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As the Nation’sprincipalconservationagency, the Department

of the Interiorhas basic responsibilitiesfor water,fish,wildlife,

mineral,land,park,and recreationalresources.IndianTerritorial

affairsare other maior concerns of America’s“Department of

NaturalResources”.

The Department works to assurethe wisestchoicein managing

allour resourcesso each willmake itsfullcontributionto a better

UnitedStates-now and inthe future.

FOREWORD

This is one of a continuingseriesof reportsdesigned to present

accountsof progressin salinewater conversionand the economics of

itsapplication.Such data are expected to contributeto the long-range

developmentof economicalprocessesapplicableto low-costdemineraliza-

tionof sea and othersalinewater.

Exceptforminor editing,the data hereinare as containedina report

submittedby thecontractor.The data and conclusionsgiveninthe report

are essentiallythoseofthecontractorand are not necessarilyendorsedby

theDepartmentoftheInterior.



ABSTRACT

In Phase I of this program, an analytical study was made of
various biological ion transport systems in order to define new approaches
for the development of new or improved practical desalination processes. In
addition to reviewing the literature (both open and OSW reports) and
establishing categories for the classification of the data in terms appli-
cable to engineering applications analysis, a detailed applications analysis
of relevant data has been made for a number of reports.

During the second quarter of this program, the applications analysis
phase was concentrated on studies involving the application of irreversible
thermodynamics to the transport of ions across biological membranes and also
studies of synthetic membrane systems. The need for more detailed kinetics
information was stressed as well as the need to differentiate between appli-
cable and non-applicable biological systems. Differentiation needs to be made
between coupled and uncoupled desalination systems since the former may lose
output as efficiency increases.

I

I
A comparison of CapIan’s mosaic membrane system with conventional

reverse osmosis systems made on a theoretical basis,showed that at a
relatively high output \evel, the present mosaic membrane system requires nearly
100 times as much energy per unit volume of product. To attain comparable
performance, the mosaic membranes need considerable improvement.

1
It is anticipated that the results of the applications analysis

study will lead to a few key additional studies of an applied research nature
which can establish the validity of hypothesized mechanisms or applications,
including feasibility in practical systems.

In Phase II of this program, salient mechanistic and structural
charactcrfistics of selective ion transport by avian salt glands were investi-
gated with the overall objective of identifying the mechanisms involved which
may have appli’”cationfor the development of new or improved desalination
processes. An exhaustive literature study has been completed on the avian
salt gland and is included in this report. In preparation for future work,
a thorough survey has also been-made of tissue electrical stimulation
studies.

In the study of the salt gland of the White China goose, some
difficulty was experienced in acclimating the geese to high salt concentrations
in their diets, but this difficulty was overcome by temporarily replacing
the salt water with fresh water for short periods. The glands have been
shown to have an active Na@ - K@ ATpWe system as shown by inhibition of the
enzymatic h drolysis on the addition of ouabain.

3
Attempts were made to show

uptake of 2 Na@.
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The salt qlands of White China qeese have been studied both
in vivo and In vitrb. Dr. Donald Dougla; has served as consultant in this

has?u=ed in inserting cannulas into the birds so that osmotic
loads as well as ~2Na could be injected. Systems for separating inorganic
22Na from 22Na attached to an organic moiety have been devised and attempts
were made to identify the organic moiety In the in vitro experiments,
there has been minimum incorporation of 22Na into fla~ices, even when
Na$ - K@ ATPase has been shown to be quite active, leading to the tentative
conclusion that this mechanism is not adequate to explain active transport
in the avian salt gland.



TABLE OF CONTENTS

ABSTRACT ------------- -+w”-_- -----------------.”----------------

1.0 INTRODUCTION -------- -------------- -----------+------- ---

2.0 PHASE I - AppLICATIOl~S AiJALYSIS OF tjIuLL)GICALION-TRANSPORT
SYSTEMS -------------------.-----------------------------

2.1

2.2

2.3

2.4

2.5

2.6

2.7

INTRODUCTION --------------------------------------

GENERAL SCREENING REVIEW OF PERTINENT LITERATURE --

GENERAL CONSIDERATIONS ----------------------------

2.3.1 Areas of Research and Some Possible
Mechanisms ---------------------------.----

2.3.2 Application of the Theory of Absolute
Reaction Rates ---------------------.------

SOME EXPERIMENTAL STUDIES OF TRANSPORT ACROSS
CELLULAR MEMBRAIJES --------------------------------

APPLICATIONS OF IRREVERSIBLE THERMODYNAMICS -------

A SYNTHETIC ACTIVE TRANSPORT SYSTEM ---------------

MOSAIC MEMBRANES ----------------------------------

2.7.1 General -----------------------------------

2.7.2 Desalination with Mosaic Membranes ----.---

3.0 PROGRESS ON PHASE 11 - MECHANISM OF SALT AND WATER
TRANSPORT IN AVIAN SALT GLANDS --------------------------

3.1 SURVEY OF AVAILABEE INFORMATION ON THE MECHANISM OF
SALT AtiDWATER TRANSPORT IN THE AVIAN SALT GLAND --

3.1.1 Function of the Salt Gland ----------------

3.1.2 Structure of the Salt Gland ---------------

3.1.3 Salt Concentration -----.----.-------------

3.1.4 Postulated Mechanisms ------------------.--

Page

iii

1

4

4

5

T

P

9

11

13

16

17

17

19

26

26

26

29

33

38

v



TABLE OF CONTENTS (Continued)

3.1.5 Active Transport -------..--------...----

3.2 DEVELOPMENT OF TECHNIQUES FOR HANDLING AND
ASSAYING SALT GLAND MEMBRANES FROM WHITE CHINA
GEESE -------------------------------------------

3.3 ENZYMATIC ASSAY OF SALT GLAND ACTIVITY ----------

3.4 ISOTOPIC ASSAY OF SALT GLAND ACTIVITY ------.----

3.5 ATTEMPTED IDENTIFICATION OF 22Na MOIETY ---------

3.6 MODEL SYSTEMS -----------------.-----------------

3.7 IN VIVO EXPERIMENTS -----------------------------

3.8 DETERMINATION AND ELUCIDATION OF THE EFFECTS OF
ELECTRICAL STIMULATION ON THE UPTAKE AND
SECRETION OF SODIUM AND CHLORIDE IONS ------------

4.0 REFERENCES ANLIBIBLIOGRAPHIES ------------------------.-

4.1 APPLICATIONS ANALYSIS --------------------------.

4.2 BIBLIOGRAPHY ON AVIAN SALT GLAIWS ---------.”.----

4.3 BIBLIOGRAPHY ON ELECTRICAL STIMULATION OF
TISSUE SLICES ----------------____----------_----

4.4 OTHER REFERENCES --------------------------------

5*O PERSONNEL ----------------------------------------------

Page

39

42

45

47

53

56

58

59

61

61

64

70

78

80



LIST OF FIGURES

Figure No. Page

1. Hypothetical System for Desalination Using
Mosaic Membranes -------------- ---------------------- 20

2. Location of Salt Gland (Hatched Area) in Several
Species of Marine Birds. A = GuII; B = p@lican;
C = Petrel; D = Cormorant (From Schmidt-Nielsen,
1959). 28----------------------------------------------

3. External Structure of the Gull Salt Gland (From
Schmidt-Nielsen, 1959) ------------------------------- 30

4. Internal Structure of Gull Salt Gland (From Schmidt-
Nielsen, 1959) --------------------------------------- 31

5. Phosphatidic Acid Cycle (From Hokin and Hokin, 1965a) 41

vii



LIST OF TABLES

Table No. ~

1. Effectiveness of a Mosaic Membrane for Desalination
of an 0.2M Salt Solution .-.-.-.---.-+.-----.------.--- 25

2, Weights of Salt Glands of Various Birds -------.---”-..- 32
i

3. Salt Concentrations in the Secretion of Salt Glands I

of Various Birds --“.-------------------.-------------- 34 J

4. Salt Secretion in Glands of Higher Vertebrates --------- 35

5. Concentrations of Ions in Salt Gland Secretions ------- 37

viii



1.0 INTRODUCTION

Contract No. 14-01-0001-1674 for a “Study of Biological Desalina-
tion Phenomena: Salt Transport Mechanism of Selective Avian Salt Glands” was
activated on January 12, 1968. The objectives of this program were to (1)
conduct an analytical (paper) study of various biological ion transport
systems aimed at defining new approaches and/or concepts for application to
the development of a new or improved practical desalination process and (2)
investigate and elucidate the salient mechanistic and structural character-
istics of selective ion transport by the avian salt glands of White China
geese as a specific biological model related to sea gulls.

More specifically, the scope of work for Phase I included the
following:

1. Survey literature and OSW biomembrane research program and summar-
ize in terms of a systems analysis relevant to a desalination process. Thus ,
the various elements or components of each biological ion transport process
surveyed shall be identified.

2. Specific and common mechanistic and phenomenological features of
each process surveyed shall be described. Special emphasis shall be placed
in attempting to define a new or novel separation phenomena.

3. Wherever possible, analogies shall be sought between the
mechanism of transport in biological systems with those of practical membrane
processes such as electrodialysis and reverse osmosis. Specific differences
shall be distinguished as quantitatively as possible.

4. Salt and water permeability date, the permselectivity of the
process, and the energy requirements of the process shall be provided where
available.

5. Possible new approaches or concepts entailing new or improved
membrane configurations, structures or other design features stermning from
this analytical study shall be provided.

The scope of work for Phase II included the following:

1. Survey the available information cm the mechanism of salt and water
transport in avian salt glands and identify the biological structural features
responsible for the salt concentrating process.

2. Develop techniques for handling and assaying salt gland membranes
from White China geese.

3. Determine and elucidate the etfect of electrical stimulation on the
uptake and secretion of sodium and chloride ions,
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4. Identify the high molecular weight moieties to which 22Na and 36C1
are attached.

5, Identify as best as possible the mechanism of salt and water
transport (passive and active) in the avian salt gland of the White China
goose, and relate those aspects of the overall mechanism which may have
application for the development of a new or improved desalination process.

Thus, the objective of this research program was to determine the
salt-concentrating mechanisms of avian salt glands so that the principles
could be applied to efficient methods for the desalination of brackish or
sea water. It is only in the last ten years, as the result of work by
Schmidt-Nielsen, that the function of the salt glands have been known. The
efficiency of the process has been studied by McFarland’s group. However,
at a recent conference sponsored by the Office of Saline Water on “Ion
Transport Through Biological Membranes”, it was stated many times that the
details of transport through membranes (such as the salt gland) were not yet
known. Lehninger, for one, referred to the fact that no one had yet arrived
at either a charge or material balance for the active transport process.

Schmidt-Nielsen has said “...if there is any organ in which an
ionic pump and its metabolic ramifications can be studied in its pure form,
the salt gland of marine birds almost seems to be designed for this purpose.”
Yet there are few laboratories doing research on the salt gland and there
is no research on the mechanism of salt concentration by the salt gland which
is sponsored by the Office of Saline Water. (The Office is sponsoring the
excellent work of Lr. L, E. Hokin on an enzyme which can be obtained from
the salt gland and seems to be of great significance in active transport).
This program was designed to complement Dr. Hokin’s work and to be more
oriented to determining the steps in the transport problem for possible
application to novel and efficient methods of desalination.

In the Report of the ilesalination Research Conference sponsored in
1961 by the Office of Saline Water and the National Science Foundation
(“Desalination Research and the Water Problem”, Publication 941 of the
National Academy of Sciences-National Research Council, 1962), it was
pointed out that: “There is good reason to believe that basic research can
lead to practical methods of desalting sea water; nearly all of the present
processes require more than thirty times the work energy needed for reversible
separation.” It was further stated that “Living membranes carry on desalina-
tion operations with a high degree of efficiency.” These conditions are
still true for Dr. W. S. Gillam prefixes his report in the 1965 Saline Water
Conversion Report with the statement that: “All practical desalination pro-
cesses presently require many times the theoretical minimum energy, due to
inefficiencies resulting from highly complex interactions in the systems
concerned.”

2
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If we could determine the mechanisms by which avian salt glands
concentrate salt, if wc could determine how chemical energy is converted to
osmotic energy, wfishould obtain infornmtion of fundamental importance for
devising a new and potentially highly efficient and useful desalination
process.

More speciflcdlly, this research was cle<igned to lead to a better
understanding of th~ efficient conversion of one form of energy (metabolic

k energy) to another (osmotic energy). It is not contelllplatedthat salt
glands would be usel.1io any large scale desalination, but rather that the
principles wtiich~re utilized in this highly efficient system - and with
which we now have only fragmentary knowledge - might lead to a practicali
desalination proce~s completely different from any now being contemplated.

Since the salt :land does consist cf membranes, it was believed
that the re>~!archmight also lead to ‘information of value to those processes
presently in use for des(i”linationwhich employ me[l~branes(reverse osmosis, I

electrodialyzis, etc.).

