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Abstract 

X-ray analysis has been used for some twenty 
years to quantify elements including Na, K, Cl, 
Ca, Mg and phosphorous in biological fluid 
samples. The method consists of accurate pipet
ting of 50-150 pl samples and appropriate drying 
to form crystalline deposits. Quantitation is 
obtained by comparison of x-ray intensities with 
comparable standard crystalline deposits. 
Electon microprobe analyses have contributed 
much to our understanding of renal transport 
function including physiological controls and 
pathological influences on the tubular handling 
of the major elements. New approaches to x-ray 
analysis of solid tissue will further our know
ledge concerning transport properties in the 
kidney and other tissues. 
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Introduction 

X-ray analysis has been used extensively 
over the last two decades to determine elemental 
concentrations of very small fluid samples. The 
purpose of this review is not to set the 
historical development of the microdroplet 
technique but to provide an update of app l i c
ations and achievements of microdroplet analysis 
to biology over the last half decade. This topic 
was last reviewed five years ago in Scanning 
Electron Microscopy by Roinel and de Rouffignac 
( 1982). 

The electron microprobe offers the unique 
advantage of rapid and accurate analysis of 
ultramicrovolume samples where conventional 
chemical methods are not possible or feasible 
(Ingram and Hogben, 1967: Cortney, 1969: Morel 
and Roinel, 1969; Lechene, 1970; Quinton, 1978a; 
Rick et al., 1977 l. Detectability limits for 
electron microprobe analysis are comparatively 
poor when considered in terms of the minimum 
amount of an element detected relative to the 
total sample in a homogeneous mixture. However, 
the ultimate sensitivity of electron probe 
analysis is high considering the actual number of 
atoms required to produce a detectable si~nal 
above background (about 100 ppm or 10-l g). 
Thus electron microprobe analysis is ideal for 
analyzing ultrasmall samples of relatively high 
elemental concentrations. This technique has 
been extensively applied to investigations of 
kidney physiology where one routinely collects 
sample volumes in the nanoliter range from 
i ndi vi dual neph rans by mi cropu ncture and 
microperfusion techniques (Morel et al., 1969; 
Lechene, 1977; Roinel and de Rouffignac, 1982). 
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Typically, a mi cropuncture experiment 
involves co 11 ecti on of nano liter volume samples 
by micropipettes from various renal compartments. 
The small size relative to the large surface area 
of the sample volumes dictates that all handling 
be accomplished under an antiwetting phase, 
usually paraffin oil, with the use of micro
manipulators and stereo microscopes. This 
condition in itself may lead to unforeseen errors 
in microdroplet analysis. All of the many 
methods that have been reported for sample 
preparation involve placing small volumes (10-100 
pl) of samples and standards on a support and 
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either air-drying (Ingram and Hogben, 1967; 
Cortney, 1969; Quinton, 1978b); or freeze-drying 
to produce geometrically amorphous deposits 
comparable to each other (Morel and Roinel, 1969; 
Lechene , 1970; Rick et al., 1977; Morel et al., 
1969; Lechene, 1977; Roinel and de Rouffignac, 
1982; Greger et al., 1978). Electron microprobe 
analysis includes setting the electron beam to the 
same diameter as the sample and standard deposits 
and comparing the X-ray intensities. The X-ray 
intensity is proportional to the number of atoms 
present in the sample; thus, the absolute 
concentration of the liquid volumes can be 
obtained from the standards of known composition. 
This method can be applied to any aqueous fluid 
provided adequate standards are prepared. 

