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Magnesium is one of the four principal cations
in extracellular fluid, and in intracellular fluid is
exceeded only by potassium; yet comparatively
little is known about the mechanisms involved in
the renal excretion of magnesium. That such is
the case must be due to a variety of factors which
include difficulties in chemical analysis, the bind-
ing by protein of a relatively large portion of the
ion in serum, and the formation of soluble com-
plexes which may be handled by the kidney in a
different manner from that of the ion. Such diffi-
culties probably account for the relatively few
studies to date of magnesium excretion.

The experiments reported here involve 70 acute
studies in man performed by usual clearance tech-
niques. Renal hemodynamics and excretion rates
of magnesium and other electrolytes were ob-
served during multiple control periods and follow-
ing eight principal experimental procedures.
These were intravenous infusions of sodium lac-
tate, sodium bicarbonate, acetazolamide, probene-
cid, sodium para-aminohippurate (PAH) to tu-
bular saturation, magnesium salts, calcium salts
and mercurial diuretics.

The data provide a basis for examination of
factors likely to affect magnesium excretion and
in some instances of probable renal mechanisms
involved. The major part of filtered magnesium
is reabsorbed by the tubules. The existence of a
quantitatively small, but perhaps important, regu-
latory tubular secretion of magnesium is suggested
by certain indirect evidence, but is not settled by
present data. In addition to changes in filtered
magnesium, consideration is given to possible ef-

*Laboratory facilities were aided by grants from the
National Heart Institute of the United States Public
Health Service (Grants H-405 and H-340) and the
C. Mahlon Kline Fund of the Department of Medicine.

t Portions of this work have been reported in prelimi-
nary abstracts (1-3).

t Established Investigator of the American Heart
Association.

fects on tubular magnesium transport of such fac-
tors as acid-base balance, possible relation to
known active transport systems, specific inter-
ionic relationships especially with calcium or po-
tassium, and formation of soluble magnesium
complexes.

METHODS

General. Fifty-three normal men between the ages
of 18 and 32 served as experimental subjects for one or
more renal clearance studies by standard techniques (4)
with bladder catheterization and standard water loading.
Control results reported are averages from three or more
periods of at least 15 minutes each which followed an
equilibration period of at least 45 minutes.

Test procedures. The test procedure in each case con-
sisted of the intravenous administration of some elec-
trolyte solution or pharmacological agent. The eight
major types of experiments are described below. Addi-
tional procedures were carried out to elucidate specific
points and will be mentioned in appropriate sections. 1)
Sodium lactate, 2.4 mEq. per Kg. body weight, as a hy-
pertonic (0.9 M) solution was given rapidly (10 min-
utes) in six studies. Whenever results of lactate ad-
ministration are referred to without qualification in this
report it should be understood that these are the studies
meant. In four other studies alterations were made in
the dosage or time of administration of lactate for com-
parison with the main series. 2) Sodium bicarbonate
was given to three subjects in dosage equivalent to the
main lactate series. 3) Maximal rates of PAH transport
by the tubules (TmPAH) were achieved by standard
techniques and observations at TmPAHwere made in four
studies for evaluation of the effect of PAH itself. In
five additional studies after first attaining TmPAH the
same hypertonic lactate infusion described previously
was given to determine if the response was altered by
prior PAH saturation. 4) Probenecid (Benemid®) in
total dosage of 3 Gm. was infused in seven subjects.
Each study included three parts: control observations,
measurements of the effect of probenecid alone, and
then of the hypertonic lactate response after probenecid.
5) Acetazolamide (Diamox®) was given intravenously
in dosage of 5 mg. per Kg. body weight in 10 studies.
6) Mercurial diuretics as 2 ml. of either meralluride
(Mercuhydrin®) or mersalyl (Salyrgan®) were given
in 15 studies. 7) Magnesium sulfate was infused at
rates not exceeding 1 Gm. per hour in five studies. 8)
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Calcium was infused over a 20 minute period as calcium
chloride (0.7 Gm.) in five studies and as calcium glu-
conate (2 Gm.) in two studies.

Chemical determinations. Inulin, PAH, creatinine and
phosphate were determined by methods previously indi-
cated (5). Magnesium was determined by a titan yel-
low calorimetric method based on the methods of Heagy
(6) and of Orange and Rhein (7). Following mer-
curial diuretics, aberrant results for urinary magnesium
were found and subsequently shown to be due to an
interference with the titan yellow method. If the mer-
cury was first separated by means of H2S precipitation,
the method gave satisfactory results. The gluconate ion
was also found to interfere with the titan yellow method.
For this reason calcium chloride experiments were car-
ried out in place of further calcium gluconate infusions
and only these results are reported. Check of the mag-
nesium by an independent phosphate precipitation method
showed that changes in magnesium excretion, as well as
those of the other ions, were very similar with either
calcium salt. Calcium was determined by the Tisdall
method as modified by Clark and Collip (8). Sodium
and potassium were determined with a Baird internal
standard flame photometer, chloride by the Volhard-Har-
vey modified method (9). Ultrafiltrate was obtained from
the serum in a few studies by means of the capsule of
Lavietes (10). In some studies the urine pH was de-
termined on a Beckman pH meter. In most the pH was
estimated to the nearest 0.1 unit by use of an appropriate
short-range test paper. The latter method, while not
suitable where precise knowledge of pH is necessary, was
found to check well with a more accurate anaerobic
method, the difference seldom exceeding + 0.2 unit (11).
Plasma pH was determined with a Beckman pH meter.

