5 min) prior 
incubation (not shown).

Kidney
In view of the apparent lack of 5′NT or APD activity in gill

epithelial (pavement) cells, we wanted to verify the ability t
resolve histochemically an apical epithelial localization in 
trout tissue. On the basis of work in other vertebrates, 5′NT
and APD are expected to be localized at the apical plas
membrane of epithelial cells in kidney tubules (Le Hir an
Kaissling, 1993; Sierakowska et al. 1963). Enzyme
histochemistry of trout kidney sections thus represents 
additional level of internal control for our studies. Moreove
there appears to be a lack of available data demonstrat
localization of these enzymes in the teleost kidney.

The reaction product for 5′NT was concentrated at the lumen
of trout kidney tubules (Fig. 5A). Other than in apical region
the epithelial cells comprising the tubules did not sho
evidence of histochemical staining. Diffusely distributed 5′NT
reaction product was also seen in the interstitium around 
tubules. Similarly, intense APD histochemical staining in trou
kidney sections was restricted to the luminal region of tubul
(Fig. 5B). These results are thus consistent with an apic
plasma membrane localization for 5′NT and APD activities in
trout kidney epithelial cells. For both 5′NT and APD, not all
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Fig. 4. 5′-Nucleotidase (5′NT) histochemistry of trout gill suggests a
concentration of activity at the apical plasma membra
(microvascular lining) of pillar cells. (A) In this section cut parall
to the plane of the secondary lamellae, 5′NT reaction product is
concentrated in a pattern of rings. This is consistent with localiza
at the peripheral margin of the trunk-like pillar cells (see Fig. 2B).
some instances, staining occurs in a punctate pattern along
outside edges of pillar cells (arrow). (B) Portions of two rows 
secondary lamellae from adjacent filaments. The upper row is cu
a tangential plane, revealing some ring-like patterns of stain
(arrowhead), as above. In the lower row, reaction product is m
dense along the margins of blood spaces cut in cross section (ar
Scale bars, 25µm.
tubules in a given sections showed enzyme activity, proba
reflecting functional segmentation and heterogeneity 
enzyme distribution along the tubules.

Discussion
The specific activities of 5′NT and APD are elevated in

tissue homogenates and isolated plasma membranes from
gill compared with the kidney or liver (Table 1). These da
obtained using more convenient and sensitive continuous-t
enzyme assays (Ipata, 1967), are consistent with p
observations made using fixed-time analysis of these activi
in trout tissues (Robertson and Hazel, 1995).

The magnitude of the 5′NT specific activities obtained using
bly
in

 the
ta,
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ties

the continuous-time assay averaged approximately half 
fixed-time values (Robertson and Hazel, 1995) both f
homogenates and for isolated membranes of trout tissu
Thus, both measures of 5′NT activity yielded essentially the
same purification factors (i.e. the ratio of the activity in th
isolated membranes to that in the homogenates). Continuo
time values for APD activity averaged double (homogenate
or triple (membranes) the corresponding fixed-time data. T
resulted in two- to threefold higher purification factors fo
kidney and gill, respectively, with the continuous procedur
liver membrane purifications were similar using both AP
assays. The agreement in scope and direction between the
approaches supports the applicability of the more conveni
continuous-time assays for trout membrane studies.

Elevated activities of 5′NT and APD raise the question of
the role these enzymes may play in gill physiological functio
Additionally, as apical plasma membrane ectoenzymes, 5′NT
and APD potentially serve as useful markers for specific g
plasma membrane fractions. Our interest in explorin
structure–function relationships in gill cellular membrane
therefore motivated further investigations of these activities
trout gill.

Other studies of 5′NT and APD in fish gill are quite limited.
Leray et al. (1979) did measure the activities of a number 
enzymes of adenine nucleotide metabolism, including 5′NT, in
trout gill tissue. 5′NT is a biochemically well-characterized
protein, with the exoenzyme attached to the plasma membr
via a glycosylphosphatidylinositol (GPI) linkage
(Zimmermann, 1992). Cytosolic forms of 5′NT have also been
identified (Zimmermann, 1992; Yamazaki et al.1991); on the
basis of our results, the possible occurrence of cytosolic 5′NT
in pillar cells cannot be dismissed. However, 5′NT activity in
trout tissues was concentrated in membrane fractions puri
by density gradient centrifugation, and these fractions we
also specifically enriched with a variety of other plasm
membrane markers (Robertson and Hazel, 1995). Additiona
the distribution of histochemical reaction product suggests
plasma membrane localization of 5′NT activity in gill pillar
cells and kidney tubule epithelial cells. These observations t
support the presence of a significant plasma membra
associated component of 5′NT activity in trout tissues.