Th e wavelength-dispersive spectrometer (WDS) 
is the most widely used method of X-ray spectral 
analysis in the mi c roprobe, although the energy 
dispersive system (EDS) can also be used (Quinton, 
1978a and Rick et al., 1977; Van Eekelen et al. 
1980). The WDS spectrometer consists of a 
mechanical assembly that positions a diffracting 
crystal and gas-proportional detector in such a 
fashion as to allow selective diffraction by the 
crystal of characteristic wavelength s (Each 
e 1 emen t is characterized by its own wave 1 ength 
spectral. The advantages of WDS are: (1) high 
line-to-back-ground ratio as a result of the 
spectrometer's excellent inherent wavelength 
resolution (which thus yields low e l emental 
detection 1 i mits even in the presence of high 
X-ray background), a particularly important 
feature in biological fluids containing elements 
of low X-ray yie l d such as sodium and magnesium; 
and (2) unambiguous X-ray line identification, 
which is important in elementa l determination of 
low concentrations in the presence of very high 
concentrations of other elements, e.g., 
phosphorus at lmM versus chloride at 120m~ 
concentrations, which are commonly encountered in 
biological fluids. A consequence of these 
properties is the relatively lov1 counting times 
required for analysis, a significant 
consideration in that each routine micropuncture 
experiment may generate over 100 separate 
deposits. Although the above ultra-
mi croana lyt i ca 1 procedure appears direct and 
unaffected, several problems are inherent to the 
analysis of biological fluids. First, as 
mentioned above, sample handling requires special 
techniques owing to the extremely small volume 
proportional to the large surface area, so that 
surface contact with air, glass, paraffin oil, 
and solvents becomes very important with regard 
to elemental contamination and (more important) 
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elemental loss. Second, the nonuniformity of 
composition of biological samples may 
unpredictably alter the background absorption 
parameters. Third, many of the elements of 
interest in physiology possess low atomic numbers 
(e.g., sodium) and may be present in relatively 
low concentrations (e.g . , magnesium). Despite 
these inherent drawbacks X-ray microanalysis has 
become a major tool in investigation of kidney 
physiology. 

Practical Details of Microdroplet Analysis 

It is not the intent of this review to detail 
the specifics of sample preparation and electron 
microanalysis of microdroplets; this has been 
adequately detailed elsewhere (Morel and Roinel, 
1969; Roinel and de Rouffi9nac, 1982; Greger et 
al., 1978; Lechene, 1974; Lechene and \./arner, 
1977; Martoja et al., 1979; Quinton, 1978b). Let 
us briefly review the procedure, the advantages 
and some of the hazards in microdroplet analysis. 
Although the procedure is arduous, it is reason
able and relatively foolproof once established in 
one's laboratory . However, it is recommended that 
an investigator spend some time in a 1 aboratory 
where the technique is ongoing to facilitate 
assimilation and avoid the many technical pitfalls 
that may occur. 

Th e genera 1 approach to sample preparation 
for microprobe ana lysis has not changed over the 
last half decade. Generally, this consists of 
depositing 10- 150 pl fluid samples on an 
appropriate support, usually beryllium (Morel and 
Roinel, 1969; Roinel, 1979; Lechene, 1970). 
Although other support material has been used 
(Quinton, 1978a), beryllium is the most convenient 
as the wetting properties of beryllium are such as 
to retard spreading of the sma 11 droplets. 
Quantitative pi petting is performed by means of 
siliconized constriction pipettes (Roinel and de 
Rouffignac, 1982; Prager et al., 1965) under 
paraffin oil to avoid evaporation. The mineral 
oil is then dissolved in m-xylene or other 
suitable solvent and freeze-dried under vacuum. 
Ideally, the lyophilization process results in 
smal l , uniform crystals (Figure 1). Many times, 
however, large crystals are formed which prohibit 
quantitative measurements. Roinel (1975 and 1979) 
has deve 1 oped the rehydration technique, a modi
fication of which is routinely used in the 
author's laboratory. When the lyophi 1 i zati on is 
complete, the dried samples are allowed to come up 
to room temperature. A rehydration step is sub
sequently performed. This second step consists of 
cooling the support to 40°C on a cooling plate. 
Condensation, usually from the atmosphere, 
rehydrates the salt crystals and forms them into 
droplets which may then be refrozen with an aim to 
forming smal 1 crystals. This series of steps, 
rehydration and rapid freezing, may be performed 
again if adequate crystals are not formed. 

Figure 1. Scanning electron microscope images of 
deposits obtained from 0.1 nl of a 150 
mmo1--l NaCl droplet. (a) Incorrectly 
freeze-dried and, (b) correctly freeze-dried. 
From Roinel, (1981). 
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Figure 2. Representative calibration curves for 
Na, Cl, Ca, Mg, P, and K. Samples were typically 
100 pl in volume , which produced 55 µm diameter 
deposits. The standard deposits were probed with 
an accelerating voltage of 15 kV, beam current 400 
nA; for 10 seconds. 