Statistical methods and graphical presentation. The ex-
cretion rates for each individual were expressed as a
per cent of his control rate' and because of the large
volume of data involved it was considered desirable to
present only averages. For the purpose of testing sta-
tistical significance, nonparametric methods were used.
These methods are somewhat less powerful (i.e., less
likely to demonstrate "significance") than the better
known corresponding parametric "t" test. However,
since fewer assumptions are necessary, significance that
is demonstrated can be considered to have a more gen-
eral application. The methods are considered more re-
liable for small samples and it is not necessary to make
the assumption that the population distribution is normal
in shape. Significance of changes from control rates was
tested by the Wilcoxon matched-pairs signed-ranks test
(13, 14). For testing significance where paired repli-
cates were not available (e.g., comparing results of two

1A preliminary survey of the data showed a distinct
tendency with most electrolytes under the conditions stud-
ied for the size of the change in different individuals to
show a positive relation to the control rate as tested
roughly by the quadrant sum test of Olmstead and
Tukey (12).

different test procedures) the Mann-Whitney U test
was used (13). Confidence limits of 94 per cent were
accepted rather than the 95 per cent convention for
"significance" usual for parametric tests. The reason
for this is that p values less than 0.06 cannot be ob-
tained by the nonparametric methods used with five or
fewer cases and that the results of these tests have some-
what greater generality than the parametric tests.

RESULTS

The mean urinary excretion of magnesium dur-
ing control periods for all studies was 6.3 uEq.
per minute. Variability "between cases" (stand-
ard deviation of mean control values for indi-
vidual studies) was + 2.6 pEq. per minute; vari-
ability "within cases" (standard error of observa-
tion calculated as the standard deviation of indi-
vidual measurements about the mean value for
each individual) was + 12.2 per cent of control.2
The corresponding values for control plasma mag-
nesium for the entire series were: mean, 1.83 mEq.
per L.; S.D. + 0.27 mEq. per L.; and S.E. of ob-
servation + 3.6 per cent of control.

Effects of lactate administration
The results of the "main lactate series" are pre-

sented in Tables I and II and in Figure 1. The
rate of magnesium excretion rose promptly to 227
per cent of the control rate during the infusion
(i.e., at time 8 minutes), reaching a peak of 261
per cent about 10 minutes later. It then fell back
quite rapidly, reaching the control level within
one and one-half hours. The excretion of other
ions also increased, but somewhat less rapidly ex-
cept for calcium and sodium (which was being in-
fused). Also, in contrast to the response of mag-
nesium, the excretion rates of sodium, potassium,
chloride and phosphate all remained elevated. In
absolute terms magnesium response was small
relative to that of other ions but in terms of per
cent of control the changes were comparable.
Plasma magnesium changed only slightly and if
anything decreased somewhat, perhaps secondary
to urinary loss or to hemodilution. In any event,

2 If a given experimental procedure were to cause
neither any systematic change in the excretion of an
electrolyte nor any change in variability from the con-
trol period, then there would be a 95 per cent chance
that any randomly chosen single measurement would fall
within the tolerance interval ±+2.2 S.E. of observation
from that individual's mean control rate.
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TABLE I

Effects of hypertonic sodium lactate,* individual experiments

Urinary electrolyte excretion
Urine Urine Clearances

Expt. Timet GFRI flow pH Mg Ca Na K P04 C1 Mg

pEq./ jmEq.I
min. min.

5.4 5.3 2.3
15.2 8.5

8.0 14.9 13.9
8.4 9.7 9.2
8.4 5.5 2.2
8.4 5.1 2.2
8.4 5.8 0.8
8.4 5.9 2.3

6.0
7.4
7.8
8.0
8.4
8.4
8.6
8.6

7.3 5.4
5.6
2.6 5.4
1.5 8.4
1.2 8.4
1.5 8.4
2.5 8.4
3.1 8.4

5.4

8.2

8.4

8.4

6.4
6.9
7.9
7.9
7.9
7.8
7.9

6.8 0.9
18.1 20.6
11.9 12.9

8.7 6.1
9.1 5.0
7.6 3.8
6.4 2.3
6.0 2.4

4.1
7.5

13.9
8.4
5.2
5.1
4.0
3.6

2.6 1.5
5.3 14.9
9.3 17.2
5.8 10.3
4.8 8.7
3.7 6.3
4.1 6.2
3.0 3.9

7.9 6.6
19.6 11.6
18.2 36.9

9.6 17.5
5.2 9.5
8.0 14.8
7.1

5.4 17.9 20.3
5.4 24.8 32.4
8.2 31.1 53.7
8.4 23.1 34.4
8.4 21.0 29.9
8.4 20.0 30.2
8.4 18.2 27.2
8.4 16.9 25.7

pEq.! uEq./ pMole/ E&q./
min. min. min. min.

