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ABSTRACT The Na and K concentration in single suprameduilary neurons 
of the puffer fish (Spheroides maadatus) was measured using a dual channel in- 
tegrating ultramicroflame photometer. The cells were frozen in situ, sectioned 
at low temperatures, and freeze-dried to prevent artefactual movements of 
cations. The density of the nuclear fragments was 0.15, significantly less than 
cytoplasm's 0.21. The sucrose-14C "space" was 2.1-4.7 % in cytoplasm frag- 
ments and 0.9-2.1% in nuclear fragments. The K concentration in cytoplasm 
averaged 134 mmoles/liter tissue volume and in nuclei, 113. The Na concen- 
tration in cytoplasm fragments varied between 56 and 138 mmoles/liter per 
tissue volume; in nuclei between 40 and 135, and in perineural tissue between 
55 and 114. This intraceUular Na is several times greater than the Na concen- 
tration expected from previous estimates. I t  is probable, however, that the in- 
tracellular Na activity is less than half that of the Na concentration, suggesting 
that much of the intracellular Na is bound to organic molecules within the cell. 

I N T R O D U C T I O N  

In  this pape r  we r epo r t  on  the Na  and  K concen t ra t ion  of single supramedul -  
la ry  neurons  of  the puffer  fish (Spheroides maculatus) and  of cytoplasmic  and  
nuc lear  f ragments  f rom these cells. O u r  interest  in the N a  and  K concen t ra -  
t ion of  these neurons  is based upon  the difficulty in assigning the high N a  
con ten t  of ve r t eb ra t e  nervous  tissue. U n d e r  the H o d g k i n - H u x l e y - K e y n e s  
formula t ion ,  N a  is considered to be chief ly  extracel lular .  Eccles (1957) has 
es t imated  tha t  in the ca t  mo toneu ron ,  the in t racel lu lar  N a  is abou t  15 
mmole s /kg  and  the ext racel lu lar  abou t  150. However ,  in m a n y  species the 
total  bra in  N a  varies be tween  40 and  80 mmoles /kg .  T o  assign these h igh 
levels of Na  to extracel lu lar  space might ,  in the most  ex t r eme  condi t ion,  re- 
qu i re  an  extracel lu lar  space close to 50 % of the tissue water .  Th is  is c lear ly  

232 

The Journal of General Physiology



R. KATZMAN ET AL. Sodium and Potassium Distribution in Puffer Fish 233 

i n c o m p a t i b l e  wi th  e lec t ron  m i c r o g r a p h i c  studies of  the cortex,  and  even 

assuming  tha t  there  is some d e h y d r a t i o n  lead ing  to an  art i f icial ly small  
ex t race l lu la r  space  on e lect ron mic rog raphs ,  the largest  es t imates  f rom use of 

the so-called t racers  are of the o rder  of  20 %. Thus ,  it seems likely tha t  in m a n y  
instances the in t race l lu la r  concen t r a t ion  of N a  in the bra in  is qui te  large.  

K a t z m a n  (1961) pos tu la ted  tha t  glia m i g h t  be  high N a  cells, a ccoun t ing  for 
these results. Howeve r ,  Kuff le r  and  Nicholls  (1966) d e m o n s t r a t e d  that ,  in 

fact,  as t rogl ia  are  h igh  K cells whose m e m b r a n e s  act  as a lmos t  perfect  K 
electrodes.  T h e  possibility, therefore,  r ema ins  tha t  the i n t r aneu rona l  N a  m a y  

be r a the r  large. Th is  is conf i rmed  by  the present  study. T h e  extent  to which  
this f inding is c o m p a t i b l e  wi th  the H o d g k i n - H u x l e y - K e y n e s  accoun t  of the 
gene ra t ion  of the ne rve  impulse  in these cells will be discussed. 

T h e  s u p r a m e d u l l a r y  neurons  of the At lant ic  puffer  fish (S. maculatus) offer 
an  un ique  o p p o r t u n i t y  for such a s tudy of in t race l lu la r  electrolytes in ver te-  

b ra t e  neurons.  These  cells lie in a cluster  of 30 or 35 cells on the  dorsal  surface 
of the b ra in  s tem and  cord beh ind  the cerebel lum.  T h e  cells are  very  large,  

wi th  d i ame te r s  of  200-300 ~ in some specimens.  T h e  fine s t ruc ture  of  these 
neurons  has been  s tudied by  N a k a j i m a  et al. (1965). T h e  e lec t rophys io logy of 
these neurons  has been  r epor t ed  in detai l  by  Benne t t  et al. in a series of  
papers  (1959 a, b, c; 1967). 

M E T H O D S  

Since the supramedullary neurons lie on the dorsal surface of the medulla and cord, 
they are readily accessible for quick freezing. In the experiments to be described, this 
portion of the nervous system was exposed and irrigated with artificial CSF contain- 
ing sucrose-I4C or inulin-3H to define the extracellular space. After allowing the su- 
crose or inulin to equilibrate, the irrigating solution was removed, and the tissue 
frozen in situ with Freon-liquid nitrogen. Subsequently, the tissue was kept at low 
temperatures to prevent movement  of cations. Na and K analyses were carried out 
on dissected freeze-dried specimens using a dual channel integrating ultramicroflame 
photometer. 