Beryllium supports with crystalline deposits 
may be stored indefinitely in a dry atmosphere 
before probing. The i ndi vi dual deposits result
ing from the pipetted fluids are analyzed by 
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standard electron microprobe techniques. This 
has been facilitated by computer controlled 
automated stages and computer derived calibration 
curves of standards and unknowns (Roinel et al., 
1973 Lechene, 1974). Figure 2 illustrates some 
typical standard curves generated by the use of 
electron rnicroprobe analysis. All standard 
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curves are forced through background off deposit; 
this does not make a 1 arge difference as most 
curves pass through the origin. As long as the 
crystalline deposits for the unknowns are similar 
to those of the standards a good proporti ona 1 i ty 
exists between the x-ray intensities emitted from 
unknowns and standards and absolute concentrations 
can be readily calculated. The errors resulting 
from mass-thickness and matrix effects have been 
detailed elsewhere (Roinel and de Rouffignac, 
1982). 

With modern electron probes, the precision of 
microdroplet analysis is principally determined 
during the pipetting and sample determination 
stage. In most hands, the precision is in the 
order of 5-10%, which is considered adequate for 
most quantitative measurements. The sensitivity 
of the approach is not good but is adequate for 
the abundant elements found in bi ological fluids, 
including Na, K, Cl, Mg, Ca, S and phosphorus. 
The minimum of detectable 1 imits obtained by WDS 
analysis for the abundant elements have been 
reporter to be in the order of 0.04 to 0.10 
mmol·l-, with a beam voltage of 15 kV, a 
beam current intensity of 300 nA and a re a so nab 1 e 
counting time of 20-100 sec (Roinel and de 
Rouffi gnac, 1982, Greger et a 1 . , 1978; Roi ne 1 , 
1975). These values are in accord with our 
practical experience. Optimal sensitivity of 
microdroplet analysis is highly dependent on 
adequacy of standard and specimen preparation. It 
is important that the samp 1 e areas and matrix 
densities be comparable; normally we try to form 
deposits of 55 um diameter from a 100 pl sample. 
The minimum detectable level increase s with larger 
volume deposits, which is not practically improved 
by 1 onger counting times. Figure 3 shows the 
mimimum detectable level as a factor of analytical 
time. A normal micropuncture experiment may 
generate 10-50 samples. Accordingly, counting 
times of 10-30 sec are necessary for reasonable 
analysis. 

As a 11 uded to above, a number of procedures 
or "t r icks" have been developed to avoid some of 
the pitfalls involved with microdroplet analysis; 
most are in the sample preparation. Details of 
these procedures are av ai 1 ab 1 e in the 1 i terature 
(Quinton, 1978b, Roinel and de Rouffignac, 1982, 
Greger et al., 1978; Roinel, 1975 and 1981; 
Lechene and Warner, 1979 ; Leroy and Roinel , 1982; 
Muhlert et al., 1982; Warner and Lechene, 1980). 
A few approaches are highlighted which may, in our 
experience, facilitate microdroplet analysis. The 
first concerns the handling and pipetting of 
ultrasmall volumes. Manipulation of nanoliter 
volumes presents the inherent problem of large 
surface area contact relative to minute volume 
size ; thus, any surface such as glass or oil may 
greatly alter the composition. All glass surfaces 
used should be well coated with antiwetting 
solutions. We have observed significant losses of 
calcium and 45ca in our in vitro perfusion 
pipettes amounting to 10% of the total calcium 
concentration over 10 min. We routinely 
siliconize all glass pipettes and plates prior to 
use. The second major surface is the paraffin 
oil. Paraffin or mineral oil must be hydrated 
prior to use in order to avoid dehydration of the 
small samples (Warner and Lechene, 1980). 
Additionall y , the necessity to use paraffin oil 
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leads to specific loss of divalent cations. 
Figure 4 illustrates this effect in biological 
samples obtained by micropuncture from the dog 
kidney. The present studies confirm our past 
experiences in handling samples of tubule fluid so 
as to retain the calcium composition (Muhlert et 
al., 1982; Quamme and Dirks, 1986). This is done 
by acidifying the aqueous samples to pH values 
below 7.0. This may be conveniently accomplished 
by equilibrating the paraffin oil 1~ith 100% CO 2 
prior to contact with the alkaline aqueous 
samples, provided the buffer capacity of the 
samples is rather low, as it normally is for 
tubule fluid . Presumably the oil and samples are 
equally equilibrated, thereby reducing the pH of 
the moderately buffered samples. Calcium is lost 
almost instantaneously from aqueous samples and to 
an extent dependent on the hydrogen ion concen
tration of the sample; certainly it is significant 
at pH values above 7 .0. Magnesium and phosphate 
are also lost from microsamples following p·lace
ment under paraffin oil, but only 1~ith pH values 
greater than 7 .6. This phenomenon al so occurs 
with radioactive isotopes of these elements, which 
are often used to reflect absolute concentration. 

