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ABSTRACT The renal anatomy of three species of spar-
rows, two from mesic areas, the House Sparrow (Passer
domesticus) and Song Sparrow (Melospiza melodia), and
one salt marsh species, the Savannah Sparrow (Passercu-
lus sandwichensis) was examined. Electron microscopy
was used to describe the ultrastructure of the nephron. In
addition, stereology was used to quantify the volumes of
cortex, medulla, and major vasculature of the kidneys,
and the volumes and surface areas occupied by individual
nephron components. There appeared to be no differences
in the ultrastructural anatomy of the nephrons among the
sparrows. Proximal tubules contained both narrow and
wide intercellular spaces filled with interdigitations of the
basolateral membrane. The thin limbs of Henle contained
very wide intercellular spaces which were absent in the
thick limbs of Henle. The distal tubule cells contained
short, apical microvilli and infoldings of the basolateral
membrane. In cross section, the medullary cones of all

birds display an outer ring of thick limbs of Henle which
surround an inner ring of collecting ducts, which in turn
surround a central core of thin limbs of Henle. The Savan-
nah Sparrow has a significantly higher volume of medulla
compared to the two more mesic species. Within the cor-
tex, the Savannah Sparrow also has a significantly higher
volume of proximal tubules but a significantly lower vol-
ume of distal tubules than the other species. Within the
medulla, the Savannah Sparrow has a significantly higher
volume and surface area of capillaries, and a significantly
higher surface area of thick limbs of Henle and collecting
ducts than the mesic species. These data suggest that the
salt marsh Savannah Sparrow has the renal morphology
necessary to produce a more highly concentrated urine
than the mesic zone species. J. Morphol. 243:283–291,
2000. © 2000 Wiley-Liss, Inc.
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The avian kidney is unique in structure among
vertebrate kidneys in having two types of nephrons:
those with and without a loop of Henle (looped and
loopless, respectively) (Braun and Dantzler, 1972).
The loopless nephrons stay within the cortex while
the looped nephrons extend from the cortex and into
discrete medullary areas called medullary cones.
Within each cone, the number of loops of Henle
decreases as the tip of the cone is approached. This
cascade in loop length may aid in establishing an
interstitial osmotic gradient along the length of the
medullary cones. The intramedullary osmotic gradi-
ent facilitates the production of a hyperosmotic
urine by the passive reabsorption of water from the
collecting ducts as they pass through the intersti-
tium of the medullary cones (Layton, 1986; Nish-
imura et al., 1989; Layton and Davies, 1993; Layton
et al., 1997).

Birds and mammals are the only classes of verte-
brates that are consistently able to produce a hyper-
osmotic urine. In birds, this ability to produce a
hyperosmotic urine is limited compared to that of
mammals. The urine-to-plasma osmolality ratio
(U/P ratio), a measure of concentrating ability, in
birds ranges from 0.2 in Anna’s Hummingbird to
3.0 in the Budgerigar, with most species having a
ratio of about 2.0 when they are deprived of water

(Table 1). In contrast, the U/P osmolality ratio of
mammals spans a broad range from about 1.8 in the
Mountain Beaver (Aplodontia rufa) (Schmidt-
Nielsen and Pfeiffer, 1970) to 26.8 in the Desert
Hopping Mouse (Leggadina hermanburgensis) (Mac-
Millen and Lee, 1967). The reason for the limited
urine-concentrating ability in birds compared to
mammals is uncertain; however, it may be related to
the fact that most of the nephrons within the avian
kidney are of the loopless type. Without a loop of
Henle, urine cannot be concentrated, and as all
nephrons within the avian kidney (regardless of
type) empty into a common collecting duct, the fluid
from the loopless nephrons may be diluting the fluid
from the looped nephrons.

Despite numerous studies undertaken, no good
index has been found that correlates anatomical
structure and the ability to concentrate urine in
either birds or mammals. Most studies have concen-
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trated on the kidneys of mammals and are summa-
rized in detail by Beuchat (1996). Briefly, indices
examined in mammals include absolute medullary
thickness, relative medullary thickness, and length
of the loop of Henle. The summary presented by
Beuchat (1996) indicates that for mammals urine
concentrating ability is not a simple function of the
length of the loop of Henle, nor of any other single
variable measured, and that a number of other vari-
ables may be involved. For birds, similar morpholog-
ical indices have been examined in an attempt to
find a relationship between structure and function
with respect to concentrating ability. These include
relative thickness of the renal medulla (Johnson,
1974), relative medullary area (Sperber, 1944), per-
cent of looped nephrons and the number of medul-
lary cones (Goldstein and Braun, 1989), and the lack
of the thin ascending limb in the avian nephron
(Beuchat, 1990). As in mammals, these variables are
not strongly correlated with the ability to produce a
concentrated urine.

In birds, available data on urine concentrating
ability are limited, hence this makes it difficult to
find a correlation between urine concentrating abil-
ity and renal morphology (Table 1). It might be
expected that an animal inhabiting an arid environ-
ment would have a greater ability to concentrate the
urine; however, the present database is insufficient

to allow such a conclusion to be drawn. Birds inhab-
iting arid environments may not always produce the
most concentrated urine (Table 1).