I

●

●
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2.(I PHASE I - APPLICA1-IONS ANALYSIS IIFBIOLOGICAL ION-TRANSPORT SYSTEMS

2.1 I!4TRODUC11(IN

The objectives of ttii~phase of the program were (1) to examine the I
po~sibil ities for the p~esent and future application of the principles of bio-
logical transport to desalination, (2) to assess the merit of such applications,
and (3) to identify areas of needed further research to improve the applicability
as deemed desirable hec,auseof pcitential merit. The accomplishment of these
objectives was based on an analysls of th~ information and data obtained from
a survey of the pertinent and available literature. The results of this pro-
gram are described in the following subc;ect.ions, The procedures and rationale
of the literature survey are discussed in Section 2.2. Section .2.3consists
of some general remarks including a description of some of the mechanisms that
have been suggested to accoilnt for biological, active transport, The results
of some experimental studies to characterize the active transport of potassium
across cellular membranes are discussed in %c.tion 2.4, Irreversible thermo-
dynamics and its application to coupled transport processes are reviewed in
Sectiol
across

First,
only w
aqains

2.5. Sections 2,6 and 2.7 contain discussions of the salt transport
specific, synthetic membrane systems,

In summary some of the more important conclusions are as follows:
much of the past and current work concerning active transport has dealt
th gross a~pects of the process (such as the transport of a material
a Concentrdtiori gradlell’1, expenditure o-fmetabolic enerqy, high select-

ivity for the -t.yp~of mateviel t,rarlsported,etc.). Concerted studies-to define
the mechanism of activ(?transport -iLiiving s.vstemshave been in progress only
during the pas: 5 to 10 years. As yet, these studies havd not yielded suffi-
cient iilformati@n of th~ type (chemical kinetics , membrane structure, etc.)
r~qldired for practim.1 apnlicationsm

Second, evidently all active transport systems may not be applicable
to desalination problemj. ‘—--Detailed rtudies seem to show that the transport of
potassium across the ccl~ wall of Escherichia coli is an ion exchange process——..= ——. .—
coupled to cell mctfiholIsm. Thus, th-lsorg.an]wn takes up potassium and exudes
either potassium or scdiun,and hydrogen ions. This type of process appears to
he general for mo<t animal and plant cells. On the other hand, the secretion
of salt by the avian ~~lt,nlantidefinitely does not appear to be such an ex-
change process. ),ccordingl:v,this latt~r type of system should be emphasized
in future investiq~tiont,

Third, l’,apI~nand others demonstrated a membrane system in which a
chemical reaction caused the unidirectional diffusion of an ion. It was found
thtitthe coupling between diffusi~fi and the chemical reaction obeyed the Onsager
reciprocity theorem. However, the maximum efficiency, based on the conversion
of chemical energLy to diffusion against a concentration gradient, was only 7 to
25 per cent, depending on the choice of membranes. Although this synthetic
system is representative of active transport in overall principle of operation,

J-1
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it surely is not representative of the details of the process. Undoubtedly its
efficiency could be improved by the knowledge of how to construct more suitable
membranes. This approach, the study of synthetic active systems, has consider-
able merit. Such studies may be expected to yield considerable practical know-
ledge from a relatively smaller effort than must be expended in the study of a
biological system, primarily because of relative complexity of the latter.

Fourth, an analysis by Kedem and Caplan has shown that the efficiency
of energy conversion for two coupled and linear processes (such as active trans-
port) may not be high, particularly under the conditions desired for desalina-
tion practice. This practice would require steady-state operation at fixed
concentrations of the chemical reactants for active transport. Under this cir-
cumstance, the best efficiency for maximum output is only 50 per cent or less,
depending on the degree of coupling between the two processes. Higher effici-
encies are possible only with the sacrifice of output, with output vanishing at
100 per cent efficiency. On the other hand, for a direct (no coupling) desal-
ination process, such as reverse osmosis, both high efficiency and output are
theoretically possible,

Fifth, the application of mosaic membranes to reverse osmosis desal-
ination processes was examined. Consideration was given to the use of a mosaic
membrane, having the properties measured exp~rimentally by Caplan, for the par-
tial desalination of a 0.2M solution of an alkali halide. It was found that
even a modest salt reduction, by a factor of 2 to 6, required applied pressures
of more than 2500 p ig for a maximum output, which was in the range of 1.77 x

310-5 cm3/sec per cm of membrane area. Compared with a conventional reverse
osmosis process at this level of output, the mosaic membrane system requires
nearly 100 times as much energy per unit volume of product, However improvement
in the relative performance of mosaic membranes may be expected from further
research to optimize their properties for desalination. The extent to which
these properties must be modified to achieve comparable performance remains to
be determined.

2.2 GENERAL SCREENING REVIEW OF PERTINENT LITERATURE

At the beginning of this program, a preliminary analysis was conduct-
ed to identify several tentative categories which would be useful for the iden-
tification of engineering applications of data and results presented in the
available literature pertinent to biological ion transport processes. These
preliminary categories included: energy-balance data, chemical kinetics data,
thermochemical data, thermal transport information, mass transport data, mem-
brane “maintenance” processes (to maintain viability), momentum (pressure-gra-
dient) transport characteristics, irreversible thermodynamic features, and
several others.

A general review of reports and papers covering the more recent re-
search on active membrane transport reveals the basic-research nature of this
work, with an emphasis on providing a better understanding of the fundamental



processes involved, Although numerous investigators have reported data for
diffusion rates, metabolism, ionic concentration gradients, etc., for living
membrane systems, most of these data do not, as yet, provide an adequate basis
specifically for engineering analysis that would immediately suggest a practi-
cal systems application. Nevertheless, the available data do contribute sig-
nificantly to an analysis of the physical and chemical phenomena, and to some
extent the important subsystem mechanisms, involved in active biological mem-
brane transport
ly be based.

, upon which an engineering applications analysis must eventual- )

Therefore, emphasis was centered on characterizing and interpreting
the underlying mechanisms in sufficient detail that hypothesis for analogs of
these mechanisms and processes in terms of other physical systems that have
already been reduced to practice would be suggested, Then, the engineering
applications analysis would follow as a logical consequence. As the physical
analogs become identified, they serve as basis for either improvements in
present engineering ion transport systems suggested by the biological processes,
or new applications to ion transport of engineering systems but which have never
before been applied to ion transport per se. For example, devices that can
control the electrical field in the vicinity of an ion-transport interface have
been considered but have been only marginally beneficial in improving the con-
version efficiency; but these may prove to be very beneficial when used to trig- 1
ger another (interstage) mechanism which serves as the true agent of process
improvement (such as an electrically-induced pH change in the pores of a mem-
brane, as an hypothetical example). These were types of suggested approaches
that we sought to identify through detailed analysis of the available infor-
mation on mechanisms associated with biological ion transport. Obviously,
these results are expected to lead, as usual, to a few key additional studies,
of an applied-research nature, that can then establish the validity of the hypo-
thesized mechanism or application, and the feasibility of its use in a practi-
cal system. 1

The character of the screening review principally involved seeking .
an~wers to the following major questions regarding key mechanisms and processes
that compri~e active transport: (1) the nature of membrane structure and its
relationship to the active transport procers, (2) the types of chemical reactions
that contribute to active transport desalination, their kinetics and thermochem-
istry, and the identification of those reactions that are controlling; (3) the
relationship of diffusion to membrane structure and controlling chemical pro-
cesses (e.g.: How many sub-processes actually comprise the overall transport
process, and how are these to be represented analytically? How does such an
analytical coupling of sub-processes improve the application of Onsager’s re-
ciprocity relations and other methods of analytical treatment?); (4) the fac-
tors that determine throughput capacity, concentration-gradient limitations,
enerq,y requirements to the membrane, etc.; and several other questions of this
type~- Thus, the pertinent available literature was continuously screened to
identify those items that potentially could provide at least partial answers
to these types of questions. Then, the promising items were carefully strut

I
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nized to extract the elements of contributing information which were subsequent-
ly combined with other data or results to establish answers to the key ques-
tions and provide a basis for mechanism and applicational hypotheses.

2.3 GENERAL CONSIDERATIONS

As is well recognized, the unique feature of active transport across
biological membranes is the coupling of absorption and diffusional processes
with specific metabolic reactions to force the flow of certain permeants a-
gainst a gradient of chemical potential (concentration). It has been demon-
strated that the energy efficiency of this process can be quite high, at least
60 to 8 per cent, as based on the energetic of the specific reactions in-
volved.50 Further the process can be very specific with regard to the selec-
tion of permeant to be transported (e,g., differentiation between sodium and
potassium ions).

The coupling between diffusion and chemical reaction is possible
only because biological membranes are anisotropic. Thus, a chemtcal reaction
(or reactions) occurs only in specific regions of the membrane, and as a
consequence, establishes a gradient of chemical potential between these re-
gions for diffusion. For cell membranes, anisotro y is rovided by their pro-
tein-lipoid-protein sandwich-like structure. Y“!Litt e IS nown about the details
of the chemical reactions except that the usual energy cycles involving ATP
somehow seem to be involved. Specific knowledge about the relationships between
diffusion and structure, and about the functional groups, reactants and molecules
which permit coupling of diffusion and chemical reactions, and in general,
about the mechanism of active transport, are as yet unknown.

Clearly, such knowledge has great potential value for the conception
of novel membrane-based desalination processes and for the improvement of
existing processes. However, such application will likely be made only with-
in certain limitations. Living membranes are complex organic materials which
require continuing maintenance. The energy for transport derives from a se-
quence of complex chemical reactions involving complex organic fuels. On the
other hand the economics of industrial process are such that their energy must
be derived from relatively simple physical or chemical processes, and readily
available and simple fuels. Thus, in the sense of an exact chemical and physi-
cal copy, the direct application of active transport to desalination is un-
likely. Instead the value of a thorough knowledge of active transport lies in
the possibility of applying its principles of function, using chemical and
physical analogues of the actual transport process, to gain an improved desal-
ination process.

7



2.3.1 Areas of Research and Some Possible Mechan- sms

A general survey of the literature relating to both active and non-
active transport across membranes has revealed that recent research has been
concentrated in four areas: (1) The structure of biological membranes, (2) The
thermodynamics of transport and permeation through membranes, (3) Energy Utili-
zation for active transport, and (4) Gross effects such as permeation rate,
selectivity and environmental and concentration effects. Katchalsky and Kedem21~22
have formulated complete sets of phenomenological coefficients for membrane
transport (non-active) through the application of irreversible thermodynamics.
Relationshi~s between the coefficients also were established. These will be
useful for judging the quality and consistency of permeability data and for
estimating the various energy requirements and efficiencies of transport pro-
cesses. By far, the bulk of the literature deals with membrane structure and
the observed, gross aspects of transport across various types of membranes,
However, insufficient information and data have been developed, thus far, for
delineating in detail the mechanism of active transport, which is crucial for
the successful application to desalination technology. This, of course, is
reasonable in view of the great experimental difficulties involved. Neverthe-
less such progress may be expected as new and improved techniques for studying
active transport are devised.

In spite of this, many interesting hypotheses for active transport
have been proposed. Although not proved they suggest some novel approaches
to desalination by membrane-like processes. Three of these hypotheses are
reviewed in the following paragraphs, and in addition, the specific information
required for practical application is discussed for each, assuming their cor-
rectness.

One of the older hypotheses is pinocytosis, a process which involves
the engulfment of extracellular fluid by the cell membrane. The hypothesis is
suggested by the often observed phagocytosis in which solid matter is ingested
into cells. Recently, Gross23 has proposed a version of pinocytosis which can
account for selectivity towards permeants. His model proposes that the cell
wall is composed of units of protein-lipid-protein sandwiches bonded together
by calcium ions which may be broken, somehow, at will by the cell. The inter-
ior protoplasm contains a reserve of these units which may be quickly supplied
to repair breaks in the cell wall. (These features have been suggested by the
observations of other investigators. ) Transport then occurs by adsorption at
particular sites on the exterior of these units (which accounts for selectivity),
followed by the release of the wall units into the interior of the cell.
Simultaneously, a fresh unit from the interior replaces it in the cell wall.
One fact which the model does not explain is the resorption of the permeant
into a region where its chemical potential is higher than it was where it was
adsorbed.

I

w
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This model of pinocytosis is analogous to a desalination process
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using an ion exchange resin. Such a
economically feasible means could be
salt. As pointed out above, this is

process would be practica’
found to clear the loaded

provided an
resin of its

the same process which is yet to be ex-
plained for Gross’ model, assuming its correctness.

Another hypothesis utilizes the observation that the Iipoid layer
of the cell wall is pierced by fibrils of protein which are assume~’to be
hollow and capable of peristaltic action dr!ven by metabolic processes involv-
ing ATP. The hypothesis proposes t

9$
t the permeants are literally pumped

through the membrane by the fibrils . This mechanism is partly analQgous to
the reverse osmosis process for desalination. On the other hand a unique fea-
ture is that the pumping is confined entirely within the membrane. The eluci-
dation and proper application of this mechanism, if it is a correct one, might
permit the elimination of pumps and pressure vessels used in the present reverse
osmosis process and in general make the process simpler and more efficient.

Another and, up to now,a more popular hypothesis, involves the as-
sumption of a carrier molecule to transport Iipophobic ions through the lipoid
Iayerof the cell wall. One version of this hypothesis involves the following
sequence of events. The first step is the migration of an ion through the
outer protein layer of the membrane where it is affixed to a fat-soluble
carrier molecule, This simultaneously establishes a concentration gradient for
continued migration through this protein layer. At this point the lipid-ion
complex can diffuse through the lipoid but not the protein layer. Once through
the lipoid layer the complex is destroyed chemically to maintain a gradient
for diffusion. Next, the freed ion diffuses through the inner protein layer
into the interior of the cell.