The mechanism of calcium loss is unknown. A 
number of observations suggest that it is the 
paraffin oil interface that combines with calcium 
and results in the apparent disappearance from the 
small sample (Muhlert et al., 1982). First, in 
our experiments, all glass surfaces were carefully 
siliconized, a procedure that minimizes any loss 
onto the glass surface. In addition, we have in 
the past used disposable plastic surfaces, with 
results that were similar to those with the 
siliconized glass. Second, the disappearance of 
calcium is dependent on the sample-to-oil surface 
contact rather than the sample-to-glass contact. 
Moreover, the calcium was completely recovered 
from alkaline solutions by simple acidification of 
the samples. This suggests to us a pH-sensitive 
anionic paraffin oil-aqueous interface that is 
able to complex calcium and perhaps, to a lesser 
extent, magnesium. 

Silicone oils have been used as substitutes 
for paraffin oil but, unfortunately, they may take 
up water to as much as 20% of their volume 
(Muhlert et al., 1982). Prior hydration may 
prevent the initial dehydration of the samples, 
but evaporation from the surface of the silicone 
oil is quickly translated into water abstraction 
from the samples. We have observed significant 
water loss from microsamples after 5- 10 min of 
exposure to "hydrated" silicone oil. In addition, 
it woul d appear that the amount of calcium lost in 
these samples is similar to the amount that was 
observed in paraffin oils. 

A f urther problem in microdroplet analysis, 
this one related to probing, is the loss of 
chloride and other halides during the duration of 
counting (Leroy and Roinel, 1982). Exposure of 
the target to harsh counting conditions leads to 
loss of chloride from the deposit, usually greater 
from the standard deposits than from biological 
fluids. Figure 5 illustrates that samples can be 
successfully analyzed for chloride provided the 
beam cu rrent is decreased to 50-100 nA and the 
counting time decreased to 5 sec. Even with these 
changes, caution has to be used in determining 
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superficial proximal tubule of the dog. 
(TF/UF)c 1 is ratio of tubule fluid to 
ultrafilterable chloride, and (TF/P)co 2 
concentration. The dog, like other mammals, 
acidifies the proximal tubule fluid, resulting in 
bicarbonate absorption and elevation of chloride 
concentration along the length of the proximal 
tubule. Chloride concentrati ans were determined 
by microdroplet analysis with a HDS electron 
mi croprobe. From Hong and Quamme, ( 1981). 

chloride in biological fluids. (Rick et al., 
1987). 
it ,~ould appear that the amount of calcium lost in 
these samples is similar to the amount that was 
observed in paraffin oils. 

A further problem in microdroplet analysis, 
this one related to probing, is the loss of 
chloride and other halides during the duration of 
counting (Leroy and Roinel, 1982). Exposure of 
the target to harsh counting conditions leads to 
loss of chloride from the deposit, usually greater 
from the standard deposits than from biological 
fluids. Figure 5 illustrates that samples can be 
successfully analyzed for chloride provided the 
beam current is decreased to 50-100 nA and the 
counting time decreased to 5 sec. Even with these 
changes, caution has to be used in determining 
chloride in biological fluids. (Rick et al., 
1987). 
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In summary, the techniques of sample 
preparation and probe analysis in microdroplet 
measurements have not altered drastically over the 
1 ast 5-6 years. With the deve 1 opment of better 
instrumentation and automation the method is 
reasonably straightforward. As suggested above, 
the diffi cu lti es are in samp 1 e preparation; the 
results are only as good as the sample deposits. 
It is our advice to neophytes interested in this 
method to obtain instruction from established 
1 aboratori es. 

Contributions of Microdroplet Analysis to Biology 

Microdroplet analysis lends itself 
particularly to the determination of electrolyte 
composition of tubule fluid samples collected by 
means of micropuncture techniques. Tubule fluid 
is an ultrafiltrate of plasma and as such is 
practically devoid of proteins. Accordingly, 
pipetting accurate volumes is facilitated and 
elements of interest are present in reasonable 
concentrations, Na, Cl, K, Ca, Mg and phosphate, 
may be quantitatively determined. Micropuncture 
is the technique of inserting small pipettes into 
biological tissue in order to gather chemical and 
physical information (Quamme and Dirks, 1986). As 
the name implies, these are performed at micro
level, usually requiring stereotaxic micro
mani pu 1 a tors and stereoscopic microscopes. The 
major contribution of micropuncture has been in 
our current understanding of the functions of 
the accessible renal nephrons or tubules. The 
flow rate in nephrons is relatively rapid, 30 to 
50 nl/min, but the total volume at any given time 
is minute. For example, the proximal tubule, with 
a radius of 13 ~m and a length of 10 mm, contains 
5 nl of tubule fluid. Smaller volumes are 
contained in the superficial distal segments, 
about 0.2 to 0.3 nl. Thus, collection rates may 
be long and the fluid volumes collected tiny. 
This has given impetus to efforts in developing 
ultra-microanalytical approaches to chemically 
define the composition of the tubule fluid and 
thereby describe segmenta 1 functions of the 
nephron. X-ray microanalysis is ideally suited 
for this job. 