Our study presents data on the renal morphology
of three species of sparrows, two from mesic habitats
and one inhabiting a salt marsh area. Our aim is to
highlight the morphology of the kidneys of birds
from different environments in an attempt to corre-
late differences in renal anatomy with habitat and
published data on renal concentrating ability for
these species. The gross and microanatomy of the
kidneys are described and the volumes and luminal
surface areas of the nephron components are quan-
tified using stereological techniques.

MATERIALS AND METHODS
Animals

Sparrows (males and females) used in this study
were taken from two different areas. Two species,
the House Sparrow, Passer domesticus, and Song
Sparrow, Melospiza melodia, were collected in the
field in Pennsylvania, under state license, using
mist nets. These birds were transported in cages
back to the laboratory for processing of tissue on the
day of collection. A third species, the Savannah
Sparrow, Passerculus sandwichensis, was collected
in Baja California by E.J. Braun. Mean body mass of
the birds was: House Sparrows 26.5 6 1.3 gm (n 5
6), Song Sparrows 20.5 6 1.3 gm (n 5 5), and Sa-
vannah Sparrows 18.7 6 1.8 gm (n 5 5).

U/P Ratios

Upon capture of the House and Song Sparrows,
ureteral urine was collected with small close-ended
cannulas (constructed from micropipette tips) con-
taining an opening that was placed over the ureteral
orifices. A sample of whole blood was taken from the
brachial vein of each bird. Both urine and blood
samples were placed on ice until transported back to
the laboratory. The urine was tested for osmolality
using a vapor pressure osmometer (Wescor, Utah).
Whole blood was centrifuged and the plasma ex-
tracted and tested for osmolality using the osmom-
eter. The osmotic concentration of urine to plasma
was then calculated.

As noted earlier, the Savannah Sparrow kidneys
were donated by E.J.B. from another study (Gold-
stein et al., 1990). Urine to plasma osmolality ratios
were calculated in the same manner in that study
and the data are presented in Table 1.

Animal Preparation

Birds were killed with an overdose intraperitoneal
injection of sodium pentobarbital, the abdominal
cavity opened, and the dorsal aorta cannulated. The
kidneys were flushed with 0.2 M phosphate buffer
(pH 7.4), followed by half-strength Karnovsky’s fix-

TABLE 1. Urine to plasma osmolality ratios among birds

Species Habitat U/P ratio

Budgerigar4 domestic 0.3–3.0u

Domestic fowl5,6 domestic 1.6–2.1u

Ring-necked pheasant3 domestic 0.6–1.5u

Kookaburra1 wet 2.3–2.7v

Singing honeyeater1 wet 2.3–2.4v

Red wattlebird1 wet 2.0–2.4v

Bobwhite quail6 mesic 1.6
California quail6 mesic 1.7
Senegal dove1 mesic 1.7v

House sparrow8 mesic 1.0–1.7u

Song sparrow8 semi-arid 0.7–2.2u

Anna’s hummingbird7 semi-arid 0.2–0.6f

Rufous hummingbird7 semi-arid 0.2–1.1f

House finch6 semi-arid 2.1–2.3
House sparrow3 semi-arid 1.0–2.2u

White-crowned sparrow3 semi-arid 1.3–2.1u

White-winged dove3 semi-arid 1.2–1.8u

Crested pigeon1 arid 1.7–1.8v

Emu1 arid 1.1–1.4v

Galah1 arid 2.1–2.5v

Gambel’s quail6 arid 2.5
Zebra finch3 arid 1.1u–2.8v

Glaucous-winged gull3 marine 1.6–1.9u

Savannah sparrow2 salt marsh 1.6–2.7f

f Field samples, uureteral, vvoided.
1 Skadhauge, 1974.
2 Goldstein et al., 1990.
3 Goldstein and Braun, 1989.
4 Krag and Skadhauge, 1972.
5 Skadhauge and Schmidt-Nielsen, 1967.
6 Reviewed in Dantzler, 1970.
7 Beuchat et al., 1990.
8 Data from present study.
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ative (350 mOsm). After fixation, the kidneys were
dissected from the synsacra.

Electron Microscopy

Kidney tissue was prepared as described above.
The left kidneys of House Sparrows and Song Spar-
rows were processed for scanning (SEM) and trans-
mission electron microscopy (TEM). Tissue for SEM
was postfixed in 1% Dalton’s osmium tetroxide, de-
hydrated in a graded series of alcohols, and critically
point-dried. The tissue was fractured with a sharp
knife, placed on aluminum stubs, sputter-coated
with gold, and viewed with a scanning electron mi-
croscope. Tissue for TEM was cut in 1 mm3 blocks,
postfixed in 1% Dalton’s osmium tetroxide, washed
in a series of graded alcohols, infiltrated with pro-
pylene oxide, and embedded in epon resin. Sections
were cut to a thickness of 90 nm, stained with uranyl
acetate and lead citrate, and viewed with a trans-
mission electron microscope.