This mechanism has no counterpart in existing desalination methods.
Assuming its correctness, application of the principles of this mechanism
will require elucidation of the combination of the physico-chemical properties
of the membrane and carrier-ion complex which permits the stability and selec-
tive diffusion of the latter. In addition knowledge of the details of the
chemical reactions involved in the destruction of the complex are required. It
should be noted that it is precisely this information that was the objective
of Phase II of this program,

2.3.2 Application of the “Theoryof Absolute Reaction Rates

As pointed out by Katchalsky24, biological membranes, particular-
ly cell membranes, are very thin and their thickness may be no more than the
characteristic dimension of a permeant molecule or the carrier molecule for
a simple ionic species. In this situation the usual concepts of diffusion and
permeation do not apply. Diffusion may be regarded as successive series of
random jumps by the diffusing species. In the case of cell membranes, their
thickness apparently is of the order of one jump.

On the other hand, this case can be properly treated by the

9



I
theory of absolute reaction rates. The central idea of the theory is that all
transport processes involve the passage of molecules from a region of high chem-
ical potential to low potential through one or more successive states of inter-
mediate potential. These intermediate states are characterized by having a
local minimum of energy. Between successive states are transition states
which have local maximum of energy. The rate at which molecules can pro-
ceed through the transition state, and therefore the rate at which the transport
process occurs, is proportional to the probability that a molecule has suf-
ficient energy to attain the transition state. Thus, the rate constant for the
process given by the formula

(1)

where k is the Boltzman constant, h is Plank’s constant, R is the gas constant,
T is the absolute temperature and AFt is difference in the Gibbs free energy
between the transition state and the neighboring, intermediate states, which
is often called the free energy of activation, For simple chemical reactions,
K is the well known rate constant, and for simple diffusion, K is related to the
diffusion coefficient by the formula

D=Ka2 (2)

where a is the distance between the intermediate steps,

Zwolinski, Eyring and Reese25 applied this theory to several
cases of membrane transport (non-active) and derived the corresponding relation-
ships between the permeation constants and the free energy of activation using
equation (l). These relationships were then applied to permeability data for
the membranes of the eggs of a few marine animals, From Arrhenius-t pe plots

Yof the data, the energy and entropy of activation (AFT = AHt - TAS-F were com-
puted. They fou’ndthat the values of energy of activation were approximately
the same as those reported for diffusion through solids, Howeve~ the entropy
values were large positive numbers (15 to 32 e.u.) and never have been observ-
ed previously for diffusion. They imply that the diffusion through the membranes
involves the breakage of a large number of chemical or strong physical bonds.

The application of this theory and associated analysis would
appear to be very beneficial for the job of determining the mechanism of active
transport. It is an established technique for assisting the determination of
the mechanism of ordinary chemical reactions, Once the chemical species involv-
ed in the chemical reaction have been identified, knowledge of the energy and
entropy of activation indicate what the controlling chemical or physical pro-
cesses are. Obviously, the application of this analysis requires permeation
data at varying temperatures and for a variety of permeants. Unfortunately,
the preliminary survey of the literature indicates that such information may
not be generally available.

I

I



2.4 SOME EXPERIMENTAL STUDIES OF TRANSPORT ACROSS CELLULAR MEMBRANES

Several items of literature describing the transport of potas-
sium ion acro~s cell membranes have been reviewed, One of these items dealt
with the measurement of the rate of transport of ions (isotonically identified)
across the membranes of the excised roots from barley seedlings14. The results
of these measurements seem to show the existence of two mechanisms for the
transport of potassium and sodium. For media with low concentrations
sium (O to 0,2 millimolar) the variance of the rate of transport with
trat.ion in the media was described in the report as following Michael”
kinetics. (Actually, and more acurately, the kinetics follow that of
catalysis for which the rate controlling step is the decomposition of
strate at the active site. It turns out that the rate expressjqn for

of potas-
concen-
s-Menton
surface
the sub-
this is

the same as the Michael is-Menton equation for enzyme catalysiszb}. Moreover,
in this concentration range, the transport mechanism involved is specific for
potassium (or rubidium) instead of sodium regardless of the concentration of
the latter. At higher concentrations of potassium, a second, but non-specific,
transport mechanism was operative. This, too, followed “Michaelis-Menton kine-
tics,” The type of anion, chloride or sulfate, present has no effect on trans-
port via the first mechanism, but does affect transport via the non-specific
mechanism. The precise conditions for the measurements were not stated in the
report. Presumably, the measurements were for a steady-state exchange process
(no growth and constant compositions inside and outside the root tissues). The
maximum rate of transport via the first (specific) mechanism was 10 ~lmols/g of
tissue per hour.

A more detailed and complete investigation of potassium trans-
port across the cell wall of a mutant strain of Escherichia coli has been made
at the Biophysical Laboratory of the Harvard Medical School by S.G. Schultz, A.K.
Solomon, W. Epstein, et al, (ref~rences 9, 27—32). The following significant
features were demonst~ted:

—-

(1) During initial growth (logarithmic phase) the intracellular
concentration of pota~sium is greater than in the medium, whereas the intracel-
lular concentration of sodium is less. Upon depletion of the medium and ces-
sation of growth, the intracellular concentrations of potassium and sodium be-
come essentially thp same as the concentration in the medium. Du ing growth,

!$the intrace-llul~r conwntr~t,ion of potas~ium can be as much as 10 times that
of the medium and incrpases with increasing osmolarity of medium.

(2) Undeinsteady-state conditions (arrested growth and no net
transport of ions), the flux (inward and outward) of potassium in a typical
medium (pH 7.0) is 1.0 pmol/cm2-sec or 300 umols/g of cells-hr, and is insen-
sitive to the extracellular concentration of potassium over wide range. The
magnitude is changed by various circumstances including the pH of the medium,
tem~erature and the addition of dinitrophenol (lINP). A decrease in pH or
ten;perature decreases the flux. The fact that both the

11
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fluxes of potassium are affected in the identical manner bv extrace” lular con-.
centration, pH,temperature and DNP, is strong evidence that both are part of the
same ~ctive transport process or are very tightly coupled processes. The in-
ward flux of potassium during the steady state is necessary for the uptake of
phosphate by the organism.

(3) Transferor the resting organisms to a fresh growth medium
or the changing of the medium in any of a variety of ways causes a rapid net
change in the potassium content of the cells. Raising the pH (which may be ac-
complished by the addition of alkali or transfer to a fresh medium) or the
osmolarity of the medium produces a rapid uptake in potassium. There are at
least two mechanisms for this. The first is a saturable process involving the
simultaneous extrusion of an equivalent amount of h drogen ion.

f
The maximum

rate by this mechanism is approximately 18 pmols/cm -see, achieved at an extra-
cellular concentration greater than 5 millimolar. The rate decreases with a
decrease of the pH of the medium. The second mechanism is’the one-for-one
exchange for intracellular sodium. This process is slower than the potassium-
h.ydrogen exchange and occurs upon the transfer of resting cells to fresh media,
at which time the concentration of intracellular sodium is high. Both of these
mechanisms were believed to occur by separate, but active, carrier-mediated
paths,

Results similar to those just described have been reported by
other investigators for a variety of cellular membranes. Unfortunately, none
of this work (although competently conceived and performed) seems to be directly
applicable to practical desalination, The reason for this is that the work
is primarily descriptive of the end results (i.e., net effect) of active trans-
port processes. However, as has been pointed out, engineering applications re-
quire knowledge of the mechanism of active transport, viz. the specific sequence
of chelmical and physical processes involved, and the particular structure of
the membrane which accommodates these processes.

An important feature of the active transport of potassium for
Escherichia coli is that it appears to be a process involving the exchange of~—. _ ———
“intracellular and extracellular cations. This feature also has been observed
far other animal cells as well as plant cells. As stated, the evidence is
qll”it~conclusive that potassium influx and efflux during steady-state are a
part of the same active process. However, for the uptake of potassium in a fresh
medium the evidence obtained does not rule out the possibility that hydrogen
ion and sodium are eliminated simply by diffusion which is driven by the
necessity to maintain electrical neutrality, In general, these results point
up the fact that the demonstration of any mechanism for an active transport
process must include evidence for either the participation or the absence of
effect of all species which move across the membrane.

Another point of interest is the very small rates of transport.
For example, the flux of salt representative of the electrodialysis process is

12



a factor of 105 greater than the flux of potassium obtained by active transport
in the cell membrane of E. coli. For another comparison, the rate constant for

4potassium transport in the steady-state is 6.7 x 10- cm/sec. Since the cell
wall is approximately O.OIP thick thi corresponds to a diffusion coefficient

3having the apparent value 7 x 10-~5 cm /sec. This value is typical for the
diffusion through solid material and is many orders of magnitude less than that
expected for diffusion through pores. A partial explanation of the low trans-
port rates may be that a very small fraction of the area of the cell wall is
actually involved in the transport process. This is indicated by the fact that
the kinetics of the process are that of surface catalysis, A further explana-
tion may arise from the possibility that the transport is tightly coupled to a
chemical reaction (metabolism within the cell wall), whose rate must be slow
for efficient energy utilization. This point is discussed further in the next
sub-section.

2.5 APPLICATIONS OF IRREVERSIBLE THERMODYNAMICS

Kedem and Katchalsky have developed a general set of phenomeno-
logical equations for the isothermal transport of solvent, ions and non-ionic
materials across single and multiple arrays of membranes (References 33-35).
These equations are necessary for the description of transport through mosaic
membranes which will be discussed in a subsequent section.

In another important publication36, Kedem and Caplan discuss the
degree of coupling and efficiency of energy utilization for two simultaneous
processes. Some of the more pertinent ideas which they developed are described
below.

Consideration is given to two simultaneous processes for which
the phenomenological equations and dissipation function are (using the notation
of Kedem and Caplan):

J1 = Lllxl + L12X2

J2 = L21X”

and

@ = JIX1

(3)
+ L22X2

+ J2X2
IAI{9]

= L11X12+ 2L12X1X2 + L22X22

respectively. (In equation (4), L12 = L21 has been assumed. ) The two terms
the first form of the dissipation function represent the power expended by
each of the two processes, the sum of which must always be greater than or
equal to zero. Thus for the case that one of the processes drives the other,
as in the case of active transport, the power absorbed by the driven process

13
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cannot exceed that
expressed mathemat”

expended by the driving process. These features may be
tally as follows:

‘lX1 + ‘2X2 ‘0’ (5)

and if 2 is the driving process,

‘2X2 > - ‘lxl” (6)

The efficiency, ~, with which the power expended by process 2 is converted into
power for process 1 is given by the ratio of the power expenditure of the
processes, and from equation (6):

-J1‘1
= Tl<l. (7)

‘2X2

The extent to which processes 1 and 2 are coupled together de-
pends on a parameter, q, which is defined by the relation

2
’12

q2 =
(8)

‘11L22

The absolute value of q is less than unity, a result which stems from the
fact that the dissipation function, for irreversible processes, is a positive-
ddfinite quadratic form in the forces, X. The efficiency of conversion may
then be written as a function of q and the ratio of the forces, x = x,/x2:

(q+Zx)zx
.n =

Y (9)

(qzx + 1)

where Z ~=From equations (5) and (9) and with J2X2 positive, it
may easily be shown from equations (7) and (9) that Zx must satisfy the relation

For values of Zx in th
of the degree of coupl

s range n must have a maximum which fs a unique function
ng q. The value of Zx at the maximum is

u
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and the correspond

Thus.as the deqree

Zxmax =
+.=)

ng max

n

mum eff”

ax =

~

ciency is

(1-f-z)z
7

9 (11)

● (12)

of coupling approaches unity (tight coupling) the maximum
efficiency als~ approaches unity. However, for these conditions, the rate of
the process, the value of J1 , approaches zero. This is evident from the
following argument. From equation (11)

l.im

q-1 ‘zxma(& (~)ma~l’ ‘lY

and from equations (7

Comb

and (12)

lim

()

-Jlxl
1.q+l J2X2 max =

ning these results gives

::, ‘1= J2g= ‘lJZ(’12-’d%)”0’

where equations (3) and (8) have been used.

The efficiency of an important mode of operation, applicable to
active transport, was considered. For steady-state, process 2 will occur under
a constant driving force, X . For this condition a maximum of the output,
-J X, ,, occurs at Zx = q/2?

15



d(-JIX1)

dX1 ‘o’ - (2L11X1 + L12X2),

X7 = constant, and therefore

x
‘1 ’12 == -—
q= 2L11 3z“

Substitution of th
output for a fixed

s value into equation (9) gives the efficiency at maximum
driving force:

9L

‘max output = 2(2-q2) “ (13)

With respect to active transport for this case, process 2 corresponds to the
chemical reaction with fixed concentrations of the reactants, Accordingly,
equation (13) shows that the maximum efficiency at maximum output is obtained
when q = 1 and is only 50 percent. On the other hand it is believed that
actual biological processes operate at much less than maximum output and their
efficiencies are correspondingly greater. As shown above, the output vanishes
as the efficiency approaches 100 percent.

2.6 A SYNTHETIC ACTIVE TRANSPORT SYSTEM

In spite of the lack of detailed knowledge of
structure and chemical reactions involved in active transport
systems, it nevertheless is possible to construct a system in
reaction can drive a diffusional process. One such system is
Reference 37. Anisotropy, a necessary condition for the coup’
reaction to diffusion, was provided by enclosing the reaction
and a cation membrane. The reaction itself was the enzymatic
amide* to an ammonium salt. Thu~the hydrolysis caused the flo~ of ~he product
ions through the corresponding membranes and thereby created a net flow of
current or established a potential difference, depending on the conditions
maintained outside of the reaction cell.

the membrane
in biological
which a chemical
described in
ing of a chemical
between an anion
hydrolysis of an

The results of many experiments
linear phenomemological relations. Sets of two

*
N-acetyl -L-glutamic acid diamide

showed that this system obeyed
different membranes were used;
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one set had a higher density of fixed charge than the other. The corresponding
degrees of coupling obtained were 0.79 and 0,53 respectively, and from equation
(12) the values of maximum efficiency were computed to be 25 and 7 percent,
respectively.