A number of important observations have been 
made over the last half decade concerning tubular 
handling of e 1 ectro lytes which were dependent on 
the use of microdroplet analysis. De Rouffignac 
and colleagues, in a series of elegant studies, 
demonstrated the importance of cAMP-medi ated 
hormones in electrolyte reabsorption in the loop 
of Henle (de Rouffignac et al., 1983; de 
Rouffignac and Elalouf, 1983 and 1988; Elalouf et 
al., 1983, 1984a and 1984b; Bailly et al., 1984). 
Hormones such as antidiuretic hormone, calcitonin, 
glucagon and parathyroid hormone act through 
adenyl cyclase to enhance NaCl transport in the 
thick ascending limb segments of the loop. Atrial 
natriuretic peptide, on the other hand, diminishes 
sodium transport within the tubule segments distal 
to the loop of Henle (Sonnenberg et al., 1982); 
the action of which appears to be independent of 
hemodynami c alterations (Roy, 1986; Peterson et 
al., 1987). Sawyer and Beyenbach (1985) 
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demonstrated that the mechanisms for NaCl 
secretion in the proximal tubule of shark renal 
tubules was similar to the absorptive NaCl 
transport located in mammalian thick ascending 
limb (Sawyer and Beyenbach, 1985). 

Mi crodrop 1 et ana 1 ys is has been used to 
investigate chloride transport in proximal and 
distal tubules of the dog (Wong and Quamme, 1981). 
As with other mamma 1 s, bi carbonate is preferen
tially transported in the proximal tubule, 
resulting in an elevation of luminal chloride 
concentration (Wong and Quamme, 1981; Wong, et 
al., 1986a and 1986b). Cellular adaptation during 
experimenta 1 chronic rena 1 fai 1 ure 1 eads to 
enhanced sodium bi carbonate reabsorpti on and 
diminished sodium chloride transport (Wong et al., 
1982 and 1984). 

The mechanism of potassium handling in the 
proximal tubule remains controversial (Jamison et 
al., 1982). Free-flow micropuncture studies in 
rats and dogs have shown th at the TF /PK+ ratio 
remains near unity or slightly below 1.0 along the 
accessible convoluted tubule (Roy et al., 1982a). 
However, Le Grimellec and colleagues have reported 
that the ul trafi 1 trati on of potassium across the 
glomerular membrane may be in the order of 80-90%, 
accordingly, the tubule fluid-to-ultrafilterable 
potassium (TF/UFK) value may be greater than 
unity (Le Grimellec, 1975). No clear association 
of TF/UFK+ with TF/P inulin has been 
demonstrated in the rat or dog (Le Grimellec et 
al., 1975; Wong et al., 1979). However, in a 
number of animal species, including the chinchilla 
(Weisser et al., 1970), the desert rodent, 
Psammomys (de Rouffignac et al., 1973), and 
Perognathus penicillatus (Braun et al., 1981), and 
the rabbit (Wong, et al., 1986b) the TF /UFK 
value is clearly above unity. This is particul
arly evident in the Perognathus and the rabbit 
where the TF/UFK rises along the proximal tubule 
to reach 1.4 at the end of the accessible portion. 
From this data, Jamison and colleagues have taken 
the view that potassium absorption is passive and 
driven by a diffusional flux down a concentration 
gradient that develops as a consequence of water 
absorption (Jamison et al., 1982). 

Recent experiments have demonstrated that 
potassium is recycled in the renal medulla 
(Arrascue et al., 1981; Dobyan et al., 1979; Roy 
et al., 1982a, Roy 1985). Jamison and colleagues 
have proposed that potassium is reabsorbed from 
the medullary collecting duct, trapped by counter
current exchange in the medullary interstitium, 
and secreted into the j uxtamedul 1 ary pars rec ta 
and thin descending limb. Work et al. (1982) and 
Wasserstein and Agus (1983) have shown that 
potassium is secreted into the pars rec ta; and 
Stokes ( 1982 b) has identified the co 11 ecti ng duct 
segment in the outer medulla as a potential site 
for potassium reabsorpti on. Potassium transport 
in the ascending thin and thick segments in the 
medulla is likely to occur in a net reabsorptive 
direction (Jamison et al., 1982). 