No prior studies concerning APD in fish gill could be
identified. Trout gill plasma membrane APD activity exhibite
a divalent cation requirement and substrate preferen
consistent with those of APD characterized from other sourc
(Kelley et al. 1975; Razzell, 1968; Razzell and Khorana
1959). Significantly, proteins with APD activity have also bee
found to exhibit nucleotide pyrophosphatase activity (Belli an
Goding, 1994; Narita et al. 1994; Rebbe et al. 1993; Decker
and Bischoff, 1972; Razzell, 1968). The best-characteriz
proteins with APD/nucleotide pyrophosphatase activity belo
to the somatomedin/phosphodiesterase family of type 
transmembrane proteins (Fuss et al. 1997); these include PC-
1 (van Driel and Goding, 1987), PD-Iα (Narita et al.1994) and
B10 (Scott et al. 1997). Other reports have ascribed APD
activity to a GPI-linked protein (Nakabayashi et al. 1993).
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Thus, while the APD activity in trout gill shares characteristi
with APD from other sources, the specific molecular ident
of the gill enzyme remains an open question.

Using histochemistry, both 5′NT and APD activities
localized to the pillar cells in trout gill secondary lamella
Reaction product appears most heavily concentrated at
pillar cell regions delimiting the walls of the vascular spac
This pattern corresponds with the localization of high activ
at the apical plasma membrane of these unusually polar
cells (see Fig. 2B). The same result is seen in sections f
gills cleared of blood by perfusion, making it unlikely tha
blood components contribute significantly to the histochemi
staining. This is also consistent with the very low activities 
5′NT and APD found in isolated trout erythrocyte plasm
membranes (J. C. Robertson, unpublished results).

As apical epithelial markers, 5′NT and APD might have
been expected to be found on gill epithelial cell barr
membranes (i.e. the pavement cell apical plasma membra
However, there was no histochemical indication of eith
activity in the pavement cells. In contrast, histochemic
signals for both activities were clearly present at the api
region of epithelial cells in the kidney tubules, despite t
kidney having 5′NT and APD specific activities lower than o
similar to those of gill preparations. Therefore, the lack 
evidence for activity in pavement cells would not appear
reflect a limitation in detecting an apical epithelia
histochemical signal (due, for example, to selective eliminat
of reaction product from apical surfaces during rinsing).

The basal plasma membrane domains of the pavement
pillar cells oppose one another along a shared basem
membrane (Fig. 2B). Reaction product formation whic
paralleled or demarcated the basement membrane was
commonly or consistently observed in trout gill sections. Th
in accordance with the apical distribution in tissues of oth
vertebrates, the histochemical results suggest that 5′NT and
APD activities are not associated with the basal plas
membranes of pavement or pillar cells.

In sections cut along the plane of the lamellae, 5′NT staining
of pillar cells sometimes occurred in a punctate (rather th
continuous) ring pattern (see Fig. 4A). This could b
interpreted as indicating a concentration of activity near 
basement membrane columns which extend through the p
Fig. 5. Enzyme histochemistry of trout
kidney. (A) Reaction product for 5′-
nucleotidase (5′NT) is clearly concentrated
in the lumen of kidney tubules (arrow).
Other than in the apical region, epithelial
cells comprising tubules show no
indication of staining. Tissue around the
tubules contains diffusely distributed
reaction product and some melanin-rich
pigment (M). (B) In tubules cut in cross
(circular) or more longitudinal (elongate)
section, red reaction product for alkaline phosphodiesterase (A
tubules show evidence of enzyme activity (arrowheads). A small 
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cell bodies (see Fig. 2B). While only observed in som
instances, this suggestive pattern warrants furth
investigation, particularly in the light of the possibl
involvement of these collagenous columns in pillar ce
structural dynamics (see below).