These results mark the first time that the validity of the
phenomenological relations have been demonstrated for the coupling of diffusion
with a chemical reaction. The discovery of membranes with less leakage and
higher charge density would improve the efficiency of this process. Another
reaction system would have to be found in order to produce the transport of
sodium. The search for both undoubtedly will be helped by the current studies
of biological systems.

2.7 MOSAIC MEMBRANES

2.7.1 General

A mosaic membrane consists of separate patches having fixed
positive and negative charges. In effect it is an array of cationic and anionic
membranes arranged in parallel to the flow. Although it is not known for certain,
it is believed that many biological membranes approximate this configuration,

Such membranes have been studied theoretically by Kedem and
Katchalsky33. A convenient form of the phenomenological equations, which are
applicable to transport of salts across such membranes under isothermal conditions,
are as follows:

Jv = Lp (Ap-AIIs) + csLp (1-~) ‘Hs - EI
Cs

Js =
Afls

CSLP(l-U)(AP-AHS) + CSM’ - ‘i ~ (14)—-
Cs VIZIF

(The notation is the same as in References 33 and 34. Further, it has been
assumed that there is only one ionized solute. ) Kedem and Katchalsky showed
that for a parallel array, u for the composite membrane may be negative, and
the permeability of the salt, w’, for the composite may have values one or
two orders of magnitude greater than the value given by simple addition of
the separate permeabilities of the two membranes. The negative value of u for
such membranes gives rise to a phenomenon called “anomalous osmosis.” The
constant, c L (1-u ), may have”
coupling be?w~en the flows of sa

arge positive values and thus enhance the
t, Js, and water, Jv. ForAp=(land I=O,
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the diffusion of salt across the membrane from high to low concentration
a flow of
be in the

the coupl
hydrostat

water in the same direction. The normal osmotic flow of water
reverse direction.

Such a membrane also may be used to perform desalination
ng of the movement of salt with the flow of water. Application of
c pressure causes the flow across the membrane of a solution whose

causes
WOU1d

through

salt concentration is greater than that of the source. Thus,from the equation
(14), with I = o and~p>>ns, the flows of water and salt are both in the
same direction and the concentration of solute in the flow is

Js csL (1-u)

%x L = Cs(l-cr),

P

where cs is an average of the concentration of salt in the solutions on the two
sides of the membrane. Thus, the concentration of salt in the flow may be great-
er than that of the source by approximately the factor of (1-a). For suitably
constructed membranes, the value of (l-cT)may be as great as 9. Normally, in
single membranes, it ranges between O and 1.

Caplan and his colleagues have prepared samples of mosaic
membranes by mounting beads of ion exchange resins in a silicone rubber38.
In keeping with the predictions of Kedem and Katchalsky, increased salt per-
meability and negative values of u were measured for these membranes. For one
membrane the following values were obtained in one series of measurements:

‘P
= 0.97 x

m’ = 4.9 x

0 = -7.1

For a mosaic membrane the coup”
is given by

1013
.

cm3/dyne-sec

0-15
moles/dyne-see

ing coefficient between water and salt flows

(15)

-4
Utilizing the values given above and with C~ = 1.25 x 10 moles/cm3 , the
average salt concentration of the two solutlons used in the experiments, the
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coupling coefficient is computed to be q = 0.4. From equation (13
AII

the

maximum efficiency, -J ~/JvAp, at maximum output for this membrane isSc
s

only 4.4 percent.

The physical reason for the increased value of W’ and the
negative value of o for mosaic membranes was discussed by Kedem and Katchalsky.lg
For no net current, equation (14) shows that a voltage develops across the
membrane, depending on the hydrostatic and osmotic pressures. This voltage
causes a circulation of current between adjacent positive and negative elements
(Passaqe of cations and anions in the same direction but in different elements).
It is this circulation current which enhances the permeability to
current together with the “drag force” between the water and the ‘
rise to the negative value of O.

2.7.2 Desalination with Mosaic Membranes

salt, and the
ons gives

The desalination system considered is shown in Figure 1. Brine,
with a concentration cl, enters a weli stirred tank, one side of which has the
mosaic membrane. For a given applied pressure across the membrane, Ap, steady-
state conditions will be reached in which the concentration in the tank reaches
c2, also the concentration of the product stream, and the concentration of the
flow out of the membrane has the value of co. If the values for the inlet flow
and applied pressure are properly chosen co will be greater than Cl, and the
product C2 will have a lower concentration.

The problem of interest is to compute the energy expended per
unit flow of product at maximum output and for given values of c1 and c2. The
energy utilized per unit area of membrane may be written

o =Jo (Ap - Ares)+ Jso~
s

(16)

where equations (4) and (14) have been used.

The quantity, cs, is the average of the salt concentrations on the two sides
of the membrane. Dividing by J2 and using the definition of efficiency, n,
for the coupled membrane processes, equation (7), the following formulas
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can be obtained after some rearrangement,

where
‘1

a=
q

and

h~
x=

(Ap - A@c~

(l?)

(18)

(19)

The values of n and X may be computed as follows, using the
requirement that J2/ J1 = l/a shall be a maximum for given values of c, and

C2” Material balances for salt and water may be written as follows:

for water

J2 = J1 - Jo, (20)

and for salt

J = Jsl - Js2 = JIC1 - J2C2, (21)
so

Using the definition of ~, equation (7), equation (20) and (21) may be combined
and rearranged to give the formula



‘2 1
c,+ ~/

x—= .=
‘1 a C2+ n/x ‘

for which it may be noted

J
so _ ~ = -n,— -

Jo o x“

Since applicable values of (n/x) are both negative and greater than c.
c2, the maximum value of l/a corresponds to a maximum value of (-n/x)
quantity (- ‘/x) may be computed from the relation,

which may be derived from equation (’
following supplemental relations may

and

z 1

~’”ti
P

(22)

and
The

~ 4. (1 -.) %2-- ,
OJ’

(23)

4). From equation (21) and (14), the
be written

Further, c~ may be computed from the relation

r +C
“o 2 C2 - ‘lx

c’ =
s 2 2“

(24)

(25)

(26)

(27)



Substituting equations (25), (26), and
(- ‘/X) in terms of the parameter, ZX/q

27) into (24) permits computation of

l=-;+ i)b2x 7+C’

.

(28)

where

_lz
!-2q

[

,+~ Zx C2——
q- (1%) - q ~

—.

and

Zx+,
T 1

3 (28a)

(28b)

Applicable values of (- ‘l/.)occur only for values.of (ZX/q) ranging between -1
and the value prescribed bg the condition c +(b/2)2 = O, for which, it may be
shewn, (- ‘/X) is a maximum.

Values of (-n/x), the product-to-feed flux ratio, l/u, and energy
utilization were computed, using equations (28), (22), and (17), respectively,
for the reduction of the salinity of an 0.2M salt solution. Selected concen-
trations ranging from 0.033M to O.lM were assumed for the product stream.
Membrane properties assumed for these calculations were those measured for an
experimental membr n

37
operating between salt solutions having concentrations

of 0.05M and 0.2M( 8 . The values of the pertinent properties are

L = 0.97 x l@-13 cm3/dyne-sec
P

(0’ = 4.9 x 10-’5 moles/dyne-see

o = -7.1.

Theoretically,
concentration.

t “s xpected that o and ~’will vary with the average salt
17c. 34 . Consequently the values of the concentration of the

feed and product”stream were
be close to that used in the

chosen-in order that the mean concentration would
experimental measurements.
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The regults of the calculations are presented in Table I. It
is evident that very large applied pressures and expenditures of energy are
required for only modest salt reductions. By contrast, a typical reverse
osmosis membrane can accomplish the same results using much less energy and
much lower applied pressures. Considering the case for which the product salt
concentration is O.lM, the flu of product based on the area of the mosaic

5membrane is 1.77 x 10”5 cc/cm -see, computed using equation (7) and equation
(14). For the same operating conditions a typical reverse osmosis membrane
with a filtration coefficient of 1 x 10”3 cc/atm-cm2-see, requires an applied
pressure of only 3.35 atm. The corresponding energy requirement is only
0,09 KWH/1000 Gal.

Obviously, in order to become competitive with conventional
membranes for desalination, considerable improvements of the properties of
mosaic membranes will be required. What improvements and their extent remain
to be defined.



.

TABLE I

Effectiveness of a Mosaic Membrane for Desalination
of an 0.2M Salt Solution

Product
Concentration

. ~/x
J21J1

‘/J2

(moles/liter) moles/cc l/a KWH/1000 Gal. (%rn)

0.100 3.25 X 10-4 0.556 15.3 196

0,067 2.84 X 10-4 0.387 37.0 233

0.050 2.62 X 10-4 0.292 62.9 257

0.040 2.36 X 10-4 0,184

0.033 2.23 X 10-4 0.120 283
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3*O PROGRESS ON PHASE II - MECHANISM OF SALT AND WATER TRANSPORT
IN AVIAN SALT GLANDS

3.1 SURVEY OF AVAILABLE INFORMATION ON TtiEMECHANISM OF SALT
AND WATER TRANSPORT IN THE AVIAN SALT GLAND

3.1.1 Function of the Salt Gland

For many years scientists have wondered how marine birds could
maintain their salt balance when these birds remained away from land for
long periods since the concentration of salt in the blood and body fluids of
birds is about 1% and the sea contains over 3% salt. The problem is not so
acute with fish-eating birds since fish are approximately 80% H20 and the
salt concentration is appreciably lower in fish than in sea water. However,
petrels and penguins subsist to a large extent on invertebrates, and these
are in osmotic equilibrium with sea water.

For many years scientists have wondered about the function of the
nasal glands (glandula nasalis), paired supraorbital structures found in the
heads of all birds. In spite of the fact that it had been observed long ago
that the size of the glands was much larger in the case of marine birds than
in the case of land birds (Technaul12; Holmes et fl. ,73), the only function
attributed to these glands was that of secreti~ fluids analogous to tears
which would serve to wash away salt spray. Finally, in 1957, Knut Schmidt-
Nielsen solved both problems b some brilliantly simple and clear experiments:
Schmidt-Nielsen etfl., 103, 10~ administered a measured amount of salt

to some captive Zlls and then measured the amount of salt excreted both in
the urine and from the nasal glands. Only a small part of the ingested salt
was excreted in the urine; the majority of the salt was eliminated as a
highly concentrated salt solution via the nasal glands - which Schmidt-
Nielsen has renamed “the salt glands” (Schmidt-Nielsen98). (For a review
of the physiology of the salt glands, see Schmidt-Nielsen99).

Although these glands are found anatomically in all birds, they
have not been found to be functional in all birds. They do not, in any case,
function except under conditions of osmotic loading or cholinergic activation.
Thus, if birds are kept on a non salt-loaded diet and provided with fresh
water to drink, there will be no secretion at all from the salt glands. How-
ever, if the fresh water is replaced with water containing 1.5% or more NaCl
or/and the food is replaced with high salt content food or/and a sufficient
closeof salt is administered to the bird (e.g., by stomach tube or iv.),
then the gland will start secreting. Ellis et al.47 have stated this
more elegantly: “...the genome of the domest~~ck contains the necessary
information for the development of functional salt-secreting glands, but
the full expression of this genetic potential is realized only under con-
ditions of environmental stress.”



The volume of secreted fluid, but not the concentration of salt in
the fluid, is a function of the salt load given to the bird. The concentra-
tion of salt in the secreted fluid varies from species to species, but is
fairly constant within one species. The glands may be induced to secrete not
only by salt osmotic loading, but also by of~~r osmotic loading (e.g., con-
centrated sucrose) (Schmidt-Nielsen et al., ) and by cholinergic activa-
tion (by electrical stimulation of the secretory nerve or by the injection of

.—

acetylcholine or acetyl-~-methyl choline) (Fange et al.,~o, 51). Since the
activation is cholinergic, it can be blocked by anesthesia, by atro ine,

!adrenaline, or acetazolamide (Diamox) (Schmidt-Nielsen and Robinson 1 ).
Hokin60 has shown that salt gland slices incubated in saline would concentrate
Na@ if either acetylcholine or ouabain was added to the medium.

The results of Borut and Schmidt-Nielsen
41 demonstrate that

although either salt loading or administration of a cholinergic substance
will stimulate secretion by the salt gland, the two do not necessarily
produce this result by identical mechanisms. Borut and Schmidt-Nielsen
studied the respiration of slices of avian salt glands and observed that
although the addition of acetyl-~-methyl choline increased the rate of respira-
tion, increasing the concentration of NaCl in the medium decreased the rate
of res~iration. l-lokin59found that the increased respiration did not
result’

NaHC03
NH4C1

In add

in any increase in ADP or in the ATP:ADP ratio.

Lanthier and Sandor80 have noted that an equimolar quantity of
is not as effective as NaCl in stimulating salt gland secretion and
s almost completely non-effective.