The functi ona 1 consequences of medul 1 ary 
potassium recycling are unclear. Stokes (1981 and 
1982a) recently demonstrated that elevating the 
potassium concentration in bath and luminal fluid 
caused a reversible reduction in voltage of the 
medullary thick ascending limb perfused in vitro. 
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When the potassium concentration in the bath alone 
was raised, net potassium transport was reversed 
from reabsorption to secretion, sodium reabsorp
tion was reduced 40%, and chloride reabsorption 
was virtually abolished. When the potassium 
concentration of the perfusate alone was 
increased, potassium reabsorption increased 20-
fold but potassium delivery out of the segment was 
still elevated, chloride reabsorption was slightly 
reduced, and sodium reabsorption was inhibited 
90%. Based on these findings, Stokes {1982a) 
proposed that potassium recycling would produce a 
diuresis, natriuresis, and accelerate kaluresis. 
Inhibition of active NaCl reabsorption by the 
thick ascending limb, which provides the driving 
force for concentrating the renal medulla, would 
reduce the medullary osmotic gradient. The 
consequent decrease in water extraction from the 
descending limb would increase the flow rate of 
fluid to the ascending 1 imb. Si nee the ascending 
limb has a very low osmotic water permeability, 
the increase in flow rate would be transmitted to 
the distal tubule . The increased fluid flow rate 
would promote potassium secretion in the distal 
tubule, and the increased delivery of sodium would 
stimulate potassium secretion in the cortical 
collecting tubule. In sum, the foregoing effects 
on water, sodium, and potassium reabsorption would 
all act to accelerate urinary potassium excretion. 
The results of Sufit and Jamison (1983) support 
this notion. 

Previou s studies of de Rouffignac and 
colleagues hav e demonstrated that 1-desamino-8-D
arginine vasopressin {dDAVP), a synthetic analogue 
of antidiuretic hormone, strongly stimulates K 
secretion in the distal tubule accessible to 
micropuncture {Elalouf et al., 1984b). These 
results were obtained from hormone-deprived rats 
{de Rouffignac et al., 1983; Elalouf et al., 
1984a), that is, from rats depleted in 
antidiuretic hormone {ADH), parathyroid hormone 
{PTH), calcitonin, and glucagon, all four of which 
stimulate the adenylate cyclase system of the 
distal tubule. Further, they showed in these 
animals that ADH stimulated medullary potassium 
recycling by juxtamedullary nephrons {Elalouf et 
al., 1985), whereas calcitonin inhibited medullary 
K recycling {Elalouf et al., 1986b). ~oy et al. 
{1982b) repo rted the effects of acute metabolic 
acidosis and alkalosis on potassium recycling. 