Light Microscopy

The right kidneys were processed for light micros-
copy. Prior to processing, the lengths and widths of
the kidneys were measured to 60.01 mm using ver-
nier calipers and their volumes estimated by water
displacement (Scherle, 1970). The tissue was then
processed for routine light microscopy. Following
processing, the lengths and widths of the kidneys
were remeasured and the amount of shrinkage due
to processing determined. Linear tissue shrinkage
ranged from 10–30%, which is within the range
reported in previous studies (Casotti and Richard-
son, 1992, 1993a; Casotti et al., 1998). The tissue
was embedded in paraffin wax and cut in an unbi-
ased manner at 10 equally spaced intervals along its
length (Mayhew, 1991). The resulting sections were
stained with hematoxylin and eosin.

Volume densities (Vv) of the kidney components
(cortex, medulla, major blood vessels) and nephron
components (renal corpuscle, proximal tubule, loops
of Henle, distal tubule, collecting ducts) were esti-
mated by point counting using the Cavalieri Princi-
ple from light microscopy tissue (Gundersen et al.,
1988). These were converted to absolute volumes by
taking into account the volume of the kidney esti-
mated by water displacement. The surface areas of
renal tubules were estimated using the formula [(Vv/
d) 3 4] 3 reference volume from light microscopy
tissue (Gundersen, 1979). Where Vv is the volume of
the component measured by the Cavalieri Principle,
d is the mean luminal diameter of the component
measured, and reference volume refers to either the
cortex or medulla, depending on whether the com-
ponent measured occurs in the cortex or medulla.
Measuring both volumes and surface areas enabled
determining whether differences in kidney structure

were due to the presence of either bigger tubules or
a greater total length of smaller tubules.

Statistics

Volume and surface area data were analyzed us-
ing analysis of covariance (MANCOVA) to correct for
variations of body mass using the statistical soft-
ware program Statistica. In order to correct for the
allometric effect of size on variations such as body
mass and kidney volume among birds, all measure-
ments were log transformed and regressed against
the appropriate size covariate. Different indepen-
dent variables were used depending on the depen-
dent variable being measured. For example, when
analyzing differences in kidney volume, bird body
mass was used as the independent variable. When
comparing the volumes of the cortex, medulla, and
major blood vessels, kidney volume was used as the
independent variable. When comparing the volumes
and surface areas of the renal corpuscle, proximal
tubules, distal tubules, cortical collecting duct, and
cortical capillaries, the volume of the cortex was
used as the independent variable. When comparing
the volumes and surface areas of the limbs of Henle,
collecting ducts, and medullary capillaries, the vol-
ume of the medulla was used as the independent
variable. To compare differences between slopes and
elevations of regression lines a Student-Newman-
Keuls (SNK) test was performed (Zar, 1984).

RESULTS

This study was carried out in an attempt to cor-
relate the structure of the avian kidney with habitat
in three small passerine birds of similar body mass,
coming either from different habitats or different
lineages. The Song Sparrow and the Savannah
Sparrow are more closely related, but from different
habitats, and the Song Sparrow and House Sparrow
are from similar habitats, but not as closely related.

External Morphology

In external morphology, the kidneys from the
three species are very similar. Each kidney consists
of three divisions, a large posterior, a small middle,
and an anterior division somewhat larger than the
middle division. This gross anatomy is very similar
to that described for the desert quail (Braun and
Dantzler, 1972).

Volume of Kidney Components

The volume occupied by the cortex did not differ
among the species. However, the volume of the me-
dulla was significantly higher (P , 0.05) in the Sa-
vannah Sparrow kidney compared to that of the
other two species. Also, the Savannah Sparrow kid-
ney had a significantly lower (P , 0.05) volume of
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major blood vessels than did the other species (Table
2). Within the cortex, the Savannah Sparrow kidney
had a significantly higher (P , 0.01) volume of prox-
imal tubules, but a significantly lower (P , 0.01)
volume of distal tubules than the other species (Ta-
ble 3). Also, the Song Sparrow had a significantly
higher (P , 0.01) volume of capillaries in the cortex
than the other species. For ease of visualization of
the volume data among species, the data were con-
verted to percentages and graphed in Figure 1.

Surface Area of Kidney Components

When comparing surface areas of cortical compo-
nents, the Savannah Sparrow had a significantly
higher (P , 0.01) surface area of proximal tubules
than did the other two species, and the House Spar-
row had a significantly lower (P , 0.01) surface area
of capillaries than did the other species. There were
no significant differences in the surface areas of the
other cortical nephron components among the spe-
cies. Within the medulla, the Savannah Sparrow
kidneys had a significantly higher surface area of
thick limbs of Henle (P , 0.001) and collecting ducts
(P , 0.001) than did the other species (Table 4). The

Savannah Sparrow kidneys had a significantly
higher (P , 0.05) surface area of proximal tubules
than did the Song and House Sparrow and the Song
and Savannah Sparrows had a significantly lower
(P , 0.05) surface area of thin limbs of Henle than
did the House Sparrow (Table 4).

Qualitative Morphology

In cross section, the tubules of the medulla display
an ordered arrangement. An outer ring of thick
limbs of Henle surrounds a ring of collecting ducts,
that in turn surrounds a central core of thin limbs of
Henle (Fig. 2).