In most experiments, adult specimens of S. maculatus were used, although several 
determinations were done on Diodon hystrix and Spheroides spengleri. The S. maculatus, 
netted near Sandy Hook, New Jersey, 1 were 16-22 cm long, weighing 100-200 g. 
D. hystrix and S. spengleri were obtained off the Florida coast. The specimens were 
first maintained in seawater and then transferred to aquaria containing a nfixture 
of seawater and artificial seawater (Instant Ocean). The aquaria were vigorously 
oxygenated. The animals were processed between 14 and 96 hr after netting. The 
experimental method for handling of the animals has been previously described (Ben- 
nett et al., 1959 a; Lehrer et al., 1968). The respiration of the immobilized fish was 

1 The authors are grateful to Mr. Dave Duell and Mr. W. Mahoney of the Marine Biological Lab- 
oratory, Sandy Hook, N. J., and Dr. Ross Nigrelli and Mr. Robert Morris of the New York Aquar- 
ium. 
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ma in ta ined  by  perfusing the gills wi th  a j e t  of oxygenated  artificial  seawater.  After  
exposure of the sup ramedu l l a ry  neurons, this a rea  was i r r iga ted  wi th  artificial  CSF  
(Na, 150 moles; K,  3; Ca, 1.3; HCO3,  22; PO4, 1.5; Mg,  1.0; C1, 130, and  SO4, 
1.0) conta in ing  sucrose-14C or inulin-3H. The  specific act ivi ty  of the sucrose-14C was 
420 m c / m m o l e ,  and  the final act ivi ty  was 1 m c / m l  of CSF.  The  specific ac t iv i ty  of 
the inulin-3H was 25 mc /g ,  and  the act ivi ty  was 2 m c / m l  of CSF.  The  i r r igat ing 
fluid was sampled  and  replaced  after 10 min. I n  most experiments ,  the total  t ime of 
i r r igat ion was 30 min,  but  in some animals  the t ime was as shor t  as 15 or as long as 90 

FIGURE 1. Progressive stages in the microdissection of a single equatorial 30 /z section 
through a puffer fish supramedullary nerve cell body. The horizontal marker corre- 
sponds to 200 #. These pictures of dry, unstained tissue were taken by transmitted light, 
and the denser areas of cytoplasm appear black. The less dense nucleus is lighter. The 
slender arrows indicate cuts to be made, which have been executed in the next frame. 
The white arrow indicates an invaginating capillary, which is easily identified and which 
is to be avoided. The examples of nucleus and cytoplasm which are to be analyzed are 
labeled n and c in F. 

min.  At  the end of the exper iment ,  the i r r igat ing fluid was blot ted off, and  the ex- 
posed tissue was frozen in situ using Freon-12 cooled to --  150°C wi th  l iquid ni trogen.  
T h e  frozen tissue was then kept  at d ry  ice tempera ture .  T h e  tissue was processed 
using the technique of Lowry  (1953). This  method  as appl ied  to the sup ramedu l l a ry  
neurons of puffer fish has been descr ibed (Lehrer  et al., 1968). Transverse  sections 
were cut  on a ca l ibra ted  micro tome at  30 ~ in a cryostat  a t  - - 2 5 ° C  and  dried,  with-  
out  thawing,  under  v a c u u m  at less than  --  45 °C. Single sup ramedu l l a ry  neurons were 
dissected under  microscopic control  from each section. On ly  those cells were used in 
which the section passed th rough  the equa tor  of the cell. This  was de te rmined  by  
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observing that  the cell as well as the nucleus subtended the same area on both sides 

of the section. Special care was taken that  all cuts were made perpendicular  to the 

plane of the section. The  cells were then t r immed to remove invaginat ing capillaries 
as shown in Fig. 1. The  capillaries can be easily seen in the dissecting microscope. 

However, in the dissections, the outer third of the cell, where the endocellular  capil- 
laries are found, was t r immed away, and  fragments of cytoplasm nearest the nucleus 

as well as individual  nuclei were separately dissected. The  cell fragments, weighing 
from 0.01q?.04/~g, were weighed on a quartz  fiber balance and subsequently photo- 
graphed through a low-power microscope. A hemocytometer  grid was photographed 
at the same magnification.  The  photographs were enlarged without  changing the 
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! i ; i i 
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./ '~ ! 
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F i o u ~  2. A radioisotope scan of a chromatograph. A TCA extract of cerebellum and 
cord, which had been exposed to sucrose-~4C for 30 min, has been chromatographed on 
Whatman 3 MM paper using formic acid :tertiary butanol:water 15 : 70:15 (v/v/v) 
as the solvent. Nonradiographic sucrose, glucose, fructose, glucose-6-phosphate, and lac- 
tate were added as carriers. The lactate and glucose-6-phosphate remain at origin. A 
4 7r scan was carried out: The solid black line corresponds to the scan at low gain, and 
the dotted line is a scan of the same strip at high gain. It can be seen that all counts 
correspond to the sucrose spot. 