One area of renal physiology where x-ray 
microanalysis has played an essential role is in 
the elucidation of magnesium handling by the 
nephron {Quamme, 1986). There is no other 
adequate means of measuring magnesium concen
tration in micro-samples. Although no single 
homeostatic control has been demonstrated for 
magnesium, the cellular availability of this 
cation is closely regulated by the gastro
intestinal tract, kidney and bone. The excretory 
side of magnesium balance involves appropriate 
changes in renal magnesium handling. Present 
evidence suggests that the renal handling of 
magnesium is normally a filtration-reabsorption 
process. Experimental support for secretion 
within t he descending limb of Henle's loop remains 
unconvincing {Quamme and Smith, 1984; Roy et al., 
1982a). Renal magnesium reabsorption has 
distinctive features 1-1hen compared with that of 
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sodium and calcium. The concentration of 
magnesium in the proximal tubule rises 1.5 times 
greater than the glomerular filtrate {Morel et 
al., 1969). Some 20-30% of the filtered magnesium 
is reabsorbed in the proximal tubule compared to 
the fractional absorption of sodium or calcium of 
50-60%. Although the fracti ona 1 reabsorpti on of 
magnesium is only half that of sodium, it changes 
in parallel with that of sodium in response to 
changes in extracellular fluid volume {Sutton et 
a 1., 1983). The major portion of filtered 
magnesium { some 65% l is reabsorbed in the 1 oop of 
Henle, mainly in the thick ascending limb {de 
Rouffignac et al., 1973). Recent evidence 
suggests that magnesium reabsorption in the 
ascending 1 imb may be vo Hage-dependent and 
secondary to active sodium chloride rea bsorption 
{Shareghi and Agus, 1982). Evidence also suggests 
an important competition between magnesium and 
calcium for transport at the basolateral surface 
of the ascending limb cell {Quamme and Dirks, 
1980; Wong, et al., 1983). The loop of Henle 
appears to be the major nephron site where 
magnes 1 um reabsorpti on is contra 11 ed { de 
Rouffignac et al., 1984). The principal factors 
1-1hich alter magnesium reabsorption in the loop 
include cAMP-mediated hormones such as parathyroid 
hormone, anti diuretic hormone, calcitonin, 
glucagon { de Rouffignac et al., 1983; Bailly and 
Amiel, 1982; Bailly et al., 1984; Elalouf et al., 
1983, 1984a and 1986a) and changes in plasma 
magnesium and calcium concentration and the loop 
diuretics (Quamme, 1986). About 10% of the 
filtered magnesium is delivered into the distal 
nephron where only a small fraction of the 
filtered magnesium is reabsorbed and the transport 
capacity is readily exceeded with increased 
magnesium delivery. A number of hormones, 
including calcitonin, glucagon, anti diuretic 
hormone and parathyroid hormone enhance magnesium 
absorption in the distal tubule (Elalouf et al., 
1983 and 1984b; Bailly et al., 1985; Bengele et 
al., 1981). Metabolic acidosis impairs magnesium 
reabsorption in the loop and distal tubule (Wong 
et al., 1986c; Roy et al., 1982b; Shapiro et al., 
1987). A number of drugs have been sho~n to alter 
magnesium handling: these include antibiotics 
such as gentamycin, antineoplastic agents such as 
cisplatin and immunological suppressive drugs such 
as cyclosporin (Quamme, 1986; Mavichak et al., 
1985). The cellular alterations of these diverse 
drugs leading to renal magnesium wasting are not 
well understood. 

Mi crodrop 1 et analysis has been successfully 
used to determine phosphate concentration in 
tubule fluid. The principal factors which 
sensitively control renal phosphate handling are 
parathyroid hormone, availability of phosphate, 
and acid-base influences (Mizgala and Quamme, 
1985). In a series of microperfusion experiments, 
Quamme et al. demonstrated the importance of 
intraluminal pH and the actions of parathyroid 
hormone (Quamme and Wong, 1984) and adaptations to 
dietary phosphate intake (Quamme et al., 1985). 
Further, they showed that acid-base balance may 
modulate tubular phosphate transport independent 
of intraluminal pH and phosphate concentration. 
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These changes depend on the chronicity of 
exposure, as chronic metabolic acidosis inhibits 
transport, whereas acute acidosis is without 
effect, and the alterations are independent but 
integral to the effects of parathyroid hormone and 
the intrinsic adaptation to dietary phosphate 
availability (Quamme, 1985). Pastoriza-Munoz et 
al. (1983) demonstrated that acute phosphate 
deprivation enhances reabsorption in the proximal 
tubule, although the phosphaturic effect of para
thyroid hormone in this segment is not abolished. 
Resistance to the inhibitory effect of PTH on 
phosphate reabsorption in some portion of the loop 
of Henle and possibly also in the distal convol
lution accounts for the absence of a significant 
phosphaturic effect of the hormone in acutely 
phosphate-deprived rats. Prolongation of phosphate 
deprivation results in unresponsiveness to para
thyroid hormone extending to the proximal tubule 
(Pastoriza-Munoz et al., 1983). Wong et al. 
reported the effects of phosphate infusions on 
tubular phosphate and calcium handling with the 
use of microdroplet analysis (Wong et al., 1985). 

Microdroplet analysis has not been limited to 
mi c ropuncture studies of mammals. Strange et al. 
(1982) demonstrated that the rectal salt gland of 
saltwater mosquito larvae secretes a hyperosmotic 
fluid and is a major site of Na, K, Mg, Cl and 
Hco 3- excretion and regulation. They also 
showed that HC03- secretion in the anterior 
segment of the rectal salt gland of Aedes dorsalis 
is mediated by 1:1 exchange of luminal c1- from 
serosal HC03- (Strange et al., 1984). They 
further provided evidence that the anterior 
segment of the rectal salt gland was an important 
regulator of pH control as well as salt balance. 