For all birds, the diameter of the renal corpuscles
ranged from 20–48 mm. The glomerular capillaries
are centrally located within the renal corpuscle and
are surrounded by podocytes. The podocytes branch
forming primary (trabeculae) and secondary (pedi-
cels) processes (Fig. 3a,b). The proximal tubule is
connected directly to the renal corpuscle and no neck
segment is present. The cytoplasm of the proximal
tubule cells contains numerous mitochondria, con-
densing vesicles, and a large apically situated nu-
cleus. The intercellular spaces of the proximal tu-

TABLE 2. Mean (6 SD) absolute volumes of the right kidney and its associated components

Variable

Volume (mm3)

House Sparrow Song Sparow Savannah Sparrow Statistics

Kidney 126.6 6 8.0 (0.94) 129.4 6 18.6 (1.14) 129.8 6 49.1 (1.22) ns
Cortex 99.5 6 6.7 (1.0) 109.5 6 16.6 (1.03) 108.7 6 35.1 (1.03) ns
Medulla 9.3 6 3.4 (0.93) 6.8 6 1.5 (0.81) 15.2 6 13.6 (1.09) S1

Major blood vessels 17.7 6 7.8 (1.21) 13.1 6 2.7 (1.11) 5.8 6 1.7 (0.76) S2

Data in parenthesis are adjusted log10 mean (y) values for regression analyses.
ns 5 not significant, s 5 significant.
1 Savannah Sparrow . House, Song Sparrow.
2 House, Song Sparrow . Savannah Sparrow.

TABLE 3. Mean (6 SD) absolute volumes of nephron components of the right kidney

Variable

Volume (mm3)

House Sparrow Song Sparrow
Savannah
Sparrow Statistics

Cortex
Renal corpuscle 2.9 6 0.9 (1.46) 1.5 6 0.6 (1.13) 1.3 6 0.5 (1.11) ns
Proximal tubule 54.3 6 6.6 (0.75) 54.0 6 6.3 (0.71) 71.2 6 20.0 (0.84) S1

Distal tubule 17.5 6 3.1 (1.25) 18.8 6 7.5 (1.23) 11.0 6 2.2 (1.03) S2

Collecting duct 4.4 6 1.7 (0.64) 4.8 6 0.9 (0.65) 4.3 6 3.6 (0.43) ns
Capillaries 20.7 6 5.2 (0.33) 30.4 6 4.3 (0.45) 22.2 6 11.8 (0.30) S3

Medulla
Proximal tubule 0.02 6 0.02 (0.42) 0.6 6 1.1 (0.78) 0.02 6 0.03 (0.70) ns
Thin limb of Henle 0.6 6 0.3 (1.84) 0.2 6 0.03 (1.55) 0.5 6 0.7 (1.38) ns
Thick limb of Henle 3.9 6 1.5 (0.56) 2.8 6 0.8 (0.53) 6.4 6 4.9 (0.59) ns
Collecting duct 2.9 6 1.2 (0.43) 1.7 6 0.2 (0.34) 4.3 6 3.6 (0.40) ns
Capillaries 1.9 6 0.6 (1.26) 3.0 6 0.5 (1.43) 2.1 6 4.5 (1.30) ns

Data in parenthesis are adjusted log10 mean (y) values for regression analyses.
ns 5 not significant, s 5 significant.
1 Savannah Sparrow . House, Song Sparrow.
2 House, Song Sparrow . Savannah Sparrow.
3 Song Sparrow . House, Savannah Sparrow.
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bules show varying degrees of expansion and are
filled with interdigitations of the basolateral mem-
brane (Fig. 4a,b). The apical surface of the proximal
tubule cells is enhanced by a prominent microvillus
brush border.

The transition from the proximal straight tubule
to the thin descending limb of Henle is abrupt (Fig.
4b). The cytoplasm of the thin limb of Henle cells
contains few small mitochondria, and the cells are
separated by wide intercellular spaces. As with the
proximal tubule, the transition from the thin limb of
Henle to the thick limb of Henle is abrupt. The
cytoplasm of the thick limb of Henle cells contains a
higher population of mitochondria than that of the
thin limb of Henle. The apical surface of the cells is
relatively undifferentiated (Fig. 5).

The cytoplasm of the cells of the distal tubule
contains numerous rounded and longitudinal mito-
chondria throughout. The cells possess infoldings of
the basal membrane and narrow intercellular
spaces. The apical surface of the cells is covered with
a short, thinly dispersed layer of microplicae (Fig. 6).
As is the case for mammals, the avian cortical col-
lecting ducts contain two types of cells, the principal
and intercalated cells. The apical surface of the prin-
cipal cells is covered by a thick layer of stubby mi-
crovilli and the apical surface of the intercalated
cells is covered with microplicae and a single cilium
(Fig. 7). The cortical collecting duct continues into
the medulla as the medullary collecting duct, and
the apical morphology of the cells changes. The api-
ces of the cells protrudes prominently into the lumen
and may be covered with very low or small micropli-
cae and a single cilium protruding from each cell
(Fig. 8).