256 123 3.1 272
769 130 12.0 346

1,147 241 24.4 336
808 251 27.0 239
565 200 19.9 207
516 203 17.9 178
580 220 18.9 192
497 182 15.6 148

241 119 26.2 284
1,234 183 31.7 375
1,065 246 34.8 366

648 288 30.2 250
556 288 28.5 204
421 246 21.2 134
328 228 15.3 108
301 205 13.9 88

82 61 12.3
222 62 16.8
530 65 16.2
405 120 25.1
316 114 20.6
346 128 21.7
378 210 23.9
299 175 19.1

45.3
47.9
69.7
84.4
72.7
74.6
86.9
70.9

99 61 13.1 65
509 72 11.4 104
657 122 25.6 116
522 157 25.2 116
537 180 24.2 142
465 155 19.9 126
522 151 18.3 135
428 154 13.4 116

224 74 3.1 224
1,004 127 4.8 392
1,250 209 5.8 429

826 176 4.0 343
560 136 2.2 256
884 227 3.0 410
533 127 1.7 198

226 99 18.8 168
417 101 14.2 179

1,045 247 28.2 272
768 240 29.4 251
842 211 24.7 333
908 211 20.8 344
850 200 28.5 292
743 181 19.8 249

* 2.4 mEq. per Kg. of body weight given intravenously in 10 minutes. Four additional studies with different
dosage or time of administration of hypertonic sodium lactate are not included in the table.

t Data are expressed per individual periods which end at the time indicated, measured from the start of lactate
infusion. The initial period is the average of three control periods.

t Glomerular filtration rate (inulin clearance).
§ UV/P, plasma magnesium uncorrected for binding to plasma proteins.

ml./
min.

126
140
125
141
116
121
125
125

ML/
min.

5.8
4.1
4.7
2.9
2.2
2.2
2.5
1.8

119 9.8
124 11.5
114 5.7
112 2.8
125 2.2
114 1.5
111 1.1
102 1.2

min.

-49
0

+12
+26
+39
+54
+70
+84
+98

2 -52
0

+17
+31
+48
+64
+80
+94

+110

3 -42
0

+11
+26
+42
+57
+72
+87

+102

4 -44
0

+12
+28
+42
+58
+72
+86

+100

5 -63
0

+17
+30
+46
+74

+106
+124

6 -47
0

+13
+26
+40
+56
+73
+87

+109

131
130
96

132
128
139
166
143

123
130
106
127
141
132
136
118

130
143
164
137
99

167
117

ml./
min.

3.14
9.39
9.40
6.32
3.57
3.26
3.68
3.75

4.04
11.10

7.55
5.33
5.61
4.51
3.50
3.59

2.71
4.79
8.92
5.55
3.53
3.47
2.72
2.41

1.49
2.97
5.22
3.39
2.82
2.20
2.41
1.77

4.02
10.90

9.20
4.58
2.33
3.88
3.67

7.45
11.30
16.00
11.80
11.00
10.70

9.60
8.74

9.3
11.7

3.6
2.3
3.0
3.0
3.6
4.3

5.3
13.6

6.5
4.9
4.3
8.3
2.9

90 8.5
104 2.2
112 5.3
99 3.2
96 3.9

104 4.4
101 4.0
96 1.9
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TABLE II

Summary of mean electrolyte excretion rates following various test procedures

Procedure, Excretion rate
(No. studies) Mean

Electrolyte control +8 min.* +20 min. +36 min. +50 min. +65 min. +80 min.

Sodium lactate (6)
Mg
Ca
Na
K
P04

Cl
Sodium bicarbonate (3)t

Mg
Ca
Na
K
P04
Cl

PAH-saturation (4)t§
Mg
Ca
Na
K
P04

Cl
Probenecid (7)§

Mg
Ca
Na
K
P04
Cl

Acetazolamide (10)
Mg
Ca
Na
K
P04

Cl
Mercurials (15)

Mg
Ca
Na
K
P04
Cl

Calcium chloride (5)
Mg
Ca
Na
K
P04
Cl

Magnesium sulfate (4)t
Mg
Ca
Na
K
P04
Cl

IEq./min.

7.4
6.3

188.0
89.7
12.8¶

176.5

6.5
5.9

196.9
74.0
14.9¶

166.0

6.8
7.0

225.8
149.2

16.4¶
271.2

6.0
6.1

149.7
72.4

7.41
160.3

6.9
10.9

207.5
74.5
13.0¶

208.9

4.8
6.2

139.8
62.8
16.4¶

126.7

6.3
7.2

123.7
94.0
12.9¶

154.6

13.5
11.8

211.2
162.8

19.8¶
188.2

Mean, %control

227t 261t 161t 124 112 109
745t 790t 437t 314 248 215
384t 530t 391t 344t 328t 345t
129t 199t 226t 218t 210t 237t
167 256 265 218t 197 204
137t 15S5t 143 142 133 138

141 115 101
393 370 250
439 460 335
241 332 284
115 132 153
208 155 140

136
214
160
122
157

91

84
176
341
264
142
132

161 178 187
322 367 390
217 253 278
132 120 112
202 171 156

86 85 84

118f 108
131 107
167f 167f
120 114
107 94
148f 144f

108
110
175t
107
65t

148

84 71
124 107
295 181
250 228
135 144
130 82

159
346
275
124
152
86

166
323
197

91
151
92

121
136f
192f
112

56f
158f

102 87 84 92 96 98
194t 206t 211t 217t 228t 220t
313t 400t 361t 345t 349t 320t
330t 471t 428t 387t 341t 307t
157t 20St 224t 232t 204t l90t
192t 216t 212t 197t 162 144

190t 225t 263t 317t 402t 468t
226t 233t 328t 411t 536t 644t
234t 323t 441t 564t 724t 880t

93 91 81t 77t 72t 74t
132t 136t 127t 132t 125 121t
212t 281t 408t 498t 670t 873t

195 137 156t 176t 199t 190t
163t 211t 275t 348t 361t 345t
146t 161t- 167 168t 169t 152t
109 95 69 69 71 72
100 93 78 80 78 63t
135 149t 153t 158t 168t 149t

169 189
181 220
178 200

76 77
160 210
114 110

327 428
286 336
205 224

72 75
209 205
121 134

* Measured from start of the test procedure.
f Significant change from control, Wilcoxon matched-pairs signed-ranks test.
t Not tested for significance because of small number of studies.

i Effects of lactate after PAH-saturation or probenecid are not included (see Figure 4).
Mersalyl (six studies) or meralluride (nine studies).
Micromoles per minute.
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the increased urinary excretion does not result
from shift of magnesium into plasma, since any
change in plasma magnesium concentration is in
the other direction. No increase in proportion of
ultrafiltrable magnesium was found in the two
cases so studied. The increased urinary mag-
nesium after lactate could not be attributed to
changes in glomerular filtration rate, effective re-
nal plasma flow or rate of urine flow. Changes in
these factors were small and in opposite directions
in individual cases, although the typical magnesium
response occurred in all.

In two other studies a slightly smaller initial
dose of lactate (100 mEq.) was given, followed
by an additional 100 mEq. over the next hour.
The rapid fall-off of magnesium excretion from
the sharp peak reached soon after the initial lactate
was not prevented by the continued lactate infu-
sion, suggesting that stimuli for renal magnesium
conservation may be promptly elicited and quite
effective.

Some comparisons with the lactate effect
Certain changes in excretion of the other major

intracellular cation, potassium, are closely linked
to acid-base changes. To examine the possibility
of a similar relationship for magnesium the com-
parisons illustrated in Figure 2 were made.
Three subjects were given equivalent doses of
sodium bicarbonate in exactly the same manner as
the usual lactate procedure. In per cent of control
the average response after bicarbonate was 141
per cent at 8 minutes, 115 per cent at 20 minutes
and had returned to control at 36 minutes. In
none of the subjects was the peak UVmgresponse
as large as even the smallest response in the lac-
tate series, a significant difference between the
series being demonstrated (p = 0.02, Mann-
Whitney U test).

Figure 2 illustrates the comparative effects of
lactate and bicarbonate, and also acetazolamide al-
though other aspects of the latter will be con-
sidered separately. At the time of maximal mag-
nesium effects, each type of procedure had pro-
duced a similar degree of alkalinity of the urine,
yet the increases in magnesium excretion differed
greatly in magnitude between bicarbonate and lac-
tate and following acetazolamide there was actually
a small decrease. Plasma pH similarly did not

CONTROL

0 20 40 60 80 100

MINUTES

FIG. 1. RENAL EXCRETION OF ELECTROLYTESFOLLOW-
ING INTRAVENOUSHYPERTONICSODIUM LACTATE: MEAN
CHANGES IN MAGNESIUM, SODIUM, POTASSIUM, CAL-
CIUM, CHLORIDE AND PHOSPHATE

Each value is the mean from six experiments and is

expressed as per cent of control rate. Changes from
control that are statistically significant are represented by
open circles.

correlate well with magnesium excretion since
bicarbonate had a somewhat greater effect on
plasma pH than lactate in contrast to the effects
on magnesium excretion. The excretion of potas-
sium, on the other hand, appears in these data to
be closely related to acid-base factors.

In two studies sodium acetate was given, the
dose being reduced to one-half the usual lactate
dose to avoid side reactions. A small increase in
magnesium excretion (average 124 per cent of
control at 8 minutes) was observed, similar in
magnitude to that observed in two additional lac-
tate studies with one-half the usual dose.

Tests of "inhibition" of the lactate response
An effect which is distinctly greater following

sodium lactate than equivalent sodium bicarbonate
brings to mind the relative effects of these sub-
stances on the tubular transport system handling
para-aminohippurate (PAH), penicillin, phenol
red and certain other substances (see Discussion).
To examine a possible role of this transport system
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A PLASMA ZoLA.CL

- 0.10-
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CONTROL
500

400

300
UVK
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I I

0 20 40 so so Ioo 120
MGUTES

FIG. 2. COMPARATIVE EFFECTS OF LACTATE, BICARBONATE AND ACETA-
ZOLAMIDE (DIAMOX@) ON MAGNESIUMEXCRETION, PLASMA PH, URINARY
PH AND POTASSIUMEXCRETION

Mean values from six experiments with lactate, three with bicarbonate
and ten with acetazolamide.

in magnesium excretion, the transport system was
inhibited by probenecid or saturated by PAHad-
ministration. Results are illustrated by Figure 3.
When lactate was given after either of these pro-

cedures the response in UVMgseemed to be re-
duced if expressed relative to the excretion after
the "inhibiting" procedure. However, probenecid
and PAH saturation without lactate administra-
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20

MAGNESIUM
EXCRETION

RATE

15

JEl/min.
10

5

0

CONTROL

TMPAH

PROBENECID

LACTATE m

LACTATE PAH SATURATION PROBENECID
ONLY

FIG. 3. EFFECTS OF PAH SATURATION AND OF PROBENECIDON MAGNESIUMEXCRETION
AND ON URINARY MAGNESIUMRESPONSETo HYPERTONICLACTATE

Contiguous vertical bars represent mean values of consecutive parts of a single series
of experiments. Lactate response is the mean at 20 minutes after start of the lactate in-
fusion under each circumstance shown. See text for number of studies of each type.

tion appeared to cause increases in UVmg (Table
II and Figure 3). The change following probene-
cid was extremely small, but consistent enough to
reach statistical significance. When compared
with the standard error of observation of 12 per
cent of control it seems probable that the change
after PAH saturation was also real, although the
number of cases was insufficient to show "statisti-
cal significance." The average rate reached after
lactate in juEq. per minute appeared somewhat
smaller after both probenecid and PAHsaturation
than in the main lactate series. Nevertheless, ex-
pressed in these terms, in contrast to change from
control, the differences between the various series
were not statistically significant.

Effects of acetazolamide administration
Several features of the acetazolamide studies in

addition to those mentioned above are illustrated
by Figure 4 and Table II. At 20 minutes after
infusion of the carbonic anhydrase inhibitor, UVMg
averaged only 87 per cent of control and at 36
minutes, 83 per cent. Some decrease was ob-
served in 9 out of 10 studies and, although small,
was statistically significant for the series. This

was the only one of the experimental procedures
observed which caused a decrease of magnesium
excretion below control levels. This decrease was
closely correlated with a decrease in glomerular
filtration rate, which averaged 86 and 85 per cent
of control at 20 and 36 minutes, respectively.

Calcium excretion showed a distinct increase
following acetazolamide. At the times of signifi-
cant fall in the magnesium excretion (+ 20 and
+ 36 minutes) the calcium excretion rate averaged
206 and 211 per cent of control. Under other ex-
perimental conditions there was a noticeable simi-
larity of behavior between UVMgand UVCa while
comparisons of changes in excretion rates of mag-
nesium with those for sodium, potassium, chlo-
ride and phosphate showed frequent examples of
differences in time of maximum change and even
sometimes in direction of change. Changes in
UVMgwere usually somewhat smaller both in ,uEq.
per minute and in per cent of control than simul-
taneous changes in UCca. Otherwise, the pattern
of change was noticeably similar, except for the
changes after acetazolamide when excretory rates
of calcium as well as each of the other ions ex-
cept magnesium showed a sharp increase.
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C
CONTROL

0 20 4 0 80 80 100

MINUTES

FIG. 4. RENAL EXCRETION OF ELECTROLYTESFOLLOW-
ING INTRAVENOUSACETAZOLAMIDE: MEANCHANGESIN

RENALEXCRETIONOF MAGNESIUM,POTASSIUM, CALCIUM,
CHLORIDE AND PHOSPHATE

The data are presented as in Figure 1.

Effects of mercurial diuretics

Increased urinary excretion of magnesium was

observed following injection of meralluride or

mersalyl as shown in Table II. In contrast to the
short peak observed following lactate, this effect
was increasing throughout the period observed.
The highest excretion rate observed (averaging
529 per cent of control) was at 96 minutes, which
is beyond the times shown in Table II. On the
average, potassium excretion decreased somewhat,
a result clearly different from the distinct in-
crease in UVMgand contributing one more situa-
tion where a definite difference was observed in
the renal handling of the two major intracellular
cations.

As measured by depression of the PAH trans-

port system in the human kidney mersalyl is ap-
parently about four times as potent as meralluride
(15). In the present series the effects of these
two mercurials on excretion of magnesium and
other electrolytes were compared by studying six
subjects once with each agent several weeks apart.
There was little if any difference. Accordingly the
results are reported together.

Effects of infusions of calcium and of magnesium

Changes in electrolyte excretion on administra-
tion of calcium chloride and of magnesium sulfate
are presented in Table II. The administration of
calcium chloride was followed by a marked in-
crease in excretion of magnesium (as well as of
calcium, sodium and chloride). A rather similar
pattern was observed following administration of
magnesium sulfate. Calcium excretion, like that
of magnesium, sodium and chloride showed a
definite increase. Changes in phosphate excretion
were relatively small and variable following either
magnesium or calcium administration. On the
average potassium excretion decreased in both se-
ries. While this was small enough not to be sta-
tistically significant with the number of cases stud-
ied it is clearly different from the behavior of
calcium and magnesium.

Ignoring the fact that part of the magnesium is
bound or nonfiltrable, control excretion of mag-
nesium was only about 3 per cent of that filtered.
With the administration of magnesium it increased
to only about 25 per cent of the amount filtered
with the rather small infusions we were willing
to give human subjects. Even with liberal allow-
ance for protein binding it is obvious that no net
tubular secretion of magnesium was demonstrated.
In separate experiments on dogs we have been
able to observe magnesium excretion of the same
order of magnitude as magnesium filtration, mak-
ing allowance for binding to plasma proteins (16).
We have, however, not observed circumstances
where excretion clearly exceeds simultaneous re-
absorption to demonstrate a net secretion. A few
observations did appear to suggest a small net
secretion, but may represent experimental varia-
tion under these circumstances or the fact that the
proportion of bound magnesium remains in some
doubt.
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DISCUSSION.

The acute effects observed in the present studies
are not always identical to reported changes in
daily magnesium excretion after chronic adminis-
tration of the same agents. The data, however, are

particularly suitable for examination of renal
mechanisms since they provide concurrent obser-
vations of a number of parameters at a time when
physiological compensation is less likely to have
obscured the primary events.

Changes in plasma magnesium and filtered load
Except when magnesium itself was infused, the

experimental procedures reported caused only
small changes in plasma magnesium and some-

times in different directions in different individu-
als. More often than not the average changes ob-
served in these studies would cause filtered mag-
nesium to change in the direction opposite to that
in which UVMgchanged.

The part of plasma magnesium bound to pro-

tein has been said to constitute anywhere from 14
to 52 per cent of the total, but most recent esti-
mates under normal conditions (physiologic pH
range, normal proteins) indicate that about 35 per

cent of the total magnesium is protein bound (17-
19). This ratio between ultrafiltrable magnesium
and total serum magnesium probably remains rela-
tively constant despite marked changes in total
serum magnesium, a relationship previously ob-
served for calcium (20). Changes in pH weithin
the ordinary physiological range cause changes in
proportion of calcium bound to protein so small as

to be near or within the limits of accuracy of pres.
ent experimental methods (21). From the similar
way in which magnesium and calcium react with
serum protein, this observation would probably
also hold for magnesium. What data we have
from ultrafiltration studies are consistent with
these concepts. In any event it should be ob-
served that any variations in proportion of filtra-
ble plasma magnesium due to pH changes in our
particular experiments would be expected to be
in the wrong direction to account for the results
observed.

In individual experiments changes in glomerular
filtration rate appear to be the factor most likely
to alter the rate of magnesium filtration. How-
ever, with most of the experimental procedures the

filtration rate went up in some experiments and
down in others; in either case the same type of
change in urinary magnesium excretion was ob-
served. Following acetazolamide, however, the
filtration rate uniformly decreased and this change
is a possible explanation of the observed decrease
in excretion of'magnesium.

Some observations on tubular magnesium reab-
sorption
The clearance of magnesium (calculated using

the total plasma magnesium concentration) during
control periods in 65 experiments averaged 4.0 ml.
per minute with a range from 1.5 to 13.9 ml. per
minute. It is evident that even if liberal allowance
is made for protein binding of magnesium, the
dominant (if not the only) renal tubular process
is reabsorption. Wehave observed a number of
conditions in which decreased tubular reabsorption
is the most likely explanation of increased mag-
nesium excretion. For example, mercurial diu-
retics, which are known to depress a number of
tubular processes, caused a marked and sustained
increase in the excretion of magnesium. None of
the test procedures examined produced decreases
in magnesium excretion except for acetazolamide,
which also caused a fall in glomerular filtration
rate. Such absence of demonstrated increases in
reabsorbed magnesium is consistent with our
previous suggestion (16), based on magnesium
loading in dogs, that possibly tubular transport
processes normally operate at or near saturation.
The same observation, i.e., that increments in fil-
tered load of magnesium are excreted almost com-
pletely, has also been made by Chesley and Tepper
on magnesium administration to pregnant and non-
pregnant women (22). The conclusion that
"basal" magnesium reabsorption is nearly maximal
must be considered a tentative one, not only be-
cause of the indirect nature of the evidence, but
because of the magnitude of possible experimental
error.

Several groups are currently investigating the
tubular site of magnesium transport in dogs by the
stop-flow technique (23, 24) and a preliminary re-
port indicates that ". . . magnesium is reabsorbed
with greatest avidity in the distal part of the
nephron at a site slightly proximal to that of max-
imal reabsorption of sodium and potassium" (24).
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Is there a tubular secretory process for magnesium!
Hirschfelder suggested that most of the mag-

nesium appearing in the urine is secreted by the
tubules (25), an interpretation based on animal
studies indicating that magnesium excretion is de-
pressed by injury of the tubules more than by in-
jury of the glomeruli and follows the excretion of
phenolsulfonphthalein more nearly than that of
xylose. He further pointed out observations of
earlier workers that magnesium is excreted by the
aglomerular kidneys of the toadfish. It has been
indicated above that if a secretory tubular trans-
port for magnesium exists at all in man or dog,
it must be very small compared to concurrent re-
absorption. Nevertheless, since it could play an
important regulatory role, the question of its ex-
istence is not without importance. Wehave not,
by magnesium loading in either men or dogs
(16), encountered circumstances where "net"
secretion was clearly present (i.e., where mag-
nesium excretion clearly exceeded the rate of
magnesium filtration). If changes in magnesium
excretion were due principally to changes in tu-
bular secretion one would anticipate that inhibi-
tion of this transport and therefore decrease of
magnesium excretion below control levels would
not be uncommon. Since none of our test pro-
cedures produced such decreases (except aceta-
zolamide which also decreased filtered magne-
sium) regulation of tubular reabsorption as sug-
gested above seems more likely. It has recently
been demonstrated by radioactive magnesium in-
jection during stop-flow analysis that nonfiltered
magnesium can enter the distal nephron via the
tubule (23). This may, however, represent only
a back diffusion or flux in a direction opposite to
the predominant movement of the ion. While a
three-component system including tubular secre-
tion is not excluded, present data may be ex-
plained by filtration and reabsorption alone.

Is magnesium excretion related to known tubular
transport systems?
Lactate caused an increase in magnesium ex-

cretion which averaged approximately four times
the increase observed after equivalent bicarbonate
administration (Table II). Lactate also caused
about four times the effect of bicarbonate on maxi-
mal tubular transport of PAH in man, both as

reported earlier (26) and in a small series we
have studied. Studies were therefore made of a
number of other procedures known to influence
the renal transport mechanism concerned with the
secretion of PAHand certain other weak organic
acids such as phenolsulfonphthalein, Diodrast®
and penicillin. These included administration of
probenecid, acetate, mercurial diuretics and PAH
itself to Tm levels, and combinations of one of
these procedures followed by lactate administra-
tion. Changes in magnesium excretion usually
resulted, but there were enough differences be-
tween the patterns of Mg and of PAH response
as mentioned above so that the nature of the re-
lationship, if indeed there is any, is clearly not
a direct one.

Another tubular secretory transport system has
been recently suggested as involving synthesis and
secretion of intermediates of the citric acid cycle
(27). Malate secretion appears established and
probably citrate and a-ketoglutarate are secreted
under conditions of metabolic alkalosis (27). It
is possible that magnesium might accompany such
secreted organic acid, or that magnesium com-
plexes formed after the anion reached the urine
might interfere with magnesium reabsorption, but
present data contribute no direct evidence to
evaluation of such possibilities.

The role of soluble magnesium complexes

Magnesium, like calcium but in contrast to the
univalent cations, has a marked tendency to form
nonionized complexes, including chelate com-
plexes. Only a small proportion of plasma mag-
nesium is in the form of such soluble complexes,
but magnesium excretion might be altered by any
procedure that changes the concentration of com-
plexing anions in the tubular lumen at the site
of magnesium reabsorption. Present knowledge
in this field is not adequate to assess the probable
role of such processes. It would be necessary to
know the concentrations of various potential com-
plexing agents at the site involved, the pH at the
required site, the tenacity of the bonds in the par-
ticular complexes and the relative manner in
which the tubule handled magnesium ions, the
complexing anions and the complex. Even if only
the magnesium ion were reabsorbed the complex
might not make the bound fraction unavailable for
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reabsorption if immediate dissociation of com-
plex occurred as fast as concentration of the free
fraction was reduced. Similarly PAH is virtu-
ally completely cleared from plasma despite con-
siderable protein binding.

Despite the manifest difficulty of quantifying the
role of complex formation in magnesium excre-
tion, there is some evidence suggesting that it may
be important. After massive infusion of sulfate,
which forms an incompletely dissociated salt with
magnesium, Walser and Browder observed in-
creased magnesium excretion in the dog from 6
to 70 per cent of filtered magnesium (28). Ci-
trate warrants particular consideration, both be-
cause of its strong complexing property (29) and
because it is responsible for the major part of the
variation in urinary organic acid produced by
metabolic acidosis and alkalosis (30). However,
lactate infusion in dogs caused no larger change
in citrate excretion than the small increase after
bicarbonate (31), a result in contrast to the
relative effects we observed on magnesium output.
Such observations suggest that if complex forma-
tion is important in magnesium excretion it is of-
ten masked by other factors. Lactate is not likely
to be of similar importance in this respect since
the formation constant of the complex formed by
magnesium with lactate is comparatively small
(29).

Effect of acid-base changes
Although many procedures that affect acid-base

balance also change magnesium excretion, our
data demonstrate a clear separation between mag-
nesium excretion and pH of either the urine or the
plasma. The speculation that the pH within the
tubular cells is more important might provide
some improvement, but still not a good correla-
tion with magnesium excretion. For example,
comparative effects of lactate, bicarbonate and
acetazolamide on UVmg (Figure 2) do not seem
explicable by acid-base factors alone.

Are there specific interionic relationships, es-
pecially to potassium or calcium?
Our data do not indicate any consistent rela-

tions between excretion of magnesium and so-
dium, chloride, phosphate, or total ionic strength
of urine.

Potassium excretion in man usually decreases
following parenteral injection of magnesium salts
(32, 33) (Table II). The hypothesis has been
suggested that magnesium, a divalent ion, may
enter into a univalent ion exchange mechanism,
resulting in a decreased excretion of potassium
(32). The failure of potassium chloride ingestion
to produce a consistent effect on magnesium ex-
cretion does not lend support to such a suggestion
(34). In contrast to the observations in man and
to our own observations in dogs following infu-
sion of magnesium sulfate, it has been reported
that infusion of magnesium chloride in the dog
markedly increased the excretion of potassium
(24). In the present studies examination of the
effects of various tests procedures (Table II) indi-
cates that those procedures that produced the
greatest changes in potassium excretion were as-
sociated with only modest changes in magnesium
excretion and those procedures that produced the
largest effect on magnesium excretion had com-
paratively little effect on potassium output, often
causing a slight decrease.

Calcium and magnesium excretion showed a
noticeable similarity of behavior with most of the
test procedures (Table II). In Figure 1, for
example, a similarity in shape of the curves for
these two ions is evident. It is not clear whether
this indicates some specific relation between mag-
nesium and calcium or whether it results simply
from the fact that a number of factors are likely
to affect these chemically similar divalent ions in
the same way. Magnesium infusion produced in-
creased calcium excretion and calcium infusion
produced increased magnesium excretion. Fol-
lowing acetazolamide, however, excretion of cal-
cium increased markedly while magnesium ex-
cretion decreased somewhat. Apparently renal
mechanisms regulating magnesium excretion are,
at least partly, separate from those of other ions
including calcium.

Effects of other factors

No consistent relationship was observed be-
tween excretion of magnesium and renal plasma
flow (PAH clearance) or rate of urine flow.
While changes in anion excretion may influence
magnesium together with other cations in a non-
specific manner to maintain electroneutrality, such
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effects are probably not predominant, as illus-
trated by the marked differences in response to
lactate and to bicarbonate.

SUMMARY

By acute clearance techniques and various ex-
perimental procedures, in 70 studies in normal
humans, factors influencing the renal excretion of
magnesium were examined. Procedures included
intravenous infusions of sodium lactate, sodium
acetate, sodium bicarbonate, acetazolamide, pro-
benecid, sodium para-aminohippurate (to tubular
saturation), magnesium salts, calcium salts and
mercurial diuretics alone and in certain combina-
tions.

On infusion of hypertonic sodium lactate, ex-
cretion of magnesium increased to 261 per cent
of control (average, six studies) within 20 min-
utes, then fell back rapidly, reaching the control
rate within 90 minutes. Except for acetazolamide,
each of the other procedures also produced an in-
crease in magnesium excretion, although that fol-
lowing probenecid was quite small. The decrease
following acetazolamide was coincidental with a
fall in glomerular filtration rate and the increases
in excretion after magnesium administration
showed no definite differences from the probable
increase in filtered magnesium.

Changes in glomerular filtration rate, urine flow,
renal plasma flow, plasma magnesium and acid-
base factors did not correlate well with magnesium
excretion in most of the conditions tested. Many
factors which affected the tubular transport sys-
tem for para-aminohippurate also caused changes
in magnesium excretion but there were enough
differences to indicate that the relationship is not
simple and direct.

It is suggested: 1) that the major portion of
filtered magnesium is reabsorbed by the tubules by
processes operating normally at or near satura-
tion; 2) that such tubular reabsorption is the main
regulatory process although tubular secretion can-
not be excluded; and 3) that renal mechanisms
regulating magnesium excretion are, at least
partly, separate from those of other ions includ-
ing calcium and potassium.
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