We have spent some time reviewing the 
contributions of microdroplet analysis to 
micropuncture (Warner and Lechene, 1980) and the 
contributions of its use; now we would like to 
speculate on some of the new approaches currently 
being developed which may have future application 
in this area. First, a solid tissue punch has 
been developed which, 1~hen used in conjunction 
with the electron microprobe, may provide 
information on total luminal, intracellular and 
interstitial elemental concentrations. El ectron 
microprobe analysis of solid tissue samples 
obtained with the use of a large mi cropuncture 
punch or tissue slices have been used to determine 
total elemental composition. Potentially, this 
approach offers a very sensitive method of 
determining elemental concentrations within the 
tubule lumen, cell and interstitium of any region 
within the kidney (Bulger et al., 1981; Dllrge et 
al., 1975 and 1978; Beck et al., 1980; Saubermann 
et al., 1981a and 1981b). This approach, if 
successfully applied, may eliminate micropuncture. 
Unfortunately, to date it has been fraught with 
difficulties; principal among them is fixation of 
electrolytes during the tissue sampling and 
preparation. Ionic constituents diffuse very 
rapidly during these procedures. Another problem 
is the se l ection of appropriate standards for 
accurate, reliable quantitation. Nevertheless, 
with proper care this approach may prove 
beneficial to the micropuncture field. 
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The use of x-ray analysis in tissue and 
single cell composition is reviewed elsewhere in 
this paper. However, to pro vi de an example as to 
what is being done along these lines in 
nephrology, Beck et al. have recently reported 
some interesting results (Beck et al., 1984; Mason 
et al., 1981). It is known that the osmolality 
within the kidney increases from the cortico
medullary border to the tip of the papilla. Thus, 
the renal cells are exposed to very different 
osmolalities. Beck and colleagues determined the 
element concentrations in various intra- and 
extracellular compartments of the tip of the rat 
renal papi 11 a during anti diuresis using electron 
microprobe analysis (Beck et al., 1984). To 
quantify the microprobe data obtained in various 
extra- and intracellular compartments, an internal 
standard was introduced by applying a thin layer 
of albumin solution of known electrolyte 
composition to the papillary surface. This was 
achieved either by dipping the excised papilla in 
the albumin solution or by opening the renal 
pelvis and dripping the standard onto the papilla. 
Uri nary concentrations ( means+SEM) were: urea, 
1509+116; potassium, 268+32; sodium, 62+19 
mmoles·1-l; and osmolality, 2548+141 
mOsm·kg-1. Electrolyte concentrations in 
the interstitial space were: sodium, 437+19; 
chloride, 438+20; and potassium, 35+2 
mmoles·kg-1 wet- wt. The vasa recta plasma 
exhibited almost identical element concentrations. 
The values in the papillary collecting duct cells 
were: sodium, 28+1; chloride, 76+3; potassium, 
135+3; and phosphorus, 316+7 mmoles·kg-1 wet 
wt. Similar concentrations were observed in the 
papillary epithelial cells. In interstitial cells 
potassium and phosphorus concentrations were 
virtually identical to those of the collecting 
duct cells, whereas sodium and chloride 
concentrations were higher by about 30 rnmoles. 
kg-1 wet wt. The elemental composition of the 
various papillary cells is, thus, not substanti
ally different from that of proximal tubular 
cells. This finding demonstrates that cellular 
accumulation of electrolytes is not the regulatory 
mechanism by which papillary cells adapt 
osmotically to their high environmental osmolality 
and sodium chloride concentration. These are very 
interesting observations and time will tell if 
this approach will eliminate micropuncture 
techniques. 

In summary, microdroplet analysis continues 
to provide valuable information to investigators 
interested in electrolyte and membrane physiology. 
The major difficulty in applying microdroplet 
analysis to biological fluids is in the prepar
ation of sample deposits. Although the samp l e 
preparation is rather difficult, it has been 
adequately detai l ed in the literature and is 
available to interested investigators. It is 
envisioned that this approach will continue to be 
an important tool in our technical armametarium 
for the next decade. 
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Discussion with Reviewers 

N. Rionel: You are right to insist upon the 
poss--:r61Tity of el ementa 1 loss during storage of 
droplets under water-saturated paraffin oil. 
Subsequent to your earlier observations (Mulher et 
al. 1982), have you performed further experiments 
in this respect? At Sacl ay we obtained some data 
,~hich will be published in the near future. 

Author: No, we have not recently performed 
similar experiments to fo 11 ow up these 
observations. 
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