DISCUSSION

The data from this study show differences in the
internal morphology of the kidneys of the salt marsh
Savannah Sparrow compared with those of the
mesic-inhabiting Song and House Sparrows. How-
ever, the data are not consistent with the assump-
tion that the salt marsh species would produce the
most concentrated urine. This is not surprising,
given that the U/P osmolality ratio for two of the
species show some degree of overlap: House Sparrow
1.0–2.2, Song Sparrow 0.7–2.2, and Savannah Spar-
row 1.6–2.7 (see Table 1).

All species showed the same ordered arrangement
within the medullary cone, where the thick and thin
limbs of Henle were separated by the collecting
ducts. This pattern is common among passerines;
however, its functional significance is not under-
stood (Johnson and Mugaas, 1970; Johnson, 1979;
Goldstein and Braun, 1986; Nishimura et al., 1989).
The current theory of the mechanism of urine con-
centration in birds states that an osmotic gradient is
established along the length of the medulla by the
transport of solutes from the thick limb to the med-

Fig. 1. Percentage volumes of cortex (■), medulla (s), major
blood vessels ( ), renal corpuscle (h), proximal tubule ( ), distal
tubule (z), cortical collecting duct (^), cortical capillaries ( ),
medullary collecting duct ( ), thick limb of Henle ( ), thin limb
of Henle (d), medullary proximal tubule ( ), and medullary
capillaries ( ) within the kidneys of sparrows.
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ullary interstitium (Nishimura et al., 1989). The
osmolality of the fluid in the descending limb of
Henle’s loop (DLLH) equilibrates with the medul-
lary interstitium by the addition of sodium chloride,
with no water addition or abstraction from the tu-
bule fluid (Nishimura et al., 1989). The geometric
arrangement of the parallel tubules combined with
their transport characteristics must facilitate the
functioning of a countercurrent multiplier system.
The sodium chloride deposited in the medullary in-
terstitium should facilitate the abstraction of water
from the collecting ducts (to concentrate the urine).
The lack of water permeability on the part of the
DLLH suggests that the fluid in this part of the
nephron equilibrates with the medullary intersti-
tium by solute entry only. This enhances sodium
chloride delivery to the thick limb of Henle. The
anatomical evidence presented in this article sup-
ports the physiological interaction of the descending

and ascending limbs of Henle as described by Nish-
imura et al. (1989).

The anatomical variables that seem to be consis-
tent with the environment the birds inhabit are the
percent and volume of the renal medulla. Previous
studies have demonstrated that arid zone birds have
a higher volume of renal medulla than mesic zone
birds (Warui, 1989; Casotti and Richardson, 1992,
1993a; Casotti et al., 1998). In this study, the salt
marsh Savannah Sparrow showed the same trend.
An animal inhabiting a salt marsh environment
might be expected to concentrate its urine more than
mesic zone birds (House and Song Sparrows) be-
cause of the limited availability of fresh water and
the potentially large amount of salt in its diet.

The sizes of the renal corpuscles in the kidneys of
the three sparrows were similar to those found in
honeyeater birds (Casotti and Richardson, 1993b).
This is somewhat surprising as honeyeaters have a
predominantly nectar diet that has a high water con-
tent (Powers and Nagy, 1988; Weathers and Stiles,
1989). The sparrows examined in this study are pre-
dominantly granivorous. It might be expected that
animals that filter a larger amount of fluid should
possess larger renal corpuscles. This was shown for
fresh water fishes, which have larger glomeruli than
salt water fishes (Hickman and Trump, 1969).

The proximal tubule was attached directly to the
renal corpuscle with no neck segment. This is not
unique to sparrows and has been found in other
birds (Casotti, 1993; Casotti and Richardson,
1993b). The ultrastructure of the proximal tubules
of all sparrow species is suggestive of a marked
capacity to reabsorb both water and ions, given the
presence of large interdigitations of the basal lamina
and numerous mitochondria (Rhodin, 1963; Roberts
and Schmidt-Nielsen, 1966). The Savannah Spar-
row may have a greater capacity to reabsorb water

TABLE 4. Mean (6 SD) absolute surface areas of nephron components of the right kidney

Variable

Surface area (cm2)

House Sparrow Song Sparrow Savannah Sparrow Statistics

Cortex
Renal corpuscle 2.0 6 0.6 (1.32) 1.4 6 0.6 (1.05) 1.6 6 1.1 (1.13) ns
Proximal tubule 111.2 6 19.2 (2.07) 118.1 6 23.6 (2.03) 184.9 6 109.8 (2.21) S5

Distal tubule 39.5 6 8.0 (1.62) 51.1 6 24.1 (1.64) 56.7 6 27.9 (1.72) ns
Collecting duct 6.2 6 3.1 (0.78) 8.1 6 1.7 (0.86) 9.1 6 6.1 (0.87) ns
Capillaries 40.7 6 13.3 (1.63) 64.5 6 14.5 (1.76) 97.6 6 81.5 (1.87) S1

Medulla
Proximal tubule 0.9 6 2.2 (0.55) 0.01 6 0.01 (0.98) 0.004 6 0.01 (0.98) S2

Thin limb of Henle 0.2 6 0.1 (2.1) 0.04 6 0.01 (1.84) 0.4 6 0.8 (1.62) S6

Thick limb of Henle 0.9 6 0.5 (0.87) 0.3 6 0.1 (0.72) 5.7 6 8.7 (1.13) S3

Collecting duct 0.2 6 0.1 (1.19) 0.1 6 0.02 (1.18) 2.1 6 3.4 (1.68) S4

Capillaries 0.4 6 0.2 (1.47) 0.2 6 0.1 (1.59) 2.1 6 3.8 (1.55) ns

Data in parenthesis are adjusted log10 mean (y) values for regression analyses.
ns 5 not significant, s 5 significant.
1,2 Song, Savannah Sparrow . House Sparrow.
3–5 Savannah Sparrow . Song, House Sparrow.
6 House Sparrow . Song, Savannah Sparrow.