Figure 2 shows the location of the salt gland in various birds.
tion to these birds, functioning salt glands have been observed in

representatives of each of the major orders of marine birds (penguins,
albatrosses, terns, eider ducks, etc.97). Under conditions of salt load”
the salt glands of various non-marine birds have been shown to function:
geese58, White Peking ducks - which are a domesticated variety of the wi”
mallard ducklol, Aylesbury duck108, etc. Dessrt birds (the desert partr-
and the ostrich) have an unusual secretion patternlos. When exposed to

ng,

d
dge

high temperatures, there is a nasal gland secretion which is unusually high
in K@, possibly even 10 times as high as Na@. However, under osmotic
stress, (e.g., administration of NaCl), the desert partridge secretes a
fluid which is very similar to that obtained from the glands of marine birds
(Na@ much higher than K@). Even under high salt loads, it has not been
possible to observe secretion from the salt glands of pigeonslQ8, starlings
or purple gracklesss, or chickens73~74~101. Dr. Mabel Hokin has made an
extensive study of the differences in salt glands among many avian species
(personal communication).



t,
D

Figure 2. Location of Salt Gland (Hatched Area) in Several Species
of Marine Birds. A = Gull; B = Pelican; C = Petrel;
D = Cormorant (From Schmidt-Nielsen, 1959).
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3.1.2 Structure of the Salt Gland

In Figure 3 is shown the external structure of the salt gland of
the gull. When a cross-section of the salt gland is made at the position
indicated by “a” in Figure 3, the structures shown in Figure 4 are obtained.

The gland consists of many lobes (“b” in bottom left diagram).
When one lobe is enlarged (upper left diagram), it can be seen that each con-
tains thousands of branching tubules radiating from a central duct. Finally
when an individual tubule is enlarged (right diagram), it can be seen that
each tubule is surrounded by blood capillaries, The flow of blood in the
capillaries is counter to the flow in the salt gland tubule. The tubule walls
are only one cell thick and consist of rings of wedge-shaped cells. These
cells encircle a small hole, or “lumen” through which the salty secretion ‘
flows from the tubule into the central canale of the lobe.

The counter-current flow here, and even the general morphology,
resemble, to some extent, the kidneys of mammals. There are certain essential
differences between salt glands and kidneys: the salt gland is much simpler
than the kidney; it has the sole function of excreting salt. The gland
fluid contains only H20, Na@, Cl@ and K@. It contains no protein or other
constituents.

Together with the simpler function of the salt gland is an increased
efficiency of operation: in one minute, the salt gland can produce up to
one-half its own weight of concentrated saline, At best, the human kidney
can function at l/10th this rate.

Another major difference between kidney and salt gland is that the
ki,dneyfunctions continuously; the salt gland functions intermittently,
only when there is an osmotic or cholinergic demand.

The weight of the salt glands of various birds is given in Table 2.
The major effect of the salt content of the diet can be seen in the figures
given for the White Peking duck. (This effect had been reported in 1932 by
Schildmacher95 and in 1926 by Heinroth and Heinroth57). The effect of salt
in the diet has also been observed in the opposite direction: the weight of
herring gull salt glands have decreased to 65% of their initial values when
captive gulls are kept on a low salt diet (and controls

7
n a salt water diet

maintained the weight of their salt glands)40. Staaland 10 has correlated
the size of the nasal gland of birds with the ecology of the birds. Thus,
birds which are rarely seen in marine areas have a low ratio of mg nasal
gland/g body weight whereas birds which live in a marine environment,
particularly those which feed on planktonic crustaceans have a high ratio
of nasal gland/body weight. The larger the nasal gland the higher the
concentration of NaCl in the secretion; i.e., there was almost a direct
relationship between the length of the secretory tubules and the salt concen-
tration of the nasal gland secretionllO. Goertemiller and Ellis54 have shown
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Figure 3. External
Nielsen,

Structure of the Gull Salt Gland (From Schmidt-
1959).
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Nielsen, 1959).

31



WEIGHT OF SALT GLANDS
BIRD (mg)

Albatross 900

White Peking Duck
- on normal diet
- after salt-loading 1z;

White China goose 600

Black-headed gull 50

Comnon gull 150

Herring gull
wild 920
after 7 weeks on fresh water 600

Western gull 573-818
- after period on 3% NaCl 510-780

Brown pelican 723-1070

REFERENCE

Ellis et al.47——

Ellis et al 47— —“

iiokin58

F%nge et al.50s51——

Fange et al 50s51— —“

Bonting et al.40——

McFarland and Sa~ui88
McFarland et al.87——

Schmidt=Nielsen and
FangelO~

TABLE 2. WEIGHTS OF SALT GLANDS OF VARIOUS
BIRDS
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that other salts than NaCl will stimulate the growth of the salt glands of
ducklings but that NaCl is the most effective salt for such stimulation.

3.1.3 Salt Concentration

As was mentioned earlier, the salt content of sea water is over 3%,
while the salt content of most vertebrate body fluids is less than 1%. (Urine
is very nypotonic). Table 3 gives the characteristic salt concentrations of
the secretion from the salt glands of various birds. The uniqueness of the
salt gland is shown in Table 4 - it is the only known gland in higher verte-
brates with a hypertonic secretion.

This secretion contains almost exclusively H20, NaO, Clo and, to
a much lesser extent, K@. Typical analyses of salt gland secretion are
given in Table 5. The concentration of K@ is much less than l/15th that of
Na@ in each case. For purposes of comparison, the concentration of the
various ions in the plasma of the gull is shown. These concentrations were
taken from a secreting gull (one under salt-loading).

Various experimenters have tested the ability of the salt gland to
concentrate anions other than C1O. 10 was concentrated to ca.3-4 x the
concentration in plasma when liaIwas injected into gulls (Rot quite as high
as the concentration of Cl~42. When an anion with physical chemical propertie<
very similar to Cl~, SCN@, was tested, it was secreted by the salt gland at a
concentration of 6-7 x that in the plasma, about the same as Clf144..

Not only is the concentration of the secreted fluid of the salt
gland phenomenal (up to 6-7 times the concentration of the plasma), but so
too is the rate of secretion. Thus, when cormorants are given an OsmOLic

load (salt or sucrose), they excrete a 500-600 mN solution at a rate of up
to 0.2 ml/min in a 1.5 kg. bird. At this rate, the bird would be depleted
of all the NaCl in its body in about 10 hours. In this particular case,
Schmidt-Nielsen et al.loo induced secretion in a 1.5 kg bird by administra-
tion into he wi~~in of 15 ml of lN NaCl or 15 ml of 2N sucrose. However,

ii4cFarland8 has shown that even lower amounts of NaCl are sufficient to
stimulate salt gland secreti n,

!2
as low as 0.5g NaC1/kg body weight of gull.

Earlier work of h!cFarland’s8 had shown salt gland secretion rates for
salt-loaded birds ranging from 0.050 ml/min for the American flamingo to
0.685 ml/min for the black-footed albatross.

When 4 g of NaCl (in 50 ml of H O)were given orally to a duck’07,
$secretion started from the salt gland in 5 minutes. By the end of 3-1/2

hours, 0.7 g of Cl~ had been obtained from the nasal secretion and only
0.06 g of Cl@ had been eliminated in the urine. The black-backed gull
(Larus marinus) is even more efficientg8: a 1,420 g bird was given 134 ml of
s~t~a stomach tube. Within 3 hours, 48 of 54 mEq. of Na$ which
was administered had been excreted: 43.7 mEq via the salt gland and only
4.4 mEq via cloacal excretion.
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BIRD

Cormorant

Domestic duck
on fresh water

- on salt water

Mallard duck

on fresh water
on salt water

Herring gul

Penguin

Tern

Sea Water

Isotonic (body
fluids)

SALT CONCENTRATION (mEq/L)
IN SALT GLAND SECRETION

500-600

270-523 (mean - 435)
372-599 (mean = 525)

518-561 (mean - 546)
471-661 (mean = 583)

700-800

700-800

487-508

500-550

145

REFERENCE

Schmidt-Nielsen et al.103——

Schmidt-Nielsen and KimlO1

Schmidt-Nielsen and KimlO1

Thesleff & Schmidt-
Nielsenl17

Schmidt-Ni lsen and
$ladenlo $

Hughes75

TABLE 3. SALT CONCENTRATIONS IN THE
SECRETION OF SALT GLANDS OF

VARIOUS BIRDS
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GLAND

Lacrymal

Digestive

Salivary

Sweat

Salt (or Nasal)

TABLE 4. SALT SECRETION IN GLANDS OF HIGHER VERTEBRATES
(From Schmidt-Nielsen et al.104)——

3s

SALINITY OF SECRETION

Isotonic

Isotonic

Hypotonic

Hypotonic

Hypertonic
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SPECIES

Black-footed albatross
(Diomedea nigripes)

Laysan albatross
(Diomedea immutabil is)

Frigate bird
(Fregate lninorpalmerstoni)

Blue-footed booby
(Sula nebouxii)

Red-footed booby
(Sula sula)——

Flightless cormorant
(Nannopterum harrisi)

American flamingo
(Phoenicopterus ruber)

Western gull
(Larus occidentals)

Emperor penguin
(Aptenodytes forsteri).

King penguin
(~~t,enodytes patagenicus)

Fairy penguin
(Eudypturia minor)

Adelie penguin
(Pygoscolis odeliae)

Gentoo penguin
(Pygoscolis papua)

Galapagos penguin
(Spheniscus mendiculu>)

ELECTROLYTE CONCENTRATION (mEq/L)
IN SALT GLAND SECRETION

Na@ ~o Cl(]

600-840 17-22 690-942

792-900 19-20 818-906

744-792 20-24 818-960 I
840 20 817

756-758 17-20 800-883

600 14 659

600-756 23-37 761-853

792 21 818

I
588 13 690

430 12 548

570 22 663

360 11 394

708 18 731

660 17 690
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SPECIES

Aylesbury duck
(b)

Brown pelican
(c)

(Pelecanus occidentals
carolinensis)

Cormorant (Phalocrocorax

auritus~

Sea qull

Sea gull
(d)

ELECTROLYTE CONCENTRATION (mEq/L)
IN SALT GLAND SECRETION

Naa
~dl cl‘-)

408 14 495

698 13 722

529 12 517

783 33 690

ELECTROLYTE CONCENTRATION IN PLASMA
A.

190- 4 154

TABLE 5. CONCENTRATIONS OF IONS IN SALT GLAND SECRETIONS(a)

(a) From McFarland ~8g , except where noted
(b) From Scothorneluia
(c) From Schmidt-Nielsen and FangdOO
(d) From McFarland 84
(e) From Schmidt-Nielsen et al ]04——

37



Although the
of the method used for

concentration of ~ecreted salt is normally independent
evoking the response (salt or sugar loading, cholin-

ergic stimulation), the temperature response is dependent on the stimulator
techniquelll. Thus, osmotically-stimulated secretion decreased in volume
but not concentration when the salt glands were cooled, but acetyl-6-methyl-
choline-stimulated salt secretion decreased in concentration during periods
of gland cooling. Van Rossuml16 suggests that at least, in vitro acetyl
-[1-methylcholine has two different effects: stimulation o~ifiansport and
stimulation of a reaction leading to the reduction of nicotinamide nucleotides
(possibly the reversal of electron transfer). Earlier Van Rossum~15 suggested
that acetyl-l;-methyl choline, as K8, increased permeability to Na@, Mechanistic
duality is also suggested by the results of Inoue76; he found that mercury I
poisoning or administration of a carbonic anhydrase inhibitor had little or
no effect on the volume secreted by the salt gland but did decrease the salt
concentration of the fluid secreted.

3.1.4 Postulated Mechanisms

Since even the most efficient of counter-current processes can
only lead to equal concentration of material in the effluent stream as in
the affluent stream, and since it has been shown that the salt gland con-
centrates NaCl as much as 6- or 7-fold, there must be an active transport
process involved. Some of the principals of <active transport are discussed
in the next section. There seems to be a high degree of acceptance of the
hypothesis that a l~a~- K@ dependent, ouabain sensitive ATPase is involved
in this cellular active transport (Hokin58, Bonting et al.40). Fletcher
et al.53 have shown that there was a positive correlfii~ between the amount
fi~ secreted and the ouabain-sensitive ATPase activity in comparing salt-
adapted and fresh water-adapted ducks.

Ernst et al 48 have shown that the Na@ - K@ ATPase activity of— —“
salt gland is related to the salt intake of ducks - increasing when the
birds are kept on high salt and decreasing after the birds were returned
to a fresh water regimen.

McFarland et al 86 have Imeasured the activity of many enzymes— —“
present in avian salt glands (lactic dehydrogenase, phosphoglucomutase,
aldolase, etc.). Van Rossuml14 applied spectrophotometric and fluorometric
techniques to the study of the effects of respiratory inhibitors and
uncouplers on avian salt gland slices.

More controversial is the involvement of pl!nsphatidic acid as the
Na@ carrier (prO: Hokin and Hokin 61-66~69, con: Bontlng et al.40 These
are discussed in the next Section).

.—

An alternative mechanism for active transport in the salt gland
has been proposed by McFarland and Sanui88: an elution type mechanism of



ion transport, which Sanui and Pace223-225had
micro~omes and erythrocvtes. They ~ostulatecl

originally proposed for liver
that a stead.vstate was

produced in which”metabblically-p}oduced Ho diffused outwa}d through an ion
exchange boundary region of the cell and this resulted in the preferential
elution of less tightly bound Na@. McFarland and Sanui~8 called this
mechanism into play for the salt gland because they felt that other
mechanisms did not account for the cation specificity evinced by the salt
gland. At the very recent symposium on “Ion Transport Through Biological
!t!embr?nes”sponsored by the Office of Saline Water (Bethesda, Md., May 1-2,
1967), the cation selectivity of such membranes was still not unequivocally
explained, but there seemed to be some indication that it was related to
the pore size of the membrane and the size of the hydrated cation.