enlarger setting. Silhouettes of the cell fragments and reference squares were cut from 
the dried prints and weighed. This procedure allows extremely accurate determina-  
tions of areas of the sections with less than 0.2 % SEM. The  areas were then mult ipl ied 

by the section thickness of 30 #, and this value was used as a measure of the tissue 
volume. The  dimensional  stability of tissues on freezing and drying under  the condi- 

tions described here is better than  1%. The  accuracy of this volume measurement ,  
therefore, is well wi thin  the limits of the experimental  error of the over-all methods 
used. However, a further measure of the reliability of this method was provided by a 
series of gelatin standards prepared with the sucrose-14C. These were frozen, lyoph- 
ilized, sectioned, and dissected in the same m a n n e r  as the tissue. The  volume of the 
sections was determined and the sections were counted. There  was good correlation 
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between the volume est imated from the photographs  and  the volume as de te rmined  
by  the sucrose content .  2 

The  rad ioac t iv i ty  of the I4C specimens was de te rmined  by count ing on planchet tes  
in a gas flow counter  wi th  a background  of less than  0.5 cpm.  The  counts were at  a 
ra te  of abou t  10 times background  for the least active specimens. Each  specimen 
was counted  to 2,000 counts twice in order  to reduce the p robab le  error  of the count-  
ing statistic. 

No enzyme is known in ver tebra te  bra in  capab le  of breaking down sucrose. To  
check the chemical  in tegr i ty  of the sucrose-14C, sections of cerebel lum and cord 
ad jacent  to the sup ramedu l l a ry  neurons were ext rac ted  with  T C A  and chromato-  
g raphed  on W h a t m a n  3 M M  paper  using formic a c i d : t e r t i a r y  bu t ano l :wa te r ,  15: 
70:15 (v /v /v )  as the solvent. Nonrad ioac t ive  sucrose, glucose, fructose, glucose-6- 
phosphate ,  and  lac ta te  were  added  as carriers.  T h e  ch roma tog raph ic  strips were then 
scanned  for radioact ivi ty .  All  the counts were  in the sucrose spot as shown in Fig. 2. 

In  order  to assess the state of oxygenat ion of the tissue, lactic acid and phospho-  

POTASSIUM POTASSIUM POTASSIUM 

0,05 ~ 0,05 0.05 A g C C .I0 n.!o 0,10 

SODIUM SODIUM SODIUM 

FIOURE 3. A typical Visicord writeout of the dual channel integrating uitramicroflame 
photometer. The vertical deflections correspond to the voltage output of the flame 
photometer during the burning of each specimen. The standards contain an equimolar 
mixture of Na and K: The three on the left consist of 0.24 k of 0.05 mEq/li ter of NaC1 
and KC1, respectively. The three on the right consist of 0.24 k of 0.10 mEq/liter of NaCI 
and KC1, respectively. 

creat ine content  were de te rmined  on the cryostat  sections using methodology prc- 

viously descr ibed (Maker  et al., 1966). 
T h e  N a  and K content  of macroscopic  port ions of puffer fish bra in  was measured 

by a tomic  absorpt ion  spectroscopy. Sections of the puffer fish brains were cut at 
- - 20°C  in a moist chamber  so that  the frozen tissue could  be weighed iInmediately.  

Portions wi th  a fresh weight  of 3.4-7.5 nag were then analyzed.  
The  Na  and K content  of cytoplasmic  and nuclear  f ragments  of single supra-  

medu l l a ry  neurons and of the sur rounding  per ineura l  tissue was measured by the use 
of a dual  channel  in tegrat ing u l t ramicrof lame photometer .  O u r  instrutnent  is s imilar  
in concept  and  design to those of Ramsey  et al. (1953), Bott (1960), O b e r g  et al. 
(1967), M/i l ler  (1958), and Carlsson et al. (1967). The  pr inciple  of these instruments  
is simple. The  l ight emi t ted  by exci tat ion of the N a  or K in a f lame is resolved into 
the indiv idual  components  using interference filters and  detected by a photoelectr ic  

2 Lehrer, G. M., R. Katzman, and C. E. Wilson. 1969. Volume and density measurements in sub- 
cellular portions of single nerve cell bodies..7. Hislochem. Cytochem. In press. 
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cell as in an ordinary flame photometer. However, the light emitted throughout the 
2 sec period of excitation is recorded and integrated. Our  instrument employs a 
small oxygen-methane ("high puri ty" methane, Matheson, East Rutherford, N. J . )  
flame, whose light is focused by a lens system through the interference filters onto the 
photoelectric cells (General Electric photovoltaic cell 8PB). The voltage output of the 
photo cells is electronically amplified and simultaneously displayed on an oscilloscope 
and written out on a Honeywell Visicorder (Honeywell Co., Minneapolis, Minn.). 
The  emission peaks are both integrated electronically, and the Visicorder output is in- 
tegrated mechanically. The  interference filter selected to pass the Na  line has an ex- 
tremely narrow bandwidth, transmitting light at 595 q- 11 m/~. Since the intensity of 
the K emission is much less than that of Na, a wider band filter was selected, 755 -4- 
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Fioumz 4. Transmission spectra of Na and K filters. The filters are measured by the 
Perkin-Elmer 350 recording spectrophotometer. The per cent transmission is plotted 
against wavelength. The Na filter has an extremely narrow bandwidth of only 22 m~, 
whereas the K filter transmits light between 710 and 1100 In#. The separation of Na 
and K filters is about 110 m#. 