Fig. 2. Light micrograph showing the distribution of nephron
tubular elements in cross section through a medullary cone in the
House Sparrow, Passer domesticus. T, thick limb of Henle; C,
collecting duct; arrow, thin limb of Henle. Scale bar 5 250 mm.
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and ions along this portion of the nephron because it
has a higher volume and surface area of proximal
tubules than do the mesic zone species.

Unlike mammals, where the thin descending limb
of Henle consists of different cell types (Barrett et
al., 1978a,b; Bachmann and Kriz, 1982), that of
sparrows consists of only one cell type. It resembles
the type of epithelium found in honeyeater birds and
in the early portions of the thin limb of Henle of
Gambel’s and Japanese quail (Braun and Reimer,
1988; Casotti and Richardson, 1993b). This type of
epithelium is typically found in cells that transport
solutes passively (Braun and Reimer, 1988). Our
data showed that the Savannah and House Spar-
rows have a significantly higher surface area but not
volume of thin limbs of Henle than did the Song
Sparrow. This suggests that the thin limb of Henle
may be longer in the latter species.

The ultrastructure of the thick limb of Henle in
sparrows resembles closely that found in the Desert
Quail, Callipepla gambelii, with mitochondria oc-
curring between infoldings of a basal labyrinth
(Braun and Reimer, 1988). The Savannah Sparrow
had a higher surface area of this tubule type com-
pared to the House and Song Sparrows. This type of
epithelium is indicative of active transport and, to-
gether with the structure of the thin limb of Henle,
this morphological pattern fits with the proposed
mechanism of producing a concentrated urine in
birds, where solutes are transported out of the thick
limb and enter passively into the thin limb of Henle
(Nishimura et al., 1989).

The Savannah Sparrow has a lower volume of the
distal tubule than the mesic zone species; this may be
associated with the higher volume of proximal tubule.
It suggests that with more functional area at the level
of the proximal tubule less of the filtered load remains
to be processed by the distal tubule. The ultrastructure
of the distal tubule is similar in all species of sparrows
examined and resembles closely the morphology seen
in previous studies in other birds (Siller, 1971; Nichol-
son, 1982; Casotti and Richardson, 1993b). Like the
thick limb of Henle, the presence of mitochondria and
infoldings of the basolateral cell membrane is charac-

teristic of cells involved in active transport. The distal
tubules lead into the cortical collecting duct that con-
sists of two cell types, the principal and intercalated
cells. The luminal surface morphology of these cell
types is the same as those seen in principal and inter-
calated cells in other birds (Nicholson, 1982; Casotti,
1993; Casotti and Richardson, 1993b). The principal
cells reabsorb sodium and the intercalated cells se-
crete hydrogen ions (but not in exchange for sodium)
(Hansen et al., 1978; Evan et al., 1980; Stanton et al.,
1984). In addition, the principal cells secrete mucus to
prevent uric acid precipitation, thus preventing block-
age of the tubule lumen (Guzsal, 1970; Peek and Mc-
Millan, 1979).

The sparrow nephron terminates in the medul-
lary collecting duct, and the ultrastructure of this
segment is similar to that described for other birds
(Siller, 1971; Nicholson, 1982; Casotti and Rich-
ardson, 1993b). Its role is reabsorption of water
and possibly some sodium from the tubule fluid.
The Savannah Sparrow has a significantly higher
surface area but not volume of the medullary col-
lecting duct than the mesic zone species, indicat-
ing that the collecting duct may be longer, provid-
ing a greater opportunity to reabsorb water along
this portion of the nephron. In addition, the Sa-
vannah Sparrow also has a higher surface area of
medullary capillaries, indicating that the capil-
lary network is longer in this species. This may be
in concert with the higher surface area of collect-
ing ducts to carry away fluid that is withdrawn
from the collecting ducts as they pass through the
medullary interstitium.

In summary, this study demonstrates that differ-
ences in the anatomy of the kidneys among the spar-
rows examined are in the amount of medulla, proximal
tubule, and distal tubules. No detectable differences
were found in the kidney ultrastructure. These data
indicate that the salt marsh Savannah Sparrow has
the renal morphology necessary to produce a more
concentrated urine; however, physiological data in the
literature do not indicate that this species has any
greater ability to produce a concentrated urine than
the mesic zone inhabiting House Sparrow.

Fig. 3. Scanning (a) and
(b) transmission electron mi-
crograph showing the exter-
nal structures on the glomer-
ulus of the Song Sparrow,
Melospiza melodia. P, podo-
cyte; O, primary process (tra-
beculae); S, secondary pro-
cess (pedicles); c, capillary;
BC, Bowman’s capsule; MA,
mesangium. Scale bar 5 5
mm.
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Fig. 4. a: Transmission electron micrograph showing intercellu-
lar spaces filled with interdigitations in the proximal tubule in the
House Sparrow, Passer domesticus. b: Transmission electron micro-
graph showing the abrupt transition between the proximal tubule
and the thin descending limb of Henle in the House Sparrow, Passer
domesticus. I, interdigitations; B, brush border; M, mitochondria; N,
nucleus; v, condensing vesicles; P, proximal tubule cell; T, thin limb
of Henle cell. Scale bar (a) 5 1 mm; (b) 5 3 mm.

Fig. 5. Transmission electron micrograph showing the inter-
nal structure of the thick ascending limb of Henle in the House
Sparrow, Passer domesticus. M, mitochondria. Scale bar 5 5 mm.

Fig. 6. Transmission electron micrograph showing a distal
tubule cell in the Song Sparrow, Melospiza melodia. M mitochon-
dria; BL, basal labyrinth; MP, microplicae. Scale bar 5 1 mm.

Fig. 7. Scanning electron micrograph showing the surface ar-
chitecture of the principal and intercalated cells in the cortical
collecting duct of the Song Sparrow, Melospiza melodia. P, prin-
cipal cell; I, intercalated cell; C, cilium; arrow, microplicae. Scale
bar 5 5 mm.

Fig. 8. Scanning electron micrograph showing the surface archi-
tecture of the medullary collecting duct cells in the Song Sparrow,
Melospiza melodia. I, cilium, M, microplicae. Scale bar 5 10 mm.

290 G. CASOTTI AND E.J. BRAUN



ACKNOWLEDGMENTS

We thank the Pennsylvania Game Commission for
permission to collect the animals and the Electron
Microscopy Facilities at the University of Arizona
and West Chester University.

LITERATURE CITED

Bachmann S, Kriz W. 1982. Histotopography and ultrastructure
of the thin limbs of the loop in the hamster. Cell Tissue Res
225:111–127.

Barrett JM, Kaissling B, de Rouffignac C. 1978a. The ultrastruc-
ture of the nephron of the desert rodent (Psammomys obesus)
kidney. II. Thin limbs of Henle of long-looped nephrons. Am J
Anat 151:499–514.

Barrett JM, Kriz W, Kaissling B, de Rouffignac C. 1978b. The
ultrastructure of the nephrons of the desert rodent (Psammo-
mys obesus) kidney. I. Thin limb of Henle of short-looped
nephrons. Am J Anat 151:487–498.

Beuchat CA. 1990. Why can mammals concentrate their urine
better than birds? Am Zool 301:24A.

Beuchat C. 1996. Structure and concentrating ability of the mam-
malian kidney: correlations with habitat. Am J Physiol 270:
R157–R179.

Beuchat CA, Calder WA III, Braun EJ. 1990. The integration of
osmoregulation and energy balance in hummingbirds. Physiol
Zool 63:1059–1081.

Braun EJ, Dantzler WH. 1972. Function of mammalian-type and
reptilian-type nephrons in kidneys of desert quail. Am J Physiol
222:617–629.

Braun EJ, Reimer PR. 1988. Structure of avian loop of Henle as
related to countercurrent multiplier system. Am J Physiol 255:
F500–F512.

Casotti G. 1993. The form and function of the kidneys of selected
Western Australian honeyeaters. Perth: Murdoch University.

Casotti G, Richardson KC. 1992. A stereological analysis of kid-
ney structure of honeyeater birds (Meliphagidae) inhabiting
either arid or wet environments. J Anat 180:281–288.

Casotti G, Richardson KC. 1993a. Ecomorphological constraints
imposed by the kidney component measurements in honeyeater
birds inhabiting different environments. J Zool Lond 231:611–
625.

Casotti G, Richardson KC. 1993b. A qualitative analysis of the
kidney structure of Meliphagid honeyeaters from wet and arid
environments. J Anat 182:239–247.

Casotti G, Beuchat CA, Braun EJ. 1998. Morphology of the kid-
ney in a nectarivorous bird, the Anna’s hummingbird, Calypte
anna. J Zool Lond 244:175–184.

Dantzler WH. 1970. Kidney function in desert vertebrates. In:
Benson GK, Phillips JG, editors. Memoirs of the Society of
Endocrinology, No. 18. Hormones and the environment. Cam-
bridge, UK: Cambridge University Press. p 157–190.

Evan A, Huser J, Bengele HH, Alexander EA. 1980. The effect of
alterations in dietary potassium on collecting system morphol-
ogy in the rat. Lab Invest 42:668–675.

Goldstein DL, Braun EJ. 1986. Proportions of mammalian-type
and reptilian-type nephrons in the kidneys of two passerine
birds. J Morphol 187:173–179.

Goldstein DL, Braun EJ. 1989. Structure and concentrating abil-
ity in the avian kidney. Am J Physiol 256:R501–R509.

Goldstein DL, Williams JB, Braun EJ. 1990. Osmoregulation in
the field by salt-marsh Savannah Sparrows Passerculus sand-
wichensis beldingi. Physiol Zool 63:669–682.

Gundersen HJG. 1979. Estimation of tubule or cylinder Lv, Sv
and Vv on thick sections. J Microsc 117:333–345.

Gundersen HJG, Bendtsen L, Korbo N, Marcussen A, Møller K,
Nielsen JR, Nyengaard B, Pakkenberg FB, Sørensen FB, Vest-
erby A, West MJ. 1988. Some new, simple and efficient stereo-
logical methods and their use in pathological research and
diagnosis. Acta Pathol Microbiol Immunol Scand 96:379–394.

Guzsal E. 1970. Histochemical study of the kidneys of domestic
fowls. Acta Vet Acad Sci Hung 20:295–299.

Hansen GP, Tisher CC, Robinson RR. 1978. Response of collect-
ing ducts (CD) to disturbances in hydrogen ion (H1) and potas-
sium (K1) balance. Clin Res 26:264A.

Hickman CP, Trump BF. 1969. The kidney. In: Hoar WS, Randall
DJ, editors. Fish Physiology. New York: Academic Press. p
91–239.

Johnson OW. 1974. Relative thickness of the renal medulla in
birds. J Morphol 142:277–284.

Johnson OW. 1979. Urinary organs. In: King AS, McLelland J,
editors. Form and Function in Birds. London: Academic Press.
p 183–235.

Johnson OW, Mugaas JN. 1970. Some histological features of
avian kidneys. Am J Anat 127:423–435.

Krag B, Skadhauge E. 1972. Renal salt and water excretion in the
budgerygah (Melopsittacus undulatus). Comp Biochem Physiol
41:A667–A683.

Layton HE. 1986. Distribution of Henle’s loops may enhance
urine concentrating ability. Biophys J 49:1033–1040.

Layton HE, Davies JM. 1993. Distributed solute and water reab-
sorption in a central core model of the renal medulla. Math
Biosci 116:169–196.

Layton HE, Casotti G, Davies JM, Braun EJ. 1997. Mathematical
model of avian urine concentrating mechanism. FASEB J 11:A9.

MacMillen RE, Lee AK. 1967. Australian desert mice: indepen-
dence of exogenous water. Science 158:383–385.

Mayhew TM. 1991. The new stereological methods for interpret-
ing functional morphology from slices of cells and organs. Exp
Physiol 76:639–665.

Nicholson JK. 1982. The microanatomy of the distal tubules,
collecting tubules and collecting ducts of the starling kidney. J
Anat 134:11–23.

Nishimura H, Koseki C, Imai M, Braun EJ. 1989. Sodium chlo-
ride and water transport in the thin descending limb of Henle of
the quail. Am J Physiol 257:F994–F1002.

Peek WD, McMillan DB. 1979. Ultrastructure of the tubular
nephron of the garter snake Thamnophis sirtalis. Am J Anat
154:103–128.

Powers DR, Nagy KA. 1988. Field metabolic rate and food con-
sumption by free-living Anna’s hummingbirds (Calypte anna).
Physiol Zool 61:500–506.

Rhodin JAG. 1963. Structure of the kidney. In: Strauss MB, Welt
LG editors. Diseases of the Kidney. Boston: Little Brown. p 1–29.

Roberts JS, Schmidt-Nielsen B. 1966. Renal ultrastructure and
excretion of salt and water by three terrestrial lizards. Am J
Physiol 211:476–486.

Scherle WF. 1970. A simple method of volumetry of organs in
quantitative stereology. Mikroscopie 26:57–60.

Schmidt-Nielsen B, Pfeiffer EW. 1970. Urea and urinary concen-
trating ability in the mountain beaver, Aplodontia rufa. Am J
Physiol 218:1370–1375.

Siller WG. 1971. Structure of the kidney. In: Bell DJ, Freeman
BM editors. Physiology and Biochemistry of the Domestic Fowl.
London: Academic Press. p 197–231.

Skadhauge E. 1974. Renal concentrating ability in selected West-
ern Australian birds. J Exp Biol 61:269–276.

Skadhauge E, Schmidt-Nielsen B. 1967. Renal medullary electro-
lyte and urea gradient in chickens and turkeys. Am J Physiol
212:1313–1318.

Sperber I. 1944. Studies on the mammalian kidney. Zool Bidr
Uppsala 22:249–432.

Stanton B, Biemesderfer D, Stenton D, Kashgarian M, Giebisch
G. 1984. Cellular ultrastructure of Amphiuma distal nephron:
effects of exposure to potassium. Am J Physiol 247:C204–C216.

Warui CN. 1989. Light microscopic morphometry of the kidneys
of fourteen avian species. J Anat 162:19–31.

Weathers WW, Stiles FG 1989. Energetics and water balance in
free-living tropical hummingbirds. Condor 91:324–331.

Zar JH. 1984. Comparing simple linear regression equations.
Biostatistical Analysis. Englewood, NJ: Prentice-Hall. p 292–
305.

291SPARROW RENAL ANATOMY


	TABLE 1.
	MATERIALS AND METHODS
	RESULTS
	TABLE 2.
	TABLE 3.
	Fig. 1.

	DISCUSSION
	TABLE 4.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

	ACKNOWLEDGMENTS
	LITERATURE CITED