Several investigators (e.g. Scothorne ’07) have established that”
active salt gland cells are particularly rich in mitochondria. Since the
mitochondria are rich in certain enzymes, various concentrating mechanisms
postulated for the salt glands have involved some of these enzymes (e.g.,
ATPase, succinic dehydrogenase, etc.). Holmes et al.73~74 have shown
that a salt diet given to various birds results~n~he increased size of
the adrenal glands; the adrenal hormones seem to be involved in eliciting
the functioning of the salt qlands rather than in the mechanism of concen-
tration cf sal~ by the gland;.

3.1.5 Active Transport

Active tranzport may be def
contrary to physical forces resulting
to other forms of energy, or active t]
away from thermodynamic equilibrium.
bilitv of irreversible thermod~namics

ned in terms of the movement of ions
in the conversion of metabolic energy
ansport may be defined as a movement
Kedell1217has pointed out the applica-
to active transport and more recently

Capla~ (1967) reviewed this ap~lication, at the symposium on “Ion Transpurt
Through Biological Membranes.”

A number of excellent symposia have been held on the general sub-
ject of active transport; among these are the following: “Ion Transport
Through biological Membranes”, sponsored by the Office of Saline Water, U.S.
Department of Interior, May 1-2, 1967; “Sekretion und Exkretion211, war the
theme of the 2nd Conference on the functional and morphological organization
of the cell (1964) sponsored by the Gesellschaft Deutscher Naturforscher und
Xrzte, the 1963 symposium of the Society of General Physiologists resulted in
a book on “The Cellular Functions of Membrane Transport” (cd. by J.F , Hoffman)213
and “Me[i]braneTransport and Metabolism” wa< the sub-ect of a 196(.ICzecho-
slovakian symposium (cd. dby Kleinzeller and Kotyk21 ). Membrane structure and
function was the topic of a 1967 conference (Quastel, 1968). Membrane
phenomena have been reviewed recently by Rothstein (1968 o~nd the biochemical

iaspects of active transport have been reviewed by Albers .
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A variety of techniques have led to the conclusion th t in the
salt gland concentration process there is involved an active Nai transport
mechanisr,land that the Clo transport is passive. The most direct evidence
for this is that of Thesleff and Schmidt-Nielsenl17. They found that during
secretion of NaCl by the salt gland that the duct of the gland became positive
relative to the homolateral jugular vein. Furthermore, when the known sodium
transport inhibitor, strophanthin , was administered to the bird, both NaCl
secretion and the positive charge (of the duct relative to the jugular vein)
were eliminated.

Because of their abqlity to form lipoid-soluble complexes with
cations, phosphatides have been suggested as possible cation carriers. One
of the strongest items of evidence implicating phosphat~dic acid in sodium
transport in the avian salt gland is the enhanced incorporation of 32P into
phosphatidic acid when albatross salt gland slices were incubated with
labeled orthophosphate in the resence of acetylcholine63. (Acetylcholirw:
had been shown by F~nge et al El0,5 to cause the salt glands to secret@— —“
NaCl). In subsequent work(Hokin and Hokin66) the Hokins eliminated the
possibility that this increased incorporation of 32P into phosphatidic acid
in the presence of acetylcholine involved glycerophosphate or other pre-
cursors derived from glycerol. They proposed that “phosphatidic acid acts
as a transducer for the conversion of the energy of ATP to the osmotic work
necessary for Na+ extrusion” according to a model involving confirmational
changes effecting the sodium-specific and potassium-specific binding sites
(although they recognized the possibility that the results could be inter-
preted as a response to acetylcholine ~se). A simplified version of this
cycle is illustrated in Figure 5. When th~cell secretes salt, some of the
phosphatidyl inositol in the membrane is reduced to diglyceride. ATP in
the cell provides a phosphate group to produce phosphatidic acid. When the
salt secretion stops, the cycle is completed by the conversion of phosphatidic
acid to phos~hatidyl inositol. Salt secretion may be sto~~ed by eliminatin~
acetylcholine via ~he addition of cholinesterase br by thk’addi~ion of -
atropine. The Hokins71 propose the following scheme, using known enzymatic
reactions:

ATP* + diglyceride+phosphatidic acid* + ADP

Phosphatidic acid* + CTP+CDP-diglyceride* + P-P

CDP-diglyceride* + inositol+phosphatidylinositol* + CMP

Phosphatidyl inositol* + H20+diglyceride + inositol monophosphate*

Not only in the case of the membrane of the avian salt gland, but
also in the case of other membranes involved in the active transport of Na@



REVERSION ON

REMOVAL OF STIMULUS

[

i

PHOSPHATIDYL PHOSPHATIDIC

INOSITOL ACID

CONVERSION ON c1
ATP

STIMULATION

RESTING STATE STIMULATED STATE

Figure 5. Phosphatidic Acid Cycle (From Hokin and Hokin, 1965a),
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and K@, there has been implicated an ATPase (Hokin58, Bonting et al.40).
Although this enzyme has not yet been isolated, many of its characteristics

——

have been determined: 1. It is dependent on both Na@ and K@ (K for Na@ =
12.5mmoles/L; Km for K= 1.5mmoles/~; 2. It is inhibited byouabain

(P150 = 6.30); 3. It has a pH optimum at 7.2 (as opposed to the pH optimum

of the Mg-activated ATPase of 8.7); 4. It has a molecular weight of about
480,000; 5, It has many properties in common with other hydrolyses, such as
sensitivity to IIFP, serine in the active site, etc. These last observation!,
(4 and 5) were reported by Hokin at the recent symposium on “Ion Transport
Through Biological Membranes.” At this symposium there were several reports
on this particular enzyme in relation to cation transport. Post gave some
preliminary results indicating that mechanistically three processes were
involved: 1) combination and dissociation of ions; 2) translocation of
ions from one side of the membrane to the other; and 3) phosphorylation and
dephosphorylation of the intermediate. Several of the speakers (e.g., Siegel,
Post) suggested that there was more than one form of the phosphorylated
enzyme, with possibly major differences in the energy of the bond between the
enzyme moiety and the terminal phosphorus moiety. The essentiality ofATP
to cellular active transport has been reviewed by Whittam229.

Rothsteing4 discusses several ATPases: 1. NaO - K@ ATPase (see
above paragraph); 2. Mg ATPase; and 3. Ca ATPase. Each of these enzymes
is involved in cation transport, but they act as different enzymes not only
in their ionic activation requirements but also with regard to the action
of specific inhibitors and other properties, The inhibition of Na@ - K@
ATPase as well as the simultaneous inhibition of Na@ and K@ transport has
been reviewed by Glynn2~2 and more recently by.Ruoho et al 222. Medzihradsky— —“
et al.221 have obtained an apparent molecular weight of 670,000 for
~n K@ ATPase (contrasted to molecular weights of 775,000 and 265,000 for
ouabain-insensi tive ATPases obtained from the same source - guinea pig
brain microsomes).

Van Rossum113 in studies on fluorescence of salt gland slices
has obtained some indications of a possible relationship between ion trans-
port and energy-linked reduction of mltochondrial pyridine nucleotides.

A bibliography on the avian salt gland is included as Section 4.2
on this Report.

3.2 DLVEI..OPMENTOF “Tl:wNIQ\lE!iFullHANDLING AND ASSAYING SALT GLAND
MEMBRANES FROM WHITE LHINA GEESE

It has been shown (Hokin, personal communication) that the White
China goose when given a diet containing a sufficient amount of salt develops
salt glands of large size and secretes a fluid of high salinity. Although
the concentrating of salt secreted from the salt glands of the White China
goose is not quite as high as that in several marine species, it is still
quite appreciable and has permitted Na@ transport studies. The chief
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advantages of the goose are the opportunity to obtain reproducible conditions
and various practical considerations with regard to securing and holding speci-
mens. However, when results of sufficient interest are obtained, they will be
tested on such marine species as sea gulls.

Arrangements were made to obtain White China geese from Truslow Farms
at Chestertown, Maryland. Male geese were supplied which had been maintained on
1.5% NaCl as liquid for six weeks prior to delivery. An outdoor cage was
built for the birds at the Atlantic Research Principal Laboratories. The
laboratory of Dr. Mabel Hokin at the University of Wisconsin was visited during
the first quarter. Techniques used in the Wisconsin laboratory for the study
of salt glands were observed and our experimental plans were discussed.

At the Atlantic Research Laboratories, the birds were fed Wayne
Turkey Maintenance Pellets ad lib. Initially, they were given 2.5% NaCl.—
as drinking water to promote development of the salt glands. After about
three weeks, one of the birds died; the salt glands of this bird were quite
undeveloped. A normal-appearing goose was sacrificed and although the salt
glands were quite small, they were normal in appearance.

On the assumption that the failure of the salt glands to develop
the desired extent was the result of failure of the geese to ingest NaCl
(the geese tended to minimize their consumption of the saline and to maximize
their consumption of water used to wash out their cage), every effort was
made to minimize the amount of water available to the birds except for the
2.5% NaCl solution. However, the condition of all of the birds deteriorated
under this regime and after one of the geese died, 1.5% NaCl was substituted
for the 2.5% NaCl solution. Even this change was not sufficient, and the
birds were put on fresh water temporarily after a third bird died. There was
a very obvious improvement in the geese when they were placed on fresh water,
both in somatic properties, (appearance of eyes, bill, comb, etc.) and in
their preening habits. Next the birds were given 1.5% NaCl until negative
signs were noted in any of the birds; at that point, the saline was replaced
by water for a day or two.

Of the first two geese sacrificed after the above regime was
initiated, the first had one normal-appearing salt gland and one abnormal.
The latter gland was yellowish-orange in color (as contrasted to the normal
bright red), had much connective tissue and fat-like tissue. The abnormal
gland was not used in experiments, but the normal gland was used. The second
sacrificed bird had two normal-appearing salt glands, although one of these
was much smaller than the other.

Salt gland slices were obtained with the aid of a Stadie-Riggs
microtome. Typical results from fresh tissue were as follows:
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Weight of Slic~

30 mg

34 mg

33 mg

,.

Area of S1ice

0.805 Crnz

Average Thickness
of Slice

0.373 mm

0.660 cmz 0.516 mm

0.628 cmz 0.524 mm

Areas were determined with the aid of graph paper squares; average thickness
was obtained with the assumption that the slice had a specific gravity = 1.00.
Frozen ti~sue tends to yield somewhat thicker slices, as shown in the follow-
ing typical data:

Average Thickness
Weight of Slice Area of Slice of Slice

43 mg 0.53 Cmz 0.81 mm

40 mg 0.56 cmz 0.71 mm

39 mg 0.57 cmz 0.67 mm

46 mg 0.58 cm2 0.79 mm

During the last half of this research project, the White China
geese were maintained on 2.0% NaCl solution as sole liquid and fed ad lib
Wayne Turkey Maintenance Pellets. All of the birds remained healthy on this

—— .

regimen and none of them had to have the saline replaced by unsalted water,
All birds showed functioning of the salt glands by the presence of a slight
secretion in the external nards. All sacrificed birds had bright red salt
glands of proper size and appearance. The glands were smaller than those
obtained by Dr. Hakin from her geese. It is suggested that in future series
of experiments White China geese breeding stock be obtained from Dr. Hokin’s
breeder.

Dr. Donald Sterling Douglas has contributed his services as a
Consultant to this program during the last half of this program. Dr. Douglas,
an Associate Professor of Zoology at George Washington University, is
thoroughly familiar with the anatomy and physiology of the avian salt gland
since he received his Ph.D. with Prof. Knut Schmidt-Nielsen at Duke University
(the “discoverer” of the salt gland) and participated for two years in the
U.S. Antarctic Research Program, working primarily on the salt glands of
penguins. He has al~o worked on the salt glands of various birds while
Assistant Professor of Physiology at Rutgers as well as currently at George
Washington University.

The insertion of a catheter into the brachial vein of a goose has
been accomplished many times in this report period by the following technique:
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the goose is placed on its back on a restraining board similar to the one
described by Hughes in her thesis75. After wetting the area where the wing
is attached to the body with a Zephiran solution (antiseptic), about 2 ml.
of a 20% solution of Lidocaine (local anesthetic) is injected subcutaneously.
Next, a cut-down is made to expose the brachial vein. Two pieces of silk
thread are placed around the vein. After tying off the vein by tightening
the lower thread, an opening is made in the vein wall between the two pieces.
A length of 0.(.)5”O.D. polyethylene tubing (which is connected to a syringe)
is passed into the vein , and the second thread tightened about it. The
syringe is kept filled with isotonic saline at all times except when a syringe
containing sucrose, 22Na, or nembutal replaces it temporarily. To keep the
vein open, small amounts of saline are injected frequently. To test for
patency, the syringe is extended and one looks for venous blood in the
exposed portion of the catheter. Details of individual experiments are given
below.

To increase the amount of 22Na injected into the salt gland, two
alternatives have been considered. One of these was to inject the labelled
material into an ophthalmic artery since this artery supplies the salt
gland53. }{owever, dissection revealed the fact that in the White China goose
the ophthalmic artery lies below the salt gland , so that it would be necessary
to remove the salt gland before one could get at this ophthalmic artery,
Since such removal would 1) entail considerable blood loss (the salt gland
bleeds profusely if the head is not decapitated prior to removal of the salt
gland) and 2) negate the whole experiment, this approach was dropped. The
second alternative considered was retrograde injection into the gland. The
technique for cannulation of the salt gland involves an incision into the
palate and introduction of tubing into the ducts of the gland. Since it is
not possible to check on the accurate placing of these cannulas as in the
case of blood vessels, and since the technique is quite difficult, it has
been tabled.