195 mg. The  transmission spectra of these two filters are shown in Fig. 3. I t  can be seen 
that despite the bandwidth of the K filter, there is no overlap between the Na  and K 
filter, that is, there is no response to a Na  sample on the K channel, and vice versa 
(Fig. 4). The  sample delivery system consisted of a platinum-iridium (85:15) wire 
mounted on a motor-driven rotating platform. By the use of microswitches, the rotat- 
ing platform could be stopped either with the wire in the center of the flame or at a 
position 90 o from this, suitable for applying the sample. In  order to ensure an accurate 
stop so that the wire would be centered in the flame on each occasion, a beveled disc 
brake was used to slow the rotating platform just prior to the tripping of the micro- 
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switch. The platinum-iridium wire was formed into a ~ - 1  mm loop at its end. The 
loop is designed to hold 0.24-1.0 X of fluid (quartz-redistiUed water or a standard). 
The dried specimens were added to the water on the loop. I t  was found that the prior 
addition of water to the loop prevented loss of sample material and ensured more uni- 
form burning. Although this photometer is sensitive to less than 10 -~  moles of Na and 
K, this degree of sensitivity was not required in the present experiments in which the 
actual Na content varied between 10 -9 and I0 -u  moles. The typical Visicord record 
for both standards and tissue samples is shown in Fig. 5. Typical standard curves for 
Na and K are shown in Fig. 6. The excellent linearity of Na in the range of 10 -11 moles 
can be seen. It  should also be noted that occasional values deviate from the standard 
curve, introducing in these instances an error in the Na concentration of 5-10 %. These 
occasional erratic determinations occurred because of random fluctuations in flame in- 

K 
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FIGUR~ 5. Visicord writeout on both Na and K channels of single cation. The two 
channels were at equal gain. The vertical marker corresponds to a 25 my output of the 
flame photometer. The horizontal time marker equals 1 sec. The peak on the left was a 
response to 0.24 k of 0.15 mEq/liter of NaC1, and the response on the right was to the 
same units of KC1. No crossover of Na or K is seen. 

tensity. Fewer fluctuations occur with the K, but the standard curve for K tends to 
flatten out at higher concentrations. 

In  order to determine the effectiveness of the system in estimating Na and K in 
the presence of tissue constituents, 7.4 mg of wet weight of kitten cortex was homoge- 
nized in 10 ml of distilled water. The Na and K were determined in aliquots of this 
homogenate with and without the addition of a standard which contained 1.2 X 
10 -u  moles of Na and K. In triplicate determinations, 92.9 % of the added Na and 
96.4 % of the added K were recovered. In  order to test the reliability of the entire 
process of freeze-drying, dissection, volume estimation, and cation analysis, 11.2 g 
of gelatin were dissolved in 100 ml containing 25 meq/liter of Na and I00 meq/liter 
of K. Since the gelatin contained 99 mg % NaC1, final Na and K concentrations were: 
26.9 meq/liter Na and 100 meq/liter K. A small capsule containing this gelatin 
solution was then frozen in liquid Freon and processed in the same manner as the 
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frozen tissue. The  volume of dissected fragments was determined photographically, 
and the Na  and K measured on the dual channel integrating ultramicroflame pho- 
tometer with the following results: 

Volume Na K 

104 liar ~ r  ~ l i ~ r  

0.517 32.5 102.6 
0.351 29.9 105.2 
0.522 28.7 107.1 
0.520 28.8 105.6 

O n  the basis of these data, it would seem reasonable to assume that  the usual error 
in our over-all method is less than 10 %. 

36 
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10-11MOLES Na 

lq'IGUl~ 6. Standard curves for Na (solid line) and K (broken line) on the integrat- 
ing ultramicroflame photometer. The units on the ordinate represent the integrated 
output, that is, the area under the curve as seen in the examples in Fig. 3. The units 
represent cm 2 in the Visicord writeout. Linearity of Na writeout is better than for K, 
but erratic values A and B are more often seen on the Na channel. 

R E S U L T S  

Na and I f  of Puffer Fish Brain 

T h e  N a  a n d  K con ten t  of  puf fe r  fish b r a in  is shown in T a b l e  I.  T h e  K con-  
cen t r a t i on  of  puf fer  fish b ra ins  va r i ed  be tween  a va lue  of  92 m ~  in D. hystrix 
a n d  129 m ~  in S: maculatus. T h e s e  values  for b r a in  K a re  well  wi th in  the  
l imits  seen in o the r  v e r t e b r a t e  species. T h e  N a  con ten t  o f  the  b r a in  in these 
fish, however ,  is surpr is ingly  high,  r a n g i n g  f r o m  65 mM in D. hystrix to 83 mM 
in S. maculatus. I n  m a m m a l s ,  the  N a  con t en t  var ies  be tween  45 n ~  in ra ts  a n d  
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60 m u  in man  (Van Harreveld, 1966). 3 In  mammals,  the Na and K content 
is higher in brain than in most other tissues (Katzman, 1961). Moreover, in 
mammals  the Na content apparently increases as the brain becomes more 
complex. In  puffer fish, however, with a relatively simple brain, the Na con- 
tent exceeds that found in human brains. 