It is important to acknowledge that the histochemic
methods employed in this study afford limited resolution. 
view of technical considerations (e.g. antibody availability an
reactivity), enzyme histochemistry was appealing as an init
cornerstone approach. And the resulting localization of 5′NT
and APD activities to pillar cells of trout gill secondar
lamellae represents a novel and significant finding; eviden
for an apical plasma membrane concentration of the
activities in pillar cells is additionally provocative. However
more definitive subcellular localization (including the
demonstration of the exofacial membrane disposition expec
of ectoenzymes) will require ultrastructural studies or oth
approaches.

The results reported here obviously fuel interest in t
physiological role that 5′NT and APD activities play in trout
gill secondary lamellae. Assuming that their activities towar
nucleotide substrates have biological relevance, speculatio
to the function of these ectoenzymes has centered on
nucleotide salvage, and (ii) modulation of purinergic signalin

The luminal disposition of 5′NT and APD in ducts and
tubules has been interpreted as suggesting a role in 
processing of nucleotides for (re)capture by cells (Le Hir a
Kaissling, 1993). A similar salvage function would not strictl
apply to the blood-facing, pillar cell location reported her
However, an emerging function of the gill vasculature involv
the processing of circulating hormones and metabolites (Ols
1998). For example, angiotensin-converting enzyme has b
localized to pillar cells (Olson et al.1989). A cytochrome P450
has also been detected in pillar cells, increasing in express
with exposure to environmental xenobiotics (Van Veld et al.
1997; Stegeman et al.1991). Thus, a vascular wall localization
for 5′NT and APD in gill secondary lamellae might reflect 
mechanism for handling or clearing circulating nucleotides.

Another physiological role postulated for 5′NT and APD
involves modulation of purinergic signaling (Dubyak and E
Moatassim, 1993; Zimmermann, 1992). This signalin
pathway has been implicated in gill vascular regulatio
PD) also has an obvious luminal localization (arrow). However, not all the
blood vessel (*) and melanin pigment (M) are also visible. Scale bars, 25µm.
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adenosine is known to be a vasoconstrictive agent in fish 
(Sundin and Nilsson, 1996; Colin et al. 1979). While studies
of gill vascular control have typically employed whole gills o
arches and focused on the contributions of pre- and po
secondary lamellar vessels to flow characteristics, the pi
cells may also potentially influence lamellar hemodynamic.
Localization of myosin and actin (Smith and Chamle
Campbell, 1981; Bettex-Galland and Hughes, 1973) around
basement membrane columns which extend through the p
cell body (Fig. 2B) has led to speculation that these cells h
a contractile capacity. Biochemical analysis of isolated plasm
membranes (Poli et al. 1997) could identify purinoceptors in
pillar cells.

Preliminary histochemical analysis of gills from sever
other species (including tilapia, Oreochromis niloticusand eel,
Anguilla rostrata) indicates a similar pillar cell disposition of
5′NT and APD activities to that observed in trout (J. C
Robertson, unpublished results). These results thus sugges
any function 5′NT and APD may play in gill secondary
lamellae may be conserved among teleosts.

Many of the important functional properties of gills ar
associated with the plasma membranes of different cell typ
the characterization of these membranes is therefore
significant physiological interest. For example, the paveme
cell apical plasma membranes of freshwater trout constitute
expansive surface across which a large osmotic gradien
maintained (Evans, 1993). Tissue-level studies reveal t
cholesterol may be particularly important in restricting g
water permeability (Robertson and Hazel, 1995, 1998); m
direct studies with isolated membranes could enhance 
understanding of barrier membrane physiology.

The observations reported here should be valuable 
demonstrating the isolation of specific gill plasma membra
fractions. The purification of secondary lamellar vascul
surface membranes is clearly facilitated by the localization
both 5′NT and APD to pillar cell apical plasma membrane
Moreover, since the vascular surface area of the second
lamellae in trout is greater than the environment-facing a
(Olson, 1998), 5′NT and APD activities could be especially
useful in confirming the effective separation of pillar an
pavement cell plasma membranes during isolation procedu
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care of fish at Arizona State University. We also thank Dr J
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valuable exchanges. Supported by NSF grant IBN9507226
J.R.H. and an ASU Graduate Research Support Prog
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