3.3 ENZYMATIC ASSAY OF SALT GLAND ACTIVITY

To determine whether or not slices of the White China goose salt
gland were metabolically active, they were assayed for Na@ - K@ ATPase
(ATP = adenosine triphosphate) activity. This enzyme has been implicated
in the active sodium transport process of the glands. A 43.3 mg slice of
fresh goose salt gland was homogenized with 1.0 ml of 0.45M sucrose in a
Potter-Elvehjem homogenizer surrounded with ice. After incubating 0.2 ml
of this homogenate In Fletcher medium53 (Tris chloride buffer, pH 7.4, 10 m M/l;
NaCl, 50 mM/l; KC1, 3.33 mM/l; MgS04, 0.8mM/l; ATP, 1.0 mM/1) at 41°
for 15 minutes, the reaction was stopped by the addition of 2.0 ml of 20%
trichloracetic acid to a 0.5 ml aliquot which had 2.5 ml of distilled H20
added to it. Orthophosphate was then determined by the Fiske and SubbaRow
technique as detailed in Sigma Technical Bulletin 670. Thus, the mixtur@
was allowed to stand 5-10 minutes after shaking and was then centrifuged.
To 2.0 ml of the centrifugate was added 3.0 ml of distilled water and 1.0 ml
of acid molybdate solution. After shaking, 0.25 ml of Fiske-SubbaRow reducer
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on was added, and
lutions were read
mogenate had been
(duplicates: O.D.
orus equivalents.

Next, a slice
all other steps

finally after m
in a Spectronic
omitted. Posit

xing and then standing for 10 minutes,
20 at 620 mu against a blank in which
ve values were obtained in this

=0.062, 0.055); these values were not converted to

of frozen salt gland (38.2 mg) was homogenized as
were similar except that aliquots were removed from

cubation vessel”at ten minute intervals. The following results were
ed:

Incubation Time at 41°C 0.D.(620 mp)

(J, 0.048

10’ 0.089

20 ‘ 0.131

30 ‘ 0.152

inorganic phosphate is progressively being released from ATP, but at
easing rate; this is the result one would expect as a result of the
tic action of Na@ - K@ ATPase.

Next, one portion of salt gland slice homogenate was boiled for 2’
mpared to a sample of homogenate which had not been boiled:

Incubation time O.D.-Boiled O.D.-Unboiled
at 40” Homogenate }Iomoqenate

1’ 0,020 0.040

10’ 0.0”

20 ‘ 0.0”

30 ‘ 0.0”

60 ‘

5 0.089

6

2 0.135

0.178

!xperiment reinforces the conclusion that the observed activity is
(tic in nature.

As a check that the observed activity resulted from ATPase activity,
M/1 ouabain was added to one aliquot. (The salt gland slice weighed
lg). This slice was incubated without prior homogenization.

46



Incubation Time O.D.-Without O.D.-With
at 41° Ouabain Ouabain

o’ 0.018 0.021

10’ 0.052 0.021

30 ‘ 0.106 0.031

60 ‘ 0,131 0.038

The ouabain almost completely stopped the release of inorganic phosphate.

The salt gland has been shown to possess several ATPases; of these
only the Na@ - K@ ATPase is of interest in these active sodium transport
studies. Ernst et al.48 have shown that it is possible to distinguish between
this enzyme and~M@ - ATPase by the fact that only the former is inhibited
by ouabain. Recently, Bakkeren and Bonting231 have published a technique for
separating the activity of these two enzymes: pretreatment with 1.5 M urea
&;r:~$es the activity of the Mg@@ ATPase without affecting the activit of

K@ ATpase. Na$ - $K@ ATPase may also be inhibited by fluoride 32.
(In anot~er recent paper, Bowler and Duncan233 have confirmed that Na@ - K@
ATPase and Mg@@ ATPase are separate enzymes).

As another check, a 19.4 mg slice was incubated
Na@ and K@were replaced by Mg@@. This medium contained
buffer, pH 7.4; i4gC12, 50 mM/l; MgS04, 0.8mM/l andATP

Incubation Time O.D.

o’ 0.010

10’ 0.031

30 ‘ 0.081

60 ‘ 0.150

Either the gland contained sufficient Na@ and K@ to allow

in medium in which
OmM/1 Tris Cl
l.OmM/l.

to functioni or some ouabain-sensitive ATPase other than the Na@ - K@
ATPase is responsible for the previously described results.

3.4 ISOTOPIC ASSAY OF SALT GLAND ACTIVITY

An even more direct assay for the salt gland slices would be to
measure radioactive sodium uptake. Furthermore, uptake of the labeled
sodium might allow positive identification of the moietie(s involved in
active sodium transport. iwork in other laboratories with 3 P uptake yields
only indirect support for postulated active sodium transport mechanisms.
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Ginzburg et al.234 have recently published the first paper which presents
direct ev~e~e for the incorporation of Na@ into a membrane presumably
involved in active salt transport. They use three methods for demonstrating
the incorporation of 22Na, and attempts have been made to adapt their
techniques to the salt gland problem. In particular their third method
seemed to offer great possibility: the membranes are washed in a solution
containing Mg@@ at relatively high concentration. Presumably, these ions
will be incorporated into all non-specific cation-binding sites. A solution
containing dilute 22NaB is then added and aft~~ incubation, the tissue is
washed and finall.v ashed with nitric acid._ ~/Na@

by counting the r~sidue. Inhibition of Na@ - K@
yield control values.

Slices were incubated in Krebs-Hensele”
following composition:

Solution

0.9% NaCl

1.15% KC1

0.11 M CaC12

2.11% KH2P04

3.82% MgS04. 7 H20

1.3% NaHCOq, qassed for 1 hr.

A mixture of 5%
this same gas m
Krebs-Henseleit

incorporation
APase by ouaba

t mediu<lg, wb

Parts

100

4

3

1

1

4“ fiith C02 21

is determined
n shou”

ch had

d

the

C02 - 95% oxygen was bubbled through the final solution;
xture was added to each of the incubation systems using the
medi um.

A number of slices of frozen goose salt gland were incubated in
Krebs-Henseleit medium with 22Na (luC in each incubation flask). As controls,
10-4 M ouabain was added to duplicate systems. After incubation, the flask
contents were chilled to 0° and then centrifuged for 10’ at 5000 RPM at OO.
After decanting the supernatants, the slices were transferred to a homogenizing
tube with 2.0 ml of 0.85% NaCl and homogenized. These homogenates were centri-
fuged for 15’ at 10,000 RPM. Activity was determined on both the final
supernatants and the original supernatants (after incubation, but before homo-
genization) by evaporating them in planchettes and counting in an end-window
counter. It was azsumed that bound 22Na would show up in the final homogenate
as a count greater than that accounted for by trapped solution.
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Incubation Weight of Counts per minute
Time Slice Ouabain First Supernatant Second Supernatant

10’ 52.1 mg No 5,410

10’ 35.3 Yes 5,920 103

30 ‘ 29.8 No 5,270 89

30‘ 28.2 Yes 5,180 77

60 ‘ 29.3 No 5,470 93

60 ‘ 31.1 Yes 5,180 72

(In these and other isotope experiments in this report, planchettes were
counted for 15 minutes or to 10,000 counts).

In the next experiment, H20 was substituted for the NaCl in the
Krebs-Henseleit medium, and incubation times were increased.

Incubation
Time

30 ‘

30 ‘

60 ‘

60 ‘

90 ‘

90 ‘

Weight of
Slice

Counts per minute
Ouabain First Supernatant Second Supernatant

15 mg No 5,500 55

11 mg Yes 5,170 215

11 mg No 5,270 49

10 mg Yes 5,170 44

10 mg No 5,400 45

10 mg Yes 5,680 47

The only result which seems to indicate 22Na uptake is for the slice incubated
30 minutes in the presence of ouabain; this is most likely an erroneous result.

The above isotope experiment was performed with a frozen salt gland.
The next experiment was performed with a fresh salt gland (obtained from goose
with one undeveloped gland).
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Incubat on Weight of Counts per minute
Time Slice Ouabain First Supernatant Second Supernatant

30 ‘ 21 mg No 4,930

30 ‘ 18 mg Yes 5,320

60 ‘ 17 mg No 5,440

60 ‘ 13 mg Yes 5,110

90 ‘ 19 mg No 5,290

90 ‘ 25 mg Yes 5,110

55

52

52

38

56

75

22Na incorporative intoSince there was effectively no evidence for
the salt gland tissue, in the next experiments, acetylcholine (AcCh) or/and
ATP was added. AcCh was added to Krebs-Hen.seleit medium without NaCl to a
final concentration of 10-4M in the experiments indicated; a similar concen-
tration of eserine was added in these ex~eriments in order to inhibit any I
cholinesterane activity which would hydrolyze the AcCh. ATP was used at-the
level of 10-3M. After incubating the various,mixtures at 41° for one hour
and then processing as in the previous experiments, the following results
were obtained.

Substrate(s) Added
Counts per minute

First Supernatant Final Supernatant

AcCh 5,760 46

ATP 5,720 51

AcCh 8 ATP 6,100 49

Since lack of incorporation of 22Na might be attributed to lack of
Na@ - K@ ATPase activity resulting from the low Na@ concentration in the
previous experiment, the experiment was repeated in the presence of complete
Krebs-Henseleit medium:

Substrate(s) Added
Counts per minute

First Supernatant Final Supernatant

AcCh 3,870 53

ATP 3,650 61

AcCh & ATP 4,510 43
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Next, the experiments were performed on fresh salt gland slices (the
last few experiments utilized frozen slices.) Frozen slices had been used
since they had shown ATPase activity, and it was found convenient to freeze
one of the ~alt glands at the time of sacrifice and run experiments with fresh
slices of the other gland.

Substrate(s) Added
Counts per minute

First Supernatant Final Supernatant

AcCH 3,540 48

ATP 3,720 70

AcCh L ATP 3,910 65

None of the experiments have given evidence for the incorporation
of 22Na into the salt gland tissue,

The next experiment in this series involved washing the slices
incubated in Krebs-Henseleit (K-H) buffer containing 22Na with a MgCl

isolution to determine whether such a washing would remove the 22Na la el.
Since ouabain inhibits the transport of Na out of the cell, experiments were
run in the presence and absence of this glycoside. One slice was incubated
in 3.0 ml of K-H + lPC 22Na + 10-4M ouabain. After 1 hr of shaking at 41°,
the contents of each flask were centrifuged at 10,000 RPM for 10’, super-
natants poured off and pellets washed with 2.0 ml of 2.0 x 10-2M MgC12.
After centrifugation, the supernatants were discarded. Finally, the pellets
were scraped into glass tubes and dissolved in concentrated HN03. The
dissolved contents were dried on a planchette and counted. For comparison,
previous results in which the MgC12 wash was omitted are included in the
following table:

Substrate added Weight of Slice MgC12Wash CPM CPM/Mg

AcCh 19 mg No 33 1.7

ATP 21 No 41 1.9

AcCh & ATP 18 No 23 1.3

None 35 Yes 6 0.17

Ouabai n 32 Yes 3 0.09

The results seem to indicate that the 22Na is not bound to a moiety in the
salt gland slice but can be removed by a MgCIZ washing.
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To eliminate interference from non-specific sites, the experiment
was repeated with a pre-incubation in MgC12 (2 x 10-2M) before adding the
K-H, etc. The results were as follows:

Substrate Added Av. weight of slice Av.CPM Av. CPM/mg

None 41.5 mg 1.7 0.04

Ouabai n 42.5 rng 1.7 0.04

Thus, almost all incorporation of 22Na has been eliminated.

The experiment (including the pre-incubation with MgC12) was
repeated, but 10-3M ATP was added to half of the flasks, The results were
as follows:

Substrate(s) Added Av. weight of slice Av.CPM Av. CPM/mg

None 12.5 mg 19 1.5

Ouabain 12*O 17 1.4

ATP 14.5 18 1.2

ATP & ouabain 14.5 15 1.0

The increase over the incorporation observed in the last experiment is not
understandable; but the addition of ATP seems to have little effect.

All of the experiments described thus far in this section utilized
frozen salt glands. At this point, a fresh gland was obtained and various
experiments repeated to determine whether different 22Na incorporation re-
sults would be obtained with fresh tissue. Gland slices were incuba ed in

tK-H for 1 hr at 41”C, with or without 10-3M ATP, with or without 10- M
ouabain, but always with lPC of 22Na. The following results were obtained:

Substrate added Av. weight of slice Av.CPM Av.CPM/mq

None 19.0 mg 17 0.89

Ouabai n 20.0 17 0.85

ATP 24.0 18 0.75

ATP & Ouabain 25.5 17 0.67

Again, the results are negative.
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In the next experiment, the effects of AcCh and ATP were tested.
Another modification was made in that slices were pre-incubated for 30 min.
at 41” either in 2 x 10-2M MgC12 or in 2 x 10-2M MgC12 + 10-4M ouabain. In
the final incubation, whenever AcCh (10-4M) was added, an equal amount of
eserine was added (to rotect the AcCh from enzymatic hydrolysis). ATP was

5used at a level of 10- M. The following results were obtained:

Pre-incubation Substrate(s) added Av. weight Av. CPM Av. CPM/mg
to final incubation of slice

MgCl* AcCh 24.0 mg 28 1.2

MgC12 + ouabain AcCh 22.5 35 1.6

MgClz AcCh + ATP 21.5 31 1.4

MgC12 + ouabain AcCh + ATP 25.5 45 1.8

The basic isotope incorporation experiment was repeated, decreasing
the incubation time to 20 min. Without the MgC12 wash, the gland slice had
an activity of 145 CPM; this dropped to 57 CPM after the MgC12 wash. Never-
theless, more activity was observed after a shorter incubation period than
used previously.

3.5 ATTEMPTED IDENTIFICATION OF 22Na ~l~IETY

In a recent paper, Rapoport230 has stated that “...anisotropic
transport. ..demands for complete analysis a particular knowledge of the
system. ..” This point has been stressed in alrmst every one of the first
phase reports, both formal and informal, and is central to the motivation for
much of the research in the second phase: identification of the moieties
involved in the active transport of Na@.

Fresh salt gland slices (0.262g) were placed in 3 flasks each
containing 3.0 ml 2 x 1O-2M M9C12 and shaken for 1 hr at 41°. The slices
were then transferred to flasks containing 3.0 ml of K-H + 10-4M AcCh,
10-4M eserine, 10-3M ATP and luC of 2214a. After shaking an additional hour
at 41°, the supernatants were replaced by MgC12 and shaken an additional
30 min. The supernatants were removed after centrifugation and contained
76 CPM (total) of 22Na. The slices were transferred to a Potter-Elvehjem
tube, togethff with 3.0 ml of ethanol (EtOH). After thorough homogenization,
the product was centrifuged for 10’ at 10,000 RPM. An aliquot of the super-
natant was evaporated to dryness and counted; a total count of 20 CpM was
indicated in the EtOH supernatant. In spite of this low activity, the
material was placed on a Sephadex HP-G-25 column and the column developed with
EtOH . No indication of separation of 22NaCl from 22Na attached to an organic
moiety could be seen,

I

I
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Next, an effort was made to obtain material with higher activity.
Thr e slices of fresh salt ,glandwer added to 3.Oml of K-H + 10-4M AcCh,

8 ~2Na After shaking for 2 hours at 41°,10- M eserine, 10-*1 ATP and lpC of .
the mixture was centrifuged at 10,OOO RPM for 10 min. The supernatant was
removed; it contained 30,000 CPM of 22Na, The remaining material from each
slice was homogenized in 3.0 ml of EtOH. After centrifugation, an aliquot
of the supernatant from each slice was evaporated to dryness and counted. The
total activity in this supernatant at this stage amounted to about 75 CPM.
This material was too weak to show any separation on a column.

Slices from a salt gland were incubated in a similar medium as
in the previous paragraph. One slice was oxidized in HN03 and yielded
224 CPM. After incubation, another slice was homogenized in 3.0 ml of 90%
‘tOH . A 0.5 ml aliquot of the supernatant after centrifuging yielded 45 CPM
(corresponding to 270 CPM for the entire slice). The remaining 225 CPM were
sent through a Sephadex LH-20 column (in EtOH), but no activity peaks were
discernible.

In the next experiment, the effect of a final NaCl wash was tested
as well as the addition of ouabain to the NaCl Wash. Fresh gland slices
were individually incubated in 3.0 ml of K-H + lpC 22Na for 5 min. at 37°.
Then 0.1 ml of 10-3M ouabain was added to each slice and incubation was
continued for another 10 min. Then one slice was ashed in HN03 and the
other slices were washed in 0.9% NaCl or 0.9% NaCl + ouabain before ashing.
The final results were as follows:

Weight of
Final wash slice CPM CPM/mg

None 30 mg 36 1.2

NaCl + ou~bain 27 1.4 0.05

NaCl 28 9*9 0.35

When this experiment was repeated using slices from frozen salt gland and
changin the initial incubation period to 20 min. and the second incubation

7period i.e., after ouabain) to 15 min., the following results were obtained:

Final Wash Weight of slice CPM CPM/mg

I

None 88 mg 56.8 6.5

NaCl + ouabain 87 5.6 0.64

NaCl 61 0.1 0
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The next s ries of experiments were concerned with the time factor
zin incorporation of 2Na. Fresh gland slices were shaken at 37° for differ-

ent lengths of time in K-H with O.lPC of 22Na added, both with and without
added 10-3M ouabain. The following results were obtained:

Incubation period Added Substrate Weight of Slice CPM

2 min. None 50 mg 21

2 min. Ouabain 64 35

30 min. None 34 61

30 min. Ouabai n 31 42

This experiment was repeated, using frozen gland slices:

Incubation period

2 min.

2 min.

30 min.

30 min.

Next, an

Incubation period

2 min.

2 min.

15 min.

15 min.

30 min.

30 min.

When these results

The same

Added Substrate Weight of Slice CPM

None 61 mg 51

Ouabain 76 66

None 60 77

Ouabain 49 69

intermediate incubation time was inserted:

Added Substrate Weiqht of Slice CPM

None 63 mg 96

Ouabain 46 83

None 74 137

Ouabain 80 109

None 54 93

Ouabain 56 101

were plotted, no trend was discernible.

CPM/mg

0.42

0.54

1.8

1,4

-

0.84

0.87

1.3

1.4

m

1.5

1.8

1.9

1.4

1.7

1.8

t,ypeof experiment was repeated with very short incubation
periods, and also wi~h the us~ of a 10 sec. wash in K-H after the incubation.
The results were as follows:

I
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Incubation period Weight of Slice CPM -

10 sec. 43 mg 7 0.16

1 rein, 26 11 0.43

3 min. 22 14 0.63

5 min. 17 13 0.77

There is an obvious trend here.

Using th-
AcCh both with and

Incubation period

1 min.

2 min.

3 min.

1 min.

2 min.

3 min.

s washing technique, gland slices were incubated in K-H +
without ouabain. The following results were obtained.

Added Substrate Weight of Slice CPM m

None 34 mg 13 0.38

None 28 9 0.33

None 27 12 0.43

Ouabain 32 10 0.33

Ouabain 20 10 0.50

Ouabain 25 17 0.67

The experiment with added ouabain was repeated
above: 1 min. = 0.52 CPM/mg, 2 min.

, and the sam trend noted as
= 0.77 CPM/mg, 3 min. = 0.91 CPM/mg.

3.6 MODEL SYSTEMS

Since it has been postulated’ that the active transport carrier
is phosphatidic acid, an attempt was made to separate 22Na phosphatidate
from 22NaC1. In order to get 10 mg of phosphatidic acid into solution in
1.0 ml of EtOH, it was necessary to add 0.07 ml of HC1; to this was added
lDC of 22Na. An aliquot of 0.5 ml was evaporated to dryness and assayed
2,518 CPM. A similar amount was placed on”an
and this was followed by addition of EtO}{. A
which collected 40 drops @r fraction and the
on 0.5 ml aliquots from the designated tubes:

LH20 column (0.9 x 30 cm),
fraction collector was used
following assays were obtained
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Tube CPM

10
15
20
25
30

i;
45
48
51
54
57
60
61
62
63
64
65

:
3

A

i
o
0
1

2;:
450
395
238
61
0
0

Of the total of 2,518 CPM placed on the column, 2,411 CPM were recovered,
all in one peak.

The experiment was repeated and a similar result obtained:

Tube CPM

20
25
30
35
40
45
50

;:
65

0
0
0
0

6.5
151
399
1.6

0
0

Essentially all of the radioactivity was recovered, and it was all in one
peak.
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3*7 IN VIVO EXPERIMENTS.—

The general technique for immobilizing the bird and inserting a
cannula into a brachial vein have been detailed in Section 3.1. The first
goose accorded this treatment (goose #14) was given an iv. injection of
10 ml of 20% su rose.

52
After active secretion was noted from the nares,

50L (luC) of a Na solution in 0.9% saline was injected. The secretion
from the nares was collected and saved. The goose was sacrificed by decapi-
tation and the salt glands removed.

For the next bird (goose #15), a thin window counter was set up
with lead brick shielding around the bird’s neck and the salt gland positioned
approximately directly under the window of the counter. The order of injection
of sucrose and 22Na was interchanged to investigate the possibility that a
slightly higher count than background would be obtained after injection of
the 22Na, and that the count would increase even more when the sucrose
osmotic load was added since the salt uland would now be functioning at a
high rate. However, the counting rate-never increased significantl~ above
background. The bird was sacrificed by decapitation and the salt glands
removed. I

To increase the chances of observing activity in the monito d
salt gland, and to obtain gland slices with greater incorporation of !5Na,
200 a of 22Na (= 4 pC) was injected into goose #16. After 4 min., 20 ml
of 20% sucrose was injected via the cannula. Although the salt gland was
monitored for 20 min. after this injection, no appreciable radioactivity
was detected. The bird was sacrificed by injecting sodium pentobarbital
via the cannula. As opposed to the birds sacrificed by decapitation, there
was intense bleeding when the salt glands of this goose were removed.

Slices were obtained from the salt glands of each of these geese.
The entire slices were dissolved in HN03, evaporated on planchettes and
yielded very low counts: goose #14 - 0.02 CPM/mg; goose #15 -(J.02CPM/mg;
goose #16 = 0.03 CPM/mg. The secretion from goose #14 had an activity of
21 CPM/ml or, assuming S.G. = 1, 0.02 CPM/mg.

The next set of geese were given much larger doses of 22Na.
Goose #17 (body weight slightly more than 5 kg) was given iv. 30 ml of
20% sucrose. Active secretion was observed in less than 5 min. After 2
more rein, 2.0 ml of a solution of 22Na in saline (total activity = 25,000 CPM)
was injected. The bird was sacrificed after another 5 min. by injection of
pentobarbital and the salt glands removed, A slice of one of the glands was
dissolved in HN03 and plated, and had an activity of 0.07 CPM/m Calculation
shows that this is ca. 6x the activity one would expect if the ~~Na was
randomly distributed.

Goose #18 was treated similarly to #17, except that 5x the amount
of 22Na was injected and the secretion from the nares was obtained in beakers:

58



Time Period Weight of Secretion
Activity of Secretion
CPM/ml Total CPM

o-5’ 2.09 g 12,700 26,600

5’+ 10’ 1.77 g 11,900 21,300

1o’- 15’ 1.34 g 10,300 13,800

The blood had an activity of 250 CPM/ml, at the time of sacrifice: A slice
of gland had an activity of 0.68 CPM/mg (this is about twice what would be
expected on the basis of the previous goose).

Goose #19 was treated identical to #18. Goose 7Y20had 2X the
amount of 22Na injected, but otherwise was similar to #18 and #19.

Slices were taken from a salt gland from each goose and the
activities determined with the following-

Goose # Tota122~da injected

17 25,000 CPM

18 125,000 CPM

19 125,000 CPM

20 250,000 CPM

Since the 2 salt glands from a

results:

CPM/mg gland

0.07

0.57

0.86

1.34

goose weigh about 1.5 g, one can
incorporate about 2,000 CPM under the conditions used for goose #20.

3.8 DETERMINATION AND ELUCIDATION OF THE EFFECTS OF ELECTRICAL
STIMULATION ON Tt{EUPTAKE AND SECRETION OF SODIUM AND
CHLORIDE IONS

It has been shown by various authors that the results obtained with
electrically-stimulated tissues often more closely simulate effects observed
in vivo than do those obtained with non-stimulated tissues, In particular,
~ifition has been successfully applied to the study of brain slices by
McIlwain and co-workers and by O’Neill and co-workers (see bibliography on
electrical stimulation, Section 4.3.).



An extensive search of the literature has failed to locate any
references in which electrical stimulation has been applied to studies of
salt glands. However, it is believed that such study would be fruitful, that
the salt gland slices would react analagous to brain slices rather than to
slices of kidney or liver. (Kidney slices were found to be insensitive to
electrical stimulation by orrego and Lipmann in 1967189; liver slices were
found to be insensitive to electrical stimulation by Hillmann et al. in 1963140).
Baldessarini and Kopin122 showed that nervous tissue was not ufiq~in its
responsiveness to electrical stimulation; they were able to obtain similar
results with regard to increased efflux of tritjated norepinephrine on stimu- 1
lation of either brain or heart slices. Even earlier, Krat<ing146 had
observed the effect of electrical stimulation on guinea pig diaphragm and,
to some extent, on guinea pig lung. His results may be summarized as follows:

Sliced Tissue
Effect of Electrical Stimulation

On Respiration On Aerobic Glycloysis

Brain cortex +51% +56%

Diaphragm +39% +47%

Lung +19X o

Kidney o 0

Among other arguments for similarity between electrical tissue and
salt gland tissue are the following facets for stimulated brain slices:
(1) the interrelationship between Na@ and K@ and electrical stimulation
(Cummins and McIlwain130; Hillman et al .140); (2) the depression of the.—
respiration of electrically stimulated brain slices by ouabain197. If
electrical stimulation of salt gland slices increases the turnover of Na@
6-fold as observed by Keesey and Wallgren143 for brain slices, the technique
would be of value.

The electrical stimulator of McIlwain was ordered and was scheduled
for delivery at the beginning of the third quarter. The efficacy of the stimu-
lator was first to ktested on brain slices, since the preponderance of work
with electrical stimulation has been reported for this tissue. After these
control experiments, the stimulator was to be tested on salt gland slices,
using 22Na to test effects on active transport. The reputed effect of
tetrodotoxin in countering the promotion of active transport by electrical
stimulation was to be tested.

Since the English source for the electrical stimulator failed to
deliver the iterll,plans for the electrical stimulation experiments had to
be dropped.
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