The  high tissue Na raises the possibility that  brain edema may  have been 
present. It  is conceivable that netting and captivity in an aquar ium might 
lead to a pathological response of the brain with a subsequent increase in Na 
content. There  is no apparent  evidence of anoxia. The  appearance of the 
medulla  and cerebellum at the time of operation was not edematous nor did 
ordinary histology show edema. The  animals studied by Nakaj ima et al. 
(1965) and Bennett et al. (1959 a, b, c) were handled in a fashion similar to the 
present one. In these fish, the ultrastructure did not indicate overt edema, 
neither extra- nor intracellular, nor did the electrophysiological studies suggest 

T A B L E  I 

N a  A N D  K C O N T E N T  O F  P U F F E R  F I S H  BRAINS.  A N A L Y S I S  
BY A T O M I C  A B S O R P T I O N  S P E C T R O S C O P Y  

Filh N Na K 

6 83.14-7.7 128.84-9.6 Spheroides maculatus 
Medul la  and  cerebe l lum 

Spheroides spengleri 
Opt ic  lobe 
Cerebe l lum 
Cord  

Diodon 
Cerebe l lum and  cord 

4 78.2-1-4.2 96.64-7.1 
4 71.4-4-6.9 9 4 . 7 + 8 . 0  
4 79.44-5.2 99.94-5.9 
2 65.2 91.8 

that  the cells had been damaged.  Thus, there is no evidence suggesting cere- 
bral edema, but the possibility has not been rigorously excluded. 

Density 

The  method employed has permitted a direct determination of the density of 
nuclear and cytoplasmic fragments as shown in Tables II  and III .  The  nu- 
clear fragments had an average density of 0.15, whereas the cytoplasmic frag- 
ments had an average density between 0.21 and 0.23. This difference is highly 
significant whether  one compares the data  from individual fish or from the 
entire set of nuclear and cytoplasmic fragments. 

Intracellular Sucrose Space 

The  sucrose sPaces in cytoplasmic, nuclear, and perineuronal fragments are 
shown in Tables I I - IV.  The  sucrose space of 7.5-10.3 % observed in the 

3 Katzman ,  R., G. M. Lehrer, and C. E. Wilson. 1969. Possible intraneuronal  location of an "ex- 
tracellular" tracer 14C sucrose. 3.. Neuropathol. Exp. Neurol. I n  press. 
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perineuronal fragments is close to the values obtained in mammal ian  brain 
tissue when the surface of the brain is perfused with sucrose. An interesting 
finding is the presence of a 3 % sucrose space in cytoplasmic fragments. We 

T A B L E  II 

P U F F E R  FISH.  C Y T O P L A S M I C  F R A G M E N T S  
OF S U P K A M E D U L L A R Y  N E U R O N S  

Fish Sucr~e- Dry weight Volume Density Na K Na K Na/K 
14C Ipace 10 -12 kg 10 -12 liter 

mmole / l O0 g dry mmole [liter per tissue volume 

1 38.9 150 0.259 42 109 
37.4 159 0.235 50 117 

4.72 

3 2.16 

40.1 57 128" 
17.1 49 111" 
45.6 44 100" 
37.1 25 56* 
42.4 55 123" 
35.9 51 115" 
49.4 32 73* 

160 56 126" 

32.2 218 0.147 56 68 82 100 0.82 
53.9 231 0.233 46 76 108 177 0.61 
65.5 293 0.223 44 86 98 191 0.51 
81.9 366 0.224 49 77 109 172 0.63 
43.0 205 0.201 41 70 82 141 0.58 

2,15 37.5 136 0.276 41 52 113 143 0.79 
38.7 165 0.234 59 48 138 113 1.22 
50.0 215 0.232 58 55 134 127 1.06 
35,0 132 0.265 43 51 114 136 0.84 
27.5 117 0.235 48 47 113 110 1.03 
21,3 83 0.256 37 43 94 109 0.86 

46.9 224 0.209 56 64 116 134 0.87 
46.5 212 0.219 39 62 85 136 0.63 
55.9 281 0.199 47 79 94 158 0.59 
27.1 126 0.215 35 49 76 105 0.72 
48.3 204 0.236 28 44 65 103 0.63 

105 563 0.187 41 69 77 129 0.60 

3.01 0.225 45.51 61.17 102.1 134.4 0.76 
-4-0.007 -4-1 . 17 4-3.30 ± 4 . 1  4-6.6 4-0.05 

* Calcula ted  assuming  D = 0.225. 

have studied the time course of sucrose accumulation between 15 and 90 rain. 
The  sucrose space within the cytoplasm is not altered within this period of 
time. Thus, there does not appear to be any evidence of active accumulation 
of the sucrose by such mechanisms as pinocytosis. The  supramedullary neu- 
rons are close enough to the surface so that  the sucrose could have diffused 
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within whatever space it occupies in the neurons within the first 15 rain. 
Chromatography of T C A  extracts of the tissue shows that  the 14C label is 
entirely within the sucrose peak, with no evidence of t4C in the metabolic inter- 
mediates measured. There  are no known enzymes capable of breaking down 
the sucrose within the brain of vertebrates. We have carried out autoradiog- 
raphy of freeze-dried sections which show a light scattering of silver grains over 

T A B L E  I I I  

N U C L E I  O F  S U P R A M E D U L L A R Y  N E U R O N S  
O F  T H E  P U F F E R  F I S H  

Fhh Sucrose- Dry weight Volume Density Na K Na K Na/K 
14C space 10 -z2 kg 10-2 liter 

mmole/ lO0 g dry minGle~liter per tissue volume 

1 35.9  166 0.216 51 110 
33.7 150 0 .224 38 85 
13.4 86 O. 156 26 40 

2 1.71 29.3  65 99* 
45 .0  44 67* 
36.5  88 135" 
22 .4  75 114" 
12.7 64 98* 

0.88 19.1 130 0.147 60 88 88 129 0 .68  
40 .2  278 0 .144 47 83 68 119 0 .57  
18.3 146 0.125 42 93 52 116 0 .45  
48 .2  360 0 .134 60 127 80 151 0 .53  
20.2 149 0.135 60 92 81 124 0 .65  

2 .10  11.3 78 0 .145 55 72 80 105 0 .76  
21.3  150 0 .142 60 80 85 114 0 .75  

51.7  344 0 . I 5 5  67 81 104 t26 0 .82  
31.6 218 0.145 45 67 66 97 0 .68  
23 .9  185 0.129 53 65 69 84 0 .82  
30 .8  220 0.140 76 54 106 76 1.39 

O. 153 56.63 82.00 85 .6  112.8 0 .74  
4-0 .008 -4-3.38 4-5 .78  4 -5 .3  4 -6 .4  4-0 .07  

* C a l c u l a t e d  a s s u m i n g  D = 0.153. 

the cytoplasm in a relatively uniform manner. I t  has not been possible on the 
autoradiographs to determine whether or not these grains are localized 
within any subcellular system. These results are reported elsewhere (Lehrer, 
1969). 

Na and K Content of Supramedullary Neurons 

The detailed analyses of the Na and K content of the fragments of cytoplasm, 
nuclei, and perineural tissue dissected from the freeze-dried sections are 
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shown in Tables I I - IV .  In addition, the results arc summarized for individual 
fish in Table  V. Both sets of values have been included, since in some instances 
the variation within a fish was greater than the variations among fishes, and 
in some instances the reverse was true. However, it can be seen that  the 

T A B L E  IV 

P E R I N E U R O N A L  F R A G M E N T S  

. Volume 
Fish Sucrose- Dry wcxght 10_1~ Density Na K Na K Na/K 

14C space 10 -x2 kg liter 

mmole/ lO0 g dry mmole/lit~ per tiss~ ~lume 

10.3 133 683 0.195 36 70 
7.5 191 1010 0.189 39 73 

10.7 86 481 0.179 37 67 
74 359 0.206 25 51 
59 262 0.225 29 66 

9.7 

9.5 

7.7 

56.9 46 93* 
46.2 37 75* 
91.8 27 55* 

101 37 76* 
159 33 67* 

123 640 0.192 59 62 114 120 0.95 
76 418 0.182 63 75 114 138 0.83 

111 615 0.181 55 74 99 134 0.74 
125 602 0.208 52 67 109 139 0.78 
135 870 0.155 46 46 72 72 1.00 

34 132 0.257 39 42 I00 109 0.92 
57.8 276 0.209 40 52 83 109 0.76 
56.7 238 0.238 42 53 99 126 0.78 
56.7 233 0.244 38 54 93 132 0.70 
48.9 241 0.203 43 50 88 102 0.86 

9.23 0.204 41.15 57.5 83.2 118.1 0.83 
-4-0.007 4-2.25 4-3.62 4-4.2 4-4.2 

Ou te r  3 21 .I 154 718 0.214 72 128 
surface 

* Calcu la ted  assuming  D -- 0.204. 

means and standard errors obtained in these two calculations do not 
materially differ from one another. 

The  N a  concentration of  the cytoplasmic fragments of supramedullary 
neurons was found to be 102.1 mmoles/ l i ter tissue volume as compared to the 
value of 83. I found for whole tissue. This was unexpected, since it had been 
anticipated that the N a  content of the cytoplasm would be much less than 
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this,, perhaps of the order of 15 or 20 mmoles/li ter tissue volume. The  K con- 
¢entration of 134.4 for the cytoplasm was similar to that of the whole tissue 
value of 128.8 as had been anticipated. Fragments of nucleus had somewhat 
less Na, 85.6 minGles/liter tissue volume, and K, 112.8. The  perineuronal 
fragments had a Na and K content very similar to that of the nuclei. 4 

T A B L E  V 

ANALYSES OF SUPRAMEDULLARY 
NEURONS.  SUMMARY OF FISH 

Fish No. D Sucrose space Na K Na/K 

Nucleus 1 3 0.199 
2 5 1.71 
3 5 0.137 0.88 
4 2 0.144 2.10 
5 4 0.142 

0.155 
4-0.0146 

Cytoplasm 1 2 0.247 
2 8 4.72 
3 5 0.205 2.16 
4 6 0.250 2.15 
5 6 0.211 

0.210 
4-0.0117 

Perineural 1 5 0.199 9.5 
tissue 2 5 9.25 

3 5 0.184 8.9 
5 5 O.23O 

O.2O4 

mmMe/Kter tissu# vMume 

78.3 
102.6 
73.8 127.8 0.58 
82.5 109.5 0.75 
86.3 95.7 0.93 

84.7 111.0 0.75 
4-4.9 

113.0 
104.0 
95.8 156.2 0.63 

117.6 123.0 0.97 
85.5 127.5 0.67 

103.1 135.6 0.76 
-4-5.8 

65.4 
73.2 

101.6 120.6 0.86 
92.6 115.6 0.80 

83.2 118.1 0.83 
-4-8.4 

Results of Metabolic Substrates 

The  lactic acid content  of the sections from S. maculatus was 2.87 4- 0.09 
mmoles/liter, and the phosphocreatine content was 5.25 4- 0.47 mmoles /  
liter. The  concentration of phosphocreatine is the same or higher and the 
lactic acid concentration the same or lower than that  reported for other 
vertebrate species, including goldfish well-adapted to their environment  
(McDougal et al., 1968). Hence, the puffer fish appear to have been well- 
oxygenated. The  phosphocreatine falls rapidly, and lactic acid concentration 
rises rapidly in hypoxia. 
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D I S C U S S I O N  

Density 

The finding that the nuclear fragments had a density of 0.15, whereas the 
cytoplasmic fragments had a density of 0.2 is perhaps surprising, since nuclei 
are often considered to be a dense portion of a cell. Indeed, in density cen- 
trifugation techniques, nuclei band at a higher density than do other cellular 
fractions. However, as Anderson (1966) has pointed out, during such centrifu- 
gations the nuclei go through many changes in size as they respond osmotically 
to their environment. Hence, their apparent density during this procedure will 
not reflect their density in vivo. Hyden and Larsson (1956) measured the 
nuclei, cytoplasm, and dendrite density in freshly frozen cells of Deiters's 
nucleus by X-radiograms. According to their data, the cytoplasmic density 
varied between 0.27 and 0.30 in one series and 0.25 in another; the dendrite, 
0.28 and 0.20, and the nuclei, 0.29 and 0.20. It is, of course, probable that the 
density of nuclei will vary from cell to cell. Thus, DNA is one of the heaviest 
components of cells, and smaller nuclei with a higher DNA concentration 
may well have a higher density than very large nuclei with smaller DNA con- 
centrations. In the suprameduUary neuron, the nucleus is large, often measur- 
ing 100 ~ in diameter. According to Nakajima et al. (1965), on electron 
microscopy the cytoplasm of the supramedullary neuron appears to be very 
dense compared to the nuclei. 

Na and K Content of Supramedullary Neurons 

The high Na concentration in cytoplasmic and nuclear fragments of supra- 
medullary neurons was unexpected. Initially, when it became apparent that 
in vertebrate brain the high tissue Na could not be explained by the extra- 
cellular Na, one of us speculated that this high Na might be inside astrocytic 
glia (Katzman, 1961). This speculation was based in part on the high Na 
content of abnormal glia found in glial tumors, glial scars, or edematous brain. 
In the intervening years, a body of evidence has accumulated pointing to a 
high K content of glial cells in certain vertebrates as well as in the leech 
(Kuffier, 1967). In view of this work and our present findings, it would appear 
that excess intracellular Na need not be attributed to high glial Na. 

It is worthwhile to compare our present results with other measurements of 
intracellular neuronal Na in vertebrates. Fenn et al. in 1934 calculated that 
the intracellular Na of the frog nerves amounted to 37.4 mmoles/kg of water 
and the intracellular K, 172.9 mmoles/kg of water. This calculation was based 
on the assumption that there was an extracellular space corresponding to the 
Na and C1 present and an intracellular space that was primarily K. Krnjevic 
(1955) estimated the intracellular Na in cat nerves to be 41 mmoles/kg of 
water; K, 182, and C1, 0 to 17.5. This estimate was based upon measurements 
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of Na and K content of intact and desheathed nerves with the extracellular 
space of 56.6 % estimated from photomicrographs. If the inulin space, which 
was 11% in these nerves, had been used to calculate extracellular space, the 
intracellular Na would have been much larger. Mfiller (1958) was the first to 
directly measure the Na and K content of single vertebrate axons. He meas- 
ured the Na and K content of single myelinated fibers of frogs using an inte- 
g ra t ing  microflame photometer similar to the one reported here. The  Na 
concentration varied between 50 and 80 n ~  and the K between 50 and 145 
inst. It is worthwhile noting the large variation between different fibers which 
to a large extent is also true in the analyses reported in the present work. 
Keesey (1968) also using an integrating microflame photometer measured the 
Na and K in nanogram samples of neural tissue dissected from the rabbit  
thoracic ganglion, rapidly frozen, lyophilized, and weighed on a quartz fiber 
balance. The  Na content of one ganglion was 97.8 mmoles/100 g dry weight 
and in a second ganglion 21.9 mmoles/100 g dry weight. This should be com- 
pared with our results of 56.6 mmoles/100 g dry weight in nuclei and 45.5 
minGles/100 g dry  weight in cytoplasm. Thus, the intracellular Na concen- 
tration measured in both these experiments was much greater than had been 
anticipated. 

In their classic study of the electrophysiology of these neurons, Bennett et al. 
(1959 a) showed that these neurons had membrane  characteristics similar to 
those of other neurons and generated potentials with overshoots suggesting 
that an increase in Na conductance was associated with the spike potential. It  
has been assumed that the intracellular concentration of free Na is low in 
neurons, e.g., 15 m u  in the cat motoneuron according to Eccle's estimate 
(1957). Let us consider possible explanations of the unexpectedly high Na 
concentrations obtained in our analyses of the supramedullary neuron. 

1. The  presumed intracellular Na actually represents Na from invaginating 
capillaries and glial cells. To test this theory, analyses were carried out on 
severely t r immed fragments of cytoplasm. The  data  of Nakaj ima et al. (1965) 
show that the invaginating glial processes and capillaries are heavily concen- 
trated in the outer third of the circumference of the cell. There  appeared to be 
no significant difference between the Na content of either whole cells, severely 
t r immed cells, or cytoplasm removed from the perinuclear region of the cell. 
Moreover, the microprobe data did not show any significant Na gradient be- 
tween the perinuclear cytoplasm and the cytoplasm just adjacent to the plasma 
membrane  where the highest concentrations of intracellular capillaries and 
glial cells are located. * 

2. The  high Na is located within endoplasmic reticulum which is open to 
the exterior of the cell and represents an invaginating tubular system contain- 

4 Lehrer, G. M., and A. Langer. Data  to be published. 
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ing extracellular fluid. This possibility is indeed a plausible one. If it were 
applicable to mammal ian  tissue, it would clarify the discrepancies between 
extracellular spaces measured with sucrose or inulin tags and extracellular 
spaces observed on electron micrographs." In order to check this hypothesis, 
the sucrose space was measured and was found to be 3 %. If this value is 
ascribed to an extraceUular space, and it is assumed that this extracellular 
space contains Na at 150 re_u, the resulting correction of the intracellular 
cytoplasmic Na value will be less than 2 raM, not significantly altering our 
finding. 

3. Another  possibility is that intracellular Na is sequestered within or- 
ganelles. Under  suitable conditions, mitochondria may  accumulate Na. In  
the preparations that have been studied under  normal aerobic conditions, such 
Na accumulation by mitochondria does not appear to be large enough to 
account for the discrepancy between Na as measured by flame photometry 
and Na as estimated from electrophysiological studies. There  is virtually no 
information about Na binding to other subceUular structures. 

4. A substantial portion of intracellular Na is bound. The  limit of free 
intracellular Na permitted by the Hodgkin-Huxley-Keynes hypothesis can be 
determined from the overshoot of the action potential recorded intracellularly. 
Bennett et al. (1959 a, b) reported that  the resting potential in the supra- 
medullary neuron was 66 4- I0 mv with a spike height of 92 4- 19 Inv. This 
gives an average spike overshoot of 26 inv. Looking at their individual num- 
bers, the largest overshoot was 42 m y .  The  calculation of the equilibrium po- 
tential of Na responsible for the spike potential is based upon Na activity 
rather  than Na concentration. In order to account for this average overshoot 
in spike height the ratio of extracellular to free intracellular Na should be 3.5 
to 1, considering the temperature at which these measurements were made. 
The  difference between the measured Na content and the concentration 
calculated from the overshoot is probably due to the fact that Na ions are 
bound to organic molecules within the cell. Recently, Cope (1967) has pre- 
sented nuclear magnetic resonance evidence 
kidney, and brain. Estimates of the fraction 
vary between 25 and 50%. However, the 
neuronal perikaryon has not been measured. 

for complexing of Na in muscle, 
of bound Na in squid axoplasm 
degree of such binding within 

There  is considerable evidence that Na may  be bound to organic molecules. 
A number  of proteins and organic molecules broaden and decrease the height 
of the Na peak measured by nuclear magnetic resonance. Perhaps a more 
direct demonstration of the ability of organic molecules to lower Na activity 
was the demonstration by Christensen and Hastings (1940) that a Na "cepha-  
lin" suspension containing an acidic lipid, probably phosphatidylserine, had 
a low Na activity coefficient as measured with a Na amalgam electrode. Essen- 
tially, the Na was bound to its counterion, phosphatidylserine, and the Na 
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activity in the suspending medium was negligible. Within the cell, however, 
the situation is more c9mplex , because the Nta is readily displaced from acidic 
lipids by Ca and Mg. However, it is interesting that the formation constant of 
Na with suah molecules as phosphatidylserine and phosphatidic acid is about 
twice that for K (Abr~mson et al.,, 1966). 

Recent measurements of intracellular Na activity have utilized Na-sensitive 
glass microelectrodes. Lev (1964) found Na activity coefficients in frog muscle 
fibers to be only 0.20 compared to a K activity coefficient of 0.77. McLaughlin 
and Hinke (1966) in the giant barnacle muscle fiber found Na activity to be 
only 16 % of the total Na concentration. In contrast, the Na activity coefficient 
of the extruded axoplasm of the squid giant arxon was higher, 0.46 (Hinke, 
1961). This apparent inconsistency might be due in part to the fact that 
RNA, a major polyanion in the perikaryon, is low in axons. In view of these 
data, it would be of considerable interest to measure the Na activity within 
the supramedullary neuron by use of the glass electrode. From the data on 
hand, we predict that over one-half of the intracellular Na should be bound in 
the cytoplasm of the puffer fish